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Fallstudien zur Fotochemie stratosphärischen Stickstoffs, Chlors und Iods basierend auf bal-
longestützter Absorptionsspektroskopie im UV/sichtbaren and infraroten Spektralbereich

Stickstoff- und Halogenverbindungen spielen eine tragende Rolle beim katalytischen Abbau von
stratosphärischem Ozon. Ballongestützte, spektroskopische Beobachtungen der Höhenprofile wichtiger
Stickstoff-, Chlor- und Iodverbindungen erlauben, die Qualität modernster Messgeräte und Auswerteal-
gorithmen abzuschätzen und neue Einsichten in die stratosphärische Fotochemie zu gewinnen.
Ein Vergleich zwischen Messungen von O3 und NO2 im UV/sichtbaren und infraroten Spektralbereich
durch die DOAS und LPMA Ballon-Instrumente und das SCIAMACHY Satelliten-Instrument liefert
vernünftige Übereinstimmung. Die Vielzahl an chemischen Spezies, die von den LPMA/DOAS Geräten
gemessen werden, ermöglicht eine Untersuchung des Budgetsund der Aufteilung stratosphärischen
Stickstoffs und Chlors für verschiedene geophysikalischeBedingungen. Vergleiche mit 3-D Simula-
tionen des Chemie-und-Transport Models (CTM) SLIMCAT weisen darauf hin, dass das Verhältnis von
kurz- zu langlebigen Stickstoffspezies vom Modell überschätzt wird. Für einen Fall im polaren Win-
ter, kann das 1-D model für stratosphärische Chemie LABMOS mittels der Beobachtungen getrimmt
werden, um kürzlich veröffentlichte Neuerungen in Bezug auf die katalytischen ClO-ClO and ClO-BrO
Zyklen zu testen und Ozonverlustraten zu modellieren. Die vorgeschlagenen kinetischen Neuerungen
führen zu 20% bis 25% erhöhtem Ozonverlust. Messungen von Obergrenzen für IO and OIO bestätigen
frühere Beobachtungen in hohen und mittleren Breiten und erweitern den Datensatz auf tropische Bre-
iten. Ausgehend von den gemessenen Obergrenzen für IO and OIO zeigen Modellsimulationen, dass Iod-
verbindungen in der unteren tropischen Stratosphäre weniger als(0.32±0.11) ppt oder(0.38±0.10) ppt
ausmachen je nachdem ob OIO photolysiert oder nicht.

Etudes de la photochimie stratosphérique de composés azotés, chlorés et iodés basées sur la spec-
troscopie d’absorption dans les domaines UV/visible et infrarouge effectuée sous ballon

Les espèces chimiques azotées et halogénées jouent un rôle important dans la destruction catalytique de
l’ozone stratosphérique. Des mesures spectroscopiques deprofils verticaux d’espèces azotées, chlorées
et iodées sont utilisées pour améliorer la connaissance de la photochimie stratosphérique ainsi que pour
évaluer la qualité des données fournies par les instrumentsembarqués.
La comparaison entre les concentrations d’O3 et de NO2 pour les domaines spectraux UV/visible et in-
frarouge déterminées par les instruments DOAS et LPMA embarqués sous ballon et par l’instrument
satellitaire SCIAMACHY montre un accord raisonnable. L’ensemble des espèces mesurées par
LPMA/DOAS sous ballon donne la possibilité d’étudier la répartition des espèces azotées et chlorées
pour différentes conditions géophysiques. La comparaisondes observations avec des simulations du
modèle de chimie-transport (CTM) SLIMCAT, montre que le modèle surestime le rapport entre les es-
pèces radicalaires et les espèces réservoir. Pour un cas hivernal dans les régions polaires, le modèle de
chimie stratosphérique LABMOS peut être contraint par les mesures pour tester de nouvelles constantes
cinétiques recommendées récemment pour les réactions chimiques des cycles catalytiques de ClO-ClO
et de ClO-BrO ainsi que pour calculer le taux de destruction de l’ozone. Employant ces nouvelles don-
nées cinétiques, la destruction de l’ozone est plus grande de 20% à 25% par rapport au cas où on utilise
les données standard. Les mesures des limites supérieures pour IO et OIO sont en accord avec les ob-
servations précédentes pour les hautes et moyennes latitudes et élargissent les observations aux latitudes
tropicales. Basé sur ces limites supérieures de concentration de IO et OIO, un modèle photochimique
montre que la limite supérieure de la quantité totale d’iodedans la basse stratosphère tropicale est de
(0.32 ± 0.11) ppt, si OIO est photolysé, et de(0.38 ± 0.10) ppt, si OIO n’est pas photolysé.
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Case Studies of Stratospheric Nitrogen, Chlorine and Iodine Photochemistry Based on Balloon
Borne UV/visible and IR Absorption Spectroscopy

Nitrogen and halogen bearing compounds play an important role in catalytic loss of stratospheric ozone.
Balloon borne spectroscopic measurements of the vertical distribution of the most important nitrogen,
chlorine and iodine containing species are used to estimatethe quality of state-of-the-art instruments and
retrieval algorithms and to gain new insights into stratospheric photochemistry.
A comparison study between observations of O3 and NO2 in the UV/visible and infrared spectral ranges
involving the DOAS and LPMA balloon borne instruments and the satellite borne SCIAMACHY instru-
ment yields reasonable agreement. The variety of trace gases measured by the LPMA/DOAS balloon
payload allows for investigation of the budget and partitioning of stratospheric nitrogen and chlorine
under several geophysical conditions. Comparison of the observations with the 3-D chemical trans-
port model (CTM) SLIMCAT indicates that the ratio between short- and long-lived nitrogen containing
species is overestimated by the model. For a high-latitude winter scenario the 1-D stratospheric chem-
istry model LABMOS is constrained by the observations in order to test recently published updates of
the reaction kinetics of the ClO-ClO and ClO-BrO catalytic cycles with respect to model-measurement
agreement and ozone loss rates. The latter are enhanced by 20% to 25% when using the kinetic up-
dates. The determination of upper limits for IO and OIO corroborate earlier findings of the budget of
stratospheric iodine in high- and mid-latitudes and extendthe data base to tropical latitudes. Given the
measured IO and OIO upper limits, model calculations show that total gaseous iodine in the lower tropi-
cal stratosphere is less abundant than(0.32 ± 0.11) ppt or(0.38 ± 0.10) ppt depending on whether OIO
photolysis occurs or does not.
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Introduction

Ozone plays an ambiguous and manifold role in the Earth’s atmosphere. Close to the Earth’s surface it
acts as an air pollutant and may cause health problems when inhaled by men. On the other hand ozone
shields life on Earth from being harmed by solar UV radiationwhich is effectively absorbed by the
stratospheric ozone layer. Besides absorbing solar UV, ozone emits radiation in the infrared spectral
range and, thus, contributes to the global radiation budgetwhich controls temperatures on Earth. Hence,
knowing the distribution of ozone in space and time and understanding its transport, formation and loss
processes as well as its link to the Earth’s climate, is one ofthe most important and vital challenges of
atmospheric physics and chemistry.
Figure 1 shows the vertical distribution of stratospheric ozone for several geophysical conditions.
Evidently, the so-called ozone layer cannot be regarded as auniform, spherical and stationary layer
surrounding the Earth. Even the notion ‘layer’ may be questioned in the view of highly filamented
structures observed in the lower Arctic winter stratosphere. Ozone concentrations are subject to a
variety of dynamic and photochemical effects which comprise three-dimensional transport of air and
photolytic as well as gas-phase and condensed-phase chemical reactions. Atmospheric research has
accumulated evidence that anthropogenic influence is able to alter the natural equilibrium between
formation and loss of ozone on a global scale. The most prominent example is the ozone hole which is
annually observed in the Antarctic and to a lesser degree in the Arctic lower stratosphere during spring.
Ozone hole events reveal an almost complete temporary loss of ozone (not shown in figure 1) triggered
by man-made halogen bearing trace gases which are transported to the upper atmosphere. Dedicated
research has led to a basic understanding of the involved physical and chemical processes and has paved
the way for international protocols which prohibit the production and emission of most of the hazardous
species. In general, the interplay between naturally occurring processes and anthropogenic perturbations
results in a distribution of stratospheric ozone which is highly variable in time and space and which
is not yet completely understood. Although the fundamentalconcepts of stratospheric dynamics and
photochemistry are well-known, significant inconsistencies remain when it comes to comparing model
simulations of the atmosphere with observations on a quantitative level or when predicting the future
evolution of the ozone layer. The overall goal of the presented study is to contribute to an improved
perception of some of the processes involved in transport, production and loss of stratospheric ozone
and to facilitate modeling of the Earth’s atmosphere in pastand future.

The presented experimental approach relies on spectroscopic measurements of absorption signa-
tures of atmospheric trace gases in the transmitted solar spectrum. The observations are performed
by two DOAS (Differential Optical Absorption Spectroscopy) grating spectrometers sensitive to the
UV and visible spectral ranges and by the LPMA (Limb Profile Monitor of the Atmosphere) Fourier
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Figure 1: Ozone concentration versus altitude measured by the LPMA/DOAS balloon payload under various
geophysical conditions.

Transform spectrometer which is sensitive to the infrared spectral range. A stratospheric balloon
carries the instruments into the stratosphere up to 30 to 40 km altitude. In principle, the comprehensive
setup of the LPMA/DOAS payload provides a platform from which almost all important processes
for stratospheric photochemistry can be investigated. Former studies comprise observations of the
oxygen (Pfeilsticker et al., 2001; Bösch, 2002), nitrogen (Payan et al., 1999; Bösch et al., 2001; Bösch,
2002; Dufour et al., 2005), chlorine (Payan et al., 1998), bromine (Harder et al., 1998; Ferlemann
et al., 1998; Harder et al., 2000; Fitzenberger et al., 2000;Pfeilsticker et al., 2000; WMO, 2003; Dorf
et al., 2005) and iodine (Bösch et al., 2003) involving chemical cycles, as well as measurements of the
extra-terrestrial solar irradiance (Gurlit et al., 2005) and stratospheric aerosol abundances (Hirsekorn,
2003). Although balloon-borne measurements are inherently restricted to snapshot-like observations,
dedicated case studies can serve as test cases for photochemical or physical processes which are typical
of the large-scale stratospheric environment.

This study in particular aims at providing new insight into stratospheric and upper tropospheric
nitrogen, chlorine and iodine driven ozone-related photochemistry based on LPMA/DOAS balloon
borne observations and model calculations using the chemical transport model SLIMCAT and the
stratospheric chemistry model LABMOS.
Since stratospheric photochemistry is understood to a large extent, new insights require high-quality
measurements of the involved chemical species. Hence, the LPMA and DOAS observations performed
in the infrared and UV/visible spectral ranges are inspected for internal consistency by comparing the
simultaneously retrieved abundances of ozone (O3) and nitrogen dioxide (NO2). Further comparison
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to satellite borne observations conducted by the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY) yields an estimate of the agreement between different
state-of-the-art instruments and retrieval techniques.
Based on the quality assessment for O3 and NO2, a detailed investigation of the nitrogen budget and
partitioning under different geophysical conditions is performed using simultaneous LPMA/DOAS
measurements of the most important long- and short-lived nitrogen containing species. The partitioning
between long- and short-lived nitrogen compounds is crucial for ozone chemistry since the short-lived
species, such as NO2, on the one hand govern ozone loss in the middle stratosphereand on the other
hand buffer ozone loss by deactivation of halogen bearing radicals. Under ozone-hole conditions in
polar winter, conversion of the short-lived nitrogen oxides to their long-lived reservoirs and irreversible
removal of nitrogen compounds from the stratosphere lead toprolonged ozone-loss periods. The proper
representation of nitrogen chemistry in models of the stratosphere is tried by model-measurement
comparisons.
LPMA/DOAS observations also allow for investigation of thechlorine budget and partitioning for
dedicated cases. The stratospheric chlorine budget is largely influenced by anthropogenic emissions of
chlorofluorocarbons (CFCs) which are transported to the stratosphere. There, CFCs are decomposed
by UV radiation to yield inorganic chlorine compounds whichcan be converted to short-lived, ozone-
destroying chlorine species by reactions on the surface of particles. Such short-lived chlorine species,
together with their bromine bearing analogs, are responsible for the polar ozone hole events and also
contribute to the observed decrease of ozone abundances in mid-latitudes. The comprehensive dataset
provided by LPMA/DOAS allows for constraining model simulations and for testing alternative model
formulations of chlorine and bromine induced ozone loss.
Given the important role of chlorine and bromine in ozone-related photochemistry, it is tempting to
speculate on a similar, albeit less dominant role of stratospheric iodine bearing compounds. So far,
iodine could not be detected in significant amounts in the mid- and high-latitudinal stratosphere where
upper limits are currently on the threshold of relevance forozone loss. Here, further observations
supplement earlier findings for high- and mid-latitudes andextend the database to the tropical upper
troposphere and lower stratosphere. Since transport of airfrom the troposphere to the stratosphere
occurs primarily at low-latitudes, tropical observationsare well suited to investigate the stratospheric
iodine budget by observing the amount of iodine actually transported into the stratosphere.

The organization of the present manuscript follows the outline given above. Chapter 1 recapitu-
lates the most important processes of atmospheric dynamicsand photochemistry. Chapter 2 highlights
the basics of radiative transfer and molecular absorption in the Earth’s atmosphere and, hence, provides
the theoretical background for chapter 3 where the instrumental setup and the methods used for the
retrieval of trace gas abundances are discussed in detail. Chapter 4 evaluates the agreement of O3 and
NO2 abundances simultaneously retrieved by LPMA and DOAS. Chapter 5 extends the O3 and NO2

comparison to the satellite borne dataset provided by the SCIAMACHY instrument and illustrates an
approach how to compare observations which do not coincide in time and space. Chapter 6 addresses the
budget and partitioning of stratospheric nitrogen and chlorine. It includes in-depth model-measurement
comparisons as well as the deduction of ozone loss rates for polar winter. Measurements of IO and OIO
at high-, mid- and low-latitudes and implications for the stratospheric iodine budget are presented in
chapter 7.
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Chapter 1

Atmospheric dynamics and
photochemistry

The abundances of trace gases in the atmosphere are governedby dynamic and photochemical processes.
In the following the basics of atmospheric dynamics and photochemistry are discussed in order to provide
the framework for detailed investigations and case studiesin the subsequent chapters. Since the present
work focuses on processes in the lower and middle stratosphere emphasis is put on these specific layers
of the Earth’s atmosphere.

1.1 Basics of atmospheric dynamics

The lowermost layer of the Earth’s atmosphere, the troposphere, is characterized by a temperature
decrease between the ground and its upper boundary, the tropopause. Absorption of the incoming solar
radiation by the Earth’s surface, net radiative cooling in the middle and upper troposphere and release
of latent heat by condensation of water vapor make convection the predominant mechanism of vertical
transport. The influence of the Earth’s surface on tropospheric air mass transport through frictional
forces is important for small as well as large scale circulation patterns and renders the atmosphere
sensitive to surface topography. As a consequence of these stirring processes, the troposphere is well
mixed on the timescale of a few months, albeit interhemispheric mixing is slightly less rapid.
Above the tropopause temperature increases with altitude and creates an atmospheric layer, the
stratosphere, where convective transport is not important. The energy balance of the stratosphere
is dominated by radiative processes, e. g. absorption of solar UV radiation by ozone and molecular
oxygen and emission of thermal radiation by carbon dioxide,water vapor and other trace gases.
Radiative equilibrium is perturbed by so-called planetarywaves which are generated in the troposphere
and propagate partly into the stratosphere where they deposit energy and momentum and contribute
substantially to stratospheric transport patterns. The timescale of meridional, hemispheric mixing in the
stratosphere is on the order of four to six years. The upper boundary of the stratosphere, the stratopause,
marks the lower boundary of the mesosphere where temperature again decreases.

When discussing dynamic aspects of the Earth’s atmosphere it is convenient to introduce the con-

17



18 CHAPTER 1. ATMOSPHERIC DYNAMICS AND PHOTOCHEMISTRY

cept of potential temperatureΘ which is defined by

Θ = T

(

p0

p

)
κ−1

κ

, (1.1)

whereT is temperature,p pressure,p0 a reference pressure (commonly 1000 mbar) andκ =
cp

cV
with

the specific heat of air at constant pressurecp and constant volumecV . Hence, potential temperature is
the temperature that an air parcel would attain if brought adiabatically, i. e. without heat exchange, to
the reference pressure. Potential temperature is conserved as long as diabatic processes, e. g. release of
latent heat or absorption of radiation, do not occur. This implies that without diabatic heating or cooling
air parcels are constrained to move on surfaces of constant potential temperature, the isentropes.
A similar concept which is useful for horizontal transport problems is that of the potential vorticityZ
defined through

Z =
f + ζ

ρ

dΘ

dz
(1.2)

wherez is the vertical coordinate,ρ the density of air,ζ the relative vorticity andf = 2Ω sinφ the
Coriolis parameter with the latitudeφ and the absolute value of the angular velocity of the EarthΩ.
Potential vorticity is expressed in units of 10−6 K m2 kg−1 s−1 = 1 PVU (Potential Vorticity Unit). The
relative vorticityζ in horizontal cartesian coordinates is given by

ζ =
∂vy

∂x
− ∂vx

∂y
, (1.3)

with the horizontal components of wind speedvx andvy. Potential vorticity is conserved for adiabatic
and frictionless flow. For many applications the timescalesof adiabatic or dissipative processes are larger
than the timescales of interest, so potential vorticity is agood tracer for air mass transport. If potential
vorticity is conserved, air masses are constrained to move on surfaces of constant potential vorticity
which are often aligned to latitude bands. This implies thatmeridional air mass transport is often only
possible through dissipative processes, e. g. turbulencesinduced by planetary waves.

1.1.1 The general circulation of the stratosphere

The most important aspects of stratospheric dynamics are illustrated in figure 1.1 which represents a
meridional cross section of the Earth’s atmosphere.
In zonal direction strong winds are observed that originatefrom thermal gradients between the tropics and
high-latitudes. In the lower stratosphere the coldest temperatures occur in the tropics while the summer
polar stratosphere is heated by absorption of solar radiation and hence is relatively warm. The thermal
gradient from the summer pole to the equator causes strong thermal easterlies, winds in East-West direc-
tion. In winter the polar stratosphere is colder than its tropical counterpart due to the lack of insolation
which results in strong westerlies surrounding the winter pole, the polar vortex. The change from winter
westerlies to summer easterlies in general occurs after theequinoxes. The polar vortex largely isolates
polar from mid-latitudinal air and prevents meridional mixing of air masses due to the potential vorticity
barrier which is a prerequisite for the occurrence of photochemical processes that lead to the formation
of the ozone hole. While in the southern hemisphere the polarvortex generally evolves unperturbed,
the northern polar vortex is subject to frequent perturbations by tropospheric waves propagating into the
stratosphere. Their dissipation causes meridional transport of air and dynamic warming of the winter
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Figure 1.1:General circulation patterns in the atmosphere. For details see text. Adopted from WMO (1998).

polar regions.
Meridional transport in the stratosphere is governed by a large scale diabatic circulation which is his-
torically referred to as the Brewer-Dobson circulation. Itis characterized by rising motion in the trop-
ics, poleward flow at mid-latitudes and sinking motion in thepolar regions as depicted in figure 1.1.
The meridional flow is driven predominantly by dissipation of tropospheric waves propagating into the
stratosphere. In general waves are large scale disturbances of air flow from the zonal direction which
are initiated for example by mountain ridges. Due to the decrease in air density the amplitude of such
waves increases exponentially with altitude when propagating from the troposphere into the stratosphere.
Eventually, the wave becomes unstable and its energy and momentum can be dissipated by the ambient
atmosphere e. g. if the vertical potential temperature gradient becomes negative locally, dissipation of
energy and momentum can occur through local turbulences. Dissipation of atmospheric waves together
with the Coriolis force results in a net poleward motion. This mechanism is often referred to as the
extratropical pump (Holton et al., 1995) since wave activity occurs mainly in mid-latitudes. Figure 1.1
calls the respective region “surf zone” which implies that the internal transport is rather fast. Since
tropospheric waves can only propagate effectively into thewinter stratosphere, which is dominated by
westerlies (Roedel, 2000), the meridional circulation exhibits a strong seasonal cycle where meridional
transport and polar subsidence are most effective in winterand less effective in summer. Since for to-
pographic reasons waves are more frequent and intense in thenorthern than in the southern hemisphere,
meridional flow in the northern hemisphere is more pronounced than in its southern counterpart. Im-
portant barriers for meridional transport are indicated asblack shaded regions in figure 1.1. The polar
transport barrier is represented by the edge of the winterlypolar vortex where conservation of potential
vorticity prevents meridional exchange of air masses. The subtropical transport barrier, located between
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Figure 1.2:N2O volume mixing ratio as a function of altitude as measured bythe LPMA/DOAS and MIPAS-
B2 balloon payloads at the mid-latitudinal station Leon (42.6◦N, 5.7◦W) in November 1996 (red circles), at the
high-latitudinal station Kiruna (67.9◦N, 21.1◦E) in February 1999 (black boxes) and at the tropical stationTeresina
(5.4◦S, 42.4◦W) in June 2005 (blue triangles). The MIPAS-B2 data are by courtesy of G. Wetzel.

20◦N/S and 30◦N/S latitude, separates the horizontally well mixed surf zone from the tropical region
where air is transported predominantly in vertical direction which is often referred to as “tropical pipe”
(Plumb, 1996). The timescales of meridional transport and its division in three relatively well separated
regions can be illustrated by vertical profiles of photochemically long-lived trace gases such as N2O.
Figure 1.2 shows N2O vertical profiles measured by the LPMA/DOAS and MIPAS-B2 balloon payloads
at high-, mid- and low-latitudes. In tropical regions, N2O is transported from the troposphere into the
stratosphere by uplift through the tropical pipe. Meridional transport and simultaneous sinking motion
to mid- and high-latitudes causes aging of air masses and leads to a characteristic evolution of the N2O
vertical profile from equator to pole.

1.1.2 Stratosphere-troposphere exchange

The boundary between the stratosphere and the troposphere is the tropopause. Evidently, air that travels
from the troposphere to the stratosphere or vice versa has tocross the tropopause. According to the World
Meteorological Organization (WMO) the tropopause is defined as the lowest altitude where the temper-
ature lapse rate decreases to 2 K km−1 or less and the lapse rate between this level and any level within
the next higher 2 km does not exceed 2 K km−1. Alternatively, the extratropical tropopause is sometimes
defined as the 2 PVU potential vorticity surface. In the tropics the 380 K isentrope is often considered as
tropopause. For a better understanding of stratosphere-troposphere exchange the stratosphere can be di-
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vided in a stratospheric overworld above the 380 K isentropeand an extratropical lowermost stratosphere
which is the region between the extratropical tropopause (Θ < 380K) and the 380 K isentrope (figure
1.1). The large scale stratosphere-troposphere exchange is controlled by the global circulation driven by
the extratropical pump, implying that the bulk of air transport from the troposphere to the stratosphere
occurs in the tropics (Holton et al., 1995). Accordingly, stratospheric air re-enters the troposphere pre-
dominantly in mid- and high-latitudes. In the lowermost stratosphere, stratosphere-troposphere exchange
can occur through isentropic transport since the isentropes cross the tropopause. There, tropopause folds
and stratospheric intrusions contribute to stratosphere-troposphere exchange, but the detailed mecha-
nisms of exchange between the lowermost stratosphere and the troposphere are very complex (figure 3 in
Stohl et al. (2003)) and far from being completely understood. Recent studies indicate that single events
of deep convection to high altitudes could contribute to mass transport into the stratosphere (Dessler,
2002). Deep convection events can be triggered and enhancedby fires on the ground as observed by
Damoah et al. (2006) who report on such pyro-convection in mid-latitudes penetrating up to 3 km above
the tropopause. However, it remains unclear to what extent deep convection and pyro-convection con-
tribute to the global budget of stratosphere-troposphere exchange.

1.2 Photochemistry of ozone in the stratosphere

Beside the dynamic aspects, stratospheric trace gas abundances are controlled by photochemical pro-
cesses. The adjective ‘photochemical’ implies that solar radiation is the driving force for chemical ac-
tivity in the stratosphere. Ozone is the most interesting chemical species as pointed out in the introduc-
tion. Formation and destruction of stratospheric ozone is controlled by reaction cycles involving oxygen,
hydrogen, nitrogen and halogen containing species which are subject to solar radiation and may be pro-
cessed in the gas phase or on the surface or in the bulk of liquid or particulate matter. The understanding
of the complicated interplay between the different speciesis conceptually facilitated by considering the
different timescales on which chemical reactions occur (Brasseur and Solomon, 1986). Typically, it is
possible to define an artificial species which is the sum of allrapidly interchanging compounds of one
chemical family, e. g. the odd oxygen species Ox = O3 + O or the sum of the short-lived nitrogen species
NOx = NO2 + NO. In a mathematical sense the sum refers to the concentrations or the volume mixing
ratios of the respective species. Although the components of such artificial species rapidly interchange,
the artificial species themselves are subject to much slowerchemical processes linking the short-lived
entities with their long-lived reservoirs, e. g. O2 or HNO3. While the short-lived species are responsible
for the actual ozone formation or destruction mechanisms, the rate of their removal to or supply from the
long-lived reservoirs determines the efficiency of the respective reaction cycles. Often it proves useful to
further distinguish the short- and long-lived species fromtheir source gases which, in general, are trans-
ported from the troposphere to the stratosphere. There, thesource gases are photolytically processed to
supply the pool of species relevant for ozone chemistry. An attempt to sketch the interplay between the
various species important for stratospheric chemistry is shown in figure 8.1 in the appendix.
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1.2.1 Stratospheric odd oxygen photochemistry

The formation of the stratospheric ozone layer can be understood from the Chapman cycle (Chapman,
1930), a small number of reactions which involve oxygen species, only,

O2 + hν −→ 2O (R1.1)

O + O2 + M −→ O3 + M (R1.2)

O3 + hν −→ O2 + O (R1.3)

O3 + hν −→ O2 + O(1D) (R1.4)

O(1D) + M −→ O + M (R1.5)

O + O + M −→ O2 + M (R1.6)

O + O3 −→ 2O2. (R1.7)

While reactions (R1.1) and (R1.2) produce ozone, reactions(R1.3) through (R1.7) represent loss pro-
cesses of odd oxygen. Photodissociation of molecular oxygen according to reaction (R1.1) occurs
at wavelengths smaller than 242 nm through absorption of UV radiation in the spectral ranges of the
Herzberg continuum, the Schumann-Runge bands and the Schumann-Runge continuum. It generates
ground-state O(3P) as well as oxygen atoms in the excited O(1D) state. Due to the strong attenuation
of solar UV radiation, photolysis of molecular oxygen and thus O3 production occurs mainly in the up-
per stratosphere. Photodissociation of O3 (R1.3) to ground state fragments is possible at wavelengths
≤1080 nm. At wavelengths shorter than about 360 nm, one or evenboth of the products of O3 photolysis
are in electronically excited states (R1.4) and can be collisionally quenched (R1.5). On the timescale of
minutes the photolysis of O3 is not a net loss process since nearly all of the oxygen atoms produced re-
form ozone through reaction (R1.2). Over longer timescales, a small fraction of oxygen atoms produced
from O3 photolysis reacts with O3 (R1.7) resulting in a net loss of odd oxygen Ox to the long-lived O2
reservoir. Accordingly, the photochemical lifetimes of O3 (τ ≈ 30 min at 30 km), O(1D) (τ ≈ 10−8 s)
and O(3P) (τ ≈ 0.04 s) are much shorter than the photochemical lifetime of theirsum Ox (τ ≈weeks).
Since the photochemical lifetime of odd oxygen is on the order of the transport timescales in the middle
and lower stratosphere (section 1.1), the global distribution of ozone depends on latitude and season.
Although production occurs predominantly at low-latitudes where photolysis of O2 is most effective, the
largest concentrations of O3 are found at high-latitudes during spring (as long as the atmosphere is not
perturbed by anthropogenic influence).
The Chapman cycle predicts formation of an ozone layer at somewhat higher altitudes and with concen-
trations larger than observed by modern scientific instruments. Hence, Chapman’s chemistry must be
complemented by missing reactions. Bates and Nicolet (1950) first suggested that ozone destruction can
occur via catalytic cycles involving only two reactions,

X + O3 −→ XO + O2 (R1.8)

O + XO −→ X + O2 (R1.9)

O + O3 −→ 2O2 .net : (R1.10)

The catalyst X is recycled converting odd oxygen to its reservoir. Possible catalysts X are the radicals
OH (Bates and Nicolet, 1950), NO (Crutzen, 1970; Johnston, 1971), Cl (Molina and Rowland, 1974), Br
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Figure 1.3: Calculated fractional contribution to odd oxygen (Ox) loss by catalytic cycles involving nitrogen
(NOx), hydrogen (HOx), chlorine (ClOx), bromine (BrOx), and iodine (IOx) for March 1995, 32oN, using JPL-
2002 kinetics (Sander et al., 2003) and recent updates. The ClOx curve represents loss from the ClO+O and
ClO+HO2 cycles, plus other minor cycles that involve ClO, but not BrOor IO. The BrOx curve represents loss
from the BrO+ClO and BrO+HO2 cycles, plus other minor cycles that involve BrO, but not IO.Figure by courtesy
of R. Salawitch (JPL, Pasadena).

(Wofsy et al., 1975) and possibly I (Solomon et al., 1994) which all react faster with ozone than atomic
oxygen. The relative importance of the proposed catalytic cycles with respect to O3 destruction depends
on the number of cycles completed before the catalyst X is lost in some chain termination reaction.
This and further details of the photochemistry of the catalysts are described in dedicated sections below.
Interestingly, fluorine is found not to participate in catalytic O3 destruction as might have been expected.
Since F rapidly reacts with H2O and CH4 to form HF which is photochemically stable, fluorine atoms
are rapidly scavenged and, hence, are poor catalysts for O3 destruction.
Further catalytic odd oxygen loss cycles involving the HOx = H + OH + HO2 catalyst are given by

OH + O −→ O2 + H (R1.11)

H + O2 + M −→ HO2 + M (R1.12)

HO2 + O −→ OH + O2 (R1.13)

2O −→ O2 .net : (R1.14)

OH + O3 −→ HO2 + O2 (R1.15)

HO2 + O3 −→ OH + 2O2 (R1.16)

2O3 −→ 3O2 .net : (R1.17)
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Figure 1.4: Change in column ozone relative to 1980 levels modeled by theAER 2-D model for tropopause
reactive bromine of 0 (red), 4 (green) and 8 (blue) ppt for 35 -60◦N compared to observed trends in total ozone
(black dotted line). The numerical values for the average ofthe modeled and measured ozone depletion refers to
the period between beginning of 1980 to the end of 2000. Adopted from (Salawitch et al., 2005).

Since atomic oxygen is involved in reaction (R1.12), the respective catalytic cycle is important in the
upper stratosphere and less important in the lower stratosphere where the reactions (R1.15) and (R1.16)
dominate. O3 destruction may also occur through catalytic cycles which couple different families of
catalysts,

X + O3 −→ XO + O2 (R1.18)

Y + O3 −→ YO + O2 (R1.19)

XO + YO −→ X + Y + O2 (R1.20)

2O3 −→ 3O2 ,net : (R1.21)

where X = OH and Y = Cl, X = OH and Y = Br, X = Br and Y = Cl. The relative contributions of the
various catalytic cycles to odd oxygen loss are illustratedin figure 1.3 as modeled for a mid-latitudinal
station (32◦N) in March 1995. In the lower stratosphere the HOx and BrOx catalytic cycles are most
important while between 25 km and 40 km O3 destruction is dominated by NOx. Above about 40 km
(not shown), the ClOx catalytic cycle constitutes the major contribution. The overwhelming role of BrOx
compared to ClOx in the lower stratosphere is somewhat misleading since O3 loss due to the coupled
ClO-BrO cycle is completely assigned to BrOx. A more thorough discussion of figure 1.3 is given in
section 7 emphasizing the role of iodine involving catalytic cycles.
The quoted fractional contributions to odd oxygen loss onlyhold true under non-ozone hole conditions.
The severe depletion of O3 during polar spring in the lower stratosphere observed since the mid-1980’s
is predominantly due to the ClOx and BrOx catalytic cycles and is discussed in detail in section 1.2.5.
Besides the famous ozone holes over Antarctica and to a lesser degree over the Arctic, a global decrease
of O3 abundances is observed. When comparing the 1997-2001 average of total column ozone with
the pre-1980 average, the effect amounts to a decrease by 3% and 6% in the northern and southern
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hemisphere, respectively (WMO, 2003). However, the observed trend depends on season, latitude and
the 11-year solar cycle. Moreover, it might be influenced by transport of ozone-poor air from polar
regions to mid-latitudes. Figure 1.4 shows the evolution oftotal column O3 between 1980 and 2001 for
northern mid-latitudes. A clear trend is inferable from theobservations (WMO, 2003) as well as model
calculations (Salawitch et al., 2005) but discrepancies between the modeled and observed data evidently
remain.

1.2.2 Stratospheric hydrogen photochemistry

The source of the HOx catalyst in the stratosphere is the oxidation of H2O, CH4 and H2. Since oxidation
of CH4 and H2 ultimately leads to the formation of water vapor the discussion is often focused on
total water i. e. H2O + 2 CH4 + H2. Satellite and balloon borne observations indicate that total water in
the stratosphere increases by 1%/year which is twice as muchas expected from the observed trend in
tropospheric methane (WMO, 2003). A trend of pure water vapor in the stratosphere could originate
from an increase of the average temperature of the tropical tropopause which is, however, not observed.
Besides the pathway through formation of water vapor by oxidation of methane, HOx can be directly
produced from its sources through reaction with oxygen,

O(1D) + H2O −→ 2OH (R1.22)

O(1D) + CH4 −→ OH + CH3 (R1.23)

−→ CH3O + H (R1.24)

−→ CH2O + H2 (R1.25)

O(1D) + H2 −→ OH + H . (R1.26)

Photodissociation of H2O occurs at wavelengths shorter than 200 nm and thus is only important above
70 km (Zellner, 1999). HOx catalyzes odd oxygen loss via reactions quoted in section 1.2.1. H2O albeit
being the dominant source represents also the primary sink species of HOx. In the middle and upper
stratosphere the main loss process is the direct reaction ofOH with HO2 while in the lower stratosphere,
where the hydroperoxyl radical is more abundant than the peroxyl radical, the reaction cycle via the
H2O2 catalyst is important,

OH + HO2 −→ H2O + O2 (R1.27)

HO2 + HO2 −→ H2O2 + O2 (R1.28)

OH + H2O2 −→ H2O + HO2 (R1.29)

OH + HO2 −→ H2O + O2 .net : (R1.30)

Due to the photolytic instability of hydrogen peroxide reaction (R1.28) can be followed by photodisso-
ciation of H2O2 yielding a Null cycle for HOx. Reactions of HOx with NO2 yield the reservoirs HNO3
and HO2NO2,

OH + NO2 + M −→ HNO3 + M (R1.31)

HO2 + NO2 + M −→ HO2NO2 + M. (R1.32)
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Similar reactions of HOx involving NO, Cl, ClO, Br and BrO forming HONO, HCl, HOCl, HBrand
HOBr occur but are not explicitly discussed here. Nitric andpernitric acid can be photolyzed to reproduce
HOx,

HNO3 + hν −→ OH + NO2 (R1.33)

HO2NO2 + hν −→ OH + NO3 (R1.34)

−→ HO2 + NO2 (R1.35)

The photodissociation of HO2NO2 is subject of ongoing investigation since a photolytic pathway for
wavelengths longer than 760 nm is found to be important (Roehl et al., 2002). This implies that the
lifetime of HO2NO2 in the lower stratosphere is significantly reduced comparedto previous estimates.
Model studies showed that considering near IR photolysis ofHO2NO2 yields significantly improved
agreement between measured and modeled HOx (Salawitch et al., 2002; Evans et al., 2003). In particular
in the lower stratosphere, the total HOx sink is governed by the reactions of nitric and to a lesser extent
pernitric acid with OH,

HNO3 + OH −→ H2O + NO3 (R1.36)

HO2NO2 + OH −→ H2O + NO2 + O2. (R1.37)

It is evident from the role of HNO3 and HO2NO2 as temporary reservoirs and important intermediate
products for sink processes of reactive hydrogen that stratospheric HOx photochemistry is closely linked
to reactive nitrogen. A similar link to the halogen catalytic cycles exists through the formation of HCl,
HOCl, HBr and others.
The observed trend of total water mentioned above could be responsible for an increase of HOx con-
centrations and hence could modify the importance of the chemical scheme outlined in this section with
respect to ozone loss. In addition, an increase in total water can affect stratospheric O3 through enhanced
formation of ice containing particles providing surfaces for heterogeneous reactions. The radiative effect
of enhanced water vapor concentrations suggests a possiblecooling of the stratosphere by 0.5 K/decade
(WMO, 2003) at 70◦S and 70◦N which in turn impacts temperature dependent chemical reactions. Some
studies indicate that the trend in stratospheric water may have contributed up to 1 percentage point to the
observed decrease of total column ozone (see e. g. figure 1.4)(WMO, 2003).

1.2.3 Stratospheric nitrogen photochemistry

The dominant source of the NOx = NO + NO2 catalyst is the greenhouse gas N2O. Concentrations of N2O
increase by 0.8 ppt/year which amounts to about 0.3%/year ofthe tropospheric abundance of 320 ppb in
2005. The atmospheric life-time of N2O is 120 years as estimated by IPCC (Houghton et al., 2001). In
the stratosphere, N2O is destroyed through photolysis and reaction with atomic oxygen,

N2O + hν −→ N2 + O(1D) (R1.38)

N2O + O(1D) −→ 2NO (R1.39)

−→ N2 + O2 . (R1.40)

Reaction (R1.38), which does not produce any reactive nitrogen, occurs for wavelengths shorter
than 397 nm and accounts for about 90% of N2O loss. Since the branching ratio of reac-
tions (R1.39) and (R1.40) is 0.58 in favor of the formation ofNO, total reactive nitrogen NOy
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(NOy = NO + NO2 + NO3 + 2 N2O5 + HNO3 + HO2NO2 + ClONO2 + BrONO2) in the lower stratosphere
amounts to roughly 6% of N2O. This linear correlation between NOy and N2O is only true if there are no
other sources of NOy and if reactive nitrogen is not removed from the atmosphere.In the mesosphere and
thermosphere a further source of NOy is the reaction of molecular oxygen with atomic nitrogen which
is produced by galactic cosmic rays, solar protons or energetic electron precipitation hitting the upper
atmosphere (e.g. Rozanov et al., 2005). Reactive nitrogen formed in the upper atmosphere can descend
into the stratosphere during winter and spring when there islarge scale subsidence of air masses at mid-
and high-latitudes. Such mesospheric intrusions have beenobserved to cause enhancements of strato-
spheric NOy and NOx on a fairly regular basis (e.g. Engel et al., 2006). Removal of reactive nitrogen
occurs effectively in the middle to upper stratosphere through the reaction,

NO + N −→ N2 + O , (R1.41)

which is negligible in the lower stratosphere due to the lackof available nitrogen atoms.
According to reactions (R1.8) and (R1.9) odd oxygen loss viathe NOx catalyst goes along with inter-
conversion of NO and NO2,

NO + O3 −→ NO2 + O2 (R1.42)

NO2 + O −→ NO + O2 . (R1.43)

However, odd oxygen is re-produced through the photolysis (λ < 405 nm) of NO2 which balances Ox
loss due to reaction sequence (R1.42) and (R1.43) below 30 km,

NO2 + hν −→ NO + O . (R1.44)

Conversion of NO to NO2 by oxidants other than O3 and subsequent photolysis of NO2 even represent
net formation processes of odd oxygen,

NO + HO2 −→ NO2 + OH (R1.45)

NO + RO2 −→ NO2 + RO (R1.46)

NO + ClO −→ NO2 + Cl (R1.47)

NO + BrO −→ NO2 + Br , (R1.48)

where RO2 is an organo peroxy radical. From the above reactions, it is found that the Leighton ratio
NO/NO2 is almost constant and equal to one for altitudes below 40 km during daytime. Above 40 km
the abundance of NO becomes rapidly larger than the abundance of NO2 due to the increasing number
of oxygen atoms available for reaction (R1.43).
During dusk photolysis of NO2 fades out and NO is rapidly converted to NO2 which forms NO3 through
the reaction with O3,

NO2 + O3 −→ NO3 + O2 . (R1.49)

During daytime NO3 abundances are negligible since it is instantaneously destroyed by photolysis yield-
ing NO2 or NO. In the dark, NO3 reacts with NO2 to form the nighttime reservoir species N2O5,

NO2 + NO3 + M −→ N2O5 + M . (R1.50)
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Figure 1.5:Temporal evolution of SZA (upper left panel), NO2 (middle left panel), NO (lower left panel), HNO3
(upper right panel), NO3 (middle right panel) and N2O5 (lower right panel). The data are taken from a run of the
LABMOS model of stratospheric chemistry on the 615 K potential temperature surface (≈25 km). SZA = 90◦ is
indicated by dotted vertical lines.

Reaction (R1.50) can be reversed to yield NO2 and NO3 from collisional decomposition of N2O5 which
is, however, a slow process in the stratosphere. During the day, N2O5 is photolyzed at moderate rate
reforming the educts of its formation reaction,

N2O5 + hν −→ NO2 + NO3 . (R1.51)

The typical diurnal variation of some nitrogen species is depicted in figure 1.5. During night all NOx
resides in NO2 and N2O5 is built up from NO2 and NO3. At dawn the concentration of NO2 rapidly
drops due to photolysis and NO is generated resulting in a fast equilibrium according to the Leighton
ratio. The photolysis of N2O5 is rather slow causing a continuous decrease of N2O5 and a corresponding
formation of NOx during the day. At dusk, photolysis ceases resulting in a fast built-up of NO2 and NO3

and a steady formation of N2O5.
The relative diurnal variation of HNO3 in figure 1.5 is small compared to the variation of the NOx species
indicating that HNO3 is a long-lived species which serves as reservoir of reactive nitrogen and hydrogen
as pointed out in the previous section. ClONO2 and BrONO2 are additional nitrogen reservoir species
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which simultaneously act as reservoirs for ClOx and BrOx radicals and thus buffer catalytic O3 loss

NO2 + OH + M −→ HNO3 + M (R1.52)

−→ HOONO + M (R1.53)

NO2 + ClO + M −→ ClONO2 + M (R1.54)

NO2 + BrO + M −→ BrONO2 + M , (R1.55)

where pernitrous acid, HOONO, is rapidly dissociated to NO2 and OH by collisions with other molecules
or photolysis. Reaction (R1.53) is not included in the current Jet Propulsion Laboratory (JPL) recom-
mendation on Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies (Sander et al.,
2003) but Golden and Smith (2000) and Nizkorodov and Wennberg (2002) suggested that formation of
the nitric acid isomer HOONO might be important in the atmosphere. Prasad (2003) showed that the
use of reaction pathway (R1.53) in modeling studies resultsin a better agreement between modeled and
measured NOx/NOy and NOx/HNO3 since only 70% to 80% of the OH + NO2 reaction yields the reser-
voir species HNO3. In addition to reactions (R1.52) through (R1.55), HNO3 can be produced from the
nighttime reservoir N2O5 via hydrolysis on the surface of stratospheric aerosols

N2O5(g) + H2O(s) −→ 2HNO3(s) , (R1.56)

where (g) and (s) indicate gas and condensed phase, respectively. Release of the catalysts from the
reservoirs can occur through photolysis

HNO3 + hν −→ OH + NO2 (R1.57)

ClONO2 + hν −→ ClO + NO2 (R1.58)

BrONO2 + hν −→ BrO + NO2 , (R1.59)

or in the case of HNO3 via reaction with OH (R1.36). Through its ambiguous role as catalyst for O3 loss
and as a scavenger for ozone depleting radicals such as HOx, ClOx and BrOx, odd nitrogen NOx plays
a crucial role in stratospheric ozone chemistry and in particular during ozone hole events as discussed in
section 1.2.5.

1.2.4 Stratospheric halogen photochemistry

Halogen catalysts are known to play an important role in stratospheric ozone destruction, in particu-
lar under ozone hole conditions. Since a considerable fraction of halogen source gases transported to
the stratosphere are man-made, the released halogen catalysts disturb the natural equilibrium between
formation and destruction of ozone. The relative importance of the ClOx (= Cl + ClO + 2 Cl2O2), BrOx

(= Br + BrO) and IOx (= I + IO) catalysts for ozone loss depends on the lifetimes and the distribution of
their source gases and on the efficiency of the respective catalytic cycles (see figure 1.3). Although chlo-
rine being much more abundant than bromine, the latter is important when it comes to ozone depletion
since each BrOx radical cycles about 45-68 times more often through the respective ozone loss reactions
than its ClOx counterpart. IOx radicals are even more effective but have not been detected in the strato-
sphere, so far. The relative, integrated efficiency of each halogen source species is quantified on the basis
of its Ozone Depletion Potential (ODP) and is tabulated for example in WMO (2003).
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Figure 1.6:Budget of organic and inorganic chlorine containing gases.The organic source gases are long-lived
in the troposphere and effectively transported into the stratosphere. There, they are converted to reactive, inorganic
chlorine species, predominantly HCl, ClONO2 and ClO. The sum of inorganic and organic chlorine containing
gases is nearly constant with altitude up to 47 km. Adopted from (WMO, 2003).

Chlorine

Stratospheric ClOx is released from halogenated organics by photolysis or reaction with OH and O(1D).
The only natural source of stratospheric chlorine is methylchloride (CH3Cl) which contributes about
16% to the total budget (WMO, 2003). The most prominent anthropogenic source are the chlorofluoro-
carbons (CFCs) which are chemically inert, photostable andhardly soluble in water. Hence, the lifetime
of CFCs in the troposphere is on the order of years to centuries resulting in an almost uniform distribu-
tion in the troposphere and effective transport to the stratosphere. Further, anthropogenic chlorine source
gases exhibiting lifetimes on the order of years are carbon tetrachloride (CCl4) and methyl chloroform
(CH3CCl3). The Montreal Protocol (1987) and its amendments (London (1990), Copenhagen (1992),
Vienna (1995), Montreal (1997), Bejing (1999)) limit the production of CFCs. The CFCs were partly
replaced by hydrochlorofluorocarbons (HCFCs) which are less stable and thus have a shorter lifetime.
The production and use of HCFCs is to be phased out by the year 2020. As a consequence, the total
organic chlorine burden (CCly) in the troposphere reached its peak in 1992-1994 at (3.7±0.1) ppb and
since then declined by about 0.6% per year. The total inorganic chlorine burden (Cly) in the stratosphere
stopped increasing in 1997-1998 and remained fairly constant since (WMO, 2003). A slow decline of
stratospheric Cly is predicted to reach 12-14% in 2010 relative to the maximum chlorine loading in the
late 1990s (Rinsland et al., 2003). A schematic view of the total chlorine budget in the troposphere and
stratosphere is shown in figure 1.6.
Recent findings on the stratospheric bromine budget (see below) stimulated a discussion about a possi-
ble contribution of very short-lived (VSL) substances to the stratospheric halogen budget. VSL species
exhibit atmospheric lifetimes of less than 0.5 years. Despite their rather short lifetime, VSLs can be
transported to the stratosphere by deep convection to the upper troposphere and subsequent transport
into the lower stratosphere. Evidently, such transport process are most likely in the tropics. The sum
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of VSL chlorine species such as dichloroethane (C2H4Cl), chloroform (CHCl3) or phosgene (COCl2) is
estimated to 1 - 50 ppt in the free troposphere (WMO, 2003). Iftransported to the stratosphere, these
estimates correspond to less than 5% of the total stratospheric chlorine loading. Hence, the effect of VSL
chlorine species on the stratospheric chlorine budget is considered small (WMO, 2003).
Once the ClOx catalyst is released from the halocarbons, it undergoes rapid cyclic transformations be-
tween its constituents according to

Cl + O3 −→ ClO + O2 (R1.60)

ClO + O −→ Cl + O2 , (R1.61)

resulting in loss of odd oxygen. ClOx cycling also occurs via

ClO + NO −→ Cl + NO2 (R1.62)

ClO + OH −→ Cl + HO2 , (R1.63)

which represent loss of odd oxygen if NO2 and HO2 subsequently react with atomic oxygen. ClO may
also be photolyzed

ClO + hν −→ Cl + O2 . (R1.64)

The temporary reservoir species of the ClOx catalyst are formed through reactions with NO2, HO2 and
methane

ClO + NO2 + M −→ ClONO2 + M (R1.65)

ClO + HO2 −→ HOCl + O2 (R1.66)

Cl + HO2 −→ HCl + O2 (R1.67)

Cl + CH4 −→ HCl + CH3 . (R1.68)

Chlorine nitrate and hypochloric acid can be photolyzed regenerating the active species

ClONO2 + hν −→ Cl + NO3 (R1.69)

−→ ClO + NO2 (R1.70)

HOCl + hν −→ OH + Cl . (R1.71)

Since photolysis of HCl occurs at wavelengths shorter than 205 nm only, it is extremely inefficient and
recovery of ClOx from HCl is dominated by

HCl + OH −→ H2O + Cl . (R1.72)

Except for reaction (R1.71) the release of ClOx from its reservoirs is very slow and the bulk of strato-
spheric chlorine resides in HCl and ClONO2 (see figure 1.6). A significant activation of ClOx occurs only
between 30 km and 45 km (Solomon, 1999). Albeit recovery of ClOx from its reservoirs being rather in-
effective in the gas phase, heterogeneous reactions can lead to efficient activation and subsequent ozone
loss.
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Figure 1.7:Trends for bromine in the near surface troposphere (lines) and stratosphere (points). The dark blue
line shows global tropospheric bromine from methyl bromideas measured in ambient air and firn air. The purple
line shows global tropospheric bromine from the sum of methyl bromide plus halons as measured in ambient air,
archived air and firn air. The light blue lines show bromine from CH3Br and halons plus bromine from very
short-lived organic bromine compounds assuming total contributions of 3, 5, or 7 ppt. The points illustrate total
inorganic bromine derived from stratospheric measurements of BrO by the DOAS balloon borne instrument. For
stratospheric data, the date corresponds to the time when that air was last in the troposphere, i.e. sampling date
minus mean time in the stratosphere. Adopted from Dorf (2005).

Bromine

The major source (more than 50%) of the BrOx catalyst is methyl bromide (CH3Br) which is of natu-
ral (60% - 80%) and anthropogenic origin. The man-made halons, halogenated hydrocarbons, contribute
about 30% - 40% to the global bromine budget. Although controlled by the Montreal Protocol, the global
abundance of halons is still increasing by 0.1 ppt/year due to the ongoing use of halon stocks and halon
production in third world countries (Montzka et al., 2003).The tropospheric bromine loading from
halons and methyl bromide peaked around 1998 at 16 - 17 ppt andstarted to decline afterwards by a
mean annual rate of (0.25±0.09) ppt/year (Montzka et al., 2003). Recent balloon bornemeasurements
of BrO by Dorf (2005) indicate a total inorganic bromine burden of (21± 3) ppt in stratospheric air that
was injected from the troposphere into the stratosphere in 1999. Consistent with the tropospheric trend,
the increase of stratospheric total bromine is slowing downor leveling off. Figure 1.7 illustrates the
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trend of the tropospheric and stratospheric bromine throughout the past 20 years. The apparent discrep-
ancy between total stratospheric bromine and the sum of its long-lived tropospheric organic precursors
is believed to be due to very short-lived brominated source gases or direct upward transport of inorganic
bromine across the tropopause (WMO, 2003; Salawitch et al.,2005; Dorf, 2005).
Due to their rather short lifetime, the tropospheric concentrations of VSL bromocarbons show high
spatial and temporal variability but tend to be highest nearcoastal areas in the tropics and subtropics.
Oceanic emissions account for 90% to 95% of brominated and iodinated VSL species to the atmosphere
with bromoform (CHBr3) being the most important troposperic VSL bromine species.Amongst others,
further contributions come from CH2Br2, CHBr2Cl and CHBrCl2. Anthropogenic emissions of most
VSL substances contribute only little to the global budget although being locally significant. To date it
is subject of ongoing research what fraction of bromine released as VSL species enters the stratosphere
as organic source gas (SG) or inorganic product gas (PG) produced from the decomposition of VSL SG.
Bobrowski et al. (2003) suggested that volcanic emissions might contribute to the tropospheric inorganic
bromine loading as well. An in-depth discussion on VSL brominated species and the inorganic bromine
budget can be found in Dorf (2005).
Similar to the release of reactive chlorine from its organicprecursors, brominated organics are decom-
posed in the stratosphere by photolysis or reactions with OHand O(1D) yielding reactive inorganic
bromine species. The BrOx constituents undergo rapid interconversion according to

Br + O3 −→ BrO + O2 (R1.73)

BrO + O −→ Br + O2 , (R1.74)

and

BrO + hν −→ Br + O (R1.75)

BrO + NO −→ Br + NO2 (R1.76)

BrO + ClO −→ Br + OClO 59% (R1.77)

−→ Br + ClO2 34% (R1.78)

−→ BrCl + O2 7% . (R1.79)

The branching ratios of reactions (R1.77) through (R1.79) are indicated for T = 195 K according to
Sander et al. (2003) although recent studies by Canty et al. (2005) indicate that an increase of the frac-
tional yield of BrCl from 7% to 11% produces better agreementbetween modeled and observed data.
Subsequent photolysis of BrCl to Br and Cl and collisional decomposition of ClOO to Cl and O2 result
in catalytic loss of odd oxygen. OClO is rapidly photolyzed to ClO and atomic oxygen which prevents
the built-up of large OClO concentrations during daytime. Since reaction (R1.77) is the virtually only
production pathway of OClO, this species can be used as a tracer for the efficiency of the coupled ClO-
BrO catalytic ozone loss cycle. BrOx radicals are scavenged by NO2, HO2, and CH2O forming the main
reservoir species

BrO + NO2 + M −→ BrONO2 + M (R1.80)

BrO + HO2 −→ HOBr + O2 (R1.81)

Br + HO2 −→ HBr + O2 (R1.82)

Br + CH2O −→ HBr + CHO . (R1.83)
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Release of BrOx from the reservoirs occurs through photolysis and in the case of HBr through reaction
with OH

BrONO2 + hν −→ Br + NO3 (R1.84)

−→ BrO + NO2 (R1.85)

HOBr + hν −→ OH + Br (R1.86)

HBr + OH −→ Br + H2O . (R1.87)

Since photolysis and decomposition of the bromine reservoirs are very efficient, the partitioning between
BrOx and its reservoirs is shifted toward the active forms in comparison with chlorine. Hence, BrOx is
more efficient in destroying ozone than ClOx. In the absence of light, heterogeneous processes can lead
to bromine activation as observed in the presence of polar stratospheric clouds (section 1.2.5).

Iodine

All source gases of the IOx catalyst with significant emissions are VSL halogenated compounds of
predominantly natural origin. Oceanic emissions largely (90% to 95%) dominate other sources such
as emissions from rice paddies. The most important source gas from a stratospheric point of view is
methyl iodide (CH3I) which has been measured in the marine boundary layer with abundances as high as
1830 ppt emitted primarily from macroalgae (Peters et al., 2005). Other halogenated organic compounds,
e. g. CH2I2, CH2ClI, CH2BrI, C2H5I and iodopropane, seem to be much less abundant. Atmospheric
lifetimes are generally very short, ranging from hours to days. CF3I has been proposed as replacement
for the greenhouse gas SF6 and for halons used in aircraft fire extinguishers. Althoughbeing rapidly
photolyzed, emission of CF3I by aircraft at high altitudes could provide a pathway to inject iodine into
the stratosphere. Observations of CH3I above the boundary layer yielded abundances of 0.0 ppt to 0.2 ppt
in the upper troposphere and lower stratosphere (WMO, 2003). Besides VSL organic compounds, inor-
ganic iodine species have also been detected in the marine boundary layer (e.g. Schwärzle, 2005; Peters
et al., 2005) and in the polar troposphere (e.g. Frieß et al.,2001). However, due to their short photo-
chemical lifetimes direct transport to the stratosphere seems negligible. Several studies (Wennberg et al.,
1997; Pundt et al., 1998; Bösch et al., 2003) indicate that abundances of inorganic iodine species in the
stratosphere are very low and below the respective detection limits. Currently the best upper limit for
gaseous inorganic iodine in the mid- and high-latitudinal stratosphere is (0.10± 0.02) ppt as inferred by
Bösch et al. (2003) from measured upper limits of IO and OIO. These observations suggest that either
much less iodine enters the stratosphere than expected fromground-level CH3I abundances or that strato-
spheric iodine resides in other gaseous species besides IO and OIO or in particulate form. Somewhat in
contradiction to the aforementioned studies, Wittrock et al. (2000) concluded on (0.65 - 0.8 (± 0.2)) ppt
stratospheric IO from their ground based measurements of zenith-scattered skylight. Murphy et al. (1997)
and Murphy and Thompson (2000) reported on some iodine tied to aerosols in the upper troposphere and
lower stratosphere. Formation of higher oxides and subsequent uptake into the aerosol phase could ex-
plain the lack of gaseous iodine species in the lower stratosphere. Clearly, high precision measurements
in the tropical upper troposphere and lower stratosphere, where troposphere-to-stratosphere transport
predominantly occurs, are necessary to further constrain the budget of iodine species.
As suggested by Solomon et al. (1994) and Bösch et al. (2003),the IOx catalyst could significantly
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contribute to lower stratospheric ozone loss through inter-halogen cycles.

I + O3 −→ IO + O2 (R1.88)

IO + ClO −→ ICl + O2 20% (R1.89)

−→ Cl + I + O2 25% (R1.90)

−→ I + OClO 55% (R1.91)

IO + BrO −→ Br + I + O2 20% (R1.92)

−→ Br + OIO 80% (R1.93)

IO + IO −→ I2 + O2 5% (R1.94)

−→ I + OIO 40% (R1.95)

−→ 2 I + O2 ? (R1.96)

−→ I2O2 55% . (R1.97)

The I2O2 product of reaction (R1.97) is unstable and rapidly decomposes to OIO, implying that the
effective OIO yield from the IO self reaction is high. The efficiency of the interhalogen cycles with
respect to ozone loss is reduced if the halogen oxides formedin reactions (R1.91), (R1.93) and (R1.95)
are photolyzed in a way that atomic oxygen is produced. Cycling between the IOx constituents can also
occur through photolysis of IO and reactions with radicals other than halogen oxides

IO + hν −→ I + O (R1.98)

IO + NO −→ I + NO2 (R1.99)

IO + OH −→ I + HO2 . (R1.100)

Removal of IOx into its reservoirs occurs according to

IO + HO2 −→ HOI + O2 (R1.101)

IO + NO2 + M −→ IONO2 + M (R1.102)

I + HO2 −→ HI + O2 (R1.103)

I + NO + M −→ INO + M (R1.104)

I + NO2 + M −→ INO2 + M . (R1.105)

The reservoir species are destroyed through photolysis

INO + hν −→ I + NO (R1.106)

INO2 + hν −→ I + NO2 (R1.107)

HI + hν −→ I + H (R1.108)

HOI + hν −→ I + OH (R1.109)

IONO2 + hν −→ IO + NO2 > 95% (R1.110)

−→ I + NO3 < 5% . (R1.111)
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While INO, INO2, HOI and IONO2 are rapidly photolyzed, oxidation of HI by OH is more effective than
its photolysis in the lower stratosphere

HI + OH −→ I + H2O . (R1.112)

The reservoir species OIO which is produced by the inter-halogen cycles is outstanding when compared
to its analogs OClO and OBrO since it has been observed duringdaytime in the marine boundary layer
(e.g Allan et al., 2001; Peters et al., 2005). These findings indicate that the photolysis of OIO is less
effective than the photolysis of OClO and OBrO, which cannotbe detected in significant amounts under
sunlit conditions. Laboratory and field measurements show that OIO has a series of diffuse absorption
bands between 470 nm and 610 nm, but recent studies suggest that absorption of radiation at 562 nm
rather leads to excitation and subsequent collisional quenching than to dissociation of the OIO molecule
(Joseph et al., 2005). The quantum yield for photolysis between 560 nm and 580 nm is estimated to less
than 10% (Joseph et al., 2005; Tucceri et al., 2006).

OIO + hν −→ OIO∗ (R1.113)

OIO∗ + M −→ OIO + M (R1.114)

OIO + hν −→ I + O2 (R1.115)

OIO + hν −→ IO + O . (R1.116)

While photolysis according to reaction (R1.115) would enhance Ox loss, reaction (R1.116) results in a
Null cycle. Ingham et al. (2000) estimated upper limits of the yield for I + O2 to 0.15 and for IO + O to
0.007. Besides photolysis, reactions with the NO and OH radicals cause loss of OIO

OIO + NO −→ IO + NO2 (R1.117)

OIO + OH −→ HOI + O2 . (R1.118)

Hoffmann et al. (2001) suggested that OIO might initiate theformation of higher iodine oxides (e. g.
I2O3) and polymeric structures. Jimenez et al. (2003) and O’Dowdand Hoffmann (2005) reported on
the formation of iodine containing aerosols in the marine boundary layer, involving polymerization of
OIO. Such aerosols remove iodine species from the gas phase and, hence, might provide a possible
explanation for the undetectable low amounts of IO in the lower stratosphere.

1.2.5 Heterogeneous chemistry and the ozone hole

Besides gas-phase reactions discussed in the preceding sections, heterogeneous reactions on the surface
of particles play an important role in stratospheric chemistry. The ubiquitous stratospheric sulfate aerosol
consists mainly of H2SO4/H2O droplets and is produced from oxidation of SO2 which is transported
to the stratosphere through its precursors such as naturally formed long-lived sulfur compounds, e. g.
OCS. Further, volcanic eruptions may directly inject sulfur compounds into the stratosphere. Hence,
stratospheric aerosol abundances are temporally greatly enhanced after large volcanic eruptions (Arnold
et al., 1990). Typical aerosol surface area densities rangebetween 1 and 10µm2cm−3 during volcanically
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quiescent periods in the lower stratosphere.
Besides the ubiquitous sulfate aerosol, particles referred to as polar stratospheric clouds (PSCs) may form
in the lower stratosphere under very cold conditions as encountered in the polar vortices during winter.
Two types of PSCs were identified. Type 1 was found to form somedegrees above and type 2 below
the freezing point of water (TICE ≈ 188 K) (Poole and McCormick, 1988). Crutzen and Arnold (1986)
and Toon et al. (1986) suggested that type 1 particles consist of nitric acid hydrates with nitric acid
trihydrate (HNO3·3 H2O, NAT) being the most likely to form under stratospheric conditions. Indeed,
laboratory studies by Hansen and Mauersberger (1988) showed that the NAT crystal is stable under such
conditions (TNAT ≈196 K). Type 2 PSCs were found to consist of water ice. Initially, sulfate aerosols
were supposed to provide condensation nuclei for NAT and water but recent studies indicated that the
PSC formation process is rather involved and remains a subject of ongoing research (WMO, 2003). A
simplified picture is summarized by Zellner (1999): Stratospheric liquid sulfate aerosol droplets tend
not to freeze above TICE but remain liquid and form supercooled ternary H2SO4/HNO3/H2O solutions
(STS) by HNO3 uptake. These liquid particle PSCs are commonly referred toas type 1b. Upon warming
of a few degrees, STS evaporate HNO3 and crystallize to solid sulfate aerosol particles which then serve
as condensation nuclei for NAT (type 1a) and water (type 2). If STS are further cooled, take-up of HNO3

continues and freezing above TICE is possible.
Due to the stable and persistent polar vortex, temperaturesin the winter Antarctic stratosphere are often
low enough for the formation of type 1 and type 2 PSCs which areindeed regularly observed. Since
the Arctic polar vortex is subject to frequent dynamic perturbations, temperatures are usually higher
than in the southern hemisphere and the formation of PSCs is less frequent and persistent. Locally,
PSCs can be formed in air masses which are adiabatically cooled below the PSC formation threshold by
topographically induced vertical motion as observed in thelee of mountain ridges (lee-wave PSCs).

Heterogeneous chemistry

All stratospheric aerosol particles contain H2O either in the liquid or solid phase. The halogen reservoir
gases HCl or HBr may be dissolved in liquid droplets or adsorbed on aerosol surfaces. Thus, a number of
key species are available for heterogeneous reactions. Theimportance of heterogeneous chemistry comes
from the fact, that heterogeneous reactions typically require much lower activation energy and proceed
much faster than gas phase reactions between the same species. Heterogeneous reactions involving
chlorine and bromine species convert reservoirs to more reactive species,

ClONO2 (g) + HCl (s) −→ Cl2 (g) + HNO3 (s) (R1.119)

ClONO2 (g) + H2O (s) −→ HOCl (g) + HNO3 (s) (R1.120)

HOCl (g) + HCl (s) −→ Cl2 (g) + H2O (s) (R1.121)

BrONO2 (g) + HCl (s) −→ BrCl (g) + HNO3 (s) (R1.122)

BrONO2 (g) + H2O (s) −→ HOBr (g) + HNO3 (s) (R1.123)

HOBr (g) + HCl (s) −→ BrCl (g) + H2O (s) , (R1.124)

where(g) and(s) indicate gas phase and condensed phase, respectively. These reactions convert rel-
atively long-lived halogen species from the gas phase and condensed phase to shorter-lived halogen
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Figure 1.8:Calculated reactive uptake coefficients as a function of temperature for key heterogeneous processes
on stratospheric sulfate aerosol. The uptake coefficientγo can be regarded as a measure of the reaction probability.
Calculations are performed for typical conditions on the 50mbar pressure level as indicated in the legend. Adopted
from Sander et al. (2003).

species in the gas phase, but leave the NOx or HOx components in the condensed phase. Since the
halogen bearing products are less stable with respect to photodissociation than their educts, the above
reactions are often referred to as chlorine and bromine activation. A further important heterogeneous
reaction removes the nighttime NOx reservoir N2O5 from the gas phase,

N2O5(g) + H2O(s) −→ 2HNO3(s) . (R1.125)

The reaction probability of the various heterogeneous reactions depends on temperature, composition and
phase of the aerosol. As an example, figure 1.8 illustrates the reaction probability of some heterogeneous
reactions on stratospheric sulfate aerosol. Hydrolysis ofN2O5 and BrONO2 are the most important
reactions under typical conditions in the stratosphere. Their impact on stratospheric ozone could readily
be seen after the volcanic eruption of Mount Pinatubo in 1991where ozone abundances were found to
decrease under the influence of enhanced sulfate aerosol (see also figure 1.4) (Solomon et al., 1998).
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The ozone hole

The strong depletion of ozone over Antarctica in Austral spring occurring annually since the beginning
of the 1980s (Farman et al., 1985) is commonly known as the ozone hole. It is driven by the interplay of
dynamic isolation of the winter polar stratosphere, halogen activation and nitrogen de-activation by het-
erogeneous reactions, lacking insolation during polar night and perturbation of the natural halogen budget
through large scale anthropogenic release of halogen containing species to the stratosphere. Ozone hole
events are also observed in the Arctic stratosphere but lesssevere and persistent than in Antarctica due
to the higher dynamic activity in the northern hemisphere.
The dynamic prerequisite for an ozone hole event is the isolation of the winterly polar stratosphere from
the somewhat warmer mid-latitudinal stratosphere in orderto provide temperatures low enough for the
formation of polar stratospheric clouds (PSCs). The formation of type 1a and type 2 PSCs typically
occurs on the timescales of 105 s and 103 s - 104 s, respectively. During polar night, when stratospheric
temperatures are lowest, halogen reservoir species are heterogeneously converted on the surface of PSCs
to more active forms, according to reactions (R1.119) through (R1.124). In contrast, reactive nitrogen
species are converted to their long-lived reservoir HNO3. The almost complete conversion of NO and
NO2 to HNO3 through the pathway of N2O5 hydrolysis is most effective during polar night and is called
denoxification. As a consequence, nearly all NOy resides in HNO3 which can be taken up by PSCs.
If sedimentation of PSC particles occurs, HNO3 and thus NOy is permanently removed from the strato-
sphere, a process which is called denitrification. With the return of sunlight the photochemically unstable
products of reactions (R1.119) through (R1.124), i. e. HOCl, Cl2, HOBr, and BrCl are photolyzed yield-
ing ClOx, BrOx and HOx catalysts while NOx is not available for scavenging. Loss of ozone occurs
primarily by two halogen involving catalytic cycles, the ClO-ClO cycle (Molina and Molina, 1987) and
the ClO-BrO cycle (McElroy et al., 1986)

ClO + ClO + M ↔ Cl2O2 + M (R1.126)

Cl2O2 + hν −→ Cl + ClO2 (R1.127)

ClO2 + M −→ Cl + O2 (R1.128)

2 × (Cl + O3 −→ ClO + O2 ) (R1.129)

2O3 −→ 3O2 ,net : (R1.130)

ClO + BrO −→ ClO2 + Br (R1.131)

−→ BrCl + O2 (R1.132)

ClO2 + M −→ Cl + O2 + M (R1.133)

BrCl + hν −→ Br + Cl (R1.134)

Cl + O3 −→ ClO + O2 (R1.135)

Br + O3 −→ BrO + O2 (R1.136)

2O3 −→ 3O2 .net : (R1.137)

Since the ClO-ClO cycle involves the temperature dependentformation of the ClO dimer and further
depends on sunlight, it is most effective at cold temperatures under sunlit conditions. The ClO-BrO
cycle does not rely on formation of a dimer and thus is only weakly temperature dependent. Moreover,
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Figure 1.9:Concentration of O3 as a function of altitude in early (blue) and late winter (red) in the Arctic (panel
a)) and Antarctic (panel b)) stratosphere. Panel a): Ozone data are averaged from ozone sonde observations. The
early winter concentration profile was corrected for subsidence using model estimates of air mass descend in winter
1999/2000. Panel b): Ozone data are taken from measurementsat the Neumayer station (71◦S) on July 15, 1997,
(blue) and October 13, 1997, (red). Transport effects are not considered. Adopted from WMO (2003).

it can proceed in darkness. The abundance of BrO is not strongly affected by heterogeneous processes
on PSCs, since the partitioning of stratospheric bromine isshifted towards the active BrOx species and,
hence, relatively small amounts of bromine reside in the reservoirs such as BrONO2 or HBr. This implies
that the ClO-BrO cycle is most important in the Arctic stratosphere where PSC formation is less frequent
and chlorine activation is less complete than in the southern polar stratosphere (WMO, 2003).
Catalytic ozone destruction is terminated in spring when the polar stratosphere heats up and sublimation
of PSCs releases HNO3 into the gas phase. Photolysis of HNO3 yields NOx which scavenges the ClOx
and BrOx radicals. If HNO3 is permanently removed from the stratosphere by denitrification, catalytic
ozone loss can be significantly prolonged since NOx has to be supplied from mid-latitudes (Rex et al.,
1997).
Figure 1.9 illustrates the magnitude and vertical distribution of ozone loss during a cold winter in the
Arctic and a typical ozone hole event over Antarctica. Ozoneloss is most severe in the lower stratosphere
between 15 and 20 km altitude where ozone depletion is nearlycomplete in the southern hemisphere and
can amount to more than 50% for selected altitude levels in the northern hemisphere. Rex et al. (2004)
showed that ozone loss in the Arctic spring is highly variable and might also depend on climate change.
They concluded that about 15 DU (Dobson Unit)1 additional total column ozone loss can be expected
per Kelvin cooling of the lower Arctic stratosphere.

1The Dobson unit is defined as a 0.01 mm thick layer of pure ozoneat standard pressure and temperature. The total
atmospheric ozone column amounts to 200 DU - 500 DU dependingon latitude and season, i. e. if all the ozone above a certain
area was brought to standard pressure and temperature it would form a 2 mm - 5 mm thick layer.
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1.3 Photochemical models of the atmosphere

In order to test the understanding of atmospheric dynamics and photochemistry, the chemical reactions
and dynamic processes described in the previous sections have to be appropriately translated into a math-
ematical model, which can be used for comparison with and interpretation of measurements. Ideally, the
mutual interplay between observations and model results should refine both, model formulations and
observation techniques, and lead to a comprehensive understanding of the Earth’s atmosphere, allowing
for trustable predictions of future scenarios.
The dynamics of air flow can be described in the framework of fluid dynamics by the continuity equa-
tions of mass, momentum, angular momentum and energy. Radiative transfer and transport across the
boundaries of the atmosphere such as the ocean-atmosphere and land-atmosphere interface have to be
considered (e.g. Brasseur and Solomon, 1986). Photochemical reactions can be described in terms of
their rate coefficients which determine how fast the reactions proceed. The rate of a reaction is defined
as the change of an involved species with time. Reactions involving two educts and two products such as

A + B −→ C + D (R1.138)

are called bimolecular reactions. The corresponding rate coefficientkA+B can be defined through

−d[A]

dt
= −d[B]

dt
=
d[C]

dt
=
d[D]

dt
= kA+B [A] [B], (1.4)

where parentheses represent concentrations of the respective species. Assuming [B] constant over the
considered time scale, the temporal evolution of the concentration of species A is given by

[A](t) = [A]0 e
−kA+B [B] t, (1.5)

where[A]0 is the initial concentration of species A. The temperature dependence of the bimolecular rate
coefficients can be considered by Arrhenius’ law

k(T ) = A(T ) exp
−EA

kb T
, (1.6)

whereT is the temperature,kb is Boltzmann’s constant,A(T ) is the pre-exponential factor andEA is the
activation energy. Rate coefficients and the correspondingA(T ) andEA are tabulated for various chemi-
cal reactions, for example by the IUPAC and JPL recommendations on reaction kinetics (Atkinson et al.,
2006; Sander et al., 2003). While bimolecular reactions arenot pressure dependent, reactions requiring
a third body to carry off excess energy strongly depend on pressure since the third body is typically an
ambient N2 or O2 molecule. The effective rate coefficient of termolecular reactions can be calculated
from tabulated low and high pressure limits and correction terms for temperature dependencies.
The rate coefficients for reactions involving absorption ofelectromagnetic radiation such as

A + hν −→ B + C (R1.139)

are described in terms of the photolysis frequencyJ

−d[A]

dt
=
d[B]

dt
=
d[C]

dt
= JA [A] with JA =

∫

q(λ)σ(λ)F (λ) dλ. (1.7)
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The integral extends over all wavelengthsλ where the product of the actinic fluxF (λ), the absorption
cross sectionσ(λ) (both defined in chapter 2), and the quantum yieldq(λ) is non-zero. The quantum
yield q(λ) is a dimensionless number between 0 and 1 indicating the fraction of absorption processes
that eventually lead to the formation of the products B and C.
Heterogeneous reactions between gaseous and condensed materials imply adsorption of the gaseous
species on the surface of liquid or solid particles or absorption into the liquid phase. For reactions like

A(g) + B(s) −→ C(g) + D(s) (R1.140)

it is possible to define a rate coefficientkhet in analogy to gas phase reactions which embodies the effects
of adsorption and absorption,

−d[A]

dt
=
d[C]

dt
= khet [A]. (1.8)

The rate coefficientkhet is proportional to the mean thermal velocity of the reactants, the uptake coeffi-
cientγ and the aerosol surface area density. The uptake coefficientγ is the fraction of surface collisions
that lead to an irreversible chemical change of the gaseous educt (e.g. Zellner, 1999).
A more intuitive quantity than the rate coefficient of a chemical reaction is the lifetime of a reactant with
respect to the considered reaction. The lifetimeτlife is defined as the time during which the concen-
tration of reactant A decreases to[A]

e
. For bimolecular reactions such as reaction (R1.138), the lifetime

according to equation (1.5) is given by

τlife =
1

kA+B [B]
. (1.9)

Lifetimes with respect to termolecular, heterogeneous andphotolysis reactions are defined analogously.
An important conceptual approximation in atmospheric photochemistry is the assumption of photochem-
ical steady state meaning that the concentration of reactant A is considered constant over time

d[A]

dt
= 0. (1.10)

The photochemical steady state approximation is applicable if the lifetime of species A is short compared
to transport timescales and if the quantities contributingto production and loss of A are also constant
over the considered timescales. Under the assumption of photochemical steady state, a set of coupled
differential equations characterizing a set of chemical reactions collapses to a set of ordinary equations
which allow for anad hoc estimate of reactant concentrations (e.g. Brasseur and Solomon, 1986).

In the course of the present work, the 3-dimensional chemical transport model (CTM) SLIMCAT
(Chipperfield, 1992, 1999) and the chemical box model LABMOSare used to interpret the observations
and to test model formulations. SLIMCAT is a model which includes all relevant photochemical and
dynamic processes in three dimensions according to the principles given above and in the previous
sections. LABMOS is designed for dedicated studies of stratospheric photochemistry and comprises
a comprehensive set of gas phase and heterogeneous reactions but no dynamic processes. Typically,
LABMOS is initialized by SLIMCAT output and run in a Langrangian way, i. e. photochemistry is
modeled along pre-calculated air mass trajectories.
The dynamic processes of SLIMCAT are forced by meteorological data from analyses of the Euro-
pean Center of Medium-Range Weather Forecast (ECMWF) (Uppala et al., 2004). In the vertical,
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SLIMCAT extends from the ground to about 55 km altitude on 24 potential temperature levels. In
horizontal direction SLIMCAT uses a 7.5◦×7.5◦ latitude×longitude grid. The chemical schemes
of SLIMCAT and LABMOS correspond to recommendations given by the JPL-2002 report on
Chemical Kinetics and Photochemical Data (Sander et al., 2003). SLIMCAT output is downloadable
at http://www.env.leeds.ac.uk/∼martyn/chelosba.html. The 1-D chemistry model LABMOS is an
updated version of the model used in Bösch et al. (2003). Stratospheric photochemistry is modeled
on 19 potential temperature levels typically betweenΘ = 336 K (≃11 km) andΘ =1900 K (≃47 km).
Photolysis rates are interpolated with respect to pressure, temperature, overhead ozone and solar zenith
angle from a lookup table where the actinic fluxes are calculated as recommended by Lary and Pyle
(1991) and validated for JNO2

by Bösch et al. (2001).
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Chapter 2

Physics of radiation and molecular
absorption

The Earth’s atmosphere is subject to electromagnetic radiation coming from the Sun and from the Earth’s
surface. Absorption and scattering of solar and terrestrial radiation and emission by the atmosphere it-
self control atmospheric temperatures and, thus, atmospheric chemistry and dynamics. Hence, radiative
transfer in the Earth’s atmosphere is of primary interest byitself but also yields information on atmo-
spheric composition e. g. by deducing trace gas abundances from molecular absorption features in the
electromagnetic spectrum. In this chapter the basics of radiation and radiative transfer in the Earth’s
atmosphere as well as the principles of molecular physics are discussed. As in the course of this work
solar absorption spectroscopy is used to infer atmospherictrace gas concentrations, emphasis is put on
the absorption of electromagnetic radiation by molecules.

2.1 Radiative transfer in the Earth’s atmosphere

Radiative transfer in the Earth’s Atmosphere is driven by solar short wave and terrestrial long wave
radiation. Solar radiation reaching the top of the atmosphere (TOA) can be approximated as a black
body spectrum. Most of the radiative energy originates fromthe photosphere, a thin layer of the Sun’s
atmosphere at about 7· 108 m distance from the center. The temperature of the photosphere decreases
from 7000 K at the inner to 4000 K at the outer boundary, resulting in an effective emission temperature
of 5770 K. According to Planck’s law, emission peaks at about503 nm in the visible wavelength range.
The black body spectrum is superimposed by absorption lines(Fraunhofer lines) since radiation emitted
from the inner layers of the photosphere is absorbed in the outer ones. The solar intensity observed on
Earth decreases when going from the center to the edge of the solar disk. This center-to-limb darkening
effect is due to the fact that the effective emission temperature is higher for radiation coming from the
center of the solar disk than from the edge. At the edge the path through the solar atmosphere is longer
and hence attenuation of radiation is more important.

Terrestrial radiation is emitted by the Earth’s surface at amean temperature of 288 K. Correspondingly,
emission peaks at about 10µm in the infrared wavelength range. When studying atmospheric radiation

45
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Figure 2.1:The Earth’s annual and global mean energy balance. Roughly one third of the incoming solar radiation
is reflected by the atmosphere and the Earth’s surface. About50% is absorbed by the Earth’s surface which returns
the absorbed energy to the atmosphere as sensible heat, latent heat and thermal infrared radiation. The atmosphere
absorbs solar short wave and terrestrial long wave radiation and in turn re-emits radiation both up and down. The
absorption of terrestrial infrared radiation and subsequent back radiation by the atmosphere causes the greenhouse
effect. Adapted from Houghton et al. (2001).

it is often convenient to distinguish between the short wavespectral region (wavelengths smaller than
4µm) where solar radiation dominates and the long wave spectral region (wavelengths longer than
4µm) where terrestrial and atmospheric radiation are predominant. Figure 2.1 schematically illustrates
the Earth’s energy balance and the corresponding atmospheric energy fluxes.

2.1.1 Basic radiometric quantities

The radianceLλ, sometimes simply called the intensity, is the amount of radiant energydRλ in a wave-
length range (λ, λ + dλ) transported across an element of areadA in directions confined to a solid angle
dΩ during a timedt,

dRλ = Lλ cos θ dλ dAdΩ dt, (2.1)

whereθ is the angle between the considered direction and the normalto dA. The amount of radiant
energy within a cone of solid angleΩ incident on or coming from an element of areadA per unit time
and unit wavelength interval is called irradiance and givenby

Eλ =

∫

Ω
Lλ cos θ dΩ. (2.2)
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The energy densityuλ is the amount of radiant energy in the wavelength interval (λ, λ + dλ) per unit
volume,

uλ =
1

c

∫

4π

Lλ dΩ, (2.3)

where the integral extends over all solid angles. A quantityimportant for photochemistry is the ac-
tinic flux Fλ which represent the radiant energy available for photolytic reactions,

Fλ =

∫

4π

Lλ dΩ = c · uλ. (2.4)

In this work the Sun is used as light source for atmospheric absorption spectroscopy. For our purposes
sunlight can be regarded as a parallel beam of radiation coming from the Sun’s disk, subtending a solid
angleΩS. The corresponding irradiance can be approximated by

Eλ,S =

∫

ΩS

Lλ cos θ dΩ ≃ Lλ ΩS cos θ, (2.5)

whereLS is the solar radiance averaged over the Sun’s disk andθ is the angle between the viewing
direction and the incident sunlight. When looking directlyto the Sun the solar irradianceIλ is given by

Iλ = Lλ ΩS. (2.6)

The indexλ indicates that all quantities depend on wavelength and are considered per wavelength
interval. Integrated quantities can be inferred easily by integration over all wavelengths.

Interaction of radiation with matter either leads to an increase or a decrease in intensity. The un-
derlying processes are classified as emission and extinction, respectively. Assuming a beam of radiation
incident on a small cylindrical volume of cross sectiondA and lengthds, which is oriented parallel
to the incident beam, the change of intensitydLλ alongds is the sum of all extinction and emission
processes,

dLλ = dLλ(extinction) + dLλ(emission). (2.7)

In the following, scattering, absorption and emission of radiation are identified as processes contributing
to equation (2.7). A detailed treatment of radiative transfer can be found in Chandrasekhar (1960).

2.1.2 Scattering

Scattering of radiation by matter can be described in the framework of classical electrodynamics. Mie
(Mie, 1908) provided a comprehensive theoretical treatment for a plane electromagnetic wave incident on
a spherical dielectric particle. Later, Mie’s theory was extended to non-spherical particles (Van de Hulst,
1981). The incident electromagnetic wave causes an oscillating polarization of the particle, i. e. the
barycenters of the positive and negative charges on the particle oscillate spatially under the influence of
the incident electromagnetic field. According to the laws ofelectrodynamics, the accelerated charge re-
radiates electromagnetic radiation, which is called the scattered electromagnetic wave. When considering
the properties of the scattered wave in one particular direction, the scattering angleϑ is the angle between
this specific direction and the incident radiation. In atmospheric physics the scattering processes are
distinguished according to the size of the scattering particle. Scattering on particles which are small
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compared to the wavelength of the incident radiation is called Rayleigh scattering. This holds applicable
for air molecules and small aerosol particles (< 0.1µm). Scattering on larger particles is referred to as
Mie scattering.

Rayleigh scattering

Since Rayleigh scattering is the limit of Mie’s theory for small particles the scattered radiation can be
approximated as dipole radiation. Assuming the incident electromagnetic radiation is passing through a
small volume of lengthds, where the number density of scatterers isn, the incident radiation is attenuated
by dLλ,R−

,
dLλ,R−

= −nσλ,R Lλ ds = − kλ,R Lλ ds, (2.8)

whereσλ,R is the Rayleigh scattering cross section andkλ,R = n σλ,R is the Rayleigh scattering coeffi-
cient. The Rayleigh scattering cross section for sphericalparticles is given by

σλ,R =
8π3 α2

3 ǫ2o λ
4
, (2.9)

whereα is the polarizability of the scatterer. For non-spherical particles the anisotropy of the molecules
has to be considered. An empirical formula for atmospheric conditions is given by Chance and Spurr
(1997),

σλ,R =
3.9993 · 10−56 m6 λ−4

1 − 1.069 · 10−14 m2 λ−2 − 6.681 · 10−29 m4 λ−4
. (2.10)

The angular distributionpR(ϑ) of the scattered radiation peaks in forward and backward direction with
respect to the direction of the incident wave,

pR(ϑ) =
3

4
( 1 + cos2 ϑ ). (2.11)

Under atmospheric conditions, taking into account the anisotropy of the most important atmospheric
constituents (Goody and Yung, 1989) equation (2.11) reads

pR(ϑ) = 0.7629 ( 1 + 0.932 cos2 ϑ ). (2.12)

On the one hand the incident radiation is attenuated by scattering radiant energy out of the propagation
direction according to equation (2.8), on the other hand radiation coming from an arbitrary direction can
be scattered into the propagation direction. The increase of radiation in propagation directiondLλ,R+

is
given through

dLλ,R+
= kλ,R

1

4π

∫ 2π

o

∫ π

o

pR(ϑ,ϕ, ϑ′, ϕ′)Lλ(ϑ′, ϕ′) sinϑ′ dϑ′ dϕ′ ds, (2.13)

where the radiationLλ(ϑ′, ϕ′) coming from an arbitrary direction (ϑ′, ϕ′) is weighted by its probability
pR(ϑ,ϕ, ϑ′, ϕ′) to be scattered in propagation direction (ϑ, ϕ) of the incident wave and integrated over
all directions.

So far, we only considered elastic scattering where the incoming and the scattered radiation have
the same wavelength. When the scattering molecule changes its quantum-mechanical state during the
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scattering process the wavelength of the scattered radiation is shifted with respect to the incident wave.
This process is called Raman scattering. The molecule may change its rotational and vibrational state
leading to an increase or decrease of the scattered wavelength by the corresponding amount of emitted or
absorbed energy. Hence, the spectrum of scattered radiation originating from a monochromatic incident
wave consists of several distinct wavelengths corresponding to the elastically scattered Rayleigh line and
several vibrational Raman lines each consisting of severalrotational Raman lines. The Raman scattering
cross section represents only a few percent of the Rayleigh scattering cross section. For details see
Haug (1996). When measuring scattered sunlight Raman scattering can be observed as ’filling in’ of
solar Fraunhofer lines. This effect is referred to as the Ring effect (Grainger and Ring, 1962; Bussemer,
1993).

Mie scattering

The electromagnetic dipole approximation fails when the dimension of the scatterer is not small com-
pared to the wavelength of the incident radiation. Rather, alarge number of elementary radiation sources
on the scattering particle has to be considered. Interference of the scattered elementary waves yields the
scattering cross sectionσλ,M (η) which cannot be calculated analytically for arbitrary shaped particles.
Numerical calculations of the scattering cross section yield an oscillating function of the size parame-
ter η = 2π r

λ
, with the particle radiusr. The macroscopic scattering coefficientkλ,M of a composite

aerosol containingN particles with different radii is defined by

kλ,M =

∫

∞

0
σλ,M (η)n(r̂) dr̂ (2.14)

with n(r̂) = dN

dr̂
the particle size distribution with respect to a normalizedradius r̂. Atmospheric

aerosols commonly exhibit particle size distributions of the typen(r̂) ∼ r̂−m with 4 ≤ m ≤ 4.5,
implying only weakly wavelength dependent scattering coefficientskλ,M ∼ λ3−m.
The angular distributionpM (ϑ) of Mie-scattered radiation reveals a strong predominance of the forward
direction which increases with particle radius. Several approximations topM (ϑ) exist, e. g. the
Henyey-Greenstein (Henyey and Greenstein, 1941) and double Henyey-Greenstein phase functions. A
thorough discussion on the theoretical background of Mie theory, numerical calculations of the angular
distribution of Mie-scattered radiation and applicationsin atmospheric physics can be found in Shangavi
(2003).
The incident electromagnetic radiation is altered by Mie-scattering in a similar way as in the case of
Rayleigh scattering. LetdLλ,M−

represent the radiance scattered out of the incident beam and dLλ,M+

the radiance scattered into the direction of propagation. Both contributions can readily be obtained in
analogy to equation (2.8) and (2.13) by replacing the quantities specific to Rayleigh scattering through
their analogs for Mie scattering.

As in the case of Rayleigh scattering, inelastic scatteringon particles occurs. Absorption of inci-
dent radiation by the scattering particle can be quantified elegantly by introducing the complex refractive
index where the imaginary part represents the absorption characteristics of the particle. The single
scattering albedo̟ λ is commonly used to classify absorption and scattering properties of aerosols,

̟λ =
kλ,M

kλ,M + kλ,A
, (2.15)
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wherekλ,A is the absorption coefficient of the particle.

2.1.3 Absorption and emission

Apart from scattering electromagnetic radiation, air molecules interact with radiation through absorp-
tion, stimulated emission and spontaneous emission of radiation. Absorption and emission of radiation
induce transitions among the quantum mechanical energy levels of the interacting molecule. Quantum
electrodynamics allows to calculate the absorption and emission probabilities by treating the incident
electromagnetic wave as a small, time-dependent perturbation to the unperturbed atomic or molecular
Hamiltonian. First-order perturbation theory yields the transition rates between an upper energy levelj

and a lower energy leveli in terms of the Einstein coefficients for absorptionBij and stimulated emis-
sionBji, where the incident electromagnetic wave is treated in dipole approximation (e.g. Bransden and
Joachain, 2003). The transition rate due to spontaneous emission is given in terms of the Einstein co-
efficientAji. The change of the number of molecules in the lower statedni depends on the population
densitiesni andnj and the energy densityuλ of the radiation field,

dni

dt
= −ni uλBij + nj uλBji + nj Aji. (2.16)

Each radiative transition yields a change of the energy of the radiation field byh c
λ

with the wavelength
λ of the transition, the speed of lightc and Planck’s constanth. The corresponding change in intensity
of radiation passing through a small volume of lengthds with n = ni + nj molecules (per volume) is
given by

dLAbs + dLStE + dLSpE = −ni
Bij h

λ
Lλ ds + nj

Bji h

λ
Lλ ds + nj

Aji h c

4π λ
ds, (2.17)

where the factor1
4 π

indicates that spontaneous emission is isotropic whereas stimulated emission only
occurs in propagation direction. In local thermodynamic equilibrium, which is a good approximation
for altitudes below 80 km in the Earth’s atmosphere, the energy levels are populated according to Boltz-
mann’s law and the energy density of the radiation is given byPlanck’s distribution. The corresponding
relations betweenni andnj and the Einstein coefficients read

nj

ni
=

gj

gi
e

−∆ E
kB T , gj Bji = giBij , Aji =

8π h c

λ5
Bji (2.18)

with the Boltzmann constantkB , the temperatureT , the degeneracies of the upper and lower energy level
gj andgi, and the energy difference between the two levels∆E (Goody and Yung, 1989; Bransden and
Joachain, 2003). Inserting relations (2.18) into equation(2.17) yields

dLAbs + dLStE + dLSpE =

= −ni
Bij h

λ
Lλ ds + ni

Bij h

λ
Lλ e

−∆ E
kB T ds + ni

Bij h

λ
8 π h c2

4 π λ5 e
−∆ E
kB T ds =

= −ni σλ,A

(

1 − e
−∆ E
kB T

) [

Lλ − 2 h c2

λ5
1

e
∆ E

kB T
−1

]

ds =

= − kλ,A [Lλ − Pλ ] ds,

(2.19)
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whereσλ,A =
Bij h

λ
is the absorption cross section,kλ,A = ni σλ,A

(

1 − e
−∆ E
kB T

)

is the the absorp-

tion coefficient andPλ is Planck’s distribution of thermal radiation in units of intensity per wavelength
interval. For temperatures encountered in the troposphereand stratosphere the population of the lower
energy levelni is much larger thannj and can be approximated by the number density of molecules
available in the considered volumen ≃ ni. For the same reason the radiant energy emitted by stimu-
lated emission is much smaller than the absorbed energy, although the cross section is identical for both
processes. Therefore, the exponential term in the expression of the absorption coefficientkλ,A can often
be neglected in the UV/visible and infrared.

2.1.4 Equation of radiative transfer

In the previous sections scattering, absorption and emission of radiation are identified as extinction and
emission processes which contribute to the radiative transfer in the Earth’s atmosphere according to
equation (2.7). Contributions from Rayleigh and Mie-scattering (equations (2.8) and (2.13)) and from
absorption and emission processes (equation (2.19)) sum upto the equation of radiative transfer

dLλ = dLλ,R− + dLλ,R+ + dLλ,M− + dLλ,M+ + dLAbs + dLStE + dLSpE =

=

[

− (kλ,S + kλ,A) Lλ + kλ,A Pλ +
kλ,S

4π

∫

pS(ϑ′, ϕ′)Lλ(ϑ′, ϕ′) sinϑ′ dϑ′ dϕ′

]

ds,

(2.20)

where the Rayleigh and Mie scattering coefficients and phasefunctions are combined tokλ,S = kλ,R +

kλ,M andpS = pR + pM . dLλ represents the change in intensity of a beam of radiation after passing
through a small atmospheric volume of lengthds. When observing light coming directly from the Sun
and its close vicinity, terrestrial long wave radiation andradiation scattered into the viewing direction
can be neglected. Equation (2.20) reduces to Beer-Lambert’s law,

dLλ = − (kλ,S + kλ,A)Lλ ds = − eλ Lλ ds, (2.21)

with the extinction coefficienteλ. The solution to equation (2.21) is obtained via integration

Lλ(s) = Lλ(so) e
−

∫ s

so
eλ(s′)ds′ = Lλ(so) e

−τλ(so,s) (2.22)

whereτλ(so, s) = ln Lλ(so)
Lλ(s) =

∫ s

so
eλ(s′)ds′ is the optical density betweenso ands, andLλ(so) is the

incident radiance.

2.2 Principles of molecular physics

As described in section 2.1.3 the interaction of radiation with molecules induces transitions between
the molecular energy levels through absorption and emission of radiation. In general, molecules consist
of several nuclei and electrons which interact with each other through attraction and repulsion. The
corresponding Schrödinger equation of the many-body system comprises the kinetic energies of the
particles and the interaction potentials given by Coulomb’s law. The general problem can be solved
numerically, only. However, several approximations existwhich allow to analytically deduce energy
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eigenstates and eigenfunctions for small molecules. A detailed treatment of molecular physics is found
in Herzberg (1950).

The motion of a molecule can be subdivided in translational motion of the whole system, motion
of the electrons and motion of the nuclei. The translationalmotion can be separated by changing the
coordinate system to the center-of-mass system. In the absence of external forces the center-of-mass
moves as a free particle and its motion is not discussed further. In general, electronic and nuclear motion
are coupled, i. e. changes of the nuclear motion induce changes of the electronic wave functions and
vice versa. Due to their lower mass, electrons move much faster than the nuclei and the electronic
wavefunctions adjust almost instantaneously to motions ofthe nuclei. Based on this approximation the
coupling between electronic and nuclear motion can be neglected and the Schrödinger equation can be
separated in an electronic and in a nuclear part which can be solved independently (Born-Oppenheimer
approximation). The total energyE and the total wave functionψ of the molecule can be separated in
an electronic and in a nuclear part,Ee andEN andψe andψN ,

E = Ee + EN ψ = ψe · ψN . (2.23)

2.2.1 Electronic motion

The Hamiltonian of the electronic Schrödinger equation comprises the kinetic energy of the electrons
and the Coulomb interactions between the charged particles, including the repulsive interaction between
the nuclei. The latter is only a constant as the position of the nuclei is assumed fixed according to
the Born-Oppenheimer approximation. Hence, the energy eigenstatesEe(R) of the electronic motion
depend parametrically on the internuclear distanceR. Since the nuclei are hold together by the electrons
it is intuitive thatEe(R) acts as potential energy for the motion of the nuclei. The large panel in figure
2.2 schematically illustrates typical electronic energy levelsEe(R) of a diatomic molecule. At short
internuclear separation,R → 0, the electronic energyEe(R) increases strongly due to the increasing
repulsive force between the nuclei. At large separations,R → ∞, the electronic energy converges
towards the separated atom limit. In between the two limits,stable molecular states exhibit a minimum
of the electronic energy. In general, the ground state (figure 2.2 a)) and the excited electronic states
(figure 2.2 b) and c)) can form stable molecules. The internuclear distance where the electronic energy
is minimal is referred to as the equilibrium distanceRe of the nuclei and can differ for ground and
for excited states. In figure 2.2 a) the equilibrium distanceof the ground state is indicated asR0.
The dissociation energyDe necessary to separate a stable molecule into two atoms is given through
De = Ee(∞) − Ee(Re). Electronic energy levels which decrease monotonically withR (figure 2.2 d))
correspond to unstable molecular states leading to the dissociation of the molecule.

Bound molecular states can be obtained when the negative charge density between the nuclei is
larger than what is expected when placing two non-interacting nuclei at the equilibrium distance.
The charge density in between the nuclei depends on the electronic wave functions. Commonly,
single electron wave functions of the molecule are constructed as linear combination of the known
atomic wavefunctions centered on each nucleus (LCAO: Linear Combination of Atomic Orbitals).
The total molecular electronic wave functionψe is then built from the single electron wave functions
(Hund-Mulliken approach). In general, the combination of two atomic orbitals (spatial wavefunctions)
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Figure 2.2:Large Panel: Electronic energy levelsEe(R) as a function of the internuclear distanceR. Curve a)
represents the ground state of the molecule exhibiting minimum electronic energy at the equilibrium distanceR0.
Curve b) and c) are excited electronic energy levels forminga stable molecular state. Curve d) shows an excited
electronic state which has no minimum and hence, leads to dissociation of the molecule. Inset e): Zoom of the
lowest electronic state. The dotted line indicates the potential energy of a harmonic oscillator about the equilibrium
positionR0. The horizontal lines illustrate vibrational energy levels. Inset f): Zoom of the lowest vibrational state.
The dotted horizontal lines schematically show the corresponding rotational energy levels.

yields two molecular single electron orbitals, where one orbital corresponds to an elevated and the other
to a decreased charge density between the nuclei. Accordingly, the two molecular orbitals are called
bonding and anti-bonding. Each of the single electron orbitals is twofold degenerate in the electronic
spin according to the Pauli principle. A stable molecule is formed when the number of electrons in
bonding states is in excess of the number of electrons in anti-bonding states.

2.2.2 Nuclear motion

The motion of the nuclei can be classified as vibrational and rotational motion. In principle, both classes
are coupled, i. e. the vibration about the equilibrium position and the vibrational equilibrium position
itself depend on the rotation of the molecule and vice versa.It is convenient to describe the motion of
the nuclei in terms of the reduced massµ which in the case of a diatomic molecule with nuclear masses
mA andmB is given byµ = mA mB

mA +mB
. The Hamiltonian of the nuclear motion consists of the kinetic
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energies of the nuclei and the electronic energyEe(R) which includes the Coulomb repulsion of the
nuclei and acts as potential energy. Neglecting the dependency of the rotation of the molecule on the
internuclear distanceR, the vibrational and the rotational motion uncouple andEN is given by

EN = EV + ER ψN = ψV · ψR (2.24)

with the vibrational and the rotational energyEV andER and the vibrational and rotational wave
functionsψV andψR.

In the vicinity of the equilibrium positionR≈Re the potential energyEe(R) can be approxi-
mated by the potential of a harmonic oscillator (see inset e)in figure 2.2). It is evident that at large
distances of the nuclei,R → ∞, the attractive force between the nuclei is zero and the harmonic
oscillator approximation fails. The empirically derived Morse potential reconciles the experimental
observations and yields the harmonic approximation in the limit R → Re,

Ee(R) = De

[

1 − e− β ( R−Re)
]2 R→Re≈ De β

2 (R − Re)
2, (2.25)

whereDe is the dissociation energy andβ is a constant specific to the considered molecule. Still,
the Morse potential fails to model the large repulsive interaction when the nuclei come close together
(Herzberg, 1950). The corresponding vibrational energy levelsEN are given by

EV = ~ωo ( v +
1

2
) − ~

2

4De
ω2

o ( v +
1

2
)2, (2.26)

wherev = 0, 1, 2, . . . is the vibrational quantum number and~ωo = h c
λo

= ~

√

2De

µ
β is the spacing of

the vibrational energy levels of the harmonic oscillator. Inset e) in figure 2.2 illustrates the vibrational
energy levels corresponding to the quantum numbersv = 0, 1 . . . 9. Equation (2.26) shows that the
vibrational energy levels are not equidistant like those ofthe harmonic oscillator. Their separation
decreases with increasing quantum numberv. Puttingv = 0 yields a finite value for the zero-point energy
EV,0 of the vibrational motion indicating that there is vibration of the molecule even in absence of any
external energy deposition. The vibrational eigenfunctions ψV are very similar to the eigenfunctions
of the harmonic oscillator, however, they are not totally symmetric about the equilibrium positionRe.
Since the potentialEe(R) (inset e) in figure 2.2) is steeper forR < Re than forR > Re, occurrence of
the latter distances is more probable and thus the corresponding eigenfunctions exhibit larger absolute
values on the shallower side of the potential.

As long as the rotation of the nuclei is assumed to have no effect on the internuclear distanceR
(rigid rotator approximation), the rotation of the molecule is a free motion whose energy depends
on the moment of inertiaI =µR2

e of the molecule. In a true rotating molecule the centrifugalforce
associated with the rotation of the nuclei causes a stretch of the molecule and thus influences the
equilibrium positionRe and the moment of inertiaI. The influence of centrifugal distortion depends
on the shape of the potential energy in the neighborhood of the equilibrium distance. A flat potential
curve corresponding to smallβ in equation (2.25) allows for a greater impact of the centrifugal force
on the equilibrium distance of the molecule. Thus, the rotational energy of the molecule depends on the
potential energyEe(R) and is given through

ER =
~

2

2 I
J (J + 1 ) − ~

4

2 I3 ω2
o

J2 (J + 1 )2 (2.27)
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where~
2 J (J + 1 ) are the eigenvalues of the angular momentum operatorJ2 with the rotational

quantum numbersJ = 0, 1, 2, . . . . Inset f) in figure 2.2 illustrates rotational energy levelscorre-
sponding to the quantum numbersJ = 0, 1, 2, 3. Neglecting centrifugal distortion, the corresponding
eigenfunctionsψR are the eigenfunctions of theJ2 operator and given in terms of the associated
Legendre polynomials (e.g. Bransden and Joachain, 2003).

So far, vibrational and rotational motion have been assumedto be uncoupled. The actual cou-
pling of vibrational and rotational motion comes into play when considering the change of the
internuclear distanceR due to vibration during the rotation of the molecule. Since the rotation of a
molecule is much slower than its vibration the moment of inertia can be calculated with respect to a
mean distance between the nuclei. Due to the anharmonicity and the corresponding asymmetry of the
vibrational wave functions the mean vibrational distance of the nuclei is larger thanRe and increases
with larger vibrational quantum numbers. In second order approximation the total nuclear energyEN is
given by adding a term to equations (2.26) and (2.27) which isdue to ro-vibrational coupling,

EN = ~ωo ( v + 1
2 ) + ~

2

2 I
J (J + 1 ) − ~

2

4 De
ω2

o ( v + 1
2 )2−

− ~4

2 I3 ω2
o
J2 (J + 1 )2 − β1 (v + 1

2 )J (J + 1 ),
(2.28)

whereβ1 is a coupling constant specific to the considered molecule.

2.3 Molecular absorption spectra

Sections 2.1 and 2.2 discuss the basics of interaction between radiation and molecules and the principles
of molecular structure. In this section emphasis is put on how molecular absorption spectra can be un-
derstood based on the presented theoretical setup. Implications for spectra originating from spontaneous
and stimulated emission are in most cases equivalent in a sense that radiation is not absorbed but emitted.

2.3.1 Radiative transitions between molecular energy levels

Incident radiation on a molecule with energy~ω can be absorbed by the molecule if there is an upper
molecular energy levelEj and a lower levelEi with

~ω = Ej(ej , vj , Jj) − Ei(ei, vi, Ji) (2.29)

and if the transition probability between the two levels does not vanish. According to section 2.2 the
energy levels in equation (2.29) are labeled by their vibrational and rotational quantum numbersv
andJ and a representative electronic quantum numbere which identifies the electronic energy level.
As mentioned above, time dependent perturbation theory yields the transition probabilities between
molecular energy levels, given the molecular wave functions. According to the symmetry properties of
the wavefunctions, selection rules of the quantum numbers identify transitions with non-zero probability.
Depending on the degree of coupling between electronic, vibrational and rotational motion which is
necessary to describe observed absorption spectra a variety of selection rules exist which can be found
in Herzberg (1950).
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In general each transition of the electronic state(ej , vj , Jj)← (ei, vi, Ji) goes along with changes of the
vibrational and rotational states. Thus spectra orginating from electronic transitions consist of several
bands which can be associated to vibrational transitions which in turn consist of bands of rotational
transitions. The energy of electronic transitions corresponds to wavelengths in the ultraviolet (UV)
and visible part of the electromagnetic spectrum. When studying electronic spectra in the UV/visible,
the spectral resolution of the observing instrument is often not sufficient to resolve the underlying
ro-vibrational structure.

Transitions between the vibrational energy levels of a single electronic state(e, vj , Jj) ← (e, vi, Ji)

correspond to absorption spectra in the infrared (IR) spectral range. Each vibrational transition consists
of a band of rotational transitions. Here, the selection rule ∆J = Jj − Ji = ±1 applies yielding theP
(∆J = +1) and theR (∆J = −1) rotational branch corresponding to a single vibrational transition.
For polyatomic molecules and degenerate states also a Q-branch (∆J = 0) can be observed. For
homonuclear diatomic molecules the probability for transitions between the vibrational energy levels of
a single electronic level vanishes due to symmetry properties. Accordingly, the molecules N2 and O2,
which are the most abundant in the Earth’s atmosphere, cannot absorb terrestrial IR radiation and hence
cannot contribute to the green house effect.

Molecular absorption spectra in the far infrared (> 10µm) and microwave spectral range corre-
spond to transitions between rotational energy levels of a single vibrational state(e, v, Jj) ← (e, v, Ji).
Microwave spectroscopy of rotational transitions among atmospheric trace molecules has played a
major role in identifying and quantifying contributions toozone loss above Antarctica in the late 1980’s
(de Zafra et al., 1987).

If the upper energy levelEj of the radiative transition lies above the dissociation energy De of
the molecular state or is by itself a dissociative molecularstate (e. g. figure 2.2 d)), the absorbed
energy is partly converted to translational energy of the dissociating molecule. Since the translational
energy can attain arbitrary values, there is no need for the absorbed energy to be quantized and the
corresponding absorption spectra are continuous.

2.3.2 Strength of absorption lines

Equation (2.16) gives the transition probability between two energy levels due to absorption of radiation
in terms of the Einstein coefficientBij . The absorption cross sectionσλ,A and the absorption coefficient
kλ,A are defined as a function ofBij assuming a population distribution of the upper and lower energy
level according to thermodynamic equilibrium. The integrated absorption coefficientSN of a single
absorption line is given by

SN =

∫ λo+∆λ

λo−∆λ

kλ,A dλ, (2.30)

whereλo = 2πc
ωo

is the center wavelength of the transition and∆λ is a suitable wavelength interval.
According to equation (2.19)SN depends on the number of molecules in the lower energy stateni along
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the absorbing pathds. Therefore, the line strengthS is defined as

S =
SN
∫

ni ds
. (2.31)

Spectral databases commonly tabulateS for a variety of possible molecular transitions at a reference
temperature (HITRAN1: Tref = 296K) and give correction terms for the temperature dependence.

2.3.3 Spectral line shapes

Besides the line strength the shape of an absorption line is an important feature which has to be taken
into account when performing absorption spectroscopy. Theline shape factorf(λ − λo) describes the
profiles of absorption lines and is normalized according to

∫

∞

0
f(λ − λo) dλ = 1. (2.32)

Since the integral over the line shape factor is normalized to one, the absorption coefficientkλ,A of an
absorption line can be written as

kλ,A = SN f(λ − λo) = S f(λ − λo)

∫

ni ds (2.33)

whereSN andS are defined by equations (2.30) and (2.31). If stimulated emission of radiation can be
neglected, equation (2.33) can be written in terms of the absorption cross section

σλ,A = S f(λ − λo). (2.34)

In general, the shape of atmospheric absorption lines is dominated by Doppler and collisional broadening.
Natural line broadening which originates from the finite width of the molecular energy levels is negligible
for atmospheric absorption in the infrared and UV/visible wavelength range.

Doppler broadening

Due to thermal motion there may be a non-zero relative velocity u between the detector and the absorbing
molecule. In thermal equilibrium, the probability to find a molecule moving with relative velocityu is
given by Maxwell’s distribution. The wavelength of an absorption line of a moving molecule is shifted
with respect to the molecule at rest according to the Dopplershift

λ = λo ( 1 ± u

c
), (2.35)

whereu
c
<< 1 andc is the speed of light. For an ensemble of molecules the shape of an absorption line

is derived from the Maxwell’s distribution of molecular velocities and is given by the Doppler profile

fD(λ − λo) =

√

ln 2

π

1

γD
e
− ln 2

(

λ −λo
γD

)2

, (2.36)

whereup =
√

2 kb T
m

is the most probable velocity at a temperatureT in a gas with molecular massm.
The half width at half maximum (HWHM)γD of the doppler profile is given by

γD =
√

ln 2
up λo

c
. (2.37)

1(Rothman et al., 2005)
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Collisional broadening

So far, the interaction between individual molecules has been neglected. However, when two molecules
approach each other the collisional interaction Hamiltonian may cause distorsion of the molecular energy
levels illustrated in figure 2.2. Based on van-der-Waals theory, in a first approximation the interaction
Hamiltonian can be assumed proportional toR−6 with the internuclear distanceR. In an ensemble
of molecules the difference between two molecular energy levels and accordingly the wavelength of
the corresponding absorption line are statistically scattered about a mean energy difference and a mean
wavelengthλo. Under the assumption that the time in close interaction is much shorter than the time
between two collisions, the line shape of the respective absorption line is given by the Lorentz profile,

fP (λ − λo) =
1

π

γP

(λ − λo)2 + γ2
P

. (2.38)

The half width at half maximumγP is proportional to the pressure and depends on the temperature of
the respective gas. When investigating finer details of collisionally broadened absorption lines, inelastic
collisions between the molecules causing additional spectral broadening have to be considered. Further,
when the interaction Hamiltonian is large and the time spentin close interaction is not short compared to
the time between collisions, the colliding molecules may form meta-stable or even truly bound dimers.
Such species owe absorption lines significantly different from the isolated monomer case (Camy-Peyret
and Vigasin, 2003; Pfeilsticker et al., 2001).

Voigt profile

In the Earth’s atmosphere Doppler broadening dominates over collisional broadening at low pressure
(p < 1 mbar) in the upper atmosphere while collisional broadeningpredominates in the lower atmo-
sphere (p > 100 mbar). In general the line shape of an atmospheric absorption line is a composite of
both effects accounted for by the Voigt profilefV , which is a convolution of a Gaussian and Lorentzian
line shape,

fV (λ − λo) =

∫

∞

−∞

fD(x) fP (λ− λo − x) dx =

√

ln 2

π3

γP

γD

∫

∞

−∞

e
− ln 2

(

x
γD

)2

(λ− λo − x)2 + γ2
P

dx. (2.39)

The line shape of an atmospheric absorption line can be calculated from equation (2.39) given ambient
temperature and pressure and the temperature dependence ofγP which is tabulated in spectral databases
for a variety of absorption lines. Finer effects arising from molecular collisions mentioned above and
from Dicke narrowing (Dicke, 1953) can be neglected for our purposes.



Chapter 3

The LPMA/DOAS experiment

The LPMA/DOAS experiment is designed to investigate atmospheric photochemistry in the upper tro-
posphere and stratosphere by remote sensing of trace gas abundances. A balloon gondola carries the
LPMA Fourier Transform InfraRed (FT-IR) Interferometer and the DOAS UV/visible grating spectrom-
eter up to 30 km to 40 km altitude while both instruments measure the direct solar irradiance attenuated
by extinction in the Earth’s atmosphere. Absorption spectra are measured in virtually the entire spectral
range from the UV to the mid-infrared (IR). Based on the principles of radiative transfer and molecular
absorption discussed in section 2 the vertical distribution of many trace gases important for atmospheric
photochemistry (see section 1.2) can be inferred.
This section gives a brief overview of the technical setup ofthe instruments and discusses the algorithms
used for the retrieval of trace gas abundances. The trace gasretrievals rely on a two-step approach. In the
first step the number of absorbing molecules integrated along the line-of-sight (or slant column density)
is inferred for each measured spectrum . In the second step anensemble of column measurements is
inverted into vertical trace gas profiles considering the viewing geometry of each line-of-sight. In the
following, the first step is referred to as spectral retrieval, the second step is called profile retrieval. The
spectral retrieval is inherently different for spectra in the UV/visible and IR spectral range, while the
profile retrieval is independent of the spectral range of themeasurements.

3.1 Instrumentation and observational setup

The gondola which carries the scientific instruments is connected to the actual balloon through the flight
train which consists of the landing parachutes and auxiliary equipment necessary to control and monitor
the balloon flight. The large volume of the balloon (100 000 m3 to 400 000 m3) filled with helium allows
to lift payloads as heavy as several hundred kilograms up to 30 km to 40 km altitude. Balloon launch
preparation, the launch itself and flight control are managed by the balloon division of the French space
agency CNES (Centre Nationale d’Etudes Spatiales).
Table 3.1 provides a summary of the most important characteristics of the DOAS and LPMA instruments
which are discussed in more detail in sections 3.1.2 and 3.1.3.

59
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Table 3.1: Summary of the most important characteristics ofthe DOAS and LPMA instruments.

DOAS LPMA

Type: Grating Spectrometer Fourier Transform Interferometer

Covered Spectral range: 316.5 nm - 653.0 nm mid-IR, near-IR

Spectral resolution: 0.45 nm (UV), 1.48 nm (vis) 0.02 cm−1

Field-of-view: 10◦ (UV), 16◦ (vis) 0.2◦

Signal-to-noise: ∼104
∼102

Sampling rate: 1 spectrum per<1 s to 30 s 1 interferogram per 50 s

Target species: O3, NO2, H2O, O4, IO, OIO, O3, NO2, NO, HNO3, N2O5, N2O,

NO3, BrO, OClO, HCHO, HONO CH4, ClONO2, HCl, H2O, CO,

CO2, COF2, HF, CF2Cl2, C2H6

3.1.1 The balloon gondola

The LPMA/DOAS balloon gondola has been developed in collaboration with the Observatoire de Genève
(Camy-Peyret et al., 1995) (see figure 3.1). It consists of a rigid yet deformable aluminum structure
which protects the scientific payload from damage due to rough landing. Since the whole gondola can
be rotated and stabilized in azimuthal direction, it is possible to align the payload in the direction of the
Sun to within several degree accuracy. The sun-tracker developed by Hawat et al. (1995) provides fine
pointing to the center of the solar disk to within 60 arcsec and collects a parallel beam of sunlight. The
inner core of the solar beam is directed into the LPMA FT-IR while two small telescopes mounted into
the beam’s edge feed sunlight into the DOAS spectrometer viatwo glass fiber bundles. This optical setup
guarantees that the LPMA and DOAS spectrometers analyze direct sunlight which traversed almost the
same atmospheric air masses. Ancillary scientific equipment involves GPS (Global Positioning System)
receivers and antennas, pressure and temperature sensors as well as anin situ ozone sonde.

3.1.2 The DOAS instrument

The DOAS instrument has been designed for balloon borne applications requiring low weight, low
power consumption and insignificant drift of the optical setup with changing ambient temperature and
pressure (Ferlemann, 1998; Harder, 1999; Ferlemann et al.,2000). The instrument consists of two
spectrographs which are mounted into the same housing and are sensitive to the UV and visible spectral
ranges. Typically, the setup allows to record single spectra with high signal-to-noise (∼ 104), moderate
spectral resolution and integration times less than 1 s. Forlarge SZA during sunset, integration times
are somewhat longer since the incoming intensity is weaker.A variety of atmospheric trace gases can
be retrieved from the covered wavelength ranges, e. g. O3, NO2, H2O, O4, IO, OIO, NO3 in the visible
spectral range and O3, BrO, OClO, NO2, O4, HCHO, HONO in the UV.

Figure 3.2 shows a schematic drawing of the DOAS instrument.The direct sunlight is collected
by two entrance telescopes mounted into the edge of the solarbeam provided by the sun-tracker. The
telescope optics is designed to homogenize the incoming light and to limit and optimize the spectral
transmission to the range actually analyzed by the spectrographs. The field of view (10◦ in the UV, 16◦
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Figure 3.1:The LPMA/DOAS balloon gondola adapted from Jeseck (1996). Sunlight is collected by the auto-
mated sun-tracker and directed into the Fourier transform interferometer. Two glass fiber bundles feed the sunlight
into the DOAS spectrometer.

in the visible) is chosen larger than the apparent size of thesolar disk (0.53◦) making light detection
insensitive to possible misalignments of the sun-tracker optics and the entrance telescopes. Two glass
fiber bundles forming a rectangular slit on the spectrographside guide the light from the telescopes into
the spectrograph housing where holographic gratings disperse solar light of the respective wavelength
range (UV: 316.5 nm–417.3 nm, visible: 399.9 nm–653.0 nm) onto the detector of either spectrograph.
The spectral imaging is designed to match the requirements for proper line sampling given by Roscoe
et al. (1996). Accordingly, the spectral resolution amounts to about five photo diode pixels equivalent to
the full width at half maximum (FWHM), i. e. 0.45 nm and 1.48 nmfor the UV and visible spectrograph,
respectively. The photo diode array detectors can be cooledand temperature stabilized by on-chip
integrated Peltier elements. The heat generated at the warmsides of the Peltier elements is removed by
cycling a refrigerant through a cooling system that consists of a reservoir containing about 10 kg of a
liquid-water-ice mixture. Since the reservoir is filled into a vessel surrounding the spectrograph housing,
the liquid-water-ice mixture additionally serves as heat bath for the whole instrument stabilizing the
spectrographs’ temperature at(0.0 ± 0.2)◦C for the duration of a balloon flight. The spectrograph
housing is vacuum sealed to prevent condensation of water vapor onto the cooled photo diode array
detectors and changes in the optical imaging due to changingambient pressure. Instrumental straylight
is minimized by spectral filtering of the incoming light and suppressing unused diffraction orders by
light traps. A detailed characterization of the DOAS instrument can be found in Bauer (1997). Minor
modifications of the optical and mechanical setup effectiveby end of 2005 are summarized by Dorf
(2005).



62 CHAPTER 3. THE LPMA/DOAS EXPERIMENT

Figure 3.2:Schematic drawing of the DOAS instrument adapted from Ferlemann et al. (2000). The instrument
consists of two spectrographs sensitive to the UV and visible spectral ranges. Two holographic gratings, two
photodiode array detectors with on-chip Peltier cooling and the read out electronics including pre-amplifiers are
placed in a vacuum-sealed aluminum container. Light input via the two glass fiber bundles as well as data output
to the instrument control electronics is handled through vacuum connectors on the top of the housing. The whole
container is thermally stabilized by a surrounding liquid-water-ice reservoir which also serves as heat sink for the
internal cooling circuit.

The read-out and data acquisition electronics as well as thecorresponding instrument control
software have been extensively described in Ferlemann (1998); Harder (1999); Ferlemann et al. (2000).
Since some electronic parts were subject to significant degradation and stable performance was no
longer warranted the electronics has been partially rebuilt by Hoffmann Meßtechnik1 in accordance with
the original plans.
The incoming signal is detected by the 1024-channel photo diode array detectors (Hamamatsu S5931-N)
and subsequently amplified by the pre-amplifiers situated inside the instrument housing. Both compo-
nents are left unchanged with respect to their original implementation by Ferlemann (1998) since no
significant degradation could be identified and all changes of the optical and electronic characteristics
prior to digitalization of the signal would directly affectthe comparability of the recorded spectra to
previously obtained data. The adaptors on the top of the instrument which connect the pre-amplifiers
with the analog-to-digital converters outside the spectrograph housing have been rebuilt in order to
thermally decouple the jacks and connectors form the 0◦C cold housing and to avoid short circuits
caused by condensation of water. The adaptors have been elongated, enlarged in diameter and placed on
the existing connector drillings, a measure which has proven of value during the tropical measurement

1Hoffmann Messtechnik GmbH, Schloßstraße 32, 69231 Rauenberg, Germany, http://www.hmm.de
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campaigns in the highly humid environment of northern Brazil. All electronic components down-signal
of the instrument flange have been replaced. The signal coming from the pre-amplifiers is integrated
and digitized in the analog-to-digital converter box (previously two separated small boxes for the UV
and visible spectrograph) spatially close to the instrument to avoid possible perturbations of the analog
signal due to electromagnetic interferences. The digitized signal is then transferred to two single board
CPUs (Motorala MC 68332, short 68k-CPU) which handle the basic data acquisition (e. g. co-adding
of spectra) and instrument control functions (e. g. automatic calculation of exposure time). In addition,
the single board CPUs possess 12-bit stand-alone analog-to-digital converters where ancillary data
(e. g. temperature and pressure sensors) can be processed. All the measurement and communication
processes are controlled by a Cool RoadRunner II PC board2, which is driven by a National Geode 300
MHz processor exhibiting low power consumption (∼ 6W) and a large operational temperature range
(-45◦C to +85◦C). An additional 16-bit analog-to-digital converter card(Diamond-MM-32-AT) and a
module (Lippert PC/104-COM8) with eight serial interfacesis connected to the master PC through the
PC/104 bus. The master PC coordinates the communication with the ground station, with the slave
CPUs of the two spectrographs and with a GPS receiver (Rockwell Jupiter) via serial interfaces. Data
storage is handled by the lab-built instrument control and data handling software (Harder, 1999) via
telemetry transfer to the ground station and simultaneously on a local compact flash disk (Sandisk
128 MB). In addition, data transfer to storage devices via USB has been implemented. The software
has been updated from the previous version to meet the hardware requirements of the new electronic
components. A detailed wiring scheme, pin assignments and data sheets including register maps and
address assignments of the electronic components can be found in our internal documentation.
Hirsekorn (2003) reported on some serious deficits of the firmware of the 68k-CPUs which hindered
the accurate retrieval of stratospheric aerosol extinction coefficients. In the course of our programming
work on the new electronics, remaining errors have been identified which caused erroneous exposure
times of single spectra. After correcting these errors, it is possible to record absolutely calibrated solar
irradiance spectra with high accuracy (Gurlit et al., 2005;Lindner, 2005). In the future, a re-assessment
of our previous work on stratospheric aerosol extinction coefficients will be facilitated.

3.1.3 The LPMA instrument

The LPMA instrument is a Fourier transform interferometer based on a commercial spectrometer
BOMEM DA2.01 and optimized for balloon borne applications by Jeseck (1996). The setup allows
to record single interferograms every 50 s with moderate signal-to-noise (∼ 102) and high spectral
resolution (0.02 cm−1) in the infrared wavelength range. A huge number of trace gases absorb in the
infrared and could in principle be measured by the LPMA instrument depending on the spectral filters,
beamsplitters and detectors used. A subset of species most important for atmospheric photochemistry
comprises O3, NO2, NO, HNO3, N2O5, N2O, CH4, ClONO2, HCl, H2O, CO, CO2, COF2, HF, CF2Cl2,
C2H6.

The LPMA Fourier Transform Interferometer is a Michelson type interferometer with a fixed and
a moving plane mirror and a beamsplitter that splits the incoming solar beam directing one part onto the
moving and the other part onto the fixed mirror. The light reflected by the two mirrors recombines at

2Lippert Automationstechnik GmbH, Hans-Thoma-Straße 11, 68163 Mannheim, Germany, http://www.lippert-at.com
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Table 3.2: Instrumental configurations of the LPMA Fourier Transform Interferometer and the corresponding
spectral ranges and most important target species. Adaptedfrom Dufour (2005).

Configuration Detector Beamsplitter Covered spectral range / cm−1 Target species

Long Wave Infrared HgCdTe KCl 650–1300; 1750–2000 ClONO2, HNO3, CH4, N2O, NO,

(LWIR) InSb 2750–3150; 4100–4150 NO2, HCl, HF, O3, CO2, H2O

Short Wave Infrared InSb CaF2 2050–2220; 4220–4440 as LWIR, but no ClONO2
(SWIR) InSb 2700–3150; 4770–5320 and no HNO3, in addition CO

Near Infrared Si Quartz 10300–11000 oxygen A band

(NIR) Si 12700–13400

the beamsplitter and forms an interferogram which can be recorded as a function of the position of the
moving mirror. The maximum displacement of the moving mirror is 25 cm corresponding to a maximum
optical path difference of the interfering light beams of 50cm. Accordingly, the spectral resolution is
given by 0.02 cm−1. Interferograms are recorded when the moving mirror moves away from as well as
towards its initial position (forward, reverse). The beam of a HeNe-Laser (ν = 15798 cm−1) is injected
into the center of the solar beam to detect possible misalignments of the moving and the fixed mirror
caused for example by thermal drifts of the mechanical components. The laser drives a feedback loop
which dynamically compensates the detected misalignment by adjusting the orientation of the fixed
mirror. In addition, the laser provides the timing for the sampling of the interferograms according to
Nyquist’s theorem3. The type of beamsplitter (KCl, CaF2, Quartz) can be chosen depending on the
desired spectral range to be measured. The commercial detector optics has been replaced by a lab-built
optical setup that limits the field of view to about 0.2◦ and allows for the simultaneous use of two
detectors covering different spectral ranges. The detectors (HgCdTe, InSb, Si) are placed in Dewars
and cooled by liquid nitrogen. Table 3.2 provides an overview of the used instrumental configurations
and corresponding wavelength ranges. For our purposes, theLWIR and SWIR configurations, which
both comprise four distinct spectral regions covered by theHgCdTe and InSb detectors, are important.
The whole instrument can be evacuated to minimize mechanical drift of the optical components due to
changing ambient pressure. The interferometer is controlled by a PC-type Pentium 60 MHz processor
that also handles the communication by telemetry with the ground station and onboard data storage.
More details on the LPMA instrument can be found in Jeseck (1996), Camy-Peyret et al. (1995) and
Dufour (2005).

3.1.4 Observation geometry

During a balloon flight the LPMA and DOAS instruments measuredirect Sun light collected by the
sun-tracker. A balloon flight can be subdivided in three phases as illustrated in figure 3.3. In the first
phase following balloon launch the balloon ascends from theground to maximum altitude. During bal-
loon ascent the solar zenith angle (SZA) is smaller than 90◦ and variations of the detected trace gas
abundances can mainly be attributed to the crossed height segments. After attaining maximum altitude
the balloon floats at rather constant altitude. Typically, spectra recorded during the second phase, i.

3For a detailed treatment on the basics of Fourier Transform Spectroscopy see e. g. Griffiths and de Haseth (1986).
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Figure 3.3: Observation geometry of the LPMA/DOAS balloon payload. Direct sunlight is measured during
balloon ascent (left panel), during balloon float and solar occultation (right panel).

e. balloon float at maximum altitude and SZA<90◦, exhibit minimal atmospheric extinction since the
number of molecules integrated along the line-of-sight is minimal. The third phase, solar occultation,
starts when the SZA becomes larger than 90◦. The balloon remains approximately at float altitude but
the line-of-sight is plunging downward into the atmosphere. Light going from the Sun to the balloon
borne instruments passes atmospheric layers below the balloon twice while atmospheric layers above are
passed only once. The point where the distance of the light path to the Earth’s surface is smallest and the
local SZA is 90◦, is called tangent point. During sunset the SZA increases with time and the line-of-sight
penetrates deeper into the atmosphere scanning through thetrace gas profiles to be retrieved.
Due to the deployed GPS instrumentation the position of balloon is known very accurately. The same is
true for the position of the Sun which is tabulated as a function of time and date. Pressure and temperature
sensors monitor the ambient atmospheric conditions. Considering their impact on the refractive index,
the lines-of-sight of our direct Sun measurements can be calculated with high accuracy from purely (ex-
cept for the pressure and temperature dependence of the refractive index) geometrical considerations.
This is in contrast to experiments which measure scattered skylight where the actual, often uncertain
atmospheric conditions, e. g. aerosols, clouds, heavily impact radiative transfer calculations. An intrinsic
drawback of our remote sensing measurements is the considerable averaging in horizontal direction. In
deep solar occultation (float altitude∼ 30 km, SZA∼ 94◦) the distance from the balloon to the tangent
point is several hundred kilometers (∼ 500 km). The assumption of horizontally homogeneous trace gas
distributions on such large spatial scales is no longer valid, in particular under dynamically active atmo-
spheric conditions close to the polar vortex. Averaging also occurs with respect to the photochemical
conditions along the line-of-sight. In principle, every point on the line-of-sight exhibits different illumi-
nation and consequently different photochemical conditions which contribute to a composite observed
by the balloon borne instruments. The effect is negligible for trace gases which are photochemically
stable on timescales of a balloon flight, e. g. O3, HNO3, N2O, CH4, but important for trace gases whose
concentration strongly depends on illumination, e. g. NO2, NO. Section 5.3 describes how to partly
overcome this constraint.
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3.2 Spectral retrieval of trace gas abundances

The balloon borne instruments measure spectra of direct sunlight penetrating the Earth’s atmosphere.
As pointed out in chapter 2 emission of radiation by the Earth’s atmosphere and radiation scattered into
viewing direction can be neglected for our purposes. The solar irradiance incident on the balloon can be
described in analogy to equation (2.6) and (2.22) by Beer-Lambert’s law,

I(λ) = I0(λ) e−τ(λ) (3.1)

with the optical densityτ(λ) between the top of the atmosphere (TOA) and the balloon bornedetector
and the solar irradianceI0(λ) at TOA. AssumingN types of absorbing molecules labeled by the indexi,
the optical density can be written in terms of the absorptionand scattering coefficients,kA(λ) andkS(λ),
and the molecular absorption cross sectionsσi(λ)4 defined in section 2.1,

τ(λ) = ln
I0(λ)

I(λ)
=

∫

L

kA(λ) + kS(λ) ds =

∫

L

N
∑

i=1

σi(λ)ni + kS(λ) ds, (3.2)

whereni represents the number density of absorbers of typei and the integral is meant along the line-of-
sightL. The transmissionT is defined through

T (λ) =
I(λ)

I0(λ)
= e−τ(λ) = exp

(

−
∫

L

N
∑

i=1

σi(λ)ni + kS(λ) ds

)

. (3.3)

The goal of the spectral retrievals is to infer the number density of absorbing molecules integrated along
the line-of-sight which is referred to as Slant Column Density (SCD),

SCDi =

∫

L

ni ds. (3.4)

The analyzing spectrographs modify the incoming solar spectrum, given by equation (3.1), corresponding
to their instrumental characteristics. Accordingly, the measured spectrumI∗(λ) is given as a convolution
of the incoming signalI(λ) with the normalized instrumental line shape functiong(λ),

I∗(λ) =

∫

∞

−∞

I(λ′) g(λ − λ′) dλ′ = I(λ) ⊗ g(λ). (3.5)

Upon registration by the detectors the incoming continuoussignal is mapped on a discrete grid with a
finite number of pixels. It is appropriate to write the measured spectrum as a function of the pixel number
n(λ),

I∗(λ)→ I∗(n). (3.6)

The general approach for the spectral retrieval is to define astate vectorx, which comprises the parame-
ters to be retrieved e. g. the SCDs, and a model functionF which is supposed to model the measurement
vectory. The measurement vectory consists of the points (or a simple function of the points) ofthe
observed spectrumI∗(n) in a chosen wavelength range. The equation to solve is given by

y = F(x,b) + ǫ, (3.7)

4In contrast to section 2.1 we drop the indexA in the symbol of the absorption cross section for simplicity. Further, the
wavelength dependence of all quantities is not indicated bythe indexλ but explicitly given.
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whereǫ is the measurement error andb is a vector comprising all auxiliary parameters, e. g. absorption
cross sections. Given the measurementsy and the auxiliary parametersb an inverse problem has to be
solved to retrieve the state vectorx (Rodgers, 2000). The methods applicable to spectra measured in the
UV/visible and IR spectral range are inherently different and will be described in detail in sections 3.2.1
through 3.2.4.

3.2.1 Differential Optical Absorption Spectroscopy (DOAS) in the UV/visible

Our goal is to find a model functionF that models the measured spectrum (or a simple function of the
measured spectrum) as accurately as possible. In principlethe exact knowledge of the TOA solar ir-
radianceI0 and all extinction processes along the line-of-sight corresponding to equation (3.2) as well
as the instrumental line shape function are necessary to retrieve the SCD of a certain absorber. In the
UV/visible, approximations to equation (3.1) through (3.6) allow for the construction of a model function
F based on quantities measured by our spectrograph. Subsequently, the inverse problem, equation (3.7),
can be solved for the absorber SCDs.
In the UV/visible, the spectra are recorded by photo diode array detectors which show a temperature
dependent dark signal caused by the thermal discharge of thephoto diodes. In addition, prior to digital-
ization an offset signal is added to the spectra to avoid negative values. Provided that the temperature
of the photo diode array is constant, dark and offset signal are constant with time. Hence, they can be
measured in the laboratory and subtracted from the measuredspectra (Lindner, 2005). In the following,
we assume that the correction of the dark and offset signal has been applied to the measured spectra.

Assumptions and approximations

According to the Differential Optical Absorption Spectroscopy (DOAS) technique (Platt et al., 1979;
Platt, 1994; Platt and Stutz, 2005, in press), the extinction processes are divided into those which vary
strongly and those which vary only weakly with wavelength. Rayleigh and Mie scattering clearly belong
to the latter. In the UV/visible, the molecular absorption cross sections5 can be split into a low and a high
frequency componentσi,b andσi,d, respectively

σi = σi,b + σi,d. (3.8)

The indices ‘b’ and ‘d’ symbolize ‘broadband’ and ‘differential’. Accordingly,equation (3.2) reads

τ(λ) =

∫

L

N
∑

i=1

σi,b(λ)ni + kS(λ) ds +

∫

L

N
∑

i=1

σi,d(λ)ni ds = τb(λ) + τd(λ) (3.9)

with τb(λ) the broadband optical density andτd(λ) the differential optical density. Further, the molecular
absorption cross sections are assumed to be independent of temperature and pressure. Hence,σi,d can be

5In the UV/visible spectral range the observed absorption bands correspond to electronic or dissociating molecular transi-
tions as emphasized in section 2.3. The underlying ro-vibrational structure is often not resolved by DOAS spectrographs as is
true for our instrument. Hence, the molecular absorption cross sections are commonly directly given and not as functionof line
strength and line shape as expressed by equation (2.34).
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assumed to be independent of the line-of-sight and the differential optical density is given by

τd(λ) ≃
N
∑

i=1

σi,d(λ)

∫

L

ni ds =
N
∑

i=1

σi,d(λ)SCDi. (3.10)

From equation (3.10) it becomes clear that the exact knowledge of the light path through the Earth’s
atmosphere is not required under the approximation of temperature and pressure independent absorption
cross sections. Considering the definitions above, Beer-Lambert’s law can be written

I(λ) = I0(λ) e−(τb(λ) + τd(λ)) = I0,b(λ) e− τd(λ), (3.11)

whereI0,b(λ) comprises the TOA spectrum and all broadband extinction processes,

I0,b(λ) = I0(λ) e− τb(λ). (3.12)

Taking into account the finite spectral resolution of the spectrograph according to equation (3.5), the
logarithm of the measured spectrum is given by

ln I∗(λ) = ln
[(

I0,b(λ) e− τd(λ)
)

⊗ g(λ)
]

. (3.13)

Assuming that the differential optical density is small (τd(λ) << 1) andI0,b only varies negligibly with
wavelength (I0,b(λ) = const), equation (3.13) can be linearized,

ln I∗(λ) ≃ ln [I0,b(λ) ⊗ g(λ)] − τd(λ) ⊗ g(λ). (3.14)

From equation (3.14) it is possible to construct an appropriate model functionF. However, the approx-
imations in the derivation of equation (3.14) have to be considered as possible sources of systematic
errors. The differential optical densities encountered inour spectra are usually small (10−3 to 10−1)
and the approximationτd(λ) << 1 is justified. The assumption of temperature and pressure indepen-
dent molecular absorption cross sections is more critical and is discussed in section 3.2.2. Further, the
TOA solar spectrumI0 and accordinglyI0,b is by no means independent of wavelength as has been
assumed when linearizing Beer-Lambert’s law. However, Huppert (2000) showed for the example of a
BrO DOAS retrieval that the systematic errors caused by the approximation of constantI0,b are small.
Johnston (1996) suggested a possible correction of this effect. Section 3.2.2 discusses these systematic
errors and possible corrections in detail.

The DOAS model function

The model functionF used for the spectral retrieval in the UV/visible is given by

F (λ) = ln [I∗0 (λ, d0,0, d1,0, . . .)] + P (λ, p0, . . . , pm) −
N
∑

i=1

ai σi,d(λ, d0,i, d1,i, . . .). (3.15)

I∗0 (λ, d0,0, d1,0, . . .) is a pseudo-TOA solar spectrum measured by the DOAS spectrograph during bal-
loon float at high Sun when absorption by atmospheric constituents is minimal. The use of a solar
spectrum actually measured by the DOAS spectrograph guarantees the correct representation of the solar
Fraunhofer lines in the model function.P (λ, p0, . . . , pM ) is a polynomial of degreeM approximating
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the broadband extinction processes. Molecular absorptionis described in terms of the scaled molecular
absorption cross sectionsai σi,d(λ, d0,i, d1,i, . . .). The absorption cross sections are either taken from
high resolution measurements, which area priori convolved by the instrumental line shape function6, or
from measurements by the DOAS spectrograph in the laboratory (Dorf, 2005). Differential absorption
cross sections can be obtained by appropriate high-pass filtering of the absolute cross sections. While
polynomial and pseudo-TOA spectrum are meant to represent the first term in equation (3.14), the scaled
molecular absorption cross sections obviously correspondto the second term. Since the DOAS retrieval
includes quantities measured during the balloon flight, e. g. the spectra and the pseudo-TOA solar spec-
trum, and quantities determined by pre-flight measurementsin the laboratory, e. g. the instrumental line
shape function, the temporal stability of the optical imaging and the detectors is most important. Small
changes of the instrumental line shape cause systematic deficiencies of the model function and render
the retrieval of low abundant trace gases impossible.
The state vectorx of parameters to be retrieved consists of the scaling factors ai (i = 1, . . . , N ) which
correspond to theSCDi of the absorbers, the polynomial coefficientspm (m = 0, . . . ,M ) and the pa-
rametersdj,i. The latter are spectral alignment parameters which describe a possible shift and squeeze of
the wavelength-pixel mapping between the measured spectra, the pseudo-TOA spectrum (i = 0) and the
absorption cross sections (i > 0). The parameterd0,i represents a shift of the respective wavelength-pixel
mapping byd0,i pixels. The parameterd1,i describes an additional squeeze/stretch of the wavelength-
pixel mapping, i. e. pixeln is shifted byd1,i(n − nc) pixels withnc the center pixel of the considered
wavelength range. Higher order squeezing/stretching is described analogously bydj,i with j > 1. Pos-
sible changes in the wavelength-pixel mapping arise from small changes in the mechanical setup e. g.
due to changes in ambient pressure and temperature. The auxiliary parameter vectorb consists of the
pseudo-TOA spectrum and the molecular absorption cross-sections. The measurement vectory is given
by the logarithm of the measured spectraln I∗(λ).

Solution of the inverse problem

Remembering the discretization of the measured spectrum, the inverse problem of equation (3.7) is
solved for the state vectorx by a least squares fitting method, i. e. the components of the state vec-
tor are derived in a sense that

χ2 =
1

W − V − 1

W
∑

n=1

(

yn − Fn(x)

ǫn

)2

=
1

W − V − 1

W
∑

n=1

(

ln I∗(n)− F (n)

ǫn

)2

(3.16)

is minimized, whereW is the number of pixels considered for the spectral retrieval andV the number
of parameters to be retrieved, i. e. the dimension ofx. Minimizing equation (3.16) yields the maximum
likelihood solution for the fitting parameters if the measurement errorǫ obeys a Gaussian distribution
with expectation value 07. The minimization process yields valuesχ2 ≃ 1 if χ2 is defined as above.
If χ2 > 1, the model function is insufficient. Ifχ2 < 1, the measurement error is overestimated.

6The instrumental line shape function of the DOAS spectrograph can be obtained by measuring the spectra of low pressure
emission lamps (Hg, Cd) which exhibit emission lines much narrower than the spectral resolution of the spectrograph.

7The measurement error of the DOAS instrument is governed by counting statistics of the detectors and hence obeys a
Poisson distribution. Nonetheless,χ2-minimization is used to retrieve the desired parameters since in the limit of many counting
events the expectation value of the measurement obeys a Gaussian distribution (central limit theorem) and standard routines
(Press et al., 1988) can be used.
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The statistical significance of deviations from 1 can be calculated from the confidence limits of a
χ2-distribution withW −V − 1 degrees of freedom. Often, the measurement error is set to a fixed value
ǫn = ǫ and equation (3.16) is used to estimate the actual measurement error.

The DOAS model function is a linear function of the fitting parametersx except for the spectral
alignment parametersdj,i. In a first step equation (3.16) is solved for the linear parameters with fixed
dj,i. In the second step, the linear parameters are set to the value retrieved in the first step and the
problem is solved for the non-linear parametersdj,i by a Levenberg-Marquardt fitting algorithm. The
obtained values are used as initial values for another call of the linear fit, which subsequently calls the
non-linear fit with the updated linear parameters as initialconditions. The iteration stops when changes
in χ2 are smaller than a stopping criterion which is chosen depending on the required precision of the
fit. The least-squares solution of the linear fit can be found analytically while the Levenberg-Marquardt
algorithm is an iterative, numerical procedure which combines the steepest gradient and an expansion
method to find the minimum ofχ2. Since the fitting routines and their implementation have been
extensively described in the literature (Bevington, 1969;Press et al., 1988; Rodgers, 2000) and our
own publications (Payan, 1996; Bösch, 2002; Dufour, 2005),no detailed discussion is given here. The
spectral retrieval is performed by the WinDOAS software package (Fayt and van Roozendael, 2001).

Error treatment

According to equation (3.7) errors of the retrieval parametersx come from retrieval noise due to mea-
surement error, errors of the auxiliary parameters, errorsdue to correlations of the retrieval parameters
and errors of the model function (Rodgers, 2000). The latterand possible corrections are discussed in
section 3.2.2.

Retrieval noise due to measurement error
As pointed out by Ferlemann et al. (2000), the measurement error of the DOAS spectrographs is
governed by the photo-electron shot noiseǫph of the detectors as long as the integration times of
individual spectra are sufficiently short. The statistics of the number of electrons generated by the
photons illuminating a detector pixel is described by a Poisson distribution. Accordingly, the photo-
electron shot noiseǫph is given by

√

Nph with Nph the number of photo-electrons. For large integration
times the noise of the dark signalǫdc ∝ t becomes important (Lindner, 2005). It strongly depends on
the temperature of the detector, but is negligible for our direct Sun measurements since integration
times are sufficiently short (<1 s to 30 s) and the detector temperature is sufficiently low and stable
(-10.00◦C± 0.05◦C). However, when performing pre-flight radiometric calibration with calibration
lamps on the ground (Gurlit et al., 2005), typical integration times range between 5 min and 30 min and
the noise of the dark signal becomes the dominant noise contribution. Also, for on ground calibration
purposes, the non-linear dependence of the dark signal on pixel saturation needs to be considered
(Stutz, 1996). Further contributions to instrumental noise originate from the readout, amplification
and digitalization electronicsǫel. The measurement errorǫ can be calculated fromǫph, ǫdc andǫel via
Gaussian error propagation8.

8For a single spectrum recorded with 1 s integration time and 80% saturation of the detector pixels the total noise is approx-
imately given by1.2 · 104 electrons which corresponds to 6 binary units (BU) of the detected signal. The corresponding total
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The retrieval noise due to the measurement errorǫ is represented by the errors given by the fitting
routines. Both, the linear and the Levenberg-Marquardt fitting routine, provide the standard deviations of
the retrieval parameters as output, i. e. the true value of parameterxl lies with 68.3% probability within
the boundaries of the given error. However, the influence of the errors of the non-linear parameters on
the linear parameters is not automatically accounted for. It can be estimated by performing the linear fit
once with the original set of non-linear parameters and oncewith a set of non-linear parameters which
are changed by their errors. The difference of the retrievedlinear parameters between the two fitting runs
can be used to estimate the impact of the error of the non-linear parameters on the linear parameters.
Assuming independence of both error contributions, the total error of the linear parameters is given by
Gaussian error propagation.
The retrieval noise is appropriately represented by the fitting errors only if the residual spectrum
R(n) = ln I∗(n) − F (n) consists of pure noise. This is not completely true for the UV/visible spectra
since the residual structures show groups of interdependent neighboring pixels. Stutz and Platt (1996)
showed that the impact of interdependent residual structures on the fitting results can be estimated by
a numerical procedure. A synthetic pure noise spectrum is smoothed by a running mean overnrm

pixels in a way that the smoothed spectrum exhibits systematic features with similar widths as the
interdependencies observed in the measured spectrum. The impact of these systematic structures on the
retrieval of trace gases which are characterized by absorption structures of widthnσ can be estimated
by Monte-Carlo simulations. Influences on the fitting parameters are found negligible but the fitting
errors have to be corrected by a factor which is given as function ofnrm andnσ by Stutz and Platt (1996).

Auxiliary parameter error
The auxiliary parametersb consist of the molecular absorption cross sections and the pseudo-TOA
spectrum. The principal errors of the molecular absorptioncross sections originate from uncertainties of
their absolute magnitude and their temperature dependencewhich are commonly given by the authors of
the measurements. The O3 and NO2 absorption cross section from Anderson and Mauersberger (1992)
and Harder et al. (1997) have stated accuracies of 1% and 4%, respectively. The convolution of high
resolution cross sections with the instrument function canintroduce further errors which are estimated
by using different instrument functions and comparing the retrieval results. When using instrument
functions obtained in January 2003 and August 2004 for the convolution of a high resolution cross
section from Harder et al. (1997), the deviations found are smaller than 1%. The errors of the molecular
absorption cross sections are added to the fitting errors through Gaussian error propagation.
The pseudo-TOA spectrum is not a true TOA spectrum since it contains small but detectable absorption
of some absorbers. The residual absorber SCD correspondingto the absorption observed in the
pseudo-TOA spectrum can be determined based on Langley’s extrapolation to zero air mass which is
discussed below in section 3.3.4. The inferred SCD offset has to be added to the SCDs retrieved by the
DOAS retrieval. The associated error is considered via Gaussian error propagation.

Errors due to correlations of the retrieval parameters
Bösch (2002) investigated the correlations between the retrieval parameters of the NO2, O3, IO and OIO

number of photo-electrons is given byNph ≈ 1.04 · 108 corresponding to5.2 · 104 BU which results in a signal-to-noise-ratio
of ∼104. The individual error contributions areǫph =

√

Nph ≈ 1 104 electrons≈ 5 BU, ǫdc ≈ 91 electrons≈ 0.05 BU and
ǫel ≈ 4 103 electrons≈ 2 BU.
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retrieval by calculating the correlation coefficientsrkl for the retrieval parametersxk andxl defined by

rkl =
Skl√
Skk Sll

, (3.17)

whereS is the covariance matrix of the retrieval parameter vectorx and its elements are defined through

Skl = 〈(xk − x̄k) (xl − x̄l)〉 (3.18)

with x̄k the mean of the retrieval parameterxk over the retrieval range. Correlation coefficients with
absolute values close to 1 indicate strong correlations while values around 0 represent weak correla-
tions. The impact of correlations between the retrieval parameters is hard to quantify9. In practice the
correlation coefficients are used to minimize observed correlations by e. g. decreasing the degree of the
polynomial or changing the spectral retrieval range. Commonly, the detected correlations between the
absorber SCDs and the remaining retrieval parameters are small. Hence, the correlation error is not
considered in the DOAS error budget.

3.2.2 Corrections and shortcomings of the DOAS model function

In the following some effects which are not considered by theDOAS model function, equation (3.15),
are discussed below and if possible a correction is implemented in the spectral retrieval.

Solar I0 effect

In general the approximations which allow for the linearization of Beer-Lambert’s law, i. e. constant TOA
spectrumI0,b and small optical densities (τd << 1) in equation (3.13) are not satisfied. As mentioned
above, the latter assumption holds true for our purposes. The former, however, is not justified, as the TOA
solar spectrumI0 exhibits many Fraunhofer absorption lines which cause a highly structured spectral
pattern. Since the DOAS model function is constructed from the linearized version of Beer-Lambert’s
law (equation (3.14)) it cannot perfectly model the measured spectrum. This systematic deficiency is
referred to as solarI0 effect. Its impact on the retrieved parameters becomes important when several
species absorb in the same wavelength range and the strong absorbers have to be removed in order
to detect underlying weakly absorbing species. The solarI0 effect can be corrected by attributing the
systematic residual structures originating from non-constantI0 to the molecular absorption cross sections
σi,d (Huppert, 2000). Assuming a single absorber with slant column densitySCDi, the corresponding
I0-corrected molecular absorption cross sectionσi,d,corr(λ) is given by

σi,d,corr(λ) =
1

SCDi
ln

(

I0(λ) e−σi,d(λ) SCDi
)

⊗ g(λ)

I0(λ)⊗ g(λ)
. (3.19)

Absorption cross sections can be measured in the laboratoryby putting a flow tube between a light source
and the DOAS spectrograph (Dorf, 2005). If the Sun is used as light source the numerator of equation
(3.19) corresponds to the spectrum measured when the flow tube is filled with a known amount of ab-
sorberi. The denominator corresponds to a spectrum which is measured with empty flow tube. The

9In principle an averaging kernel approach as presented for the trace gas profile retrieval, section 3.3, is possible but not yet
implemented in our software.
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SCDi can be calculated from the dimensions of the flow tube and the amount of absorber filled in.
If the absorption cross sections are not measured by the DOASspectrograph but taken from high reso-
lution measurements,σi,d,corr(λ) can be calculated according to equation (3.19) by assuming arepre-
sentative value ofSCDi and identifyingσi,d(λ) with the high resolution absorption cross section,I0(λ)

with a high resolution solar spectrum, e. g. Kurucz et al. (1984), andg(λ) with the instrument function of
the DOAS spectrograph. Unfortunately, convolution of highresolution data by the instrument function
introduces new systematic errors and yields absorption cross section with inferior quality compared to
spectra measured with the DOAS spectrograph itself.
In our studies, absorption cross sections are used which have been measured in the laboratory by the
DOAS spectrograph using halogen lamps as light source. Halogen lamps in contrast to the Sun exhibit
only little spectral structures. TheI0 effect is considered by calculatingσi,d(λ) andσi,d,corr(λ) from
high resolution measurements. The lab-measured absorption cross sections are then multiplied by the
ratio σi,d,corr(λ)

σi,d(λ) .

Instrumental straylight

Instrumental straylight originates from unused diffraction orders of the incoming light dispersed by the
holographic gratings and from reflections on the walls of thespectrographs. Spectral filters in the UV
entrance telescope which cut off the visible and infrared spectral ranges and absorbing light traps inside
the spectrograph are intended to minimize instrumental straylight (Lindner, 2005). Straylight can affect
the DOAS retrieval only if its contribution to the pseudo-TOA spectrum and the spectrum to be analyzed
is different. The change in straylight contribution can be corrected for by introducing a polynomialO(n)

of up to 2nd order in the fitting process as follows

χ2 =
1

W − V − 1

W
∑

n=1

(

ln [I∗(n)−O(n)]− F (n)

ǫn

)2

. (3.20)

The polynomial coefficients are additional non-linear parameters which are determined by the
Levenberg-Marquardt fitting algorithm.

Center-to-limb darkening effect

Section 2.1 pointed out that the observed solar intensity isnon-uniform across the solar disk due to
the center-to-limb darkening effect (e.g. Unsöld and Baschek, 1999). The DOAS retrieval relies on the
assumption that the structures of the solar Fraunhofer spectrum are properly accounted for by the pseudo-
TOA solar spectrum. Since the solar Fraunhofer lines exhibit optical densities 100–1000 times larger
than terrestrial absorption structures, small deficiencies in their representation can render the retrieval
of atmospheric trace gas abundances difficult. During sunset and sunrise, light coming from the upper
edge of the Sun traversed significantly less air mass than light coming from the lower edge. Accordingly,
extinction in the Earth’s atmosphere attenuates light fromthe lower edge stronger than light from the
upper edge. The contribution of the upper parts of the solar disk to the measured spectrum becomes
larger than the contribution of the lower parts. This effectis increasingly important for increasing air
masses along the line-of-sight, i. e. increasing SZAs. Since, for a terrestrial observer, the intensity of
the Sun and the optical densities of the Fraunhofer lines vary across the solar disk, the change in the
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composition of the observed spectrum goes along with a change of the optical densities of the observed
Fraunhofer lines. The relative change of the solar lines is non-uniform which makes an exact treatment
difficult.
Bösch (2002) developed an empirical approach how to correctfor the center-to-limb darkening (CLD)
effect. High resolution solar spectra taken from the centerof the solar diskIC(λ) and averaged over the
whole solar diskID(λ) (Brault and Neckel, 1987) are used to define the CLD correction term

acld σcld = acld
ID(λ)⊗ g(λ)− IC(λ)⊗ g(λ)

IC(λ)⊗ g(λ)
, (3.21)

which is included in the DOAS model function as pseudo absorber. The parameteracld is an additional
parameter of the state vector which has to be retrieved by thefitting routine. The CLD correction is
important for the retrieval of NO2 and IO abundances in the visible spectral range (400 nm to 500nm)
and for the OClO retrieval in the UV (360 nm to 400 nm).

Ring effect

Besides elastic scattering processes, inelastic Raman scattering occurs in the Earth’s atmosphere (section
2.1.2), which can be observed in the spectra of scattered skylight as filling in of Fraunhofer lines, the so-
called Ring effect. In direct Sun spectra, the contributionfrom inelastically scattered light is negligible
(Bauer, 1997; Pundt et al., 1998). Therefore, a correction of the Ring effect is used only for sensitivity
tests. The correction term can be obtained by model calculations (Bussemer, 1993; Funk, 2000) and is
commonly included in the DOAS model function as additional pseudo-absorber.

Instrumental shortcomings

The wavelength-pixel mapping of the DOAS spectrograph critically depends on the mechanical and op-
tical setup of the instrument, which is influenced by ambientparameters e. g. temperature and pressure.
Possible changes in the wavelength-pixel mapping between the spectra to be analyzed, the TOA solar
spectrum and the molecular absorption cross sections are considered by the non-linear shift and squeeze
parametersdj,i in the DOAS model function. Since the spectra and absorptioncross sections are given as
a function of pixel numbern, non-zero shift and squeeze goes along with interpolation of the respective
data. Interpolation errors decrease with increasing sampling ratio, i. e. number of pixels per FWHM
of the instrument function. As pointed out above, the spectral resolution of the DOAS spectrographs
is about 5 pixels and hence, undersampling effects due to interpolation errors are small (Roscoe et al.,
1996).
Likewise, the instrument functiong(λ) is sensitive to changes of the optical and mechanical setup.Since
some absorption cross sections measured in the laboratory by the DOAS spectrograph are supposed to be
used for several balloon flights, the instrument function isrequired to be stable over several years. Hence,
the replacement of optical components, e. g. glass fibers, has to be avoided and care must be taken to
reproduce stable ambient conditions for the measurements.Therefore, the whole DOAS instrument is
stabilized with respect to temperature and pressure.
The use of high resolution absorption cross sections can introduce errors when the convolution with the
instrument function is carried out. The instrument function used for convolution is obtained from spectra
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of an atomic (HgCd) emission lamp. Consequently,g(λ) is not given over the entire spectral range but at
some wavelengths, only. Often the wavelength dependence ofthe instrument function is neglected which
causes a systematic deficiency of the model function, but which can be avoided by using absorption cross
section measured in the laboratory by the DOAS instrument.
Further instrumental effects such as the memory effect of the detectors and the etalon effect due to mul-
tiple reflections on optical components have been investigated by Bauer (1997) and Ferlemann (1998).
They are found to be small for the DOAS instrument.

Temperature and pressure dependence of the absorption cross sections

The molecular absorption cross sections in the UV/visible show a significant temperature dependence.
Since DOAS spectrographs typically do not resolve the ro-vibrational structure of the absorption
bands, the temperature and pressure dependence is investigated empirically by measuring the respective
absorption bands at different ambient conditions and different spectral resolution. Generally, the shape
as well as the absolute value of the absorption cross sections depend on temperature and pressure. Most
important for our study are the absorption cross sections ofNO2, O3, O4, H2O, OClO, IO and OIO.
An excellent overview of the available O3 and NO2 absorption cross sections and their temperature and
pressure dependence is given by Orphal (2003).
The shape of the NO2 absorption cross section between 300 nm and 790 nm is a Gaussian-like continuum
superimposed by a lot of differential structures which are caused by the high density of rovibronic energy
states close to the dissociation limit at about 400 nm. Thereare numerous studies which investigate
the temperature dependence of the NO2 absorption cross section in the UV/visible, e. g. Davidson
et al. (1988); Harwood and Jones (1994); Harder et al. (1997); Vandaele et al. (1998); Burrows et al.
(1998); Pfeilsticker et al. (1999); Voigt et al. (2002); Vandaele et al. (2003); Nizkorodov et al. (2004).
The general observation with decreasing temperature is a tilt of the baseline and a large increase of the
differential cross section depending on the spectral resolution of the used instrument. The maxima of
the differential cross section become larger while the minima become smaller. For a spectral resolution
of 0.54 nm the differential cross section at 448 nm increasesalmost linearly by 40% when temperature
decreases from 298 K to 200 K (Pfeilsticker et al., 1999). Below 400 nm the relative changes of the
differential cross section with temperature become smaller. The integrated cross section seems to
increase slightly with temperature. Observations of the pressure dependence of the NO2 absorption
cross section are fewer in number, e. g. Harder et al. (1997);Vandaele et al. (1998); Pfeilsticker et al.
(1999); Voigt et al. (2002); Vandaele et al. (2003). At very high spectral resolution (0.00006 nm) the
observed changes with total pressures between 7 mbar and 870mbar are as high as 40%, but negligible
(< 0.05%) at coarser spectral resolution (0.2 nm) (Harder et al., 1997; Pfeilsticker et al., 1999).
The O3 absorption cross section in the 240 nm to 790 nm spectral range consists of the Hartley band
(200 nm to 320 nm), the Huggins bands (300 nm to 390 nm), the Chappuis band (380 nm to 800 nm),
and the Wulf bands (700 nm to>800 nm). Since in our study absorption of O3 in the Chappuis band
is of primary importance, we will restrict the discussion tothat spectral range. A number of studies
by Bass and Paur (1985); Brion et al. (1998); Burkholder and Talukdar (1994); Burrows et al. (1999);
Voigt et al. (2001) show very small (< 1%) or no change of the peak cross sections between 550 nm
and 650 nm for temperatures between 200 K and 300 K. The differential structure slightly increases
with decreasing temperature. Beyond the center region, i. e. below 550 nm and above 650 nm, the
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temperature dependence is strong but there is no quantitative agreement between the available data sets
(Orphal, 2003). Besides an increase of the differential cross section, a shift towards shorter wavelength
is observed for the blue tail of the Chappuis band when temperature decreases. A pressure dependence
is not observed.
Osterkamp (1997) and Pfeilsticker et al. (2001) investigated the pressure and temperature dependence
of the O4 collisional pair absorption cross section. The shape has been found independent of tem-
perature and pressure while the magnitude increased by 11% when decreasing temperature by 50 K.
The H2O absorption cross section can be calculated for different pressures and temperatures from
spectral parameters tabulated in Rothman et al. (2005). At high spectral resolution the temperature and
pressure dependence is strong, but decreases with decreasing resolution. As for our measurements H2O
absorption plays a minor role, the dependence of the absorption cross section on ambient parameters is
of minor importance. The cross section of OClO exhibits several absorption bands with an underlying
broad continuum. The continuum decreases with decreasing temperature, while the differential part
becomes larger and the peak cross section increases (Wahneret al., 1987; Kromminga et al., 2003).
The IO absorption cross section consists of a broad continuum and a superimposed band structure as
studied by Laszlo et al. (1995), Harwood et al. (1997), Hoelscher and Zellner (2000), Hönninger (1999),
Gomez Martin et al. (2005), Spietz et al. (2005) and Dillon etal. (2005). Some studies found that the
differential absorption cross section is independant of temperature which is in contrast to Bloss et al.
(2001) who found a detectable temperature dependence. The OIO absorption cross section has been
studied by Himmelmann et al. (1996); Cox et al. (1999); Ingham et al. (2000); Allan et al. (2001);
Spietz et al. (2005); Gomez Martin et al. (2005). But no assessment on the temperature and pressure
dependence is available.

Molecular absorption detected in each spectrum is a composite of absorption in several atmospheric
layers with different temperatures and pressures. Since the pressure dependence of the cross sections
of all relevant species is found negligible at our spectral resolution, only temperature dependences
are considered here. The temperature dependence of the absorption cross sections can be accounted
for in the model function by using several cross sections of the same species recorded at different
temperatures. In order to reduce the inter-dependence between the cross sections of the same species, it
proves worthwhile to orthogonalize them with respect to each other (Fayt and van Roozendael, 2001).
However, this approach is only useful if the absorption of the considered species has to be removed from
the spectrum in order to detect underlying absorbing species.
The retrieval of the actual SCDs of an absorber with temperature dependent cross section is more
difficult. In our studies, a correction for the temperature dependence of the absorption cross section
is only necessary for NO2. The O3 retrieval is performed in the center of the Chappuis band where
negligible temperature dependence of the O3 cross section is observed. The retrievals of IO and OIO
aim at estimating an upper limit of the abundances or at a possible detection close to the detection limit
and hence temperature and pressure dependences are not critical factors. Orphal (2003) suggests several
methods to account for the temperature dependence of the NO2 absorption cross section by interpolation
to the actual temperature of the measurement. Our approach is similar.
Assuming a layered atmosphere withL layersk each with constant temperatureTk and constant NO2



3.2. SPECTRAL RETRIEVAL OF TRACE GAS ABUNDANCES 77

18:40 19:00 19:20 19:40 20:00 20:20
0.5

0.6

0.7

0.8

0.9

1.0

1.1

220

225

230

235

240

245

220

225

230

235

240

245

N
O

2  S
C

D
 / (10

16 m
olecules cm

-2)

 NO
2
 SCD: T = 217 K

 NO
2
 SCD: T = 230 K

 NO
2
 SCD: T = 238 K

 NO
2
 SCD: T = 294 K

 NO
2
 SCD: T = T

eff

 

N
O

2 S
C

D
 / 

(1
016

 m
ol

ec
ul

es
 c

m
-2
)

Time / UT
20:45 20:50 20:55 21:00 21:05 21:10

2

4

6

8

10

12

Time / UT

E
ffe

ct
iv

e 
te

m
pe

ra
tu

re
 / 

K

 

 

440 450 460 470 480

2

3

4

5

6

7

c)b)

a)

Wavelength / nm

 T = 217 K
 T = 230 K
 T = 238 K
 T = 294 K

 

 

N
O

2 a
bs

or
pt

io
n 

cr
os

s 
se

ct
io

n 
/ 

(1
0-1

9  c
m

2  m
ol

ec
ul

es
-1
)

 T
eff

 

Figure 3.4:Panel a): NO2 absorption cross section in the NO2 retrieval range between 435 nm and 485 nm for
T=217 K (black), T=230 K (blue), T=238 K (green) and T=294 K (purple). The absorption cross sections were
measured in the laboratory by the DOAS spectrograph and scaled to convolved cross sections taken from Harder
et al. (1997). Panel b): NO2 SCDs as a function of time inferred from measurements duringballoon ascent at
Teresina in June 2005 using the absorption cross sections shown in panel a). The SCDs corresponding to T=217 K
(black stars), T=230 K (blue circles), T=238 K (green triangles) and T=294 K (purple diamonds) are the basis for
the interpolation to the effective temperature (gray line). The temperature corrected NO2 SCDs are shown as open
red boxes. For better visibility only every fifth measurement is shown. Panel c): Same as panel b) but for solar
occultation measurements.

concentrationnk, each spectrum can be characterized by an effective temperatureTeff defined through

Teff =

∑L
k=1Kk Tk nk
∑L

k=1Kk nk

. (3.22)

Kk is the air mass factor in layerk corresponding to the line-of-sight of the considered spectrum, i.
e. the ratio of the slant path through layerk to the thickness of layerk. Teff is the mean absorber
concentration weighted temperature along the line-of-sight. Temperature as a function of altitude is
taken from the meteorological support data of the balloon flight or from meteorological model data.
The NO2 concentration profile can be taken from a first evaluation of the measured spectra where the
temperature dependence of the cross section is neglected. Given the effective absorber temperature
Teff for each spectrum, the spectral retrieval is performed several times with cross sections recorded at
different temperatures. The temperature corrected SCDs ofNO2 can be retrieved by linear interpolation
to the effective temperatureTeff . If necessary the procedure can be employed iteratively by replacingnk
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by the NO2 profile retrieved in the previous step of temperature correction. Figure 3.4 shows an example
of the temperature correction for the NO2 SCDs retrieved from measurements at Teresina in June 2005.
The absorption cross sections used for the spectral retrieval have been measured in the laboratory by the
DOAS spectrograph and are scaled to convolved cross sections taken from Harder et al. (1997). (The
corresponding temperatures are T = 217 K, T = 230 K, T = 238 K andT = 294 K.)

3.2.3 Forward modeling of absorption spectra in the IR (LPMA)

Again, the goal is to find a model functionF corresponding to equation (3.7) that models the observed
spectra in the infrared wavelength range as accurately as possible and to retrieve the SCDs of the absorb-
ing species. In the IR spectral range approximations which allow for the linearization of Beer-Lambert’s
law are not applicable since the optical densities of many absorption lines are large (τ > 1). Further,
the correct representation of the temperature and pressuredependence of line strength, line shape and
consequently the molecular absorption cross sections (equation (2.34)) is essential.
The LPMA FT-IR measures interferograms, i. e. the intensityof two interfering light beams as a function
of the path difference. Spectra, i. e. intensity as a function of wavelength or wavenumber, can be ob-
tained by Fourier transformation of the interferograms (Griffiths and de Haseth, 1986; Jeseck, 1996). In
our discussion below, we assume that the Fourier transformation has been carried out and that intensity
is given as a function of wavenumber. Wavenumberν = 1

λ
is commonly used in IR retrievals since

the sampling of spectra measured by a Fourier transform interferometer occurs naturally at equidistant
wavenumbers.

The LPMA model function

The general approach is to construct a model functionF which corresponds directly to the observed
spectrum (equation (3.5)). According to equations (3.1) through (3.5), this approach requires to model
the light path, the optical density along the light pathτ(ν), the TOA solar irradianceI0(ν) and the
instrument functiong(ν) (Payan, 1996; Dufour, 2005).

Tracing the light path
Following the explanations in section 3.1.4, each spectrummeasured during a balloon flight corresponds
to a unique line-of-sight from the detector to the Sun. Whilethe position of the balloon is known
accurately from the onboard GPS sensors, the position of theSun is tabulated by ephemerides. The
refractive index is calculated from temperature and pressure data measured by the sensors aboard
the LPMA/DOAS gondola or by radiosondes launched temporally and spatially close to the balloon
launch. For high altitudes atmospheric model data (ECMWF, MSIS-90) are used. The raytracing
software considers refraction and the spherical geometry of the atmosphere. The atmosphere between
ground-level and 120 km altitude is divided into 56 layers each with constant temperature and pressure.
The actual light path is calculated iteratively with the ‘un-refracted’ light path as initial guess.

Optical density along the light path
The optical density along the line-of-sight is given by equation (3.2). Since in the IR spectral range
Rayleigh and Mie scattering are very weak and exhibit very broad spectral structures, extinction due to



3.2. SPECTRAL RETRIEVAL OF TRACE GAS ABUNDANCES 79

scattering is neglected when calculating the optical density along the line-of-sight. Possible residual
extinction due to scattering is accounted for by adjusting the modeled TOA solar irradiance. The
line-of-sight is divided into a finite number of discrete elements according to the layered model of the
atmosphere described above. Assuming that the atmosphere consists ofL concentric layersk each with
constant pressure and constant temperature, equation (3.2) reads

τ(ν) =

N
∑

i=1

L
∑

k=1

σi(ν, Tk, pk)

∫ sk+1

sk

ni ds, (3.23)

whereTk andpk are effective temperature and effective pressure in layerk defined through

xk =

∫ sk+1

sk
x(s)nair(s) ds

∫ sk+1

sk
nair(s) ds

, (3.24)

with x = T, p. The number density of air moleculesnair is calculated from the ambient temperature and
pressure data. The molecular absorption cross sections arecalculated via equation (2.34) corresponding
to the calculated effective temperature and pressure. Dataon line strength, line shape and their tem-
perature and pressure dependence are taken from the HITRAN database (Rothman et al., 2005). From
equation (3.23) the slant column density of absorber typei in layerk can be defined through

SCDi,k =

∫ sk+1

sk

ni ds. (3.25)

The total slant column density of absorberi is given by

SCDi =
L
∑

k=1

SCDi,k (3.26)

and the optical density can be written

τ(ν) =
N
∑

i=1

L
∑

k=1

σi(ν, Tk, pk)SCDi,k. (3.27)

The TOA solar irradiance
In a small spectral range the TOA solar irradianceI0 can be modeled by a polynomialP (ν, p0, . . . , pM )

of degreeM (M < 4). Solar Fraunhofer lines play a minor role in the IR, since most of the micro-
windows used for the spectral retrieval are free of solar absorption lines. If there are any Fraunhofer
lines present, they are identified, modeled individually and included as auxiliary parameters in the model
function. The TOA solar irradiance as actually measured by the LPMA instrument is not constant during
a balloon flight, since the gain of the detector electronics and the optical alignment of the sun-tracker are
adjusted several times to yield a maximum of the detected signal10. In addition, broadband extinction

10Adjustments of the sun-tracker optics affect also the spectra measured in the UV/visible. However, the field-of-view of
the DOAS spectrographs is much larger than the apparent sizeof the solar disk and small changes of the sun-tracker alignment
should only shift the position of the Sun within the field-of-view of the DOAS instruments. Indeed, it is found that the spectra
in the visible recorded by the DOAS spectrograph are not affected. Spectra in the UV show small changes of the instrument’s
response which are attributable to re-alignments of the sun-tracker optics (Dorf, 2005).
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due to scattering, which has been neglected in the calculation of the optical density but might occur
to a detectable degree in the lower atmosphere, can be accounted for by choosing the polynomial
appropriately.

Instrumental line shape
The instrument functiong(ν) cannot be obtained by measuring atomic emission lines, since the width of
the emission lines is comparable to the width ofg(ν). During a balloon flight, the instrument function
might even be subject to small changes. Therefore,g(ν) is described by a composite of two functions,

g(ν) =
g1(ν) + g2(ν − d1)

∫

[g1(ν) + g2(ν − d1)] dν
(3.28)

whereg1 is a sine cardinal, shortly sinc, with an overlaid exponential decay andg2 is the weighted sum
of a Lorentzian and a Gaussian displaced byd1 wavenumbers with respect to the sinc function,

g1(ν) = b1
sin(2π ν∆)

2π ν∆
exp

[

−m1

(

|ν| − 1

2∆

)]

, (3.29)

g2(ν) = b2






m2 exp

(

−
(

ν

r2

)2

ln 2

)

+
1 − m2

1 +
(

ν
r2

)2






. (3.30)

The parametersb1 andb2 represent the relative amplitudes ofg1(ν) andg2(ν), ∆ is the maximum path
difference of the interfering light beams11, m1 represents the attenuation coefficient which is set to zero
for |ν| ≤ 1

2∆ , m2 represents the relative weight of the Lorentzian and the Gaussian ing2(ν) andr2 is
the corresponding HWHM. Accordingly, the model of the instrument function is given as an explicit
function of the parameters listed above,g(ν, b1, b2,∆,m1,m2, r2, d1). The sinc functiong1(ν) models
the instrumental line shape of a perfect FT-IR with finite optical path difference where no apodization
is applied to the measured spectra. The functiong2(ν) accounts for small misalignments of the optics
which e. g. render the instrumental line shape asymmetric (Griffiths and de Haseth, 1986; Jeseck, 1996).

The model function
According to the definitions above, the model functionF used for the spectral retrieval is given by

F (ν) =

∫

∞

−∞

P (ν ′, p0, . . . , pM ) exp

(

−
N
∑

i=1

ai

L
∑

k=1

σi(ν
′, Tk, pk)SCDi,k

)

g(ν ′−d2−ν) dν ′. (3.31)

The state vectorx of parameters to be retrieved consists of the polynomial coefficients pm (m =

0, . . . ,M ), the parameters of the instrument function, the scaling factorsai (i = 1, . . . , N ), and a spectral
shift parameterd2, that accounts for spectral misalignments due to small variations of the wavenumber of
the alignment laser. In contrast to the DOAS retrieval theai do not correspond to theSCDi themselves
but are scaling factors for ana priori guess of theSCDi,k

12. The auxiliary parametersb comprise the
molecular absorption cross sections dependent on temperature and pressure and, if necessary, a spectrum
of solar Fraunhofer lines. The measurement vectory is the measured spectrum itself.

11In our retrieval software∆ is replaced by the FWHM of the sinc function given by1.207
2 ∆

.
12In our retrieval software thea priori guess ofSCDi,k is constructed from ana priori guess of the volume mixing ratio

profile of absorberi. The scaling factorai scales the entire volume mixing ratio profile. For details onthea priori calculation
of SCDi,k see Dufour (2005).
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Solution of the inverse problem

As in the case of the DOAS retrieval a least squares fitting method is used to solve the inverse problem
of equation (3.7). Remembering the discretization of the spectrum, the state vectorx is obtained by
choosing its components such that

χ2 =
1

W − V − 1

W
∑

n=1

(

yn − Fn(x)

ǫn

)2

=
1

W − V − 1

W
∑

n=1

(

I∗(n)− F (n)

ǫn

)2

(3.32)

is minimized, whereW is the number of spectral elements used for the retrieval andV the number of
retrieved parameters, i. e. the dimension ofx.

Since the LPMA model function is non-linear in the fitting parameters a Levenberg-Marquardt
algorithm is used to solve the inverse problem, equation (3.32). The algorithm combines the steepest
gradient and a 2nd order expansion method. The Levenberg-Marquardt method is modified to include
an additional constraint on the retrieval bya priori knowledge of the parameters, i.e. the retrieval does
not search to minimizeχ2 but

χ2 +

V
∑

l=1

(

xl − xa,l

ǫa,l

)2

, (3.33)

wherexa,l is thea priori knowledge of parameterxl andǫa,l is the error estimate of thea priori. The
additional constraint prevents the fitting algorithm from finding solutions corresponding to a local min-
imum of χ2 which have no physical meaning. The relative weight of thea priori with respect to the
measurements is governed by the relative magnitude of the measurement error and thea priori error.
The dependence of the retrieved fitting parameters on thea priori is checked by calling another iteration
of the fit with the retrieved parameters asa priori. If there is a significant dependence, the iteration can be
repeated until the change of the retrieved parameters with changinga priori is negligible. But typically,
the dependence on thea priori is small and a single iteration is sufficient. The fitting algorithm has been
implemented by Payan (1996) and is extensively described there and in Dufour (2005).

Error treatment

Retrieval theory (Rodgers, 2000) states four sources of error associated with equation (3.7). The
retrieved parameters are affected by retrieval noise due tomeasurement error, errors of the auxiliary
parameters, errors due to correlations of the retrieval parameters and errors of the model function
(Rodgers, 2000). The latter contribution and possible corrections are discussed in a separate section
(section 3.2.4).

Retrieval noise due to measurement error
The contributions to measurement error of the FT-IR are manifold. Besides the detector noise, which
depends on the sensitivity and the area of the detector, noise generated from the optical and mechanical
setup, e. g. by non-constant speed of the moving mirror, and noise originating from the read-out and
digitalization electronics are important. The use of optical and numerical filters, which limit the recorded
spectral range, reduces noise by cutting contributions from unused spectral regions. Jeseck (1996)
experimentally investigated the signal-to-noise ratio inLPMA spectra recorded during three of the first
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balloon flights of the LPMA instrument. Typically, the signal-to-noise ratio of the spectral regions
covered by the HgCdTe detector (see Table 3.2) is of the orderof several 102 for spectra recorded during
balloon float and close to 102 for spectra recorded in solar occultation where the overallsignal is weaker.
The signal-to-noise ratios of the spectral regions coveredby the InSb detector (see Table 3.2) show
similar values but sometimes exceed 103 for spectra measured during balloon float.
Similar to the DOAS retrieval the measurement error is represented by the standard deviations of
the retrieved parameters given by the fitting routine. Sincethe IR spectra originate from the Fourier
transform of the recorded interferograms, there are no spectral elements which areper se inter-dependent.

Auxiliary parameter error
The errors of the absorption line parameters and their pressure and temperature dependence contribute
to the auxiliary parameter error. The line parameters, i. e.line strength and shape according to ambient
pressure and temperature, are taken from the HITRAN 2004 spectroscopic database (Rothman et al.,
2005) where also the associated errors are tabulated. For ClONO2 the absorption cross section and the
corresponding error is taken from (Wagner and Birk, 2003).
The impact of errors of the ambient temperature and pressuredata is estimated by sensitivity runs. The
stated errors of the onboard temperature and pressure sensors are 0.2 K and 0.5 mbar, respectively (Dorf,
2005). When the entire pressure and temperature profile is changed according to these uncertainties, the
sensitivity of all absorber SCDs is smaller than 1%. However, the actual impact depends strongly on the
species and the line-of-sight of the considered spectrum. Horizontal variations of the meteorological
data are not considered. Hence the actual error due to uncertainties of these parameters might be larger.
The geographical position of the balloon and the Sun are known very accurately. The relative position of
the Sun with respect to a terrestrial observer is tabulated as a function of time, latitude and longitude in
the ephemerides. The accuracy of the GPS instrumentation istypically±25 m in horizontal and±78 m
in vertical direction. The combination of several GPS signals and altitude data calculated from pressure
and temperature improves the accuracy of the knowledge on the position of the balloon. The timing of
the measurements is precise to within some seconds. However, there is an offset between GPS time and
universal time of about -13 s (in 2005) which has to be considered. In addition, it is not obvious which
measurement time has to be assigned to the LPMA interferograms since a single mirror scan takes 50 s.
Here, the time of zero path difference±25 s is attributed to the corresponding forward and reverse
spectra.

Error due to correlations of the retrieval parameters
Correlations between the retrieval parameters are investigated by (Dufour, 2005) in analogy to what
is done for the DOAS retrieval. Initially, sizeable correlations have been found between the scaling
factors of the absorber SCDs and the parameters of the instrument function. These correlations could be
largely removed by introducing the multifit retrieval whichperforms the LPMA retrieval simultaneously
in several microwindows. The multifit retrieval is discussed in detail in section 3.2.4. Using the new
retrieval, essentially no correlations occur between the retrieval parameters which directly translates
into a significantly improved agreement between LPMA and DOAS data. Hence, the correlation error is
neglected.
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3.2.4 Corrections and shortcomings of the LPMA model function

As in the case of the DOAS retrieval some effects are not considered by the LPMA model function
(equation (3.31)). Since such deficiencies cause systematic errors of the retrieval, they are discussed
below with respect to their impact on the retrieved parameters and possible corrections.

Correction to the line-of-sight

When tracing the ray of the light from the Sun to the balloon, the LPMA retrieval assumes that the
sun-tracker adjusts the pointing of the instrument to the center of the Sun. In solar occultation the light
path in the Earth’s atmosphere becomes very long and due to refraction the image of the Sun used by
the sun-tracker to control the pointing becomes elliptic. In addition, extinction for light coming from
the upper edge of the Sun is smaller than for light from the lower edge and the barycenter of the solar
intensity shifts upward on the solar disk as already mentioned in the discussion of the impact of the
center-to-limb darkening effect on the DOAS retrieval. As aconsequence the light path calculated from
the balloon to the center of the solar disk is longer than the intensity weighted average light path through
the atmosphere. Accordingly, the inferred absorber SCDs are too small. Especially for absorbers that
exhibit large abundances at low altitudes, e. g. CH4 and N2O, it is important to correct the line-of-sight
in order to avoid a significant underestimation of their concentration profile (Dufour, 2005).
The lines-of-sight can be corrected by choosing an absorberwhose atmospheric abundance is known
and by subsequently adjusting the line-of-sight in a way that the retrieval yields thea priori known
absorber SCD. CO2 has a well known mixing ratio throughout the atmosphere. From the known vertical
profile ana priori CO2 SCD is calculated for each spectrum according to the initially determined lines-
of-sight. Then, the spectral retrieval is performed for allspectra measured during the balloon flight and
the scaling factorsaCO2

are retrieved according to equation (3.31). If the lines-of-sight are correct, the
aCO2

are constant and approximately equal to 1 for all spectra. The scaling factors retrieved from spectra
measured during sunset or sunrise are commonly smaller thanthose retrieved from balloon ascent or float
measurements indicating slightly erroneous lines-of-sight in solar occultation. Hence, the lines-of-sight
are recalculated by shifting the light path upward on the solar disk. A new set of scaling factorsaCO2

is retrieved corresponding to the new lines-of-sight. Thisprocedure is iterated until the retrieved scaling
factors are constant for all spectra measured during a balloon flight and the calculated lines-of-sight
correspond to the true observation geometry.

Etalon structure

Jeseck (1996) identified a sinusoidal pattern on top of the baseline of LPMA spectra. The observed
feature occurs for both detectors and its magnitude dependson the spectral region. Its origin are multiple
etalon-like reflections in the optics which guide the radiation into the detector. For our purposes, the
long-wave region of the HgCdTe detector (see table 3.2) is affected which hinders the retrieval of HNO3

and ClONO2. The observed wavenumber of the sinusoidal pattern is about1.4 cm−1 and its amplitude
is about 2% of the baseline. An example is shown in panel a) of figure 3.5.
Since the etalon-structures are approximately constant inspectral position and magnitude for all spectra
during a balloon flight, they can be corrected by adding a meansinusoidal pattern to the modeled TOA
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Figure 3.5: Panel a): Measured (black) and modeled (red) spectrum without etalon correction in the spectral
range of the HNO3 retrieval. The spectrum is recorded at 18:13 UT on Aug. 21, 2001, during balloon float above
Kiruna. Panel b): Residual structures (gray boxes) inferred from a spectral retrieval without etalon correction of
the float spectra measured at Kiruna on Aug. 21, 2001. The openblack boxes are the residuals used for the fit of
the Fourier polynomial, which is shown as solid red line. Thevertical dotted lines represent the boundaries of the
HNO3 retrieval window. Panel c): The same measured (black) spectrum as in panel a). The modeled spectrum
(red) is retrieved with etalon correction. The absorption feature at about 906.6 cm−1 is a solar Fraunhofer line.

I0 polynomial. The mean pattern is determined separately for all spectral windows subject to correction.
First the spectral retrieval is performed on an ensemble of float spectra without applying the etalon
correction. The obtained residual structures are governedby the sinusoidal pattern. If there are any
absorption structures left in the residual they are removedby hand. The ensemble of residuals is then
used to determine the coefficients of a Fourier expansion by alinear least squares fit, i. e. the residuals
R(n) = I∗(n)− F (n) are fitted by a Fourier polynomialPF which yields the mean sinusoidal pattern,

PF (n, s1, . . . , s10, c1, . . . , c10) =
10
∑

m=1

[sm sin(mn) + cm cos(mn)] . (3.34)

When determiningPF (n, s1, . . . , s10, c1, . . . , c10), it is important to choose a spectral range which is
larger than the retrieval range to avoid border effects impacting the retrieval (see figure 3.5 panel b)).
The choice of the order of the Fourier expansion depends on the retrieval range and is based on a trade-
off between accurate representation of the sinusoidal pattern and smoothing over high frequency noise,
but is somewhat arbitrary set to 10 in our case. The etalon correction is illustrated in panel b) of figure
3.5. The mean sinusoidal patternPF (n, s1, . . . , s10, c1, . . . , c10) is then added to the TOAI0 polynomial
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P (n, p0, . . . , pM ) in the spectral range considered for correction. Subsequently, the spectral retrieval can
be performed for all spectra with etalon-corrected baseline as shown for an example in panel c) of figure
3.5.

Instrumental line shape

The instrumental line shape of the LPMA FT-IR is modeled according to equation (3.28) and (3.29).
Commonly, the parameters of the modeled instrumental line shape are retrieved in various test runs
from spectra recorded during balloon float. Then they are kept fixed for the whole balloon flight. Float
spectra are used to determine the parameters, since the broadening of atmospheric absorption lines is
very small at low pressure and the absorption lines are well separated. The instrumental line shape
parameters are determined separately for the four spectralregions covered by the two detectors (see table
3.2). The retrieval of ClONO2 is performed close to the longwave border of the spectral region which
is covered by the HgCdTe detector at about 780 cm−1 where the attenuating effect of the optical filter
is clearly observable. Therefore, the instrumental line shape is determined separately for the ClONO2

microwindow. During some of the more recent measurement campaigns, the instrumental line shape is
tested before the actual balloon flight by on ground measurements of absorption due to OCS which has
been filled into a gas cell. If the instrumental line shape is found to be distorted, optical components can
be readjusted.
The instrumental line shape can change during a balloon flight because of changes in the optical setup
that can be induced by mechanical deformations due to changing ambient pressure and temperature13. In
principle, it is possible to determine the instrumental line shape separately for each spectrum. In practice,
however, the retrieval of the parameters is difficult if absorption lines overlap and their optical densities
are large. Various test runs show that it is most appropriateto determine the instrumental line shape
from spectra with little absorption and to keep it fixed for the whole balloon flight. A possible change
of the instrumental line shape with wavenumber within the different ranges covered by the detectors is
neglected.
It has to be pointed out that the determination of instrumental line shape is crucial for the retrieval
since the parameters can correlate with the scaling factorsof the SCDs and errors impact all retrieved
parameters. Accordingly, much effort is put on the determination of the corresponding parameters which
is difficult if the instrumental line shape is heavily distorted form a pure sinc function.

Multifit retrieval

Some absorbers show absorption features in several microwindows. When retrieving all microwindows
separately, Dufour (2005) found that the retrieved scalingfactors of a single species show significant
differences depending on the underlying spectral ranges. The discrepancies are attributed to deficiencies
of the modeled instrument function. If a species exhibits weak absorption within the wing of a strong
absorption line of a different species small errors in the representation of the line wings can cause large
errors of the secondary absorbing species, i. e. the scalingfactor of the secondary absorber correlates with

13Due to the relatively simple optical and compact mechanicalsetup of the DOAS instrument, it is possible to shield the
DOAS instrument from mechanical deformations by keeping itvacuum sealed and temperature stabilized. The LPMA instru-
ment is vacuum sealed but not isolated from atmospheric temperature changes.
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Figure 3.6:Panel a): Measured (black) and modeled (red) spectrum in the1820 cm−1 range where the O3 ab-
sorption lines are relatively weak. The spectrum is recorded at Kiruna on Feb. 10, 1999, at a tangent height of
about 16 km. Panel b): Measured (black) and modeled (red) spectrum in the standard O3 retrieval range around
3040 cm−1 where the O3 absorption lines become optically thick in solar occultation. The spectrum shown is the
same as in panel a). Panel c): O3 SCDs as a function of time retrieved from DOAS measurements (black boxes),
from LPMA measurements in the 3040 cm−1 range (red triangles) and from LPMA measurements simultaneously
in the 1820 cm−1 and 3040 cm−1 range (blue triangles). The arrow indicates the spectrum shown in panels a) and
b). For better visibility only every fifth DOAS measurement is shown.

the parameters of the instrument function. This shortcoming can be overcome by performing the spectral
retrieval simultaneously in all microwindows which is referred to as multifit (Dufour, 2005). Correla-
tions between the retrieval parameters are minimized sincespecies which are secondary absorbers in a
microwindow show strong absorption in another microwindow. Hence, the secondary absorption can be
fitted well only if the strong absorption and the instrument functions in the different spectral ranges are
represented appropriately.
A further advantage of the multifit comes into play for solar occultation measurements where the light
path through the atmosphere is long and some of the absorption lines used for the spectral retrieval be-
come optically thick (τ >> 1 at the line center), i. e. a change in the number of absorbing molecules
along the line-of-sight results in almost no change of the optical density at the center of the line. The
relative importance of the line wings increases and the sensitivity of the retrieval of slant column abun-
dances of the respective absorber decreases. Since the multifit allows to fit several microwindows simul-
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taneously, the sensitivity of the retrieval can be increased by including a microwindow with optically
less thick absorption lines of the considered species. Figure 3.6 shows the effect for the example of an
ozone retrieval. The comparison with the independent DOAS measurements shows that the inclusion
of a microwindow with weak ozone absorption improves the agreement between the two measurements
significantly.

3.3 Retrieval of vertical trace gas profiles

The previous section discussed the retrieval of slant column densities from the measured spectra. SCDs
however depend on the observation geometry of the measurement and hence cannot be compared to
measurements conducted by satellite or ground based instruments. A more general representation of the
measured data are trace gas concentration profiles, i. e. trace gas concentration as a function of altitude.
In analogy to equation (3.7) a model can be setup which links the measurementsy and the retrieval
parametersx

y = F(x,b) + ǫ. (3.35)

In contrast to section 3.2, the measurement vectory represents an ensemble of SCDs and the retrieval
vectorx is the concentration of the considered trace gas on the chosen altitude levels. The measurement
ensemble comprises all SCDs measured during balloon ascentor during solar occultation. Accordingly,
its dimension is the number of considered SCDsdim(y) = m. The number of retrieval parameters is
equivalent to the number of altitude levelsdim(x) = n. The model functionF models the observation
geometry, i. e. it describes the path of the light through theatmosphere for each spectrum. The auxiliary
parametersb are parameters which are not retrieved but necessary to model the light path. In our caseb
is given by pressure and temperature profiles which allow forthe calculation of the refractive index, time
and location of the measurements and the location of the Sun.For direct Sun observations the light path
does not depend on the trace gas profile to be retrieved but is given by purely geometrical considerations.
Equation (3.35) can be written in linear form

y = K(b)x + ǫ. (3.36)

The weighting function matrixK(b) is anm × n matrix. Its coefficientKij is the ratio of the slant
light path through altitude layerj to the height of the altitude layer for the observation geometry of
spectrumi. K(b) is often called the air mass factor matrix and its coefficients Kij the box air mass
factors.
The light path from the Sun to the balloon is calculated by theray-tracing software DAMF (Schulte,
1996) which takes into account the spherical geometry of theatmosphere and pressure and temperature
dependent refraction14. The atmosphere is divided inn spherical layersj with constant pressure,
temperature and trace gas concentration where the layeringcan be chosen arbitrarily within reasonable
limits. The size of the solar disk can be taken into account bycalculating the weighting function matrix

14The calculation of the light-path through the atmosphere isalso performed by the LPMA spectral retrieval software (section
3.2.3). DAMF is a different software package developed at the Institut für Umweltphysik of the University of Heidelberg. The
two programs are designed to accept the output either of the LPMA or of the DOAS spectral retrievals as input. Since DAMF
was developed as a stand-alone software it was found easier to adopt it to the formats of both retrievals. The lines-of-sight
calculated by both programs agree very well as has been tested when generating absolutely calibrated TOA solar irradiance
spectra (Gurlit et al., 2005; Lindner, 2005).
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for eight rays starting from different positions on the solar disk. The rays represent equal areas of
the Sun and the effective weighting function matrix is obtained by averaging over the eight individual
matrices.

In principle equations (3.35) and (3.36) pose the same problem as in section 3.2. Given the mea-
surementsy and the model functionF which relies on the auxiliary parametersb, the state vector
x has to be found. Typically, the number of measurements is larger than the number of retrieval
parameters which implies that either some measurements arenot independent or that the measurements
are inconsistent and no exact solution exists. If the measurements were linearly related, the set of
linear equations (3.36) could be reduced to ann × n problem and simple matrix inversion would give
xr = K−1

r yr wherer indicates the reduced linearly independent set. In the presence of measurement
error, however, the common case is inconsistency of the measurements. Rodgers (2000) lists a variety
of methods how to retrieve the trace gas concentration profile when the measurements are inconsistent
due to measurement error, i. a. the least-squares fitting methods employed in section 3.2. Sections 3.3.1
and 3.3.2 discuss two alternate methods, truncated Singular Vector Decomposition and theMaximum a
posteriori approach.

Averaging kernels

Before discussing the actual retrieval algorithms the concept of averaging kernels is introduced (Rodgers,
2000). In general, the trace gas concentration profile is retrieved by operating with an inverse methodR

on the measurements
x̂ = R(y,xa), (3.37)

wherex̂ is the retrieved trace gas profile which is explicitly distinguished from the true trace gas profile
x. The vectorxa represents anya priori estimate ofx that is used by the retrieval method. The inverse
method can be expanded to first order abouty = F(xa) = Kxa

x̂ = R(Kxa,xa) +
∂R

∂y
(y − Kxa) = R(Kxa,xa) + GyK(x − xa) + Gyǫ, (3.38)

whereGy = ∂R
∂y

is the contribution function matrix which characterizes the sensitivity of the retrieval
method to the measurement and the measurement error. The term R(Kxa,xa) evidently is equal to the
a priori xa since it represents the inverse of the measurements corresponding to thea priori profile. The
averaging kernel matrixA is defined as the sensitivity of the retrieval to the true state

A =
∂x̂

∂x
= Gy K. (3.39)

Accordingly, the relation between the true and retrieved state, equation (3.38), reads

x̂ = xa + A(x− xa) + Gy ǫ. (3.40)

A single row of the averaging kernel matrix is called the averaging kernel of the corresponding retrieval
altitude. The averaging kernels can be used as diagnostics of the quality of the profile retrieval since they
quantify the contributions of all altitude levels of the true trace gas profile to the retrieved trace gas con-
centration of the considered altitude levels. Evidently, in a perfect retrieval the averaging kernel matrix
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is the unit matrix since the retrieved profile is equivalent to the true profile. In a realistic retrieval, an
averaging kernel is a peaked function the widths of which is ameasure of altitude resolution. Commonly,
the FWHM of an averaging kernel is considered as the altituderesolution of the retrieval at the respective
altitude level. It is important to distinguish between altitude resolution and the spacing of the retrieval
grid, since altitude resolution can be worse than the sampling step for a fine retrieval grid. Further for a
reasonable retrieval, the sum of the elements of the averaging kernel should be close to unity and can be
regarded as a measure of the fractional contribution of the measurement and thea priori to the retrieved
profile point.

Error treatment

As pointed out in section 3.2, the errors attributable to theretrieved parameters originate from retrieval
noise due to measurement error, errors of the auxiliary parameters, errors of the model function and
correlations between the retrieved parameters. Since we are concerned with the retrieval of trace gas pro-
files, the latter is intuitively called smoothing error. Forour purposes, only retrieval noise and smoothing
error are important. They can be illustrated by looking at the difference between the retrieved statex̂ and
the true statex according to equation (3.40),

x̂ − x = (A − 1) (x − xa) + Gyǫ. (3.41)

The first term on the right side represents the smoothing error. In analogy to equation (3.18), it can be
quantified by the smoothing error covariance matrixSs = (A − 1) Sa (A − 1)T . Sa is thea priori
covariance matrix which, in our case, is chosen diagonal such that the elements are the variances of thea
priori trace gas concentrations. The second term in equation (3.41) is due to measurement error and can
be represented by the retrieval noise covarianceSm = Gy Sǫ Gy

T , whereSǫ is the measurement error
covariance. Assuming that the measurements are independent, Sǫ is a diagonal matrix with the squares
of the SCD errors as elements. The total covariance of the retrieved profileŜ is the sum ofSs andSm.
The explicit representation of the covariance matrices is discussed together with the retrieval algorithms.
Auxiliary parameter and model error are neglected, since both of them are considered small or hardly
quantifiable. The auxiliary parameters which represent theposition and time of the balloon borne mea-
surements and the relative position of the Sun are known veryaccurately from GPS instrumentation and
tabulated ephemerides, respectively (see section 3.2.3).Pressure and temperature data for the calculation
of the refractive index are taken from measurements by sensors aboard the LPMA/DOAS gondola (accu-
racy of±0.5 mbar and±0.2 K) and from model data for high altitudes. Errors of the lines-of-sight due to
the errors of the temperature and pressure data are negligible. A systematic shortcoming is the assump-
tion that the intensity maximum of the Sun always coincides with the center of the solar disk which is not
true for solar occultation measurements (see sections 3.2.2 and 3.2.4). Further, a possible contribution
of scattered light is not considered by the model function. Both shortcomings might be sources of errors
in deep solar occultation and result in an altitude offset ofthe retrieved trace gas profile which, however,
is directed in opposite direction for both effects. A correction of these deficiencies must be subject of
a future update of the retrieval software. It has to be emphasized that the model function for the direct
Sun measurements presented here does not rely on atmospheric parameters except for temperature and
pressure but results from purely geometrical considerations.
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3.3.1 Truncated Singular Vector Decomposition

According to the theory of Singular Vector Decomposition (SVD) (Press et al., 1988; Rodgers, 2000), an
arbitrary non square matrixK (m × n) can be written as the product of an orthogonal15 m × n matrix
U, an diagonaln× n matrixΛ and an orthogonaln× n matrixVT ,

K = UΛVT . (3.42)

The matricesU andVT are constructed from the singular vectors ofK while Λ is the diagonal matrix
of the corresponding singular valuesλi. Since(VΛ−1UT ) (UΛVT ) = 1, K∗ = VΛ−1UT can be
considered as the pseudo-inverse ofK and equation (3.36) can be solved by the retrieval

x̂ = K∗

t y = VtΛt
−1Ut

T y. (3.43)

The subscriptt indicates truncation, i. e. only the largest singular values and corresponding singular
vectors are retained. The inverses of singular values whichare equal to zero or smaller than a threshold
are discarded. Commonly, the threshold is chosen in terms ofa maximum condition number which is the
ratio of the largest to the smallest non-zero singular value. Rewriting equation (3.43),

x̂ = VtΛt
−1Ut

T (Kx + ǫ) = Vt Vt
T x + VtΛt

−1Ut
T

ǫ, (3.44)

illustrates that small singular values produce large contributions to the retrieved state from measurement
error and render the retrieved profile unrealistic. Hence, as a rule-of-thumb for truncation, the inverse
of those singular values should be set to zero which contribute more to the error than to the actual
profile (Rodgers, 2000). As can be shown (Press et al., 1988),truncated singular vector decomposition
always yields the best solution of the problem in a least squares sense16. It is interesting to note that the
averaging kernel matrix of the truncated SVD retrieval is given byA = VtVt

T , which is not the unit
matrix after truncation. In other words, truncation is a trade-off between dropping contributions from
measurement error and adjusting the altitude resolution ofthe retrieval to the resolution of the actual
observation.

The error associated with the retrieved profile comes from smoothing and measurement error
since model error and model parameter error are explicitly neglected. In our software the smoothing
error of the truncated SVD retrieval is not considered sincesmoothing error can be minimized by
choosing the truncation and the altitude levels of the retrieval in a way thatA ≃ 1. Hence, according to
equation (3.41) and (3.44), the error covariance of the retrieved profile is equal to the contribution from
retrieval noise, which is given by

Ŝ = Sm = (VtΛt
−1Ut

T )Sǫ (VtΛt
−1Ut

T )T . (3.45)

Equation (3.45) corresponds to Gaussian error propagationof the SCD errors into the retrieved profile.
The actual error bars attributed to the retrieved profile arethe square roots of the variances ofŜ, i. e.
√

Ŝkk.

15If W is orthogonal, thenWT
W = 1.

16In section 3.2.1 the DOAS retrieval has been described as a combination of a linear and a non-linear least squares fitting
method. The algorithm actually implemented to find the linear solutions is a singular value decomposition method.
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Truncated SVD is predominantly used for comparison with thestandard retrieval, theMaximum a
posteriori algorithm. Since truncated SVD does not use an explicita priori profile it can be used to
check the influence of potentiala priori information used by other techniques. The somewhat arbitrary
choice of the truncation threshold, however, has to be considered as kind ofa priori information
impacting also the truncated SVD retrieval. In addition, the lack of a priori information can induce
unrealistic oscillations of the retrieved trace gas profilein altitudes where only a few measurements
contribute and wherea priori knowledge would help to keep the retrieved profile realistic.

3.3.2 Maximum a posteriori solution

TheMaximum a posteriori solution (MAP) to equation (3.35) is based on the Bayesian approach which
relies on the probability density functions of the involvedquantitiesy, x andxa. Assuming that all the
probability density functions are Gaussian, the expectation valuex̂ of the retrieved profile is given by

x̂ = (KT Sǫ
−1 K + Sa

−1)−1(KT Sǫ
−1 y + Sa

−1 xa). (3.46)

The associated covariancêS reads

Ŝ = (KT Sǫ
−1 K + Sa

−1)−1 (3.47)

and the averaging kernel matrixA is given by

A = ŜKT Sǫ
−1 K. (3.48)

A detailed derivation of equations (3.46) through (3.48) can be found in Rodgers (1976, 2000).
The MAP solution according to equation (3.46) represents a weighted average between the measured
SCDs and thea priori knowledge of the trace gas profile. The weight of the measurements is charac-
terized by the observation geometryK and the measurement error covarianceSǫ while the weight of
the a priori information is determined by its covarianceSa. If the latter is large, thea priori will have
only little impact on the retrieved profile. As pointed out above, in our retrievalSa is assumed diagonal.
The absolute value of the variances ofSa can be taken from climatologies of the trace gas profile under
investigation. Often truly statistical climatologies which are not impacted by systematic effects, e. g.
uncorrected temporal or latitudinal dependences, are not available. Therefore, in our retrievals, the
elements ofSa are chosen to be large such that the retrieved profile is unaffected by thea priori in
the core altitude range between the lowest tangent heights covered and balloon float altitude. At the
boundaries of this range where only very few measurements contribute or where the weighting functions
are unfavorable for retrieving profile information, thea priori has significant impact on the retrieved
profile. Thea priori profilexa itself is either taken from climatologies or from output of a3-D chemical
transport model (Chipperfield, 1999).

The error of the retrieved profile, equation (3.47), comprises the smoothing error and the mea-
surement error. As for the retrieved profile itself, the total covarianceŜ tends toward thea priori
covariance where the weighting functions are unfavorable for profile retrieval or where only few
measurements contribute. The error bars attributed to the retrieved profile are given by the square roots
of the diagonal elements of̂S.
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3.3.3 Comparison of different instruments

When comparing trace gas profiles retrieved by different instruments and retrieval algorithms, care has to
be taken to compare the same quantities. Since every retrieval is characterized by its own averaging ker-
nel matrix which in turn depends on the weighting functions and the involved measurement anda priori
covariances, trace gas profiles inferred from different instruments will differ in the degree of smoothing
and the attributed error bars. The differing degree of smoothing can be accounted for by degrading the
altitude resolution of the high-resolution measurement tothe lower resolution of the comparison data set
(Connor et al., 1994; Rodgers and Connor, 2003; Hendrick et al., 2004). Assuming that̂xh is the high-
resolution retrieval performed on the same low-resolutionaltitude grid as the low-resolution retrievalx̂l,
the latter can be considered as a smoothed state of the formerif the high-resolution retrieval exhibits an
averaging kernel matrix which is approximately equal to theunit matrix. In analogy to equation (3.40) a
smoothed statêxs,h of the high-resolution retrieval is given by

x̂s,h = xa + Al (x̂h − xa), (3.49)

whereAl is the averaging kernel matrix of the low-resolution retrieval andxa is thea priori simultane-
ously used for both retrievals. The smoothed statex̂s,h is the trace gas profile which the low-resolution
retrieval should give if the high-resolution retrieval wasthe true state and the only source of error was
smoothing error. Whenever smoothed profiles are shown in this study they are generated according to
equation (3.49).

The degree of smoothing can be quantified by a covariance matrix SR which gives an estimate
of the error due to comparing retrievals from different instruments,

SR = (Ah − Al)Sa (Ah − Al)
T , (3.50)

whereAh is the averaging kernel matrix of the high-resolution retrieval on the low-resolution altitude
grid (Rodgers, 2000). Further on, the square roots of the variances ofSR will be called altitude resolution
error.

3.3.4 Langley’s method

The DOAS spectral retrieval (section 3.2.1) uses a pseudo-TOA solar I0 spectrum which is recorded
by the DOAS spectrograph at high altitude and relatively high Sun, typically during the beginning of
balloon float. This pseudo-TOA spectrum contains residual absorption by trace gases in the overhead air
mass. Accordingly, the absolute SCDsy can be written as the sum of SCDsy′ retrieved with respect to
the pseudo-TOA spectrum and the residual absorber SCD of thepseudo-TOA spectrumy0,

y = y′ + y0. (3.51)

Before profile retrieval can be performed the SCDsy′ given by the spectral retrieval have to be converted
to absolute SCDsy. The so-called Fraunhofer offsety0 can be obtained by extrapolation to zero air
mass according to Langley’s method (Langley, 1904).
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Figure 3.7:Langley plot for O3 (left panel) and NO2 (right panel) measurements conducted during balloon float
at Aire sur l’Adour in October 2003. The data points are shownas black boxes. The red line represents a straight
line fit to all data points for which SZA<86◦. The Fraunhofer offsety0 is inferred from the straight line fit where
the stated errors correspond to the statistical errors of the fit. The horizontal black line indicates SZA=86◦. For
large air masses the impact of photochemistry on the NO2 Langley plot is clearly visible as curvature.

In the following we consider only spectra recorded during balloon float. Since the weighting
functions are zero below balloon float altitude, the lowest considered altitude layerj = 1 corresponds to
balloon altitude. The air massyair for such an ensemble of spectra is given by

yair = Kxair, (3.52)

wherexair is the concentration of air in the considered altitude layers which is known from the meteo-
rological support data set. The SCDs obtained from the spectral retrieval are given by

y′ = Kx − y0 (3.53)

Equations (3.52) and (3.53) can be written omitting matrix notation

yi,air =

n
∑

j=1

Kij xair,j (3.54)

and

y′i =

n
∑

j=1

Kij xj − y0. (3.55)
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Assuming that the weighting functions are independent of altitude for all considered layers, equations
(3.54) and (3.55) can be simplified

yi,air = Kij

n
∑

j=1

xair,j , y′i = Kij

n
∑

j=1

xj − y0 (3.56)

and the absorber SCD can be written as a function of the overhead air mass

y′i =

∑n
j=1 xj

∑n
j=1 xair,j

yi,air − y0. (3.57)

Under the assumption that the absorber as well as the air concentration do not change for all considered
spectra e. g. due to photochemistry or horizontal inhomogeneities, equation (3.57) can be used to infer
y0 by plotting the retrieved SCDsy′i against the corresponding air massesyair,i. A straight line fit yields
the Fraunhofer offsety0 at zero air mass. Figure 3.7 illustrates the Langley plot forO3 and NO2 for
DOAS measurements during balloon float at Aire sur l’Adour inOctober 2003.

The assumptions in the derivation of equation (3.57) are possible sources of systematic errors.
Lindner (2005) showed that for our balloon borne observations at about 30 km altitude the approxima-
tion of altitude independent weighting function is applicable for SZA<86◦ on a 10% error level. The
assumption of constant absorber concentration is criticalfor absorbers which are photochemically active
and show large variations during sunset and sunrise. The impact of photochemistry can be seen from
a curvature of the Langley plot. Since NO2, one of our target species, is photochemically active, we
estimate the error due to photochemical change by performing several Langley plots where the range of
SZAs contributing to the straight line fit is varied.



Chapter 4

LPMA/DOAS inter-comparison of O3 and
NO2 abundances

The instrumental setup of the LPMA/DOAS experiment allows for measuring solar absorption spectra
simultaneously over virtually the entire spectral range from the UV to the mid-IR. The instrumentation
and retrieval algorithms are inherently different but the lines-of-sight are the same for the LPMA and
the DOAS spectrometers. Thus, the setup provides a stringent test scenario for instrumentation, retrieval
techniques, spectroscopic and ambient parameters by comparing simultaneously retrieved parameters.
Here, the abundances of O3 and NO2 are chosen as basis for the comparison. An overview of the
spectral retrievals in the various wavelength ranges is given and the inferred slant column densities of
O3 and NO2 are compared and discussed with respect to precision and accuracy of the instruments.
Finally, the corresponding vertical profiles are analyzed regarding altitude resolution and implications
for comparison studies with other instruments.

4.1 Spectral retrieval and comparison of slant column densities of O3 and
NO2

The algorithms for the spectral retrieval of SCDs from absorption spectra measured by the DOAS and
the LPMA instruments are described in sections 3.2.1 and 3.2.3. Here, details of the retrieval of O3 and
NO2 are given. Subsequently, the corresponding SCDs inferred from DOAS and LPMA measurements
are compared.

4.1.1 DOAS retrieval

The spectral retrieval of O3 and NO2 from DOAS spectra follows the recommendations given by Bösch
(2002). The standard retrieval ranges are covered by the DOAS spectrograph which is sensitive to
the visible wavelength range. In principle O3 and NO2 absorb also in the wavelength range of the
DOAS spectrograph which is sensitive to the UV. However, thespectral retrieval of O3 in the UV is
cumbersome due to the strong temperature dependence of the O3 absorption cross section in the Huggins

95
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Table 4.1: Characteristics of the DOAS retrieval of O3 and NO2.

Species: O3 NO2

Instrument: vis vis

Wavelength range: 545 nm to 615 nm 435 nm to 485 nm

Cross section: Anderson and Mauersberger (1992) Harder et al. (1997)

Interfering species: NO2 at T = 223 K (Voigt et al., 2002) O3 at T = 223 K (Voigt et al., 2001)

NO2 at T = 246 K (Voigt et al., 2002) O3 at T = 246 K (Voigt et al., 2001)

O4 (Hermans et al., 1999) O4 (Hermans et al., 1999)

H2O (Rothman et al., 2003) (H2O (Rothman et al., 2003))

Broadband polynomial: 3rd order 4th order

Straylight correction: 1st order 1st order

Temperature correction: no Interpolation based on

T = 217 K, T = 230 K,

T = 238 K, T = 294 K

bands which results in a spectral shift of the absorption features with changing temperature. For NO2,
test retrievals are performed in the 362 nm to 390 nm wavelength range exploiting the same absorption
band as in the visible range. Typically, the precision of theretrieved SCDs is inferior compared to the
precision of those inferred from the visible wavelength range. Since no additional information is gained
on the accuracy of the spectroscopic parameters and retrieval algorithms and due to the considerable
effort for data analysis, only O3 and NO2 SCDs inferred from the visible spectral range are presented.
A summary of the involved parameters is presented in table 4.1.

The O3 spectral retrieval is performed in the Chappuis band (545 nmto 615 nm). The absorption
cross section is taken from the measurements of Anderson andMauersberger (1992) which are per-
formed with a spectral resolution comparable to that of the DOAS spectrograph. Interfering absorption
from NO2 is handled by simultaneously fitting two absorption cross sections corresponding to T = 223 K
and T = 246 K which were measured in the laboratory and subsequently scaled and wavelength aligned
with respect to convolved cross sections from Voigt et al. (2002). The two NO2 cross sections are
orthogonalized with respect to each other. Absorption of the oxygen dimer O4 is considered through the
reference set of Hermans et al. (1999). Line parameters of H2O are taken from Rothman et al. (2003) at
T = 230 K and p = 200 mbar and are convolved by the DOAS instrument function. A 3rd and a 1st order
polynomial account for the broadband extinction processesand instrumental straylight, respectively.
The relative wavelength alignment between the absorption cross sections and the pseudo-TOA spectrum
is found in various test runs which allow for a 1st order stretch of the wavelength pixel mapping. In the
final evaluation a first order stretch of the measured spectrum is allowed, only. An example of an O3
evaluation is shown in figure 4.1.
The errors attributed to the retrieved O3 SCDs are represented by the statistical 1-σ errors given by
the fitting routine multiplied by 3 in order to account for systematic residual features according to
Stutz and Platt (1996). The impact of the non-linear shift and stretch parameters on the inferred SCDs
is estimated to 0.3%. A systematic contribution comes from the accuracy of the absorption cross
section which is stated to 1% (Anderson and Mauersberger, 1992). Errors caused by convolution with
the DOAS instrument functions do not apply since no convolution is performed. The impact of the
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Figure 4.1:O3 (left panel) and NO2 (right panel) evaluation in the visible spectral range for aspectrum measured
at Kiruna on Aug. 21, 2001, during solar occultation at 19:42:10 UT (SZA = 94.3◦). The upper panels show the
pseudo-TOA spectrum (black line) and the measured spectrum(red line). In the panels below, the retrieved trace
gas absorptions of O3, NO2 (T = 223 K), O4, and H2O (left panel) and NO2 (T = 230 K), O3 (T = 223 K) and O4
(right panel) are shown. The lowest panels illustrate the remaining residuals of the fitting procedure. The red lines
indicate the spectral absorption and the black lines the sumof the spectral absorption and the residual.

temperature dependence of the O3 absorption cross section on the retrieved SCDs is found smaller than
1%. Correlations between the retrieval parameters and the O3 SCDs are small as long as the order of the
broadband extinction polynomial is chosen smaller than 4 (Bösch, 2002). A further error contribution
originates from the error of the Fraunhofer offset which is listed in table 8.1 of the appendix for all flights
analyzed within this work and which is added to the SCD error through Gaussian error propagation.

The NO2 SCDs are retrieved from absorption in the 435 nm to 485 nm spectral range. The NO2
absorption cross section was measured in the laboratory fortemperatures ranging between 200 K and
280 K (Dorf, 2005). Subsequently, the lab-measured absorption cross sections are scaled and wavelength
aligned to the data of Harder et al. (1997) given for T = 217 K, T= 230 K, T = 238 K and T = 294 K which
area priori convolved by the respective instrument function. The temperature correction is performed
as described in section 3.2.2 by interpolation to the effective NO2 concentration weighted temperature
based on four sets of SCDs corresponding to the four temperatures of the absorption cross sections. All
NO2 absorption cross sections are corrected for the solarI0 effect. The relative wavelength alignment
of the absorption cross sections and the pseudo-TOA spectrum is determined the same as for the O3
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retrieval.
In the 435 nm to 485 nm range interfering absorption comes from O3. This is accounted for by
simultaneously fitting two O3 absorption cross sections recorded in the laboratory and aligned to the
convolved reference set of Voigt et al. (2001) at T = 223 K and T= 246 K. The two O3 absorption cross
sections are orthogonalized with respect to each other. Thecollisional pair absorption cross section
of O4 is taken from Hermans et al. (1999). For the balloon flight at Teresina in June 2005 an H2O
absorption cross section constructed from line parametersof Rothman et al. (2003) at T = 230 K and
p = 200 mbar is included in the fitting procedure. Due to the high tropopause at 16.5 km a significant
amount of the recorded spectra probed tropospheric air masses and water absorption is detectable.
Broadband extinction and instrumental straylight is considered via a 4th and a 1st order polynomial. A
correction term for the center-to-limb darkening effect isneglected since the retrieval range omits the
prominent CLD structures at 434 nm and 486 nm.
The errors given by the fitting routine are multiplied by 2 accounting for systematic structures of the
residuals (Stutz and Platt, 1996). The impact of the error ofthe non-linear shift and stretch parameters
on the retrieved NO2 SCDs is smaller than 0.2%. The accuracy of the absorption cross section is
4% (Harder et al., 1997). Additionally, 1% error due to convolution with the instrument functions
is estimated from sensitivity studies. The error coming from unaccounted features of the tempera-
ture dependence of the NO2 absorption cross section is estimated to 2%. The error of theFraunhofer
offset is tabulated in table 8.2. All error contributions are added according to Gaussian error propagation.

The Fraunhofer offset can be determined by Langley’s methodas desribed in section 3.3.4. However,
for many balloon flights the flight trajectory does not provide ideal conditions to perform a Langley
plot, since balloon float is reached late when SZAs are large and the assumptions made in the derivation
of equation (3.57) are not fulfilled. Fortunately, the DOAS instrument has proven to be stable with
respect to its instrument function over several years. Hence, DOAS evaluations can be performed with
respect to a pseudo-TOA spectra recorded during a previous or a later balloon flight which satisfies the
requirements for a Langley plot. Here, Langley plots are performed for the balloon flights from Gap
in June 1997, from Aire sur l’Adour in October 2003 and from Teresina in June 2005. It is necessary
to use three different flights, since repairs and readjustments of the optical setup in 2002 and 2004
caused changes of the instrument function. The remaining 10balloon flights are analyzed twice, once
with respect to the pseudo-TOA spectrum of the considered balloon flight and once with respect to a
pseudo-TOA spectrum of one of the three flights mentioned above for which a Langley plot can be
performed. The difference between the two runs together with the offset derived from Langley’s method
yields the total Fraunhofer offset.
The error of the retrieved Fraunhofer offset consists of thestatistical error of the Langley plot and, if
applicable, the statistical error coming from the two analyses with different pseudo-TOA spectra. The
systematic error contribution is estimated by performing Langley plots over several ranges of SZAs.
Additionally, the error of the air mass is conservatively estimated to 5% (Lindner, 2005) since its
determination relies on meteorological model data above balloon float altitude. Figure (3.7) illustrates
the Langley plot performed for the flight from Aire sur l’Adour in October 2003 and tables 8.1 and 8.2
in the appendix provide the Fraunhofer offsets and associated errors of all balloon flights discussed here.
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Figure 4.2: Instrumental line shape of the 1750 cm−1 to 2000 cm−1 (left panel) and 2750 cm−1 to 3150 cm−1

(right panel) spectral ranges which are covered by the HgCdTe and InSb detectors, respectively.

4.1.2 LPMA retrieval

The LPMA O3 retrieval is performed simultaneously in two target micro-windows, 1818.10 cm−1 to
1820.97 cm−1 and 3040.04 cm−1 to 3040.84 cm−1. For some flights the former window is not available
due to the use of filters which are not covering the corresponding spectral region. As pointed out in
section 3.2.4, the use of two retrieval windows for the O3 retrieval improves the sensitivity to the slant
column in solar occultation where some of the O3 absorption lines in the window at around 3040 cm−1

get optically thick. Interfering absorption in the retrieval window around 1820 cm−1 comes from NO,
CO2 and H2O and from solar Fraunhofer lines. In the 3040 cm−1 window weak absorption can be
attributed to CH4 and H2O. Additional information on O3 SCDs comes from secondary absorption
in the micro-windows dedicated to NO2 (2914.36 cm−1 to 2915.16 cm−1) and CO2 (1933.89 cm−1 to
1940.00 cm−1). All line parameters are taken from HITRAN 2004 (Rothman etal., 2005). The TOA
spectrum is represented by a 1st order polynomial in both spectral ranges of the O3 retrieval. The
inferred instrument functions, shown in figure 4.2, are slightly asymmetric for both spectral ranges but
stable for each considered balloon flight.
The statistical errors given by the fitting routine are complemented by the errors of the line parameters
given by the HITRAN 2004 (Rothman et al., 2005) database, which is 5% in the case of O3. Further
errors arising from uncertainties of pressure and temperature and their impact on the line parameters
are estimated from sensitivity runs as described in section3.2.3. The error going along with the
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Figure 4.3:Example of the O3 SCD retrieval from LPMA spectra in the 1818.10cm−1 to 1820.97cm−1 (left
panel) and 3040.04cm−1 to 3040.84cm−1 (right panel) spectral range. The spectrum is recorded at 19:42:08
UT (SZA = 94.3◦) above Kiruna on August 21, 2001. Black and red lines represent the measured and the fitted
spectrum, respectively. The lower panels show the residuals. The approximate positions of the O3 absorption lines
and interfering species are indicated by their chemical symbols. In the window around 1820 cm−1 solar Fraunhofer
lines, indicated by ‘Sun’, have to be considered in the spectral retrieval.

determination of the instrumental line shape is hard to quantify and depends on the optical alignment
and stability during the balloon flight. In total 10% systematic contribution is added to the fitting error
by Gaussian error propagation.
An example O3 evaluation is shown in figure 4.3 for the balloon flight from Kiruna in August 2001.
The spectrum shown is recorded at about 38 km altitude at SZA =94.3◦ which corresponds to a tangent
height of about 20 km and a distance from the balloon to the tangent point of about 500 km. Both
microwindows used for the O3 SCD retrieval are shown. The transmission at the centers of the O3

absorption lines in the 3040 cm−1 window tends to zero, whereas in the 1820 cm−1 window O3

absorption is weaker.

The target window for the NO2 SCD retrieval ranges from 2914.36 cm−1 to 2915.16 cm−1. The
range centered at 1620 cm−1, which is often used for IR retrievals of NO2, is cut by spectral filters.
Interfering absorption comes from H2O, O3 and CH4. The latter is very prominent in the considered
spectral range. Additional weak absorption of NO2 can be detected in the HCl retrieval window
(2925.77 cm−1 to 2926.01 cm−1). All line parameters are taken from HITRAN 2004 (Rothman
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Figure 4.4:Example of the NO2 SCD retrieval from LPMA spectra in the 2914.36cm−1 to 2915.16cm−1 spectral
range. The spectrum is recorded at 19:42:08 UT (SZA = 94.3◦) above Kiruna on August 21, 2001. Black and
red lines represent the measured and the fitted spectrum, respectively. The lower panel shows the residual. The
approximate position of the NO2 absorption lines and interfering absorption by CH4 are indicated by their chemical
symbols.

et al., 2005). The TOA spectrum is represented by a 2nd order polynomial. The instrument function
corresponds to that of the O3 retrieval in the 3040 cm−1 range and is shown in the right panel of figure
4.2. A sample NO2 evaluation is shown in figure 4.4. Since the CH4 absorption lines are very prominent,
care has to be taken that the NO2 absorption lines are correctly represented within the linewings of CH4.
The multifit-retrieval has essentially solved this problem(Dufour, 2005) by constraining the retrieval of
CH4 with the help of several micro-windows. The errors attributed to the retrieved SCDs are given by
the fitting errors and as for O3 a 10% systematic contribution due to uncertainties of the line parameters
and of the instrumental line shape.

4.1.3 Comparison of slant column densities

All DOAS balloon flights conducted so far between 1996 and 2005 are reanalyzed with respect to
O3 and NO2 SCDs. Due to the considerable effort for data evaluation, only five LPMA flights are
reprocessed using the multifit-retrieval implemented by Dufour (2005). A further flight suitable for
the LPMA/DOAS comparison has been reprocessed by SébastienPayan and Gaëlle Dufour who
are gratefully acknowledged. In total six flights are presented where the corresponding geophysical
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Table 4.2: Compendium of joint LPMA/DOAS balloon flights chosen for reanalysis and comparison. BA, BD, SS
and SR indicate balloon ascent, balloon descent, sunset andsunrise, respectively. (The balloon flight from Kiruna
in March 2003 has been processed by Sébastien Payan and Gaëlle Dufour.)

Balloon flight, date, time/UT Location Geophysical condition Data sets

Nov 23, 1996, 14:56 - 16:54 Leon, 42.6o N, 5.7o mid-lat. fall, SZA: 74.0o - 92.7 BA,SS

Feb 14, 1997, 12.29 - 14:53 Kiruna, 67.9o N, 21.1o E high-lat. winter, SZA: 82.7o - 94.4o, BA,SS

Feb 10, 1999, 11:40 - 14:52 Kiruna, 67.9o N, 21.1o E high-lat. winter, SZA: 82.8o - 94.6o BA,SS

Jun 25, 1999, 04:32 - 07:46 Gap, 44.2o N, 4.6o E mid-lat. summer, SZA: 86.7o - 54.7o BD

Aug 21/22, 2001, Kiruna, 67.9o N, 21.1o E high-lat. summer, BA,SS,SR

16:04 - 02:30 SZA: 75.6o - 95.8o, 95.4o - 90.0o

Mar 23, 2003, 14:47 - 17:28 Kiruna, 67.9o N, 21.1o E high-lat. spring, SZA: 77.9o - 94.7o BA,SS

conditions range from high-latitude winter and summer to mid-latitude fall comprising measurements
inside as well as outside the northern polar vortex. Table 4.2 summarizes the selected balloon flights and
the respective geophysical conditions. Figure 4.5, 4.6, 4.8 and 4.9 show all O3 and NO2 SCDs retrieved
for the comparison study. Statistical analyses of the deviations between the SCDs inferred from DOAS
and LPMA measurements are shown in figures 4.7 and 4.10.

The O3 comparison is shown in detail in figures 4.5 and 4.6 where the SCDs inferred from DOAS and
LPMA measurements as well as the relative deviations and errors are plotted as a function of time.
The relative deviations between the two datasets are calculated by interpolating the DOAS data, which
are much more numerous, to the measurement instances of LPMA. The error bars associated with the
DOAS data are typically smaller than 3% and governed by the error of the Fraunhofer offset. LPMA
errors are dominated by the 10% systematic contribution from uncertainties of the intrumental line
shape and absorption line parameters. The general agreement of the two data sets is on the order of
10%, i. e. most of the data points lie within the combined error bars. However, in some cases the relative
deviations exceed the stated errors and are as large as 30%.
This is true for the balloon ascent and descent measurementsat Gap in 1999 (figure 4.6 a)) and at Kiruna
in 2001 (figure 4.6 b)) where the DOAS data are almost constantly offset with respect to the LPMA data.
The observed offset (about 0.2·1019 molecules cm−2) suggests a problem when inferring the Fraunhofer
offset of the DOAS SCDs. In both cases the DOAS Fraunhofer offset is determined by a fit with respect
to the TOA solar spectrum measured at Gap in 1997. The qualityof the fit is investigated in detail but no
systematic error can be identified, that could explain the observed discrepancy amounting to about 20%
of the actual Fraunhofer offset. An error of the Fraunhofer offset inferred by Langley’s method from the
measurements at Gap in 1997 is unlikely, since the same Fraunhofer offset is used for the observations at
Leon in 1996 (figure 4.5 a)) at Kiruna in 1997 (figure 4.5 c)) andat Kiruna in 1999 (figure 4.5 e)) where
the agreement is better.
Deviations up to 20% are observed for sunset measurements atLeon in 1996 (figure 4.5 b)) where the
DOAS SCDs are systematically higher than the LPMA data. The opposite is true for sunset at Kiruna
in 1997 (figure 4.5 d)) where LPMA is consistently higher thanDOAS. In both cases, the O3 retrieval
window at 1820 cm−1 is not available since the spectral region is not covered by the filters used for the
particular flights. Further, the LPMA instrument function for the flight from Leon is found strongly
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Figure 4.5:Slant column densities of O3 retrieved from LPMA (red triangles) and DOAS (black boxes) mea-
surements at Leon on November 23, 1996, during balloon ascent (panel a)) and sunset (panel b)), at Kiruna on
February 14, 1997, during balloon ascent (panel c)) and sunset (panel d)) and at Kiruna on February 10, 1999,
during ballon ascent (panel e)) and sunset (panel f)). Each panel consists of two sub-panels showing the measured
SCDs on the left and the corresponding relative errors and deviations (blue open diamonds), i.e. SCD(DOAS) /
SCD(LPMA) - 1, on the right. For clarity not all DOAS data points are shown.
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Figure 4.6:Slant column densities of O3 retrieved from LPMA (red triangles) and DOAS (black boxes) measure-
ments at Gap on June 25, 1999, during balloon descent (panel a)), at Kiruna on August 21 and 22, 2001 during
balloon ascent (panel b)), sunset (panel c)) and sunrise (panel d)) and at Kiruna on March 23, 2003, during balloon
ascent (panel e)) and sunset (panel f)). Each panel consistsof two sub-panels showing the measured SCDs on the
left and the corresponding relative errors and deviations (blue open diamonds), i.e. SCD(DOAS) / SCD(LPMA) -
1, on the right. For clarity not all DOAS data points are shown.
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Figure 4.7: Histograms of the relative deviations between O3 SCDs retrieved by DOAS and LPMA, i.e.
SCD(DOAS) / SCD(LPMA) - 1. The data points are grouped and counted for occurrence in bins of 5% relative
deviation. The left panel shows the statistical analysis for all 1132 datapoints (mean: 6.1%, standard deviation:
8.0%), in the right panel the measurements at Gap in 1999 and during balloon ascent at Kiruna in 2001 are sup-
pressed resulting in 753 datapoints (mean: 2.7%, standard deviation: 6.6%). The mean values are shown as gray
solid lines, gray dashed lines correspond to 1-σ and 2-σ.

asymmetric which makes a misrepresentation of the line wings likely.
The statistical analysis (figure 4.7) of all deviations between the retrieved O3 SCDs confirms that in
general DOAS data are higher than LPMA data. The mean deviation is 6.1% and the standard deviation
of the distribution is 8.0%. The measurements at Gap in 1999 and during balloon ascent at Kiruna
in 2001 show a systematic offset between the LPMA and DOAS data which is not observed for the
remaining comparisons. Therefore, another statistical analysis is performed where the corresponding
two datasets are suppressed. Then, the mean deviation is smaller, namely 2.7%, and the standard
deviation amounts to 6.6%. As the suppression of a subset of datapoints shows, the statistical analysis
is of limited value since the deviations are not independently scattered about the inferred mean values.
Rather, a grouping according to the individual balloon flights is observed. For the observations at Leon
(figures 4.5 a) and b)), at Kiruna in 1999 (figures 4.5 e) and f)), at Gap (figure 4.6 a)), and at Kiruna in
2001 (figures 4.6 b), c) and d)) DOAS SCDs are consistently larger than LPMA SCDs causing the overall
mean deviation of +6.1% (+2.7%). On the other hand, for Kiruna in 1997 (figures 4.5 c) and d)) and
for sunset at Kiruna in 2003 (figure 4.5 f)) LPMA tends to be higher than DOAS. Hence, the observed
mean deviation cannot be unambiguously attributed to parameters which are independent of the actual
balloon flight such as spectroscopic parameters. Rather, instrumental or retrieval related shortcomings
are responsible for the observed disagreement. Since the combined error bars of the DOAS and LPMA
O3 SCDs as well as the spread of the observed deviations are larger than the bias, the discrepancy can
be regarded as part of the error budget which can hopefully byreduced by upcoming improvements of
the instrument or the retrieval algorithms.

Figures 4.8 and 4.9 show the comparison study for NO2 SCDs. The relative deviations between
DOAS and LPMA data are calculated by interpolating the DOAS data to the measurement instances of
LPMA. The error bars of the NO2 SCDs retrieved from DOAS spectra is dominated by the error ofthe
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Figure 4.8:Slant column densities of NO2 retrieved from LPMA (red triangles) and DOAS (black boxes) mea-
surements at Leon on November 23, 1996, during balloon ascent (panel a)) and sunset (panel b)), at Kiruna on
February 14, 1997, during balloon ascent (panel c)) and sunset (panel d)) and at Kiruna on February 10, 1999,
during ballon ascent (panel e)) and sunset (panel f)). Each panel consists of two sub-panels showing the measured
SCDs on the left and the corresponding relative errors and deviations (blue open diamonds), i.e. SCD(DOAS) /
SCD(LPMA) - 1, on the right. For clarity not all DOAS data points are shown.
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b) Kiruna, August 21, 2001, balloon ascent
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Figure 4.9:Slant column densities of NO2 retrieved from LPMA (red triangles) and DOAS (black boxes) mea-
surements at Gap on June 25, 1999, during balloon descent (panel a)), at Kiruna on August 21 and 22, 2001 during
balloon ascent (panel b)), sunset (panel c)) and sunrise (panel d)) and at Kiruna on March 23, 2003, during balloon
ascent (panel e)) and sunset (panel f)). Each panel consistsof two sub-panels showing the measured SCDs on the
left and the corresponding relative errors and deviations (blue open diamonds), i.e. SCD(DOAS) / SCD(LPMA) -
1, on the right. For clarity not all DOAS data points are shown.
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Figure 4.10: Histograms of the relative deviations between NO2 SCDs retrieved by DOAS and LPMA, i.e.
SCD(DOAS) / SCD(LPMA) - 1. The data points are grouped and counted for occurrence in bins of 5% relative
deviation. The left panel shows the statistical analysis for all 1116 datapoints (mean: 3.7%, standard deviation:
24.5%), in the right panel all data with error bars larger than 25% are suppressed resulting in 753 datapoints (mean:
6.6%, standard deviation: 14.0%). The mean values are shownas gray solid lines, gray dashed lines correspond to
1-σ and 2-σ.

Fraunhofer offset and in cases where the NO2 abundances are low by the fitting error (e. g. figure 4.8 f)).
DOAS errors typically range between 5% and 10%. Fitting errors are also important for the LPMA
retrieval which operates sometimes close to its detection limit (e. g. figure 4.9 a)). Typical error bars of
NO2 SCDs inferred from LPMA measurements range between 10% and 25%.
The NO2 comparison study is difficult to assess since LPMA SCDs inferred from balloon ascent or
descent measurements before 2001 (figures 4.8 a), c), e) and figure 4.8 a)) are very noisy. This is not
true for balloon ascent measurements in 2001 and 2003 (figures 4.8 c) and e)), although the abundances
of NO2 along the lines-of-sight are similar as for some of the earlier flights. This is a clear hint, that
the pre-flight optical alignment and in-flight stability of the LPMA instrument improved during the
suite of balloon flights. Apart from the aforementioned noisy data, the general agreement is on the
order of 20%. For the solar occultation measurements at Leonin 1996 (figure 4.8 b)), at Kiruna in
1997 (figure 4.8 d)), at Kiruna in 2001 (figures 4.9 c) and d)), and at Kiruna in 2003 (figure 4.9 f)) the
LPMA/DOAS agreement is reasonable, since both measurements mostly lie within the combined error
bars. Maximum deviations up to 50% are observed for the solaroccultation measurements at Kiruna in
1999 (figure 4.8 f)). In the latter case, the NO2 abundances are the lowest observed in solar occultation
for the ensemble of considered balloon flights and are almostone order of magnitude smaller than
those measured during sunset at Kiruna in 2001 (figure 4.9 c)). In addition stratospheric temperatures
at Kiruna in 1999 were below 217 K implying an extrapolation of the DOAS SCDs for temperature
correction, since the lowest temperature of the absorptioncross sections given by Harder et al. (1997) is
217 K. The extrapolation might not reproduce the true atmospheric state.
The statistical analysis of all data (figure 4.10) confirms the large scatter of deviations. The mean
deviation is found to 3.7% and the standard deviation of the distribution is 24.5%. Since some of the
LPMA NO2 SCDs are noisy or close to the detection limit, another statistical analysis is performed
where all SCDs with errors larger than 25% are removed. Then,the inferred mean deviation is 6.6% and
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the spread is 14.0%. Although a grouping of the observed deviations is not as obvious as in the case of
O3, the deduced bias cannot be attributed to parameters independent of the two retrievals. Observations,
where DOAS is consistently higher than LPMA (e. g. figures 4.9b), c), d) and e)) are contrasted by
observations where DOAS is lower than LPMA (figure 4.8 d)) andobservations, where the deviations
change from positive to negative (e. g. figures 4.8 f) and 4.9 f)). Hence, the observed bias depends on the
dataset chosen for the statistical analysis and further lies within the typical error bars of the individual
measurements. Therefore, as in the case of O3, a conclusion on deficiencies of spectroscopic parameters
is not possible.

4.2 Profile retrieval and comparison of O3 and NO2 vertical profiles

The previous section discussed the level of the LPMA/DOAS agreement by comparing the inferred slant
column densities of O3 and NO2. According to section 3.3 vertical profiles of the respective gases can
be retrieved. The concept of averaging kernels gives usefulinsight into the altitude resolution of the
LPMA and the DOAS experiment and their suitability for external comparison studies such as satellite
validation. Hence, first the LPMA and the DOAS retrieval of vertical profiles are characterized regarding
altitude resolution. Then, the actual vertical profiles of O3 and NO2 are directly compared.

4.2.1 Characterization of the LPMA and DOAS profile retrievals

The retrieval of vertical profiles from slant column densities depends on the observation geometry
characterized by the weighting function matrixK, on the measurementsy and their errors characterized
by the measurement error covariance matrixSǫ and on thea priori profile xa and its covarianceSa.
In particular, the number of measurements and their errors are different for the LPMA and the DOAS
profile retrieval. The averaging kernel matrixA defined through equation (3.40) and in the case of the
MAP retrieval through equation (3.48) provides a means to characterize the impact of these differences
on the retrieved trace gas profiles.
Figures 4.11 and 4.12 show O3 and NO2 profiles and the corresponding averaging kernels, i. e. the
rows ofA, for balloon ascent and sunset measurements at Kiruna in August 2001 using theMaximum
a posteriori retrieval. Balloon ascent and solar occultation measurements represent two different
observation geometries since the respective weighting functions are different (section 3.1.4). For
comparison trace gas profiles are presented which are retrieved on a 1-km altitude grid and on a 3-km
altitude grid. The retrieval with 3-km grid spacing is iterated three times on altitude grids displaced
by one kilometer in order to obtain profile points each kilometer. Thea priori profiles are taken from
SLIMCAT model output. The associateda priori variances correspond to 30% error.

The retrieval of O3 vertical profiles from DOAS measurements on the 1-km altitude grid shows
well-shaped averaging kernels peaking close to one for altitudes between 15 km and balloon float for
both, balloon ascent and sunset observations (figures 4.11 b) and d)). Below 15 km, the averaging
kernels get smaller and broader since less and less measurements contribute and since in the case of solar
occultation the solar disk produces a larger vertical average. However, profile retrieval is feasible down
to 10 km altitude for both observation geometries. The averaging kernels of the LPMA retrieval on the
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Figure 4.11:O3 vertical profiles (panels a) and c)) and corresponding averaging kernels (panels b) and d)) for
balloon ascent (panels a) and b)) and solar occultation (panels c) and d)) measurements at Kiruna in August 2001.
Panels a) and c): The gray open boxes and blue open triangles correspond to trace gas profiles inferred from DOAS
and LPMA measurements on a 1-km altitude grid, respectively. Red filled triangles and black filled boxes are
LPMA and DOAS profiles retrieved on a 3-km altitude grid wherethe latter are smoothed by the LPMA averaging
kernels. The green line is thea priori profile taken from SLIMCAT model output on the day of measurement. For
clarity, only selected error bars are shown. Panels b) and d): Selected DOAS averaging kernels corresponding to
a 1-km altitude retrieval grid are shown as black lines. Selected LPMA averaging kernels for a 1-km and 3-km
altitude grid are shown as blue and red lines, respectively.The green lines illustrates the altitude resolution error.

1-km altitude grid are smaller than 0.4 and much wider than the grid spacing except for altitudes close
to balloon float in solar occultation. Below 15 km, there is almost no independent altitude information.
On the 3-km grid, the LPMA averaging kernels are well-shapedand reasonably close to one which
makes profile retrieval possible between about 12 km and balloon float altitude. For comparison, the
DOAS profiles are retrieved on the 3-km altitude grid and smoothed by the LPMA averaging kernels
according to equation (3.49). Obviously, filamented structures observed by the high-resolution DOAS
profile between 10 km and 25 km cannot be resolved by the LPMA and the smoothed DOAS profiles.
The degree of smoothing applied to the DOAS profile is presented in terms of the altitude resolution
error, defined in equation (3.50). As expected from the LPMA and DOAS averaging kernels, smoothing
is most important in the range between 10 km and 20 km and less important above.

In the case of the NO2 retrieval, the averaging kernels corresponding to the 1-kmDOAS retrieval
(figures 4.12 b) and d)) are well shaped in the altitude range between 20 km and balloon float at 38 km
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Figure 4.12:NO2 vertical profiles (panels a) and c)) and corresponding averaging kernels (panels b)and d)) for
balloon ascent (panels a) and b)) and solar occultation (panels c) and d)) measurements at Kiruna in August 2001.
Panels a) and c): The gray open boxes and blue open triangles correspond to trace gas profiles inferred from DOAS
and LPMA measurements on a 1-km altitude grid, respectively. Red filled triangles and black filled boxes are
LPMA and DOAS profiles retrieved on a 3-km altitude grid wherethe latter are smoothed by the LPMA averaging
kernels. The green line is thea priori profile taken from SLIMCAT model output on the day of measurement. For
clarity, only selected error bars are shown. Panels b)and d): Selected DOAS averaging kernels corresponding to
a 1-km altitude retrieval grid are shown as black lines. Selected LPMA averaging kernels for a 1-km and 3-km
altitude grid are shown as blue and red lines, respectively.The green line illustrates the altitude resolution error.

for both observations geometries. Below 20 km, the averaging kernels get smaller and broader for the
same reasons as for the O3 profile retrieval. The LPMA retrieval on the 1-km altitude grid, however,
exhibits averaging kernels significantly smaller than one and wider than the grid spacing. This indicates
that the retrieved profile points are not independent. Below20 km, there is only very little independent
altitude information from LPMA measurements and the retrieved profiles are pushed toward thea priori
as can be seen in figures 4.12 a) and c). The better choice for the LPMA retrieval is the 3-km grid,
since there the averaging kernels are closer to one and theirwidth is only slightly larger than the grid
spacing in the range between 20 km and balloon float altitude.Between 15 km and 20 km the averaging
kernels indicate that altitude information is better exploited than on the 1-km grid which results in
profile points less influenced by thea priori. In addition, the DOAS profile is retrieved on the 3-km
altitude grid and smoothed by the LPMA averaging kernel matrix. The effect of smoothing is most
obvious for the balloon ascent measurements (figure 4.12 a))between 10 km and 20 km altitude where
the high resolution DOAS profile is pushed towards the LPMA and a priori profile. The latter finding is
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Figure 4.13:Altitude resolution of the O3 (left panel) and NO2 (right panel) profile retrieval for measurements
at Kiruna in August 2001. Altitude resolution inferred fromDOAS averaging kernels on a 1-km retrieval grid are
shown as black filled and black open boxes for balloon ascent and solar occultation, respectively. Red filled and
open triangles correspond to LPMA profiles on a 3-km grid inferred from balloon ascent and solar occultation
measurements, respectively. The black and red lines at 1 km and 3 km indicate the spacings of the retrieval grids.
In cases where the averaging kernels are strongly asymmetric and determination of the FWHM is ambiguous, data
points are suppressed.

supported by the altitude resolution error which is largestin the altitude range below 20 km.

Following the detailed findings above, profile retrieval from DOAS and LPMA measurements can
be performed from balloon float altitude down to 10 km to 15 km.Above balloon float altitude the
weighting functions are not suitable for profile retrieval.As pointed out in section 3.3, the width
(FWHM) of the averaging kernels is a measure for the altituderesolution of the retrieved profiles. Figure
4.13 illustrates the corresponding altitude resolution for the DOAS and LPMA O3 and NO2 profile
retrievals.
Typically, the DOAS retrieval exhibits an altitude resolution of about 1 km or better between balloon
float altitude and 20 km. Evidently, resolutions better than1 km cannot be obtained when using a
1-km retrieval grid. Below 20 km altitude resolution decreases to 3 km and 4 km at 10 km altitude.
The decrease in altitude resolution at low altitudes is due to the smaller number of contributing
measurements, the larger measurement errors and in the caseof solar occultation increasing vertical
averaging due to the finite effective field-of-view. For NO2, altitude resolution is slightly worse than for
O3 since NO2 SCDs exhibit larger error bars. LPMA O3 and NO2 profiles retrieved on a 3-km grid have
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3 km to 4 km altitude resolution between balloon float altitude and 20 km for both gases. Below, altitude
resolution decreases for the same reasons as for the DOAS retrieval. Typically, LPMA solar occultation
measurements have a slightly better altitude resolution than measurements during balloon ascent, mainly
since the weighting functions in solar occultation are sharply peaked and hence better suited for profile
retrieval. Due to smaller measurement errors, O3 profiles can be retrieved with better altitude resolution
than NO2 profiles. Comparing the LPMA and DOAS profile retrieval, the latter exhibits superior altitude
resolution due to the larger number of measurements contributing to profile retrieval and the smaller
measurement errors. In solar occultation, the smaller field-of-view of the LPMA instrument partly
compensates these deficiencies compared to DOAS measurements.

It has to be pointed out that the details of the above findings are true for the chosen example,
only. The general approach, however, can be applied to each balloon flight. During the balloon flight
from Kiruna in 2001, considered here, the balloon ascended to about 38 km altitude. Sensitivity of
solar occultation measurements to the lower stratosphere is better for balloon flights with lower float
altitude, since the effective field-of-view produces an average over a smaller altitude range. In addition,
measurement errors are specific to each balloon flight and altitude resolution can vary accordingly. An
example of the above analysis for a flight to about 30 km float altitude can be found in Butz et al. (2006)
and section 5.4.

4.2.2 Comparison of vertical profiles

The O3 and NO2 SCDs presented in figures 4.5 through 4.9 are inverted to vertical profiles using the
MAP approach. Trace gas concentrations as well as volume mixing ratios are shown as a function of
altitude in figures 4.14 through 4.17. The retrieved profilesare presented in the altitude range where the
corresponding averaging kernels are suitable for profile retrieval as described in detail in the previous
section. Thea priori profiles are taken from SLIMCAT model output or climatological data as used by
Payan (1996) and Dufour (2005). The associateda priori covariance matrix is chosen diagonal with
variances corresponding to 30% error of thea priori. While LPMA profiles are retrieved on a 3-km
altitude grid, DOAS profiles are retrieved on both, a 1-km anda 3-km altitude grid. The DOAS profiles
on the coarser grid are smoothed to match the altitude resolution of the LPMA measurements. For
comparison, O3 mixing ratios are shown which are measured by anin situ ozone-sonde deployed aboard
the gondola or launched shortly after the LPMA/DOAS payloadfrom the respective ground station.

Obviously, the inferred O3 vertical profiles reproduce the general agreement of the LPMA and
DOAS O3 SCDs presented above. In most cases the LPMA and the smoothedDOAS profiles lie within
the combined error bars and roughly agree within 10%. The offsets between LPMA and DOAS O3
SCDs observed for balloon ascent at Kiruna in 2001 and for balloon descent at Gap in 1999 are mapped
into discrepancies amounting up to 30% in the upper most partof the vertical profiles (figures 4.15 a), b),
c) and d)). The lower part of the corresponding profiles is almost unaffected since the offset between the
SCDs is mainly attributed to altitudes above balloon float. Systematic discrepancies affecting the entire
profile occur where the underlying SCDs do not differ by a constant offset, but show an increasing or
decreasing deviation with time, e. g. during sunset at Leon in 1996 and at Kiruna in 1997. There, a bias
of up to 25% can be detected between the LPMA and DOAS O3 profiles. Smoothing the DOAS profiles
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f) Kiruna, Feb. 10, 1999, sunset
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Figure 4.14:Vertical profiles of O3 retrieved from LPMA (red triangles) and DOAS (black filled boxes and gray
open boxes) measurements at Leon on November 23, 1996, during balloon ascent (panel a)) and sunset (panel b)),
at Kiruna on February 14, 1997, during balloon ascent (panelc)) and sunset (panel d)) and at Kiruna on February
10, 1999, during ballon ascent (panel e)) and sunset (panel f)). Each panel consists of two sub-panels showing the
O3 concentration and the O3 volume mixing ratio on the left and on the right, respectively. The gray open boxes
correspond to DOAS data retrieved on a 1-km altitude grid while the black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitude resolution of the LPMA measurements. The green line
indicates thea priori. The blue line represents the O3 profilesin situ measured by an electrochemical concentration
cell (ECC) ozone sonde deployed onboard the LPMA/DOAS gondola or launched shortly after.
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b) Kiruna, Aug. 21, 2001, balloon ascent
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c) Kiruna, Aug. 21, 2001, sunset
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d) Kiruna, Aug. 22, 2001, sunrise
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e) Kiruna, Mar. 23, 2003, balloon ascent
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f) Kiruna, Mar. 23, 2003, sunset
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Figure 4.15:Vertical profiles of O3 retrieved from LPMA (red triangles) and DOAS (black filled boxes and gray
open boxes) measurements at Gap on June 25, 1999, during balloon descent (panel a)), at Kiruna on August 21
and 22, 2001 during balloon ascent (panel b)), sunset (panelc)) and sunrise (panel d)) and at Kiruna on March 23,
2003, during balloon ascent (panel e)) and sunset (panel f)). Each panel consists of two sub-panels showing the
O3 concentration and the O3 volume mixing ratio on the left and on the right, respectively. The gray open boxes
correspond to DOAS data retrieved on a 1-km altitude grid while the black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitude resolution of the LPMA measurements. The green line
indicates thea priori. The blue line represents the O3 profilesin situ measured by an electrochemical concentration
cell (ECC) ozone sonde deployed onboard the LPMA/DOAS gondola or launched shortly after. For the flight from
Kiruna in 2001, panels b) through d), the O3 sonde is launched at Sodankyla, Finland.
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to account for the differing altitude resolution of LPMA is clearly important and improves the agreement
between the two data sets. In contrast to the DOAS retrieval,LPMA is not able to detect filamented
structures of the O3 profile in the lower stratosphere (e. g. figures 4.14 a), c) ande)). Smoothing the
DOAS retrieval simulates the coarser sensitivity of the LPMA retrieval and improves the agreement.
These filaments in the lower stratosphere are real since theyare simultaneously observed by thein situ
O3 sonde. This can be seen for balloon ascent at Leon in 1996 (figure 4.14 a)) where the filament at
about 17 km altitude is present in both, thein situ O3 sonde and DOAS high-resolution mixing ratio
profile.
However, a caveat is in order when comparing thein situ O3 sonde and remote sensing LPMA/DOAS
data, since the sampled air masses are not identical. In particular, close to the polar vortex the gradient
of the O3 concentration can be large on small spatial scales and the horizontal average from the balloon
to the Sun observed by the LPMA/DOAS instruments can differ significantly from thein situ probed
O3 concentration close to the balloon. In most cases, the LPMA/DOAS agreement with the O3 sonde
data is good but no conclusion can be drawn on whether the DOASor the LPMA data agree better with
the in situ measured profiles. Above 20 km, there is a tendency of the sonde data to underestimate the
LPMA/DOAS profiles (e. g. figures 4.14 c), d) and figure 4.15 c)). A quantitative conclusion, however,
is not possible remembering the unaccounted impact of horizontal inhomogeneities. In contrast to
the tentative underestimation of the LPMA/DOAS measurements by thein situ sondes observed here,
Johnson et al. (2002) detected a 10% - 15% overestimation of the O3 concentration at 30 km when using
the standard 1% potassium iodide solution for thein situ measurements.
The impact of horizontally inhomogeneous air masses can also be seen when comparing O3 profiles
inferred from balloon ascent and solar occultation measurements of the same flight. Since the photo-
chemical variation of O3 on a diurnal timescale is weak profiles measured within a single balloon flight
should be identical. This is not true e. g. for the balloon flights from Kiruna in 1999 and 2003 (figures
4.14 e) and f) and figures 4.15 e) and f)), where the O3 profiles inferred from sunset measurements are
significantly larger than those inferred from balloon ascent.

The NO2 vertical profiles inferred from LPMA and DOAS measurements mostly agree within
20% or better. Large differences can be found for the flight from Kiruna in 1999 (figure 4.16 e) and
f)) where the NO2 abundances are the lowest among the ensemble of balloon flights presented here.
The LPMA profile retrieved from balloon ascent measurements(figure 4.16 e)) is unreasonable and is
heavily impacted by the noise of the underlying SCDs (figure 4.8 e)) which is reflected by the large error
bars. The considerable effect resulting from the smoothingof the DOAS profile by the LPMA averaging
kernels is an indication, that the averaging kernels of the LPMA retrieval are hardly suitable for profile
retrieval and allow for a large influence of thea priori. In solar occultation (figure 4.16 f)) the retrieved
LPMA profile is of reasonable shape and agreement with the DOAS profile is on the order of 50% below
20 km and better above. Systematic discrepancies follow theobservations discussed in section 4.1.3.
LPMA underestimates the DOAS profiles in solar occultation during the flights from Kiruna in 2001
(figures 4.17 c) and d)), and Leon in 1996 (figure 4.16 b)) whileit overestimates the DOAS retrieval in
solar occultation at Kiruna in 1997, 1999 and 2003 (figures 4.16 d) and e) and figure 4.17 e)). No clear
trend is inferable.
As for the O3 retrieval, LPMA is not able to detect trace gas filaments in the lower stratosphere and
hence adjusting the DOAS profiles to the altitude resolutionof LPMA is important for comparison
purposes. The filaments observed by the DOAS measurements atGap in 1999 (figure 4.17 a)), and at
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d) Kiruna, Feb. 10, 1997, sunset
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f) Kiruna, Feb. 10, 1999, sunset
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Figure 4.16:Vertical profiles of NO2 retrieved from LPMA (red triangles) and DOAS (black filled boxes and gray
open boxes) measurements at Leon on November 23, 1996, during balloon ascent (panel a)) and sunset (panel b)),
at Kiruna on February 14, 1997, during balloon ascent (panelc)) and sunset (panel d)) and at Kiruna on February
10, 1999, during ballon ascent (panel e)) and sunset (panel f)). Each panel consists of two sub-panels showing the
O3 concentration and the O3 volume mixing ratio on the left and on the right, respectively. The gray open boxes
correspond to DOAS data retrieved on a 1-km altitude grid while the black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitude resolution of the LPMA measurements.
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b) Kiruna, Aug. 21, 2001, balloon ascent
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c) Kiruna, Aug. 21, 2001, sunset
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d) Kiruna, Aug. 22, 2001, sunrise
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e) Kiruna, Mar. 23, 2003, balloon ascent
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f) Kiruna, Mar. 23, 2003, sunset
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Figure 4.17:Vertical profiles of NO2 retrieved from LPMA (red triangles) and DOAS (black filled boxes and
gray open boxes) measurements at Gap on June 25, 1999, duringballoon descent (panel a)), at Kiruna on August
21 and 22, 2001 during balloon ascent (panel b)), sunset (panel c)) and sunrise (panel d)) and at Kiruna on March
23, 2003, during balloon ascent (panel e)) and sunset (panelf)). Each panel consists of two sub-panels showing the
O3 concentration and the O3 volume mixing ratio on the left and on the right, respectively. The gray open boxes
correspond to DOAS data retrieved on a 1-km altitude grid while the black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitude resolution of the LPMA measurements. The green line
indicates thea priori.
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Kiruna in 2003 (figures 4.16 e) and f)), are not present in the LPMA profiles. Accordingly, the smoothed
DOAS profiles are pushed towards thea priori and the LPMA data.

4.3 Conclusion on the LPMA/DOAS comparison

Sections 4.1.3 and 4.2.2 presented O3 and NO2 abundances inferred from LPMA/DOAS measurements
in the IR and visible spectral ranges. The datasets agree roughly within ±10% for O3 and±20% for
NO2. This finding represents a major improvement compared to previous comparison studies such as in
Bösch (2002). The progress is mainly due to the newly implemented LPMA multifit-retrieval (Dufour,
2005), that minimizes the correlations between the retrieved trace gases and the parameters of the in-
strument function and hence significantly improves the LPMA/DOAS agreement. The DOAS retrieval
is complemented by an empirical correction term for the temperature dependence of the NO2 absorption
cross section which adjusts the measured SCDs to the observed atmospheric conditions. Finally, when
comparing the retrieved trace gas profiles it is found important to account for the different altitude reso-
lution of the instruments in order to compare like with like.
Still, sizeable discrepancies remain which can be due to instrumental and retrieval related shortcomings
of either technique. In general, the retrieval of trace gas SCDs from DOAS measurements yields smaller
errors than the spectral retrieval from LPMA observations.In the visible spectral range where the Sun’s
intensity peaks, typical integration times for individualspectra are less than 1 s, whereas in the IR it
takes about 50 s to record a single interferogram. Hence, theDOAS instruments sample the atmosphere
with a much higher rate than the LPMA FT-IR. Taking into account the errors of the considered trace
gas retrievals, it is evident that altitude resolution is significantly better for the DOAS observations. In
solar occultation geometry, the smaller field-of-view of the FT-IR (FOV≃0.2◦) partly compensates de-
ficiencies of the LPMA experiment concerning altitude sampling compared to the DOAS measurements
(effective FOV≃0.53◦). On the other hand, the small field-of-view of the FT-IR renders the intensity
of the measured interferograms very sensitive to small pointing errors of the sun-tracker as the solar
irradiance is not uniform across the solar disk (Bösch, 2002). According to figures 4.7 and 4.10 LPMA
O3 and NO2 SCDs tend to be low biased with respect to the corresponding DOAS SCDs. For both trace
gases the typical errors of individual measurements are larger than the bias. Errors of the absorption
cross sections with respect to magnitude or pressure and temperature dependencies would directly cause
a bias. The DOAS retrieval of NO2 might exhibit shortcomings when accounting for the temperature
dependence of the NO2 absorption cross section, since the interpolation is performed linearly using four
reference temperatures, only. In the IR spectral range, errors in the spectroscopic parameters and the am-
bient temperature and pressure data propagate into the shape of the absorption lines causing systematic
errors of the retrieved trace gas SCDs. Correlations between the various fitting parameters considered for
the spectral retrieval are minimized but, still, might cause small unaccounted systematic errors in both
data sets.
Summing up the arguments, the O3 and NO2 stratospheric profiles inferred from DOAS measurements
appear to be more accurate and better suited for comparison studies with other instruments than the
LPMA data. In particular, this is true for satellite validation since the DOAS profiles exhibit smaller error
bars and better altitude resolution than the LPMA profiles. Nonetheless, stratospheric FT-IR measure-
ments are indispensable since the majority of trace gases important for a comprehensive understanding
of stratospheric photochemistry do not absorb in the UV/visible.



120 CHAPTER 4. LPMA/DOAS INTER-COMPARISON OF O3 AND NO2 ABUNDANCES



Chapter 5

Validation of SCIAMACHY O 3 and NO2

profiles

The previous chapter discussed the agreement between the balloon borne measurements of O3 and NO2

of the LPMA and DOAS instruments and the implications for external comparison studies. This chapter
compares the balloon borne profiles to observations of the SCanning Imaging Absorption spectroMeter
for Atmospheric CHartographY (SCIAMACHY) instrument aboard the Envisat satellite operated by the
European Space Agency (ESA). A comparison scheme is developed which accounts for the spatial and
temporal mismatch between the balloon and satellite borne measurements by identifying coincident air
masses through an air mass trajectory model. The differing photochemical conditions are considered
by a photochemical model of the stratosphere which is run along the temporal history of the air masses
actually observed. Finally, the properly inferred vertical profiles are compared and discussed with respect
to accuracy and shortcomings of the satellite retrievals. Figure 5.1 shows a schematic drawing of the
validation strategy.

5.1 The SCIAMACHY instrument

In March 2002, Envisat was launched into a Sun synchronous orbit with an equator crossing time at
10:00 LT. Together with MIPAS and GOMOS, SCIAMACHY is one of its three atmospheric chemistry
instruments. A detailed description of the instrument can be found in Burrows et al. (1995) and Bovens-
mann (1999). Here, O3 and NO2 stratospheric profiles are presented which are inferred using algorithms
developed at the Institute for Environmental Physics of theUniversities of Bremen (IUP-Bremen) and
Heidelberg (IUP-Heidelberg) and at the Harvard-Smithsonian Center for Astrophysics (Harvard). No
official ESA products are available for the data considered here.

SCIAMACHY measures the absorption, reflection and scattering characteristics of the atmosphere by
monitoring the extraterrestrial solar irradiance and the upwelling radiance observed in different viewing
geometries, depicted in figure 5.2. In solar occultation measurement mode, SCIAMACHY measures
the direct solar irradiance during sunrise similar to the balloon borne LPMA/DOAS observations. In
addition, the moon can be used as light source to perform lunar occultation measurements. In nadir
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SCIAMACHY
UV/vis grating,

scattered sunlight
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Figure 5.1:Schematic drawing of the presented comparison and validation strategy. SCIAMACHY observations
are conducted at time t0 and location x0. Prior to the balloon flight dedicated to SCIAMACHY validation, the
air mass trajectory model is used to optimize the time t1 and location x1 of the LPMA/DOAS balloon borne
observations, e. g. by optimizing the launch time of the balloon. After the balloon flight, the trajectory model
calculates the air mass history in order to identify satellite measurements which actually sampled the same air
masses as the balloon borne instruments. In a Lagrangian approach the illumination history of the coincident air
masses is fed into a photochemical model to reproduce the evolution of the considered trace gases between satellite
and balloon borne observations as realistically as possible. The modeled evolution of the trace gas history is used
to appropriately scale the balloon borne data to the photochemical conditions of the satellite measurements.

viewing geometry, SCIAMACHY observes sunlight scattered by the Earth’s atmosphere or surface
beneath the satellite. A scanning mirror in the nadir entrance optics provides a typical spatial resolution
of 30 km along the track of the satellite and 240 km across the track. Here, data are presented which
are inferred from measurements in the limb viewing geometry, where the instrument observes scattered
sunlight tangentially to the Earth’s surface in flight direction of the satellite. The limb entrance optics
scans the Earth’s atmosphere vertically in steps of approximately 3.3 km from the ground to about
100 km tangent height. Horizontal scanning covers about 960km at each tangent point. While the
nadir measurements provide mainly total columns of the observed trace gases, the limb measurements
allow for the derivation of vertical trace gas profiles. The measurement sequence is designed to observe
the same air column subsequently in limb and in nadir viewinggeoemtry. In principle, this allows to
discriminate between the total atmospheric trace gas column inferred from nadir measurements and the
total stratospheric column obtained from integrated stratospheric profiles and yields the tropospheric
column amounts of the considered trace gases (Bovensmann, 1999; Sioris et al., 2004).
SCIAMACHY is a dispersive spectrometer which covers the entire spectral range from 220 nm to
2380 nm in eight spectral channels. The spectral resolutionof the spectrometer varies between 0.24 nm
and 1.48 nm depending on channel number. The spectral imaging is designed to be stable regarding
spectral shifts to within 1/50 of a detector pixel, which requires a temperature stability of the spec-
trometer of better than 250 mK over one orbit. The covered spectral ranges allow for the retrieval of
the atmospheric abundances of various trace gases, e. g. O3, NO2, NO3, BrO, OClO, O4, SO2, H2CO,
CO, CO2, N2O and CH4. In addition, the measured spectra are radiometrically calibrated to high
accuracy (2% to 4%) by on-ground and in-flight radiometric calibration procedures. Contributions of
the LPMA/DOAS instruments to the validation of the solar irradiance measured by SCIAMACHY are
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Figure 5.2:Viewing geometries of SCIAMACHY adopted from Beirle (2005). SCIAMACHY is able to measure
scattered or direct sun- or moonlight in nadir (upper left panel), limb (upper right panel) and solar/lunar occultation
(lower right panel) viewing geometry. The measurement sequence is designed to allow for limb/nadir matching
(lower left panel), i. e. the same air column can be observed subsequently in limb and nadir mode.

reported elsewhere (Gurlit et al., 2005; Lindner, 2005).
O3 and NO2 trace gas retrievals applied to SCIAMACHY limb spectra of scattered sunlight are by
courtesy of Christian von Savigny (IUP-Bremen), Alexei Rozanov (IUP-Bremen), Christopher Sioris
(Harvard), Sven Kühl (IUP-Heidelberg) and Janis Pukite (IUP-Heidelberg). A short description of the
relevant retrieval characteristics can be found in Butz et al. (2006).

5.2 Air mass trajectory modeling

Balloon borne measurements exhibit several inherent constraints with respect to time and location of
the balloon launch. Balloon launches are possible at a few sites around the world, only. The launching
possibility depends on the local surface weather conditions and the balloon’s trajectory is determined by
the tropospheric and stratospheric wind fields. Furthermore, the LPMA/DOAS payload is supposed to
be launched at a time close to local sunset or sunrise as LPMA/DOAS performs measurements during
solar occultation. In practice, these constraints make it difficult to get a direct temporal and spatial coin-
cidence with individual satellite measurements such as SCIAMACHY limb observations. In part, the use
of air mass trajectory models can help to overcome the shortcomings in balloon borne satellite validation
(Bacmeister et al., 1999; Lu et al., 2000; Danilin et al., 2002b,a).
Within the framework of the Envisat/SCIAMACHY validation,an air mass trajectory model is operated
by Katja Grunow at FU Berlin which uses operational ECMWF analyses and forecasts given every 6 h
on a2.5◦×2.5◦ latitude/longitude grid (Langematz et al., 1987). Forwardand backward trajectories are
calculated on isentropic levels from the surface up to 1600 Kpotential temperature with interpolation
between the levels. The internal time step is 10 minutes and the diabatic and climatological heating rates
are based on Newtonian cooling. The results (trajectory points) are stored for each hour.
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Figure 5.3: Air mass trajectories modeled 18 hours backward (left panel) and 24 hours forward (right panel)
in time for the balloon ascent measurements of the LPMA/DOASpayload at Kiruna on March 23, 2003. The
trajectories are color-coded according to their starting altitude as indicated in the legend. A symbol is plotted every
12 hour interval. The areas covered by the tangent points of SCIAMACHY limb observations is projected onto the
Earth’s surface and illustrated as blue rectangles. Filledrectangles correspond to SCIAMACHY limb observations
for which more than 10% of the calculated air masses are coincident with the LPMA/DOAS measurements. The
shaded rectangles represent SCIAMACHY limb observations for which less than 10% of the calculated air masses
are coincident with the LPMA/DOAS measurements. The time and date of the satellite measurements is given next
to the rectangles. Figure by courtesy of Katja Grunow (FU Berlin).

The modeled air mass trajectories are used for pre-flight planning of the actual date and time of the
balloon launch as well as for post-flight analysis of the air mass history concerning the spatial and tem-
poral mismatch between the air masses sampled by SCIAMACHY and the LPMA/DOAS instruments.
For that purposes, backward and forward trajectories are started at the balloon measurement locations
which are represented by the position of the balloon for balloon ascent and by the tangent points for
solar occultation. For post-flight analysis air mass trajectories are calculated for up to 10 days forward
and backward in time, but for balloon flight planning purposes the time range is limited by the available
ECMWF forecasts: the latest analysis is from 12:00 UT the daybefore, forecasts are available every 6 h
and up to 72 h into the future.
The actual geolocations of Envisat/SCIAMACHY observations are provided by the SCIAMACHY Op-
erational Support Team (SOST) through its website (http://atmos.af.op.dlr.de/projects/scops/). For each
Envisat orbit, overpass time, geolocation and detailed measurement specifications (e.g. swath, measure-
ment duration, ground pixel size) can be downloaded. For theair mass trajectory based matching tech-
nique only the area covered by the tangent points of SCIAMACHY limb observations is considered.
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This information is used to find satellite measurement points along the individual air mass trajectories
for which the spatial and temporal mismatch is as small as possible with respect to the air masses probed
by LPMA/DOAS. The match criteria are chosen based on the experience of the ozone Match experiment
(von der Gathen et al., 1995). The maximum mismatch in time between the satellite observation and the
air mass trajectories started at the balloon observation isone hour and the maximum mismatch in space
is 500 km with respect to the center of the SCIAMACHY limb ground pixel. In cases where no En-
visat/SCIAMACHY observations satisfy these limits, the distance criterion is weakened to a maximum
spatial mismatch of 1000 km.
Figure 5.3 illustrates the modeled air mass trajectories and the corresponding SCIAMACHY observa-
tions coincident with the LPMA/DOAS measurements for the balloon flight at Kiruna in March 2003.
For the backward calculations a grouping of the trajectories is observed. Below 15 km, coincidences
between air masses probed simultaneously by SCIAMACHY and LPMA/DOAS are found for the limb
scan on March 23, 2003, at 11:10 UT. Above 20 km, the most favorable limb scan for validation took
place on the same day at 11:07 UT. The forward calculations indicate that the SCIAMACHY limb scan
on March 24, 2003, at 9:01 UT is most suitable for validation.Since the sensitivity of the SCIAMACHY
limb measurements to altitudes below 20 km is limited, thoselimb scans are typically chosen for valida-
tion which exhibit many coincidences in the altitude range between 20 km and 30 km.

5.3 Photochemical modeling

The previous section discusses how to identify air masses which are sampled by both, the satellite
and balloon borne instruments. The example in figure 5.3 shows that for a balloon flight conducted
in the evening close to sunset typical satellite coincidences are found in the morning before and after
the balloon launch. That means, even if identical air massesare sampled, they are not probed at the
same time and hence photochemical processing can occur between the satellite and the balloon borne
measurements. For species which are photochemical inert ontimescales of one day photochemical
processing is negligible as can be seen from the upper left panel of figure 5.4 where the diurnal variation
of the O3 concentration is shown as a function of altitude. The concentration of O3 is essentially constant
over one day and hence no photochemical correction is necessary when SCIAMACHY performs its
measurements several hours before or after the LPMA/DOAS balloon flight. The diurnal variation of
NO2 however is strong due to the photolysis of N2O5 during the day and its built-up from NO2 during
the night as illustrated in the lower left panel of figure 5.4.Hence, air masses sampled in the morning
before the balloon launch undergo significant photochemical processing until they are probed by the
LPMA/DOAS instruments in the evening and a photochemical correction is necessary when validating
photochemically active species like NO2 (Bracher et al., 2005).
A further impact of photochemistry on remote-sensing atmospheric measurements is illustrated in the
upper right and lower right panel of figure 5.4 for O3 and NO2, respectively. In principle, each point
on the line-of-sight from the remote-sensing instrument tothe Sun can be identified with a unique
local solar zenith angle and hence unique insolation and local photochemical conditions. The observed
spectrum is a composite of all photochemical conditions along the line-of-sight. The lines-of-sight
of a balloon borne solar occultation measurement, shown in the right panels of figure 5.4, cross the
altitude layers below the balloon twice and above the balloon once. By definition the tangent point
corresponds to a local SZA of 90◦, points on the line-of-sight which are closer to the balloonthan the
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Figure 5.4:Concentration of O3 (upper row) and NO2 (lower row) as a function of time and altitude (left column)
and as a function of SZA (pm) and altitude (right column). Thecolor-code indicates the concentrations of the
respective gases as modeled by the SLIMCAT 3-D chemical transport model (Chipperfield, 1999) for Kiruna on
March 23, 2003. Typically, SCIAMACHY measurements take place in the morning while LPMA/DOAS balloon
flights are conducted over a 2 to 3 hour period close to sunset in the evening. The lines-of-sight of the LPMA/DOAS
solar occultation measurements are shown as black lines in the upper right and lower right panel. For better
visiblilty, the lines-of-sight for measurements during balloon ascent are suppressed.

tangent point exhibit SZA> 90◦, points on the line-of-sight which are closer to the Sun thanthe tangent
point exhibit SZA< 90◦. For chemical species which are inert on timescales of the balloon flight, like
O3, profile retrieval is unambiguous since the concentration in each altitude layer does not depend
on the local SZA. Profile retrieval of photochemically active species, like NO2, is problematic since
the concentration profile changes during the course of the measurements and spectra recorded at the
beginning of the balloon flight sample a different concentration profile than at the end. In particular, this
effect is important for solar occultation measurements of NO2 since its variation during sunset is strong
due to the decrease in NO2 photolysis (Kerr et al., 1977; Roscoe and Pyle, 1987).

Following the above discussion, a photochemical model is required to correctly validate the SCIA-
MACHY limb measurements of NO2 by the LPMA/DOAS balloon borne observations. A combination
of the 3-D chemical transport model (CTM) SLIMCAT and the 1-Dchemistry model LABMOS is
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employed as described in section 1.3. SLIMCAT output from the multi-annual run (# 323) is saved
every two days at 0:00 UT interpolated to the launch sites of the balloon flights and used to initialize the
1-D chemistry model LABMOS. Here, LABMOS models stratospheric photochemistry on 19 potential
temperature levels betweenΘ = 336 K (≃11 km) andΘ = 1520 K (≃42 km). As recommended by
Dufour et al. (2005), aerosol surface area densities are taken from balloon bornein situ measurements
of the aerosol size distribution at Laramie (41◦N), Wyoming, conducted by Deshler et al. (2003) in
2003. The stratospheric abundance of aerosols is currentlyat background levels corresponding to a
volcanically quiescent period and assumed constant for allvalidation flights between 2003 and 2005.
The 1-D model is initialized at 0:00 UT with SLIMCAT output ofthe day of the balloon flight at the
launch site. If output is not available on the actual day of the balloon flight, we decide whether to
take output from the day before or after by comparing the measured O3, NO2 and if available CH4
and N2O profiles to the modeled ones and choosing the output which produces the best agreement
with the measurements. While the model is run with fixed pressure and temperature for eachΘ level
taken from the meteorological support data of the balloon flight, the SZA timeline is taken from
the air mass trajectory calculations to guarantee that the photochemical evolution of the modeled air
mass corresponds to the true evolution between initialization of the model, satellite measurement and
balloon borne observation. For simplicity, a single SZA timeline for all Θ levels is chosen which is
representative for the altitude range where the air masses coincide. As recommended by Bracher et al.
(2005), the concentrations of O3, NO2, NO and N2O5 are scaled upon initialization in a way that the
model can reproduce the O3 and NO2 profiles measured in the evening. All other SLIMCAT output
parameters are left unchanged for initialization of the 1-Dmodel.

All satellite measurements of NO2 profiles presented here are conducted far from sunset or sun-
rise and completed within minutes. Hence, a fixed SZA is assumed for the SCIAMACHY observations.
The photochemical variation between the satellite and balloon borne measurements and during the
course of the balloon flight is corrected by introducing the photochemical weighting factorsκkj. Given
the photochemical model data along the SZA timeline of an airmass trajectory,κkj is defined through

κkj =
akj

bj
, (5.1)

where bj is the modeled NO2 concentration in altitude layerj and at the SZA of the SCIAMACHY
measurement and akj is the modeled NO2 concentration in altitude layerj and at SZAk. When tracing
the light path through the atmosphere from the Sun to the balloon borne detector, each point on the
line-of-sight can be identified through its altitude and itslocal SZA. The slant path through layerj
at local SZAk is multiplied byκkj. Hence, a photochemically corrected weighting function matrix
K̃ is obtained. ReplacingK by K̃ in equation (3.36) and solving the inverse problem as described
in section 3.3 yields the balloon borne trace gas profile scaled to the photochemical conditions of the
satellite measurement. It has to be emphasized that the transformation ofK to K̃ is not a simple matrix
multiplication since the lines-of-sight of solar occultation measurements cross altitude layers below the
balloon twice.

Following a similar approach as in Bracher et al. (2005) the modeling error is estimated by sensi-
tivity studies. For the flight at Kiruna on March 24, 2004, several model runs are performed along a
representative air mass trajectory varying model parameters important for the photochemical variation of
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Figure 5.5: Modeling error of the backward (left panel) and forward (right panel) calculations. The different
contributions inferred from sensitivity runs are indicated in the legend. An altitude smoothing filter of 3 km width
is applied in order to remove small scale features.

NO2. The output of each model run is used to produce scaled balloon borne NO2 profiles corresponding
to a backward and a forward satellite match in the morning before and after the balloon flight. The root
mean square of the differences between the sensitivity runsand the standard run represents our estimate
of the modeling error which is inferred separately for forward and backward calculations. This is a
very conservative estimate since the modeling error is not estimated from the differences between the
photochemical weighting factorsκkj (Dorf, 2005) but from the differences between the modeled NO2

profiles. The tested parameters include the O3 profile (-33%,+50%), which is varied in a range beyond
the actual measurement errors of the O3 profile in order to account for possible spatial gradients which
are not captured by the air mass matching technique. NO2 abundances are influenced by the O3 profile
mainly through its reaction with NO, equation (R1.42). The column abundance of overhead ozone
(±74%) modifies the incoming actinic flux and hence the photolysis rates. The temperature for each
Θ-level (±7K) is varied by its typical variation along a 24-h air mass trajectory between 20 km and
30 km altitude. The rate constants of reaction (R1.42) and (R1.44) (±20%), which directly impact NO2
concentrations, are varied by the error estimates given in Sander et al. (2003). The same is true for the
γ-coefficient for N2O5 uptake on liquid aerosol (-50%,+100%). Aerosol surface area densities (±40%)
are varied by the precision estimates of Deshler et al. (2003).

The resulting modeling error and its contributions are shown in figure 5.5 as a function of alti-
tude. The total modeling error increases from below 10% at 30km alitude to about 20% at 20 km.
Below 20 km it increases up to about 40% for the backward calculations and up to 30% for the forward
calculations. For both scenarios, it is dominated by the sensitivity to the O3 profile and the amount of
overhead O3. The parameters influencing heteorogeneous reactions, i. e. the γ coefficient for N2O5

uptake on liquid aerosol and the aerosol surface density, intotal contribute less than 8% in the range
between 30 km and 20 km and at most 15% below 15 km. The sensitivity to the reaction of O3 with NO
and to the variation of temperature amounts to about 10% in the lower stratosphere and is smaller above.
The error due to uncertainties of the photolysis rate of NO2 increases from less than 5% at 30 km to
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Table 5.1: Compendium of joint LPMA and DOAS O3 and NO2 profile measurements and Envisat/SCIAMACHY
overpasses. BA and SO indicate balloon ascent and solar occultation measurements.

Balloon flight Location Geophysical Available datasets Satellite coincidence Altitude Time Spatial

date, time/UT condition orbit,date,time/UT range/km delay/h distance/km

Mar 04, 03 Kiruna high-lat. spring SO: LPMA 5273, Mar 4, 11:05 20-30 -5.1 369-496

13:20 - 16:17 67.9o N, 21.1o E SZA: 71.1o - 94.1o 5285, Mar 5, 7:17 23-24 +15.3 498-499

Mar 23, 03 Kiruna high-lat. spring BA: LPMA, DOAS 5545, Mar 23, 11:07 18-28 -5.2 268-496

14:47 - 17:28 67.9o N, 21.1o E SZA: 78.9o - 94.7o 5558,Mar 24, 9:01 19-29 +17.4 10-495

SO: LPMA, DOAS 5545, Mar 23, 11:07 20-30 -6.2 63-458

5558, Mar 24, 9:01 17-30 +16.0 256-453

Oct 9, 03 Aire sur l’Adour mid-lat. fall BA: DOAS 8407, Oct 9, 9:51 17-31 -6.5 738-988

15:39 - 17:09 43.7oN, 0.3o W SZA: 72.0o - 87.8o 8421, Oct 10, 9:20 25-33 +17.2 547-977

Mar 24, 04 Kiruna high-lat. spring BA: DOAS 10798, Mar 24, 10:35 12-33 -5.4 371-499

14:04 - 17:31 67.9o N, 21.1o E SZA: 74.5o - 95.3o 10812, Mar 25, 10:04 6-16 +19.9 32-485

SO: DOAS 10798, Mar 24, 10:35 10-33 -6.9 191-436

10812, Mar 25, 10:04 10-20 +16.7 301-475

Jun 17, 05 Teresina tropics BA: DOAS 17240, Jun 17, 11:53 25-30 -8.1 382-491

18:32 - 21:13 5.1o S, 42.9o W SZA: 60.6o - 95.8o 17255, Jun 18, 13:02 5-33 +18.4 6-490

SO: DOAS 17240, Jun 17, 11:53 23-32 -9.1 519-971

17255, Jun 18, 13:02 8-33 +16.2 12-496

more than 10% below 20 km. The total modeling error is added tothe error bars of the photochemically
corrected NO2 profiles by Gaussian error propagation.

5.4 Comparison of vertical profiles of O3 and NO2

5.4.1 Observations

The validation study reports on five LPMA/DOAS balloon flights conducted since 2003: Three from
ESRANGE, Kiruna, in northern Sweden, one from Aire sur l’Adour in southern France and one from
Teresina in northern Brazil close the equator. For each balloon flight a satellite coincident measurement
is identified in the morning before and after the balloon flight using the trajectory matching technique
described in section 5.2. In the following these coincidences are referred to as backward and forward
coincidences. If trace gas profiles inferred from balloon ascent and solar occultation are available the
satellite coincidences are identified separately. For eachballoon flight table 5.1 provides information
on the measurement site, the geophysical condition, the SZArange covered by the balloon borne
observations, the available data sets and some details on the selected SCIAMACHY limb scans. Besides
orbit number, time and date of the satellite measurement, the matching altitude, the distance with
respect to the air masses probed by the balloon borne instruments and the time delay between satellite
overpass and balloon flight are given. Albeit the limited number of balloon flights, the validation dataset
represents a wide range of geophysical conditions comprising high-latitude winter, mid-latitude and
tropical scenarios.
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Figure 5.6: Averaging kernels of the DOAS (gray diamonds), LPMA (red triangles) and SCIAMACHY (blue
circles) trace gas retrievals for measurements at Kiruna onMarch 23, 2003. Averaging kernels are shown for O3

(panels a) and b)) and NO2 (panels c) and d)) for balloon ascent (panels a) and c)) and solar occulation (panels
b) and d)) viewing geometry. The DOAS and SCIAMACHY data are retrieved on the same altitude grid which
corresponds to a 1-km grid spacing above 10 km altitude and iscoarser below. The LPMA data are retrieved on a
2-km grid.

In general, we succeed in identifying satellite coincidences in the altitude range from about 20 km to
30 km. In some cases the characteristics of the coincidencesare not perfect for validation purposes,
e. g. for the flight from Kiruna in 2004 where the forward coincident altitude range is below 20 km
and for the flight from Kiruna on March 4, 2003, where the forward coincidence is restricted to a
small altitude range. Nevertheless, remembering that coincidence criteria are somewhat artifical the
balloon and satellite borne trace gas profiles are compared in the whole retrieved altitude range. For the
flight from Aire sur l’Adour on Oct. 9, 2003, the match criterion is weakened to a maximum spatial
mismatch of 1000 km, as no coincidence is found applying the 500 km criterion. Furthermore, assuming
the weakened match criterion, the satellite overpass in themorning of Oct. 9 coincides directly with
the balloon measurement locations. Hence, the backward model calculations for this flight are not
performed along the SZA timeline given by air mass trajectory calculations, but are carried out along the
SZA timeline corresponding to air masses stationary at Airesur l’Adour. LPMA data are processed for
the two flights at Kiruna in 2003, only. DOAS data are lacking for March 4, 2003, due to instrumental
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malfunction.
Figure 5.6 compares the averaging kernels of the SCIAMACHY O3 and NO2 retrieval with the LPMA
and DOAS averaging kernels for balloon ascent and solar occultation measurements at Kiruna on
March 23, 2003. SCIAMACHY exhibits an altitude resolution of 3 km to 5 km for both gases which
is evidently coarser than for DOAS but on the order of the LPMAaltitude resolution (see also section
4.2.1). Accordingly, DOAS O3 and NO2 profiles are retrieved on the same altitude grid as the satellite
profiles and smoothed to match the satellite’s coarser altitude resolution except for NO2 measured during
balloon ascent below 20 km where no smoothing is applied. LPMA trace gas profiles are generated on
a 2-km altitude grid without smoothing. In all cases, the a piori profiles are taken from the satellite
retrievals performed at the IUP-Bremen.

Before the actual trace gas profiles are compared a quality check of our combined meteorological
and photochemical modeling approach can be performed by comparing photochemically corrected
balloon borne profiles inferred from the balloon ascent and solar occultation measurements of the same
balloon flight. As listed in table 5.1 for the balloon flights from Kiruna in 2003, from Kiruna in 2004
and from Teresina in 2005 the air mass trajectory model identified air mass coincidences with the same
SCIAMACHY scans for balloon ascent and solar occultation observations. Using the photochemical
model to scale the balloon borne NO2 profiles to the same satellite observation should yield identical
profiles for both viewing geometries. If any discrepancies are observed, either the trajectory model or the
photochemical model is insufficient or the profiles retrieved from balloon ascent and solar occultation
are inconsistent. Figure 5.7 illustrates the comparison for the three considered balloon flights. The left
column of panels shows the O3 profiles inferred from balloon ascent and solar occultationmeasurements
while the two columns on the right display the retrieved and photochemically corrected NO2 profiles.
The O3 profiles can be used as tracer for the inhomogeneity of the sampled air masses. Since ozone is
not subject to considerable photochemical variation on a timescale of hours, all discrepancies observed
between the balloon ascent and sunset observations can be attributed to spatial inhomogeneities of the
O3 concentration or to inconsistencies of the measurements. The latter can be considered small, since
the estimated accuracy of the DOAS O3 retrieval is better than 5% (section 4.1.1). From figure 5.7 it is
apparent that the LPMA/DOAS instruments sampled slightly inhomogeneous air masses below 20 km
for the high-latitude flights from Kiruna in March 2003 and 2004, which have been conducted close to
the polar vortex. For the tropical balloon flight no considerable impact of horizontal trace gas variations
is detected.
The comparison of NO2 concentrations which are inferred from balloon ascent and sunset measurements
and photochemically scaled to the same SCIAMACHY observation is convincing for Kiruna in 2003 and
in particular for Kiruna in 2004 (figure 5.7 a) and b)). Although the applied scaling is quite substantial
in particular for the sunset data, only small discrepanciesare observed for the former flight around
20 km which might be due to unaccounted inhomogeneities of air masses, since deviations are also
seen in the comparison of the respective O3 profiles. For the tropical flight from Teresina in 2005, the
photochemically corrected profiles inferred from sunset are consistently lower than those inferred from
balloon ascent measurements. Sampling of horizontally inhomogeneous air masses seems unlikely,
since the dynamics of the tropical stratosphere does not allow for large gradients of trace gas abundances
on small spatial scales as observed close to the polar vortex. In addition to that, the corresponding O3

profiles show good agreement. A possible source of error originates from the actual measurements. The
optical densities of NO2 encountered during balloon ascent at tropical latitudes are very small since the
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Figure 5.7:DOAS O3 (left column) and NO2 profiles (right columns) measured at Kiruna in 2003 (row a)),at
Kiruna in 2004 (row b)) and at Teresina in 2005 (row c)). The profiles inferred from balloon ascent (black boxes)
and solar occultation measurements (red triangles) are scaled to the photochemical conditions of the coincident
SCIAMACHY measurements listed in table 5.1. For each balloon flight the identified coincidences are identical
for balloon ascent and solar occultation measurements. Photochemical corrected NO2 profiles corresponding to
backward and forward coincidences are shown.

low SZAs allow for small air mass factors, only. Further, thedetermination of the Fraunhofer offset of
the DOAS NO2 SCDs is particularly difficult for the flight from Teresina in2005, because balloon float
is reached very late at SZA>83◦ and because the NO2 concentration maximum is found above ballon
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float altitude. A systematic overestimation of the DOAS Fraunhofer offset would impact the balloon
ascent SCDs more seriously than the SCDs measured in solar occultation since the former are one order
of magnitude smaller than the latter. Therefore, the Fraunhofer offset is calculated independently from
the SCIAMACHY NO2 profile above balloon float altitude and from the weighting functions for the
pseudo-TOA spectrum used for the DOAS retrieval. It is foundthat the difference between the inferred
Fraunhofer offsets cannot account for the observed discrepancy1. The photochemical model has proven
to yield valuable results for the mid- and high-latitudinalballoon flights. Since all parameters depending
on latitude are adjusted to the tropical conditions, at the moment the reason for the observed discrepancy
remains unclear. However, in all cases the error bars comprising the measurement errors, the retrieval
errors and the modeling errors represent well the actual accuracy of our approach.

5.4.2 Discussion

The retrieved vertical trace gas profiles for O3 and NO2 are shown in figures 5.8, 5.10 and 5.11. Satellite
observations in the morning before and after the balloon flight are compared to balloon borne trace
gas profiles. Smoothed (and in the case of NO2 photochemically corrected) balloon borne profiles are
presented. For reference, vertical profiles without photochemical correction at full altitude resolution
are plotted. In the case of O3, in situ sonde data are included if available. The O3 sonde data are taken
from an electrochemical cell either deployed on the gondolaor launched from the ground station shortly
after balloon launch. The relative deviations between the satellite and balloon borne measurements are
assessed in figure 5.9 for O3 and figure 5.12 for NO2.

O3 validation study

The internal consistency of the validation data set has beendiscussed in depth in sections 4.1.3 and 4.2.2
where a general agreement on the order of 10% is observed. In all cases the agreement betweenin situ
sonde and remote sensing balloon borne O3 data is good. Sometimes even highly filamented structures
(e. g. figure 5.8 e)) can be observed simultaneously in the high resolution balloon borne and thein situ
observations.
In most cases SCIAMACHY limb O3 profiles agree to within± 20% with the validation data set in the
20 km to 30 km altitude range. The agreement ranges from closeto perfect as for the observations at
Kiruna on March 4, 2003 (figure 5.8 a)) to fair as in the case of figure 5.8 d), where the agreement in the
considered altitude range is on the order of 30%, only, and the profile shape is rather different for satellite
and balloon borne data. The relative deviations (figure 5.9)show a systematic underestimation of the bal-
loon borne by the satellite borne profiles at 24 km to 28 km altitude. The underestimation decreases and
sometimes changes to overestimation when going up to 31 km and down to 20 km. This finding is similar
to conclusions of Brinksma et al. (2006), where a zigzag shape of the deviations between a validation
data set (lidar, SAGE II) and the IUP-Bremen O3 retrieval is observed, indicating that O3 concentrations
at 27 km inferred from SCIAMACHY limb are low. Although different corrections for tangent height
errors are already included in the SCIAMACHY retrievals there might be a remaining small tangent
height error causing the observed deviations. The combinederror bars of the balloon and satellite borne

1The Fraunhofer offset inferred from the NO2 Langley plot is(8.31 1015
± 4.9 1014) molecules cm−2 while the value

inferred from the SCIAMACHY profile is8.16 1015 molecules cm−2.
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d) Aire sur l'Adour, October 09, 2003, balloon ascent
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Figure 5.8:Comparison of O3 profiles inferred from SCIAMACHY limb observations with correlative balloon
borne measurements. Panels a) to f) correspond to observations at a) Kiruna on March 4, 2003, at Kiruna on
March 23, 2003, during b) balloon ascent and c) sunset, at d) Aire sur l’Adour on October 9, 2003 and at Kiruna on
March 24, 2004, during e) balloon ascent and f) sunset. The left and right sub-panels correspond to backward and
forward coincidences. Satellite data are shown as blue circles. Smoothed DOAS data are plotted as black boxes,
LPMA data as red triangles. The gray diamonds represent DOASO3 profiles at full altitude resolution without
smoothing. If available, O3 profiles measured during balloon ascent by an electrochemical cell aboard the gondola
are shown as green line. The dashed green lines correspond toO3 profiles inferred from stand-alonein situ sondes
launched from the ground station shortly after balloon launch. The altitude range between the horizontal dotted
lines represents the range where coincident air masses are identified. Unfortunately, for the backward coincidence
at Kiruna on March 24, 2004, and for the flight from Teresina onJune 17, 2005, no SCIAMACHY O3 data are
available. For better visibility, only selected error barsare shown.
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Figure 5.9:Relative deviations between satellite and balloon borne measurements of O3 profiles. Filled and open
symbols correspond to backward and forward coincidences, respectively. Observation sites and conditions are
indicated in the legend. The mean deviation of all coincident data in the 20 km – 31 km altitude range is 4.3% with
10.8% standard deviation. The gray lines indicate the mean at +0.043 and the one and two times standard deviation
boundaries with respect to the 20 km – 31 km altitude range. The error bars represent the combined errors of the
satellite and balloon borne observations. Note the broken abscissa.

observations are on the order of the observed standard deviation of all coincident measurements in the
20 to 30 km altitude range. However, a number of data points differ by more than the combined error
bars which might point to a systematic error as suggested above.
Below 20 km, SCIAMACHY O3 profiles underestimate the balloon borne data in most cases and can-
not reproduce the frequently highly filamented O3 profiles observed at high-latitudes during winter (e.
g. figures 5.8 e) and f)). The balloon flights from Kiruna on March 23, 2003, and on March 24, 2004,
were conducted close to the polar vortex edge where the gradients in O3 concentration are large on small
spatial scales. When identifying coincident balloon and satellite measurements, the air mass trajectory
calculations allow for a sizeable mismatch in space and time. A spatial mismatch of up to 500 km is pos-
sible and, hence, the influence of horizontally inhomogeneous air masses can be important close to the
polar vortex edge. Further, SCIAMACHY measurements represent an average over a 960 km wide hori-
zontal area, whereas the LPMA/DOAS measurements average the horizontal trace gas distribution along
the line-of-sight from the balloon to the Sun. Deviations asin figures 5.8 e) and 5.8 f) might originate
from the difference in horizontal averaging. Unfortunately, there are no DOAS or LPMA data available
for the observations below 19 km at the mid-latitudinal station Aire sur l’Adour, but SCIAMACHY limb
profiles and the corresponding profiles inferred fromin situ O3 sondes agree well (figure 5.8 d)). Figure
5.9 reveals that the combined error bars cannot explain the observed discrepancies below 20 km altitude.
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Figure 5.10:Comparison of NO2 profiles inferred from SCIAMACHY limb observations with correlative balloon
borne measurements. Panels a) to d) correspond to observations at a) Kiruna on March 4, 2003, at Kiruna on March
23, 2003, during b) balloon ascent and c) sunset, and at d) Aire sur l’Adour on October 9, 2003, during balloon
ascent. The left and right sub-panels correspond to backward and forward coincidences. Satellite data inferred by
IUP-Bremen are shown as blue full circles, by Harvard as openmagenta circles, by IUP-Heidelberg as green open
stars. Photochemically corrected and smoothed DOAS data are plotted as black boxes, photochemically corrected
LPMA data as red triangles. The gray diamonds represent balloon borne profiles at full altitude resolution without
photochemical correction which are taken from the DOAS dataexcept for the flight from Kiruna on March 4, 2003,
where LPMA data are used. The altitude range between the horizontal, dotted lines represents the range where
coincident air masses are identified. For better visibility, only selected error bars are shown.

NO2 validation study

The internal agreement of the balloon borne NO2 measurements is assessed in sections 4.1.3 and 4.2.2
and was found to be about 20%. Accordingly, the LPMA/DOAS observations in figures 5.10 b) and
5.10 c) mostly lie within the combined error bars. Nonetheless, for the flight from Kiruna on March 23,
2003, LPMA underestimates the DOAS profile for balloon ascent and overestimates it for sunset.
The comparison between NO2 profiles inferred from the SCIAMACHY limb measurements and the
validation data set is presented in figures 5.10, 5.11 and 5.12. The internal agreement of the satellite
retrievals is variable. NO2 profiles inferred by IUP-Bremen and IUP-Heidelberg show good agreement.
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c) Teresina, June 17, 2005, balloon ascent
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Figure 5.11:Comparison of NO2 profiles inferred from SCIAMACHY limb observations with correlative balloon
borne measurements. Panels a) to d) correspond to observations at Kiruna on March 24, 2004, during a) balloon
ascent and b) sunset, and at Teresina on June 17, 2005, duringc) balloon ascent and d) sunset. The left and right
sub-panels correspond to backward and forward coincidences. Satellite data inferred by IUP-Bremen are shown
as blue full circles, by Harvard as open magenta circles, by IUP-Heidelberg as green open stars. Photochemically
corrected and smoothed DOAS data are plotted as black boxes,photochemically corrected LPMA data as red trian-
gles. The gray diamonds represent DOAS profiles at full altitude resolution without photochemical correction. The
altitude range between the horizontal, dotted lines represents the range where coincident air masses are identified.
For better visibility, only selected error bars are shown.

Deviations are observed for October 9, 2003, (figure 5.10 d))at 30 km altitude and for March 24, 2004,
(figure 5.11 a)) below 20 km. In some cases (e. g. figures 5.10 d), 5.11 c) an d)) the Harvard NO2 retrieval
yields smaller trace gas concentrations than the IUP-Bremen algorithm around the NO2 concentration
maximum. In one case, the backward coincidence in figure 5.11a) and 5.11 b), where SCIAMACHY
was operating in a non-nominal measurement mode and pointing could not be verified, the Harvard pro-
files are offset by +2 km to +3 km with respect to the other satellite data. Agreement is good for the
corresponding forward coincidence at Kiruna in 2004. In thefollowing, the discussion is based on the
IUP-Bremen records as the latter agree best with the balloonborne data. Implications for the Harvard
and IUP-Heidelberg retrievals can be inferred analogously.
For the high- and mid-latitude stratosphere between 20 km to30 km altitude the agreement between the
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Figure 5.12:Left panel: Relative deviations between satellite (IUP-Bremen) and balloon borne measurements
of NO2 profiles. Filled and open symbols correspond to backward andforward coincidences, respectively. Ob-
servation sites and conditions are indicated in the legend.SCIAMACHY data corresponding to the backward
coincidence on March 4, 2003, at Kiruna are shifted by -2 km. Data from Teresina in 2005 are suppressed. The
mean deviation of all coincident data in the 20 km – 31 km altitude range is 1.8% with 12.4% standard deviation.
The gray lines indicate the mean at 0.018 and the one and two times standard deviation boundaries with respect to
the 20 km – 31 km altitude range. Right panel: Same as left panel but data from Teresina in 2005 are overlaid and
highlighted. Note the broken abscissa. The error bars represent the combined errors of the satellite and balloon
borne observations.

balloon borne NO2 profiles and the satellite observations is on the order of 20%and most often well
represented by the combined error bars. The latter amount toabout 1.5 to 3 times the observed standard
deviation between the two data sets for all coincident datapoints in the considered altitude range. No
general trend can be observed. The backward observations atKiruna on March 4, 2003, (figure 5.10 a))
reveal an altitude offset of +2 km to +3 km of the SCIAMACHY with respect to the LPMA data. A
systematic underestimation is found between SCIAMACHY data and balloon borne measurements at
Teresina in June 2005 (figures 5.11 c) and d)) which is particularly obvious when looking at the relative
deviations (figure 5.12). As described in the previous section, there might be an inconsistency within the
balloon borne data set which contributes to the observed discrepancy. The inferred deviations between
balloon and satellite borne data for tropical latitudes in the core altitude range between 20 km and 30 km
are unprecedented among the presented validation study.
Below 20 km the level of agreement among the entire data set isvariable. Further, as can be seen in
figure 5.11 a), the SCIAMACHY limb profiles retrieved by the IUP-Bremen, IUP-Heidelberg and Har-
vard algorithms exhibit sizeable discrepancies below 20 km. This indicates that for low altitudes the
SCIAMACHY retrieval might depend on the auxiliary parameters used in the retrieval such asa priori
information. The combined relative errors shown in figure 5.12 increase dramatically with decreasing
altitude. This can be explained because the absolute abundances of NO2 are very low in the correspond-
ing altitude region. The relative errors of SCIAMACHY NO2 measurements below 15 km are typically
larger than 50%. Adding the rather large modeling error and the error of the balloon borne measurements,
the combined error bars are often on the order of the observeddeviation. Despite the large combined
error bars, a systematic underestimation of the balloon by the satellite borne data is obvious.
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5.5 Conclusion on SCIAMACHY validation

This chapter presents a validation study for O3 and NO2 stratospheric profiles inferred from SCIA-
MACHY skylight limb observations based on balloon borne LPMA/DOAS direct Sun measurements.
An air mass trajectory model is used to identify coincident balloon and satellite borne measurements and
to model the meteorological history of the coincident air masses. A 1-D model of stratospheric chemistry
is run along the inferred air mass trajectories in order to account for photochemical processing between
the satellite and balloon borne observations and during thecourse of the balloon flight. The modeled
photochemical weighting factorsκkj (equation (5.1)) are employed to scale the balloon borne NO2 pro-
files to the photochemical conditions of the satellite measurements.
The validation study covers five balloon flights at differentgeophysical conditions. For both considered
gases, typical deviations between SCIAMACHY observationsand balloon borne profiles amount to 20%
in the 20 km to 30 km altitude range except for the tropical data set, where deviations are larger. In the
case of O3, our observations support findings of a previous study (Brinksma et al., 2006) indicating that
the IUP-Bremen O3 retrievals are systematically low between 24 km and 28 km altitude. Below 20 km
the agreement worsens for both gases due to the lower sensitivity of the satellite retrieval, unaccounted
horizontal variations of the trace gases and in the case of NO2, modeling uncertainty.
Under tropical conditions, no SCIAMACHY O3 data suitable for the validation study are available to
date. SCIAMACHY NO2 profiles underestimate the balloon borne observations in the entire retrieved
altitude range. Parts of the observed discrepancy might be due to deficiencies of the combined meteoro-
logical and photochemical modeling approach or due to a systematic error of the balloon borne profiles.
The present study provides a data set which can contribute tothe improvement and the validation of
future official ESA algorithms which are currently under development.
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Chapter 6

Case studies on stratospheric nitrogen and
chlorine

The quality of the LPMA/DOAS measurements is assessed in theprevious chapters by comparing the
simultaneously retrieved abundances of O3 and NO2 from the LPMA and DOAS instruments. The
dataset provided by the space borne SCIAMACHY instrument isvalidated. Beyond O3 and NO2, there
is a variety of trace gases which can be retrieved from LPMA/DOAS measurements and which allow for
developing a comprehensive picture of stratospheric photochemical processes.
Four LPMA/DOAS balloon flights are chosen to study the photochemistry of stratospheric nitrogen
and chlorine and its representation in the chemical transport model SLIMCAT and the chemical box
model LABMOS. First, some details of the spectral retrievalof the target species are given. Then
a meteorological and dynamic analysis of the air masses sampled by the LPMA/DOAS instruments
is presented. Case studies are chosen to represent different geophysical conditions ranging from
mid-latitude fall to high-latitude summer and winter. The budget and partitioning of stratospheric
nitrogen is discussed with respect to latitudinal and seasonal effects and the agreement with model
calculations. The chlorine budget and partitioning is investigated and interpreted regarding ozone loss
with the help of model studies constrained by the LPMA/DOAS observations.

6.1 Spectral retrieval of target species

The spectral retrieval of O3 and NO2 from DOAS and LPMA spectra is described in sections 4.1.1 and
4.1.2 and is not revisited here. LPMA spectra allow for the spectral retrieval of various trace gases besides
O3 and NO2, i. e. HNO3, NO, ClONO2, HCl, N2O, CH4, H2O, CO2. A summary of the retrieved species
and corresponding retrieval characteristics is given in table 6.1. 11 microwindows are identified which
are simultaneously used by the multifit retrieval (section 3.2.4). The listed microwindows represent the
maximum number of retrieval windows employed in the course of the present study. Depending on the
choice of spectral filters, microwindows 1, 5, 6 and 7 are not available for some of the LPMA/DOAS
balloon flights. Microwindows 1 to 4, which are covered by theHgCdTe detector, require correction of
the sinusoidal artifact according to equation (3.34) and section 3.2.4. The ILS is determined separetely
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Table 6.1: Microwindows, absorbing species, systematic retrieval errors and corresponding figures. For each
microwindow, the target species is indicated by bold face letters.

Micro- Spectral Absorbing species Systematic error Illustration

window range / cm−1 (target species) of target species / %

1 779.960–780.593 ClONO2, O3, CO2 20 figure 6.1

2 905.637–908.585 HNO3, H2O, CO2 15 figure 6.1

3 1240.387–1243.626 CH4, N2O, H2O, CO2 10 figure 6.1

4 1257.005–1258.833 N2O, CH4, H2O, CO2 10 figure 6.1

5 1818.095–1820.969 O3, NO, H2O, CO2 10 figure 4.3

6 1901.000–1904.978 NO, H2O, CO2 10 figure 6.1

7 1933.898–1939.982 CO2, O3, H2O, NO, COF2 10 figure 6.1

8 2914.358–2915.156 NO2, CH4, O3, H2O 10 figure 4.4

9 2925.768–2926.014 HCl , CH4, NO2 7 figure 6.1

10 2944.716–2945.103 HCl , CH4 7 figure 6.1

11 3040.039–3040.843 O3, CH4, H2O 10 figure 4.3

for microwindow 1, microwindows 2 to 4, microwindows 5 to 7 and microwindows 8 to 11. Since the
target window of ClONO2 (microwindow 1) is situated at the low-wavenumber end of thefilter bandpass,
the corresponding ILS has to be determined independently. Examples of typical ILS are shown in figure
4.2. Absorption line parameters are taken from Rothman et al. (2005) except for ClONO2 where the data
set of Wagner and Birk (2003) is used. The errors of the retrieved SCDs are calculated by adding the
statistical errors given by the fitting routine and the systematic retrieval errors listed in table 6.1. The
latter are estimated from the errors of the absorption line parameters given by Rothman et al. (2005),
uncertainties of the ambient pressure and temperature data, and errors due to incorrect knowledge of the
ILS as described in section 4.1.2 for the O3 and NO2 retrieval. While the spectral retrievals of O3 and
NO2 in microwindows 5, 8 and 11 are illustrated in figures 4.3 and 4.4, the retrieval of the remaining
target species is depicted in figure 6.1 for a spectrum recorded during the balloon flight at Kiruna on Feb.
10, 1999, at about 20 km tangent height.
In addition to the trace gases retrieved from LPMA spectra and from spectra recorded by the ‘visible’
DOAS spectrograph, measurements of the ‘UV’ DOAS spectrograph are used to infer abundances of
BrO and OClO. The spectral retrieval of the latter gases is performed according to the specifications
given in Dorf (2005) and following the same principles as forgases measured by the ‘visible’ DOAS
spectrograph1.
Vertical profiles of the respective gases are generated according to section 3.3.2 applying the MAP re-
trieval (equation (3.46)). Errors of the vertical profiles are calculated from the errors of the SCDs and
the smoothing error through equation (3.47). Inspection ofthe corresponding averaging kernels implies
that a 3-km altitude grid is best suited for profile retrievalfrom LPMA SCDs. In order to get profile
points each kilometer the retrieval is performed three times on altitude grids displaced by one kilometer.
Commonly, vertical trace gas profiles from DOAS data are inferred on a 1-km altitude grid. Altitude
resolution depends on the species but the analysis presented in section 4.2.1 can be considered repre-
sentative for the LPMA and DOAS retrieval, i. e. altitude resolution of DOAS vertical profiles is in

1BrO and OClO retrievals are performed by Marcel Dorf who is gratefully acknowledged.
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Figure 6.1:Spectral retrieval of ClONO2 (upper row, first panel), HNO3 (upper row, second panel), CH4 (upper row, third and forth panel), N2O (upper row,
third and forth panel), NO (lower row, first panel), CO2 (lower row, second panel) and HCl (lower row, third and forthpanel) for an LPMA spectrum recorded in
solar occultation during the balloon flight from Kiruna on February 10, 1999, at 20 km tangent height. The large sub-panels illustrate the measured (black line) and
modeled transmission (red line). The small sub-panels showthe residual.
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Figure 6.2:Map of potential vorticity on the 475 K potential temperature level over Europe as given by ECMWF
analyses at 12 UT on Nov. 23 (left panel) and Nov. 24 (right panel), 1996. Potential vorticity is color-coded
according to the scales in units of 10−7 K m2 kg−1 s−1 = 0.1 PVU. Longitude and latitude are given in degree East
and degree North, respectively. The trajectory of the LPMA/DOAS balloon launched from Leon (42.6◦N, 5.7◦W)
at 14:45 UT on Nov. 23, 1996, is shown as thick solid line.

general on the order of 1 km above 20 km, decreasing to 3 - 4 km atlower altitudes while LPMA profiles
generally exhibit 3 km altitude resolution above 20 km and 4 -6 km below.

6.2 Meteorological and dynamic analysis

The LPMA/DOAS balloon flights chosen for further analysis were conducted at Leon (42.6◦N, 5.7◦W)
on Nov. 23, 1996, and at Kiruna (67.9◦N, 21.1◦E) on Feb. 14, 1997, on Feb. 10, 1999 and on Aug. 21/22,
2001. The dataset is meant to represent typical case studiesof the mid-latitude stratosphere in fall and of
the high-latitude stratosphere in winter and summer. However, the meteorological conditions are specific
for each balloon flight and determine to what extent the results inferred from the presented case studies
are suited for general applicability. Hence, the meteorological and dynamic situation is shortly discussed
in the following section.

6.2.1 Mid-latitude fall 1996 at Leon

The balloon flight from Leon (42.6◦N, 5.7◦W) in northern Spain was launched on Nov. 23, 1996, at
14:45 UT (SZA≈73◦) and terminated at 16:53 UT (SZA≈93◦) during early solar occultation. The
meteorological analysis provided by FU Berlin shows that the Arctic polar vortex developed strongly in
October 1996, but was split in early November due to a warmingevent. A fragment above Greenland
intensified and moved eastward toward northern Spain causing an increase of potential vorticity and
a decrease of temperature over Leon. After Nov. 11 the centerof the polar vortex moved further
eastward and extra-vortex conditions re-established overnorthern Spain. Figure 6.2 illustrates the
potential vorticity at the 475 K potential temperature level over Europe on Nov. 23 and 24 at 12 UT.
The trajectory of the balloon follows the westerly wind pattern starting from Leon in northern Spain.
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Figure 6.3:CH4-N2O correlation (left panel) and N2O vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascent (open black circles) and solar occultation (filled
black boxes) at Leon on Nov. 23, 1996. SLIMCAT model output interpolated to Leon for Nov. 21 (dotted red
line) and Nov. 23 (solid red line) is shown for comparison. Further, the standard CH4-N2O correlations given by
Michelsen et al. (1998b) for the tropics (blued dashed line), for mid-latitudes (solid blue line) and for the polar
vortex (blue dotted line) are plotted. Note that the Michelsen et al. (1998b) study was conducted between 1992
and 1994 and that the trend in stratospheric N2O (0.8 ppt/year according to Houghton et al. (2001)) and CH4

(7.0 ppt/year according to Houghton et al. (2001)) is not considered.

Clearly, the LPMA/DOAS payload probed air masses outside the polar vortex which should be typical
of mid-latitudes in the fall/winter hemisphere.

A concept often used to identify the dynamic origin of air masses is the inspection of tracer pro-
files or tracer-tracer correlations (Plumb and Ko, 1992). Suitable tracers are species such as N2O and
CH4 which have no significant source in the stratosphere and whose photochemical lifetimes are longer
than or on the order of the timescales for horizontal transport. Concentrations of these species should
decrease monotonically with altitude and are specific to therespective transport regime. Inside the polar
vortex for example subsidence of air masses is stronger thanat mid-latitudes. Consequently, the tracer
profiles of intra-vortex air are “shifted downward” compared to mid-latitude tracer profiles (see e. g.
figure 1.2). Correlations between two tracers should be compact varying only with altitude. If at a certain
altitude level air masses of different transport regimes undergo mixing processes, tracer profiles appear
distorted, e. g. by showing filamented structures. Since thephotochemical lifetimes of N2O and CH4 are
controlled by inherently different photochemical processes, the correlations between the two species are
specific to the large scale environment. Michelsen et al. (1998b) derived CH4-N2O correlations from
ATMOS measurements aboard the space shuttle for a variety ofgeophysical conditions and inferred
compact correlations for the tropics, mid-latitudes and polar vortex conditions. The correlations for the
polar vortices result from mixing between extra- and intra-vortex air masses which experienced different
degrees of subsidence.
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Figure 6.4:Temporal evolution of temperature at the 30 hPa pressure level above the North pole. Data for the
winter 1996/97 are shown as black solid line while the dashedline corresponds to the 30 year mean. Adopted from
Naujokat et al. (1997).

In figure 6.3 the standard correlations are shown together with the corresponding correlation in-
ferred from the LPMA/DOAS balloon flight. The LPMA/DOAS datascatter around the mid-latitude
correlation of Michelsen et al. (1998b) but error bars are rather large and do not allow for a clear
distinction between the three dynamic regimes. The inferred N2O vertical profile (right panel of figure
6.3) reveals no intrusion of intra-vortex air. For comparison, SLIMCAT model data are also plotted for
Nov. 21 and Nov. 23, 1996, interpolated to Leon. The agreement with the measurements is good for
both days suggesting that the dynamic situation is modeled correctly.

6.2.2 High latitude winter 1996/97 at Kiruna

The LPMA/DOAS payload was launched from Kiruna at 12:15 UT (SZA≈ 82◦) on Feb. 14, 1997. Bal-
loon float at 30 km altitude was reached about two hours later and measurements in solar occultation
could be conducted down to 13 km tangent height (SZA≈ 95◦). During the Arctic winter 1996/97, the
polar vortex formed very late due to a warming event in late November, but quickly intensified and per-
sisted into April 1997 (Coy et al., 1997). Since the vortex remained isolated from January through the
end of March, temperatures were well below the threshold forPSC type 1 formation. Figure 6.4 shows
the temperature as a function of time on the 30 hPa pressure level above the North pole. There, tempera-
tures were well below the 30-year mean from January throughout mid-April.
Unfortunately, the LPMA/DOAS balloon flight was conducted close to the polar vortex edge as can be
seen from the potential vorticity plotted in figure 6.5. The core of the polar vortex on the 475 K po-
tential temperature level was situated in the north of Scandinavia and the strongest gradients occurred
between 70◦ and 62◦ latitude. That means that the LPMA/DOAS measurements during balloon ascent
and solar occultation may have probed air masses of different dynamic regimes. Even within a single
measurement extra-vortex as well as intra-vortex air masses may have been sampled which can readily
be seen in a folding of the dynamic tracer profiles and the tracer-tracer correlations. The CH4-N2O cor-
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Figure 6.5:Map of potential vorticity on the 475 K potential temperature level over Europe as given by ECMWF
analyses at 12 UT on Feb. 14 (left panel) and Feb. 15 (right panel), 1997. Potential vorticity is color-coded accord-
ing to the scales in units of 10−7 K m2 kg−1 s−1 = 0.1 PVU. Longitude and latitude are given in degree East and
degree North, respectively. The trajectory of the LPMA/DOAS balloon launched from Kiruna (67.9◦N, 21.7◦E)
at 12:15 UT on Feb. 14, 1997, is shown as thick solid line. Selected lines-of-sight during solar occultation are
represented by thin black lines.

relations shown in the left panel of figure 6.6 imply that the balloon ascent measurements predominantly
sampled intra-vortex air while the solar occultation measurements probed extra-vortex air masses of mid-
latitudinal character although the scatter of the data points is rather large. The N2O vertical profile plotted
in the right panel of figure 6.6 shows indeed that different dynamic regimes were sampled during balloon
ascent and during solar occultation. The folding between 21km and 26 km altitude corresponds to air
masses which experienced less subsidence than those contributing to the profile points below 21 km.
SLIMCAT model output on Feb. 13 corresponds to the intra-vortex CH4-N2O correlation while model
output on Feb. 15 follows the mid-latitudinal correlation.The agreement with the LPMA/DOAS mea-
surements is moderate, remembering that altitude dependent horizontal inhomogeneities as observed by
the remote sensing measurements cannot be reproduced by themodel.

6.2.3 High latitude winter 1998/99 at Kiruna

The LPMA/DOAS balloon flight was conducted on Feb. 10, 1999, between 11:35 UT (SZA≈82.5◦) and
14:55 UT (SZA≈ 94.9◦). After two hours of balloon ascent to 28.5 km float altitude solar occultation
measurements were performed down to tangent heights of about 14 km. The 1998/99 winter was among
the warmest observed in the Arctic in the 1990s (EORCU, 1999). Although a strong polar vortex was
well established in November with temperatures low enough for formation of PSCs, a strong warming
event in mid-December caused a displacement of the polar vortex toward mid-latitudes. During January,
temperatures in the lower and middle stratosphere decreased but circulation patterns remained disturbed
until the end of January, when a cold vortex re-established over the polar region. In the beginning of
February, at the time of the LPMA/DOAS balloon flight, temperatures around the threshold for PSC type
1 formation were observed. A further warming event in mid-February caused the polar vortex to split
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Figure 6.6:CH4-N2O correlation (left panel) and N2O vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascent (open black circles) and solar occultation (filled
black boxes) at Kiruna on Feb. 14, 1997. SLIMCAT model outputinterpolated to Kiruna for Feb. 13 (dotted red
line) and Feb. 15 (solid red line) is shown for comparison. Further, the standard CH4-N2O correlations given by
Michelsen et al. (1998b) for the tropics (blued dashed line), for mid-latitudes (solid blue line) and for the polar
vortex (blue dotted line) are plotted. Please note that the Michelsen et al. (1998b) study was conducted between
1992 and 1994 and that the trend in stratospheric N2O (0.8 ppt/year according to Houghton et al. (2001)) and CH4

(7.0 ppt/year according to Houghton et al. (2001)) is not considered.

and finally led to an early springtime warming by the end of February. The general evolution of polar
temperatures is shown in figure 6.7. Two distinct warming events in December and February can clearly
be seen. In the beginning of December, PSCs could be observedover Scandinavian stations, but not for
the cold period in February albeit temperatures were occasionally below 195 K. However, observations
were very sparse in February 1999.
Since the LPMA/DOAS balloon flight from Kiruna in 1999 is studied extensively in the following sec-
tions, a more detailed meteorological and dynamic analysisis given than for the other flights. Figure 6.8
shows air mass trajectories calculated 10 days backward starting at Kiruna at 12 UT on Feb. 10, 1999.
The trajectories are shown on the 400 K (15.5 km), 475 K (19.8 km) and 550 K (22.9 km) potential tem-
perature levels. Air masses at all altitudes traveled from northern Canada across Greenland to northern
Scandinavia. While at lower altitudes the trajectories made their way from Canada to Kiruna between
60◦N and 70◦N latitude, at higher altitudes air masses crossed polar regions some days before reaching
northern Scandinavia. For the 550 K level, ECMWF analyses indicate temperatures low enough for the
formation of PSCs. At that time of the year, the terminator ofthe polar night was at about 75◦ northern
latitude which implies that air masses on the 475 K and 550 K levels experienced dark conditions over
4 to 6 days between Feb. 2 and Feb. 8. However, all air masses encountered sunlight about 48 h before
arriving at Kiruna. Figure 6.9 shows the distribution of potential vorticity over northern Europe for the
400 K, 475 K and 550 K potential temperature levels on Feb. 10 and 11, 1999, at 12 UT. The filamented
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Figure 6.7:Temporal evolution of temperature at the 30 hPa pressure level above the North pole. Data for the
winter 1998/99 are shown as black solid line while the dashedline corresponds to the 30 year mean. Adopted from
Naujokat et al. (1999).

structure of the vortex is clearly visible. At 400 K an elongated part of the vortex was situated in the west
of the LPMA/DOAS measurements and moved in south-eastern direction. Given the potential vorticity
fields for 12 UT on Feb. 10 and 11 and that the flight was conducted over several hours after 12 UT on
Feb. 10, it is well possible that some lines-of-sight of the balloon borne instruments crossed the vortex
filament. At 475 K a pronounced vortex filament occurred closeto the LPMA/DOAS measurements. In
particular, for solar occultation measurements the lines-of-sight seem to point into the core of the vortex
while balloon ascent was conducted at the vortex edge. A region of high potential vorticity is found in
the north-west of the balloon borne observations on Feb. 10 at the 550 K level. Since the filament moved
towards Kiruna, it seems likely that the remote sensing instruments sampled air masses at the boundary
of the vortex.
The CH4-N2O correlation (left panel of figure 6.10) supports the findings of the meteorological analysis.
Air masses of different dynamic regimes were sampled duringthe balloon flight from Kiruna in 1999. Air
masses with N2O larger than 100 ppb show mid-latitudinal tracer characteristics or even slightly larger
CH4 mixing ratios than expected from the mid-latitudinal standard correlation. However, error bars are
rather large. Air masses with N2O mixing ratios in the range of 100 ppb to 50 ppb fall in betweenthe
vortex and the mid-latitudinal correlation which is a hint that indeed some intra-vortex air was probed by
the lines-of-sight.
Given the coarse horizontal resolution, the SLIMCAT model has difficulties to reproduce the complicated
dynamic situation of the considered LPMA/DOAS balloon flight. The CH4-N2O correlations taken from
model output on Feb. 9 and Feb. 11 show vortex characteristics for [N2O]> 120 ppb and tend toward
the mid-latitudinal correlation for [N2O]< 120 ppb. The altitude profile of N2O (right panel of figure
6.10) reveals a rather unperturbed shape for the balloon ascent measurements which is slightly offset
in altitude with respect to the solar occultation profile. Inthis latter case, similar to the observations at
Kiruna in 1997, larger than expected mixing ratio values between 22 km and 26 km altitude are observed.
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Figure 6.8: 10-day backward trajectories on the 400 K (upper panel), 475K (middle panel) and 550 K (lower
panel) potential temperature level starting over Kiruna at12 UT on Feb. 10, 1999. Circles on the trajectories are
plotted each 24 h. Filled circles correspond to intervals where temperatures low enough for PSC type 1 formation
occurred. The calculations were performed using ECMWF analyses and software tools provided by NILU.
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Figure 6.9:Map of potential vorticity on the 400 K (upper row) (15.5 km),475 K (middle row) (19.8 km) and
550 K (lower row) (22.9 km) potential temperature level overEurope as given by ECMWF analyses at 12 UT on
Feb. 10 (left panels) and Feb. 11 (right panels), 1999. Potential vorticity is color-coded according to the scales
in units of 10−7 K m2 kg−1 s−1 = 0.1 PVU. Longitude and latitude are given in degree East anddegree North,
respectively. The trajectory of the LPMA/DOAS balloon launched from Kiruna (67.9◦N, 21.7◦E) at 11:35 UT on
Feb. 10, 1999, is shown as thick solid line. Selected lines-of-sight during solar occultation are represented by thin
black lines.
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Figure 6.10:CH4-N2O correlation (left panel) and N2O vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascent (open black circles) and solar occultation (filled
black boxes) at Kiruna on Feb. 10, 1999. SLIMCAT model outputinterpolated to Kiruna for Feb. 9 (dotted red
line) and Feb. 11 (solid red line) is shown for comparison. Further, the standard CH4-N2O correlations given by
Michelsen et al. (1998b) for the tropics (blued dashed line), for mid-latitudes (solid blue line) and for the polar
vortex (blue dotted line) are plotted. Please note that the Michelsen et al. (1998b) study was conducted between
1992 and 1994 and that the trend in stratospheric N2O (0.8 ppt/year according to Houghton et al. (2001)) and CH4

(7.0 ppt/year according to Houghton et al. (2001)) is not considered.

Hence, air masses of mid-latitudinal origin dominated the N2O solar occultation profile in the altitude
range between 22.0 km and 26 km while intra-vortex air dominated below. As already indicated by the
tracer-tracer correlations, SLIMCAT model output shows less subsidence above 18 km altitude.

6.2.4 High latitude summer 2001 at Kiruna

In 2001, a LPMA/DOAS balloon flight was conducted between 15:35 UT on Aug. 21 and 2:50 UT on
Aug. 22 allowing for measurements during balloon ascent (SZA≈ 77◦pm to SZA≈ 88◦pm), sunset
(SZA≈ 90.0◦pm to SZA≈ 94.5◦pm) and sunrise (SZA≈ 95.1◦am to SZA≈ 90.0◦am). Balloon float
was reached at 38.5 km altitude. The dynamic conditions in the high-latitude summer stratosphere re-
semble those at mid-latitudes as illustrated schematically in figure 1.1. The flight was conducted at the
time when the stratospheric circulation patterns changed from summertime easterlies to wintertime west-
erlies and winds were accordingly weak. The balloon driftedslowly to the east but remained close to
Kiruna which allowed for a long duration flight and sunrise measurements in the morning after balloon
launch.
The trajectory of the balloon and selected lines-of-sight for sunset and sunrise measurements are depicted
in figure 6.11. A plot of potential vorticity is omitted here since no major gradients are encountered on
the spatial scales pertaining to the balloon flight. Lines-of-sight which exhibit a western component cor-
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Figure 6.11:Map of northern Scandinavia showing the trajectory of the LPMA/DOAS balloon launched at Kiruna
on Aug. 21, 2001 (black thick line). The lines-of-sight for solar occultation measurements are plotted as thin black
lines and terminated at the tangent point. The numbers attached to the tangent points are the corresponding solar
zenith angles in degree. The branch of lines-of-sight directed to the west corresponds to measurements during
sunset, the branch directed to the east corresponds to measurements during sunrise on Aug. 22, 2001. Longitude
and latitude are given in degree East and degree North.

respond to sunset measurements while those with an eastern component illustrate sunrise measurements.
The CH4-N2O correlation (left panel of figure 6.12) has no direct analogamong the set of standard cor-
relations provided by Michelsen et al. (1998b). The measured CH4-N2O correlation corresponds well to
mid-latitudes for [N2O]> 125 ppb and tends to lower CH4 values for [N2O]<125 ppb. This might be a
indication that polar air masses experienced more aging than mid-latitudinal ones.
SLIMCAT model output on Aug. 21, 2001, agrees well with the observations except for low N2O where
some discrepancies are observed. The N2O altitude profile (right panel in figure 6.12) supports the find-
ing that air masses are of mid-latitudinal character. The discrepancies observed between balloon ascent
and solar occultation profiles below 20 km are hardly understandable from dynamic considerations. In
the summer polar stratosphere, horizontal gradients of trace gases due to dynamic reasons, such as ob-
served in polar winter, are not important. Discrepancies asthe ones encountered here could arise if the
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Figure 6.12:CH4-N2O correlation (left panel) and N2O vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascent (open black circles) and solar occultation (filled
black boxes) at Kiruna on Aug. 21, 2001. SLIMCAT model outputinterpolated to Kiruna for Aug. 21 (solid red
line) is shown for comparison. Further, the standard CH4-N2O correlations given by Michelsen et al. (1998b) for
the tropics (blued dashed line), for mid-latitudes (solid blue line) and for the polar vortex (blue dotted line) are
plotted. Please note that the Michelsen et al. (1998b) studywas conducted between 1992 and 1994 and that the
trend in stratospheric N2O (0.8 ppt/year according to Houghton et al. (2001)) and CH4 (7.0 ppt/year according to
Houghton et al. (2001)) is not considered.

pointing of the LPMA instrument to the Sun was not correctly described by the retrieval algorithm as dis-
cussed in section 3.2.4. Although the lines-of-sight are corrected for pointing errors, a remaining small
error can cause an erroneous N2O profile at low altitudes. The impact of such a pointing erroris largest
for those species which exhibit their concentration maximum in the troposphere and a sharp concentra-
tion decrease in the stratosphere, like N2O (Dufour, 2005). The agreement between observations during
balloon ascent and SLIMCAT model data is good up to 25 km. Above 25 km SLIMCAT underestimates
the measured N2O mixing ratio.
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6.3 NOy budget and partitioning

The budget of reactive nitrogen NOy and the partitioning of its constituents is of major importance for
stratospheric photochemistry (e.g. Crutzen, 1970; Portmann et al., 1999). On the one hand, short-lived
NO and NO2 species act as ozone loss catalysts which dominate ozone destruction between 25 km and
40 km altitude, on the other hand NOx plays an important role as scavenger of the HOx, ClOx and BrOx

catalysts and thus hinders ozone loss due to the respective catalytic cycles (section 1.2.3). The partition-
ing between the short- and long-lived species is of particular importance since it is the ratio NOx/NOy

which determines the amount of nitrogen compounds available for catalytic ozone destruction or scav-
enging of other catalysts. In the Arctic and Antarctic winter stratosphere the budget and partitioning of
NOy is difficult to assess since mixing processes of intra- and extra-vortex air, intra-vortex subsidence
and denitrification may lead to misinterpretation when not correctly accounted for. Ultimately, the cor-
rect representation of the NOy budget and partitioning under various geophysical conditions in chemistry
transport models of the stratosphere is a prerequisite for modeling the past and future evolution of strato-
spheric ozone correctly.
Here, we present model-measurement comparisons for some case studies performed by the
LPMA/DOAS balloon payload. In the following, the NOy budget and the partitioning of its constituents
are investigated for a high-latitude winter and high-latitude summer scenario. The discussion highlights
the differences between the considered scenarios and the agreement with the SLIMCAT chemical trans-
port model. Then, the partitioning between short- and long-lived NOy species is assessed by comparing
modeled and measured NO2/HNO3 under mid- and high-latitude winter and summer conditions.Finally,
a case study of the Arctic winter NOy budget is revisited and discussed with respect to transport, mixing
processes and possible denitrification.

6.3.1 NOy and its constituents

Numerous studies investigated the NOy budget in the stratosphere under various geophysical conditions.
Around 1999 it was found that the understanding of the partitioning between the NOx catalyst and
available nitrogen NOy was incomplete (Morris et al., 1997; Sen et al., 1998; Danilin et al., 1999; Drdla
et al., 1999; Gao et al., 1999; Osterman et al., 1999; Randeniya et al., 1999; Bösch, 2002). Atmospheric
models substantially underestimated the NOx/NOy or alternatively the NO2/HNO3 ratios compared to
observations by balloon and space borne instruments. Thesefindings implied that either rate constants
as recommended by the commonly used JPL-1997 compilation (DeMore et al., 1997) were incorrect or
some chemical reactions were missing. Subsequent laboratory studies discovered that the rate constants
of the OH + NO2 association reaction (R1.31) and of the OH + HNO3 reaction (R1.36) were indeed
incorrect (Dransfield et al., 1999; Brown et al., 1999a,b; D’Ottone et al., 2001). Model-measurement
comparisons (Gao et al., 1999; Payan et al., 1999; Salawitchet al., 2002; Prasad, 2003) confirmed
the expected improvement when using the newly recommended rate constants later implemented in
the updated JPL-2000 recommendation (Sander et al., 2000).As pointed out in section 1.2.3, Golden
and Smith (2000) suggested the formation of pernitrous acid(HOONO) from reaction (R1.31). This
second pathway would cause a decrease of the overall HNO3 formation rate since the HOONO isomer
is collisionally or photolytically decomposed into its educts. Since the findings on the importance of
the HOONO formation are somewhat contradictory (Dransfieldet al., 1999; Nizkorodov and Wennberg,
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Figure 6.13:Measured (symbols) and modeled (lines) volume mixing ratios of NOy (black boxes), HNO3 (red
circles), NO2 (green stars), NO (blue diamonds), N2O5 (cyan, modeled only) and ClONO2 (orange triangles) for
sunset measurements conducted during the balloon flights from Kiruna on Feb. 11, 1999, (upper panel) and on
Aug. 21, 2001 (lower panel). Model output is shown for Feb. 9 (dotted lines) and Feb. 11 (solid lines), 1999, and
for Aug. 19 (dotted lines) and Aug. 21 (solid lines), 2001.
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Figure 6.14:Measured (symbols) and modeled (lines) abundances of HNO3 (red circles), NOx (blue diamonds),
N2O5 (cyan, modeled only) and ClONO2 (orange triangles) with respect to NOy for sunset measurements con-
ducted during the balloon flights from Kiruna on Feb. 11, 1999, (upper panel) and on Aug. 21, 2001 (lower panel).
Model output is shown for Feb. 9 (dotted lines) and Feb. 11 (solid lines), 1999, and for Aug. 19 (dotted lines) and
Aug. 21 (solid lines), 2001.
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2002), the latest JPL compendium on reaction constants, JPL-2002 (Sander et al., 2003), recommends to
consider only HNO3 formation from reaction (R1.31). JPL-2002 further includes some minor updates
on the values of the respective rate constants. Recently, Wetzel et al. (2002) and Stowasser et al. (2002)
compared their balloon borne measurements conducted in theArctic winter stratosphere to output of the
CTM KASIMA and found, that in particular under dynamically active conditions, the CTM still fails
to reproduce the measured partitioning of reactive nitrogen. In the polar summer stratosphere, Dufour
et al. (2005) found good agreement when comparing LPMA/DOASmeasurements of NOy constituents
to output of the CTM REPROBUS.

Here, the dataset of Dufour et al. (2005) obtained at Kiruna in August 2001 is revisited and sup-
plemented by the measurements conducted by the LPMA/DOAS payload in the winterly Arctic
stratosphere at Kiruna in February 1999 during sunset. The latter scenario was analyzed by Bösch
(2002) but before the multifit retrieval was implemented. The instrumental setup of both flights allows
for the retrieval of the NOy constituents NO, NO2, HNO3 and ClONO2. Here, NOy is calculated from
NO + NO2 + HNO3 + ClONO2 + 2 N2O5 where N2O5 is taken from output of the SLIMCAT CTM since
it is not directly measured. Minor abundant constituents, e. g. HO2NO2 and BrONO2, are neglected.
NOx is given as the sum of NO and NO2. Vertical profiles of the radical species NO and NO2 are scaled
to SZA = 90◦ using LABMOS model output according to the method describedin section 5.3. The
major difference between the retrieval used in Dufour et al.(2005) and here, is the spectral range of the
HNO3 retrieval window which was narrowed from a 25 cm−1 wide range centered about 860 cm−1 to
the interval[905.64 cm−1,908.59 cm−1]. Further, we use NO2 and O3 profiles measured by the DOAS
instead of the LPMA instrument according to the findings in section 4. The observed trace gas profiles
are compared to SLIMCAT model output interpolated to the launch site. SLIMCAT uses rate constants
according to the latest JPL-2002 recommendation (Sander etal., 2003). Since SLIMCAT output is only
available every two days, two sets of model output are shown for each balloon flight corresponding to
different days.

Figures 6.13 and 6.14 show the measured and modeled trace gasprofiles and their composites
NOy and NOx retrieved from solar occultation measurements in the Arctic stratosphere under winter
and summer conditions. The volume mixing ratios of the tracegases are plotted in figure 6.13 while
their relative abundances with respect to NOy are shown in figure 6.14.
In the lower stratosphere, NOy increases due to its release from N2O and peaks with about 15 ppb in the
middle stratosphere. At higher altitudes the primary sink process for NOy, i. e. the reaction of NO with
atomic nitrogen forming atomic oxygen and molecular nitrogen, becomes important and NOy decreases.
In accordance with the general circulation patterns, whichpredict strong subsidence of air masses in
the winter hemisphere, the NOy profile appears downward shifted when comparing the winter with the
summer observations. For the Arctic winter flight observed HNO3 constitutes more than 95% and 85%
of NOy at 15 km and 25 km, respectively. The corresponding fractions for the summerly stratosphere are
80% at 15 km and 60% at 25 km. The measurement of the reservoir species ClONO2 indicates a broad
layer peaking with about 1.2 ppb between 15 km and 25 km altitude for the Kiruna 1999 flight. For
Kiruna 2001, a somewhat broader layer between 15 km and 35 km peaking around 0.8 ppb is observed.
NOx is by one order of magnitude more abundant for the summer thanfor the winter observations in the
lower stratosphere. While the fractional contribution of summerly NOx to NOy increases from about
15% at 20 km to 50% at 28 km, winterly NOx contributes less than 1% to NOy below 20 km and attains
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50% contribution at 30 km. Above 30 km NOx dominates NOy for both scenarios. The low amounts
of NOx around and below 20 km observed for Kiruna 1999 point at denoxification, i. e. air masses in
the considered altitude layer are strongly depleted in NOx since most of NOx is converted to N2O5

and subsequently to HNO3. This finding is a very likely scenario since air masses at 19.8 km (475 K)
experienced several days of darkness over the North Pole 48 hbefore reaching Kiruna as illustrated in
figure 6.8.
SLIMCAT model output is shown for two days temporally close to the date of the balloon flight.
While for Aug. 21, 2001, model output is available on the actual day of the measurement, model data
for Kiruna 1999 correspond to one day before and one day afterthe balloon flight on Feb. 10, 1999.
The large differences between model output on Feb. 9 and Feb.11, 1999, reveal the difficulty when
performing ad-hoc model-measurement comparisons under dynamically active conditions: Close to the
polar vortex gradients of trace gas concentrations may be large on small spatial scales depending on the
dynamic and photochemical history of the considered air masses. Concentration gradients may impact
the agreement in model-measurement comparisons, since theLPMA/DOAS measurements represent
horizontal averages of the trace gas profiles and model output is rather a model grid point snapshot.
In the presented case, model output on Feb. 11 seems to simulate the dynamic and photochemical
conditions encountered during the balloon flight better than model output on Feb. 9. This finding is
supported by the comparison of the modeled and observed N2O profiles (figure 6.10, right panel).
Hence, the following discussion for Kiruna 1999 is based on model output for Feb. 11, 1999. For
Kiruna 2001 differences between the two days of model outputare small as expected from the rather
unperturbed flow of polar air masses in summer.
In the Arctic winter stratosphere, SLIMCAT underestimatesobserved NOy between 17 km and 24 km
and overestimates it above. Underestimation in the lower stratosphere mainly comes from HNO3 which
is low compared to observations. Overestimation of NOy above 24 km originates from higher than
observed NO2, NO and ClONO2 concentrations. Below 24 km, the measured abundances of NO,NO2

and ClONO2 are modeled fairly well except for a layer around 21 km altitude where SLIMCAT output
of the respective species is higher than the observed abundances.
Under summerly conditions, measured NOy is captured very well by the SLIMCAT model in the entire
retrieved altitude range. Small discrepancies can be observed between 25 km and 35 km altitude where
the model underestimates measured HNO3 and accordingly the composite NOy. Similarly, observed
ClONO2 is reproduced well by the model except for an altitude layer around 29 km where a dip in the
trace gas profile is not captured. However, SLIMCAT overestimates NO and NO2 and consequently
NOx by up to 30% between 15 km and 28 km altitude.
Modeled abundances of N2O5 cannot be compared to measurements. However, from the modelcalcu-
lations it is evident that its abundances in the Arctic winter and summer stratosphere are quite different.
For the winterly dataset Kiruna 1999, N2O5 concentrations below 20 km are very low indicating that
most of the NOx converted to the night-time reservoir N2O5 is further processed to HNO3 causing
strong denoxification of the lower stratosphere. Above 25 km, N2O5 abundances constitute up to 3%
of NOy. In the Arctic summer stratosphere, N2O5 accounts for less than 1% of NOy exhibiting a wide
layer between 15 km and 25 km altitude. This is consistent with the fact that during summer NOx is
effectively recovered from its night-time reservoir N2O5 since the sunlit fraction of the day is large.

In general, the LPMA/DOAS observations at Kiruna in winter 1998/99 and summer 2001 corrob-
orate the picture that in winter the partitioning between NOy constituents in the Arctic stratosphere
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is shifted toward the reservoir species compared to summerly conditions. For the Arctic winter
observations in 1998/99 strong denoxification was found in the lower stratosphere. SLIMCAT describes
well the overall partitioning of NOy including the denoxified layer observed for the Arctic winter case.
However, the case studies indicate a tendency of the model tounderestimate HNO3 and to overestimate
NO and NO2. The latter finding is discussed in detail in the following section.

6.3.2 NO2 / HNO3 partitioning

Unfortunately, NO and ClONO2 cannot be inferred from LPMA spectra for some flights due to the
choice of spectral filters which cut the respective retrieval ranges. In addition, ClONO2 can only be
retrieved from solar occultation measurements, since the ClONO2 signal is too small for a retrieval
from balloon ascent measurements. Hence, retrieval of NOx and NOy is often not possible from
LPMA/DOAS measurements. The ratio NO2/HNO3, however, can be used in model-measurement
comparisons to estimate the agreement between modeled and measured NOx/NOy. The previous section
indicated that SLIMCAT tends to underestimate HNO3 and to overestimate NO and NO2. Here, we
present NO2/HNO3 measured during balloon ascent and solar occultation by theLPMA/DOAS payload
at Leon in 1996, at Kiruna in 1997, 1999 and 2001. The observations are compared to SLIMCAT model
data in figure 6.15. For the high-latitude summer observations, also output of the REPROBUS CTM
(Lefèvre et al., 1994) is presented.

In general the NO2/HNO3 ratio increases with altitude since photolysis of the reservoir species
becomes more effective at high altitudes. Typically, NO2 and HNO3 are equally abundant around 30 km
altitude. The finding of the previous section that the NOy partitioning is shifted toward the reservoir
species during high-latitude winter is confirmed by figure 6.15. During high-latitude winter at Kiruna
on Feb. 14, 1997, and Feb. 10, 1999, NO2 concentrations are less than 1% of the HNO3 concentrations
in the lower stratosphere. For Kiruna 1999, a denoxified layer around 20 km altitude is discernible in
the NO2/HNO3 ratio which is also identified in the NOx/NOy ratio in the previous section. In contrast,
the high-latitude winter observations at Kiruna in 1997 show no signs of denoxification. Under polar
summer conditions encountered for Kiruna 2001, NO2 in the lower stratosphere amounts to about 10%
of HNO3. The mid-latitude observations at Leon on Nov. 23, 1996, areconducted close to winter
solstice but still exhibit a larger NO2/HNO3 ratio than the polar winter measurements. Differences
between balloon ascent, sunset and sunrise measurements are either due to sampling of air masses with
different photochemical and dynamic character (section 6.2) or due to the diurnal variation of NO2
described in section 1.2.3. From the latter, NO2/HNO3 is expected to be largest for sunset observations
and slightly smaller for balloon ascent and sunrise.
SLIMCAT model output is shown for several SZAs on two days temporally close to the balloon
flights. Balloon ascent measurements are typically conducted between SZA = 75◦ and SZA = 85◦ while
solar occultation observations correspond to SZA = 90◦. Due to the night-time build-up and day-time
decomposition of the N2O5 reservoir it is important to distinguish between SZA = 90◦am for sunrise
and SZA = 90◦pm for sunset. When comparing model output at different daysit is evident that dynamic
and photochemical variability is largest in the winter polar stratosphere rendering model-measurement
comparisons somewhat delusive. For Kiruna 1997, SLIMCAT output on Feb. 15 agrees reasonably
well with the measurements conducted the day before. SLIMCAT output on Feb. 13 shows a distinct
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Figure 6.15:NO2/HNO3 for the balloon flights from Leon in 1996 (upper left panel), from Kiruna in 1997 (upper right panel), 1999 (lower left panel) and 2001
(lower right panel). Data inferred from balloon ascent, sunset and sunrise are shown as black open circles, black filled boxes and black open triangles respectively.
SLIMCAT model output corresponds to the days and SZAs (pm if not stated otherwise) as indicated in the legend. If necessary for clarity, measured data are slightly
offset in altitude.
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Figure 6.16:Relative deviations between SLIMCAT (and REPROBUS for Kiruna 2001) model output and bal-
loon borne measurements of NO2/HNO3. The symbols are labeled according to their observations sites and con-
ditions as given by the legend (BA: balloon ascent, SS: sunset, SR: sunrise). Error bars correspond to the relative
errors of the measurements. Note the broken abscissa.

denoxified layer around 17 km which cannot be seen in the measured NO2/HNO3 profile. For Kiruna
1999 the agreement between model and measurement is best foroutput on Feb. 11, where the observed
denoxified layer is reproduced by the model below 20 km. Above20 km modeled NO2/HNO3 is
larger than observed. Model simulations for Feb. 9 are consistently larger than observations. For
the mid-latitude and high-latitude summer datasets spatial inhomogeneities of the trace gases are less
important. There, the model is larger than LPMA/DOAS over the entire altitude range. Figure 6.15
also shows output of one grid point (22◦E, 68◦N) of the REPROBUS CTM for Kiruna 2001. The
REPROBUS data are used and refined by a temporal and spatial interpolation scheme in the Dufour
et al. (2005) study.
Figure 6.16 summarizes the deviations between modeled NO2/HNO3 and the corresponding
LPMA/DOAS measurements. SLIMCAT output on Nov. 23, 1996, Feb. 15, 1997, Feb. 11, 1999,
and Aug. 21, 2001, is chosen for comparison. The model data are interpolated to the altitude grid of the
measured trace gas profiles and subsequently referenced to the balloon borne data. Although the scatter
is large, a clear overestimation of the observations by the model is obvious. Above 25 km the bias is
less pronounced than below where the mean difference amounts to about 50%. Interpretation of the
differences between model and measurement with respect to photochemistry is difficult since dynamic
effects might hinder the comparison in particular for the high-latitude winter data sets in the lower
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stratosphere. However, nearly all data points independentof season and latitude reveal a high-bias of the
model with respect to the balloon borne NO2/HNO3 observations which is larger than the measurement
errors. A low-bias is only observed for single data points. The REPROBUS dataset for Kiruna 2001
seems to be less high-biased than the corresponding SLIMCATdata.
Somewhat in contradiction to these findings, Dufour et al. (2005) showed that the LPMA/DOAS Kiruna
2001 dataset is in good agreement with the REPROBUS CTM. The dataset presented by Dufour et al.
(2005) for Kiruna 2001 is not directly comparable to the datashown here, since here NO2 is taken
from DOAS observations which are found to be more accurate than LPMA NO2 measurements (section
4). The internal agreement of LPMA and DOAS NO2 profiles for Kiruna 2001 is shown in figures 4.9
and 4.16 where LPMA is found to underestimate the DOAS data byabout 10% - 30% above 25 km.
Furthermore, at altitudes lower than 20 kma priori information impacts the LPMA retrieval more than
the DOAS retrieval (figure 4.12). Hence, using NO2 inferred from LPMA measurements would produce
even larger differences between measured and modeled NO2/HNO3. However, Dufour et al. (2005)
concluded on good model-measurement agreement after constraining REPROBUS to measured O3 and
NOy and using aerosol surface area densities measured by Deshler et al. (2003). These constraints are
not applied to the SLIMCAT model, here.

In the considered altitude range production and loss of HNO3 is essentially governed by reac-
tions (R1.31), (R1.57), (R1.36), (R1.56) and (R1.123), i. e. the production of HNO3 through OH and
NO2, the loss of HNO3 through photolysis and reaction with OH, and the heterogeneous conversion of
N2O5 and BrONO2 to HNO3. Assuming photochemical steady state for HNO3 and balancing the loss
and production mechanisms yields

[NO2]

[HNO3]
≈ JHNO3

+ kHNO3+OH [OH]

kNO2+OH [OH] + 2 kN2O5(g)+H2O(s)
[N2O5]
[NO2]

+ kBrONO2(g)+H2O(s)
[BrONO2]

[NO2]

. (6.1)

When assuming photochemical steady state, a caveat appliessince the considered trace gas concentra-
tions and the photolysis frequencyJHNO3

exhibit diurnal variations. Equation (6.1), however, should
be approximately valid for 24-h averaged quantities (Randeniya et al., 1999). Besides, equation (6.1)
is not meant as an exact relation but rather serves as a starting point for an estimate of the relative
importance of errors and uncertainties which might be responsible for the observed model-measurement
discrepancy.
The terms of equation (6.1) are plotted in figure 6.17 as effective first order rate constants and relative
contributions to numerator and denominator. The Kiruna 1999 and 2001 case studies representing
high-latitude winter and summer are chosen for illustration. Concentrations are taken from SLIMCAT
model output on Feb. 11, 1999, and Aug. 21, 2001, and averagedover 24 hours. The rate coefficients
are calculated from the JPL-2002 (Sander et al., 2003) recommendation using ECMWF temperature and
pressure profiles of the respective dates while the 24-h average ofJHNO3

is taken from the LABMOS
calculation scheme for photolysis frequencies (section 1.3). Aerosol surface area densities originate
from the SLIMCAT aerosol climatology based on SAGE II measurements.
Photolysis of HNO3 is the dominant loss term during high-latitude summer and winter above about
25 km. In summerJHNO3

governs HNO3 loss also below 25 km while in winter the reaction of HNO3

with OH becomes important. Similarly, production of HNO3 through OH + NO2 is most important
above 25 km for both seasons but is exceeded by the heterogeneous processes below 25 km for the
winter scenario. The overwhelming contribution of the BrONO2 + H2O(s) reaction below 20 km for
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Figure 6.17:Effective first order rate coefficients (left column) and relative contributions to production and loss of
HNO3 (right column) for the high-latitude winter scenario Kiruna 1999 (upper row) and the high-latitude summer
scenario Kiruna 2001 (lower row). All data shown are 24h-averaged quantities. Black lines correspond to loss
terms of HNO3 represented by the numerator of equation (6.1) while red lines correspond to production terms of
HNO3 in the denominator of equation (6.1). The relative contributions (right column) are calculated with respect
to the numerator and the denominator of equation (6.1), i. e.the sum of all black/red lines is equal to one. Since
at Kiruna in 2001 the tropopause was located around 12 km altitude, no data are shown below that altitude. See
legend for further details.

high-latitude winter comes from denoxification in the respective altitude range (figure 6.13). There,
NO2 abundances are particularly small and hence, the term[BrONO2]

[NO2]
becomes large while[N2O5]

[NO2]
plays

a minor role since N2O5 concentrations are low, too. It has to be pointed out that theKiruna 1999 case
is neither typical of an intra-vortex nor an extra-vortex high-latitude winter scenario due to the complex
dynamic and meteorological situation. Heterogeneous processes on PSCs are not considered for the
steady-state estimate. The Kiruna 2001 scenario seems to beless ambiguous and typical of high-latitude
summer conditions.
The photolysis frequency of HNO3 is of major importance for the partitioning between NO2 and HNO3.
The uncertainty factor ofJHNO3

is stated as 1.3 by Sander et al. (2003). DividingJHNO3
by 1.3
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Figure 6.18:Relative sensitivity of calculated NO2/HNO3 to errors and uncertainties of several parameters for the
Kiruna 1999 (left panel) and Kiruna 2001 (right panel) scenario. Various test-calculations where a single parameter
is changed are referenced to the standard calculation described in the text. Negative sensitivities indicate that the
modeled NO2/HNO3 ratio would be shifted toward the measured one. For details see legend and accompanying
text.

shifts the NO2/HNO3 ratio toward HNO3. Hence, ifJHNO3
was lowered by its uncertainty factor, the

agreement between SLIMCAT and LPMA/DOAS measurements would improve. JHNO3
is calculated

according to equation (1.7) from the absorption cross section, the quantum yield and the actinic flux.
The uncertainty factor refers to the product of the absorption cross section and the quantum yield.
Additionally, erroneous calculation of the actinic flux, e.g. by erroneously modeled ozone abundances,
could impact modeledJHNO3

. Figure 6.18 shows the relative sensitivity of NO2/HNO3 calculated
according to equation (6.1) to changes of several parameters i. a.JHNO3

. Under summerly conditions
where photolysis of HNO3 is the major loss process a decrease ofJHNO3

by its uncertainty factor
almost linearly maps into a decrease of calculated NO2/HNO3 by about 20%. For the high-latitude
winter case the sensitivity toJHNO3

decreases at lower altitudes where the reaction of OH with HNO3

becomes the dominant loss process of nitric acid. The uncertainty factor of the latter loss process is
1.2 (Sander et al., 2003). Corresponding to its relative importance, the impact on NO2/HNO3 is largest
for low altitudes during winter. In addition, this second loss term depends on the concentration of OH,
which is also involved in the production of HNO3 through the NO2 + OH reaction. Increasing the
concentration of OH by 20% causes a net decrease of NO2/HNO3 above 25 km for both seasons while
below 25 km the decrease gets smaller for summer conditions and even becomes a net increase for the
Kiruna 1999 scenario. The uncertainty factor of the OH + NO2 reaction is 1.3 at room temperature and
increases with decreasing temperature. Its impact on NO2/HNO3 is largest above 25 km where OH +
NO2 is the dominant production process of HNO3.
The uncertainties of the heterogeneous processes are controlled by the uncertainties of the uptake
coefficients of N2O5 and BrONO2 and the aerosol surface area density. Sander et al. (2003) recommends
0.05 < γN2O5

< 0.2 with the most probable valueγN2O5
= 0.1. IncreasingγN2O5

to its upper limit
causes the NO2/HNO3 ratio to decrease by up to 30% in the altitude range where N2O5 hydrolysis is
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Figure 6.19:Aerosol surface area density taken from the SAGE II climatology used for SLIMCAT input (left
panel) and relative differences (right panel) between the climatological andin situ data measured by Deshler et al.
(2003) at Laramie, Wyoming (41◦N). The shaded area in the right panel indicates the relativeerror of thein situ
measurements (40%). The monthly zonal mean climatologicaldata are presented for the two latitude bands closest
to the considered LPMA/DOAS balloon flights.in situ data are selected as temporally close as possible to the
LPMA/DOAS observations.

an important HNO3 production process. For BrONO2 the uptake coefficient depends on sulfuric acid
concentrations and is set to its upper limit, here. Hence, true HNO3 production through BrONO2 +
H2O(s) is most likely smaller than indicated.
The aerosol surface area density (SAD) is a model input parameter which is usually not very well known
since measurements are sparse and exhibit large error bars (Deshler et al., 2003). SLIMCAT uses a
composite climatology of surface area densities of stratospheric sulfate aerosol based on the satellite
borne instrument SAGE II (Russell and McCormick, 1989; Thomason et al., 1997) with contributions
from SAGE I (Stratospheric Stratospheric Aerosol and Gas Experiment), SAM II (Stratospheric Aerosol
Measurement, (McCormick et al., 1979)), and SME (Solar Mesosphere Explorer, (Eparvier et al.,
1994)). The climatological zonal mean data are used as monthly SLIMCAT input and converted to
H2SO4 volume mixing ratios from the zonal mean pressure, temperature and water abundance. Over
the course of one month, H2SO4 is advected as inert species and SAD is re-calculated from H2SO4 at
each model grid point and timestep using local pressure, temperature and H2O. Deshler et al. (2003)
showed that their balloon bornein situ measurements of aerosol SAD above Laramie, USA (41◦), are
on average 40% larger than SAGE II data under background aerosol conditions. Figure 6.19 shows
a comparison between the SAGE II climatological data corresponding to the dates and locations of
the LPMA/DOAS measurements andin situ measurements conducted by Deshler et al. (2003). The
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Figure 6.20:Measured (boxes) and modeled (lines) O3 volume mixing ratios (left panel) and NO/NO2 ratios
(right panel) for sunset measurements conducted during theballoon flights from Kiruna on Aug. 21, 2001. Model
output is shown for Aug. 19 (dotted blue line) and Aug. 21 (solid red line) and in the right panel for a photochemical
steady state approximation (dotted red line) using the measured O3 profile.

comparison can only be of illustrative nature, since thein situ data are measured at mid-latitudes and
the LPMA/DOAS balloon flights are conducted at high-latitudes except for the flight at Leon in 1996.
Moreover, during high-latitude winter formation of PSCs might alter the actually encountered and
modeled SAD. However, figure 6.19 confirms the findings of Deshler et al. (2003) that the climatological
data tend to underestimate thein situ data. If there was a low-bias of the aerosol SAD used by SLIMCAT,
heterogeneous reactions would proceed less efficiently in the model than in the true atmosphere. The
impact of a 40% error of aerosol SAD used by SLIMCAT on the modeled NO2/HNO3 ratio is estimated
from equation (6.1) and illustrated in figure 6.18. Clearly,the impact is largest (20% to 30%) below
25 km and under winter conditions where heterogeneous processes play an important role. Above 25 km,
the impact of erroneous aerosol abundances is small (< 10%).

The above sensitivity estimates used 24h-averaged quantities. A quantity which is not included
in equation (6.1) is the partitioning between NO2 and NO which attains equilibrium on timescales of
minutes in the sunlit atmosphere. The modeled NO2/HNO3 ratio could easily be wrong if the partitioning
between NO and NO2 was modeled incorrectly. Since photochemistry is rather straightforward in the
high-latitude summer stratosphere, the Kiruna 2001 dataset is chosen to illustrate that point. During
high-latitude summer the NO/NO2 ratio is controlled by photolysis of NO2 and reaction of NO with
ozone according to (R1.42) and (R1.44). Hence, incorrectlymodeled O3 could be responsible for
erroneous NO/NO2. Figure 6.20 shows measured and modeled NO/NO2 and O3 for sunset measure-
ments at Kiruna in 2001. SLIMCAT underestimates the O3 profile above 32 km and overestimates it
below 18 km. Measured NO/NO2 is overestimated by the model above 33 km altitude, but is correctly
reproduced below. Neglecting the NO↔ NO2 cycling reactions (R1.43) and (R1.45) through (R1.48)
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and assuming photochemical steady state, NO/NO2 is given as a function of O3,

[NO]

[NO2]
≈ JNO2

kNO+O3
[O3]

. (6.2)

Again the assumption of photochemical steady state is questionable in particular for the LPMA/DOAS
solar occultation measurements. The typical lifetimes of NO and NO2 at SZA = 90◦ in the stratosphere
is in the order of several minutes which in turn is not negligible with respect to the considered
timescales. Remembering this drawback and the corresponding limited value of a photochemical steady
state approximation, NO/NO2 is calculated from the measured O3 profile using equation (6.2) where
JNO2

/kNO+O is calculated from the modeled NO/NO2 ratio and the modeled O3 concentration. The
dotted red line in the left panel of figure 6.20 shows that the differences between modeled and measured
O3 could account for the observed discrepancy in NO/NO2 above 33 km but changes in the lower strato-
sphere are small. Moreover, using the measured O3 would shift the NO/NO2 partitioning toward NO2
which in turn would render the modeled NO2/HNO3 even larger and worsen the model-measurement
comparison. Inspection of the modeled O3 profiles for the remaining datasets gives no hint on the origin
of the systematic model bias for NO2/HNO3.

Summing up the above findings on the sensitivity of the NO2/HNO3 ratio on various parameters,
it is evident that the combined uncertainty of measurement errors, reaction kinetics, aerosol up-
take coefficients, trace gas concentrations and aerosol abundances can account for the observed
model-measurement discrepancies. As pointed out before, the rate coefficients of the OH + NO2
and HNO3 + OH reactions were subject of various studies including such that concluded on good
model-measurement agreement. Hence, a major error in the reaction kinetics is unlikely although
the recommended uncertainties are large. Photolysis of HNO3 is an important loss process of HNO3.
Thus small errors inJHNO3

could impact the modeled NO2/HNO3 ratio in particular at high altitudes.
The systematic low-bias between SLIMCAT and LPMA/DOAS measurements for winter as well as
summer is inconsistent with a large error ofJHNO3

which should be more significant under summer
conditions. OH concentrations modeled by SLIMCAT are difficult to validate and hence the actual error
of NO2/HNO3 due to erroneous OH is hard to quantify but might be limited due to the cancellation
effect of the reactions OH + HNO3 and OH + NO2. Aerosol surface area densities and aerosol uptake
coefficients are important sources of uncertainty in the lower stratosphere. Comparison of two aerosol
data sets revealed that aerosols used by SLIMCAT are systematically low. The NO/NO2 ratio seems
to be modeled fairly well by SLIMCAT and cannot account for the observed high-bias of modeled
NO2/HNO3.
From the magnitude and altitude dependence of the model-measurement discrepancies and the above
sensitivity estimates it is evident that none of the investigated processes alone can account for the
observed disagreement. In the lower stratosphere aerosol abundances might be underestimated by
SLIMCAT and hence heterogeneous production of HNO3 is underestimated.

6.3.3 Denitrification versus subsidence and isentropic mixing in the Arctic winter

Denitrification is a process occurring in the winterly polarvortex which permanently removes NOy

from the stratosphere by sedimentation of HNO3 containing particles (section 1.2.5). As a consequence
the abundance of NOx generated from HNO3 during spring is too low to effectively scavenge the ClOx
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and BrOx catalysts which are activated from their reservoirs by heterogeneous reactions on PSCs.
Hence, ozone loss periods can be enhanced significantly by denitrification. While denitrification is
a common process in the Antarctic (e.g. Toon et al., 1989; Fahey et al., 1990), denitrification in the
Arctic is only observed for very cold winters (e.g. Rex et al., 1997; Arnold et al., 1998; Wetzel et al.,
2002; WMO, 2003; Davies et al., 2005). The degree of denitrification is commonly estimated through
the comparison of the measured NOy-N2O correlation with a standard correlation that corresponds
to unperturbed conditions. In the lower stratosphere, the standard NOy-N2O correlation, e. g. under
mid-latitude conditions, shows an almost linear increase of NOy with decreasing N2O since the latter is
the only source of NOy and no sink processes exist. At higher altitudes loss of NOy through the reaction
of NO with atomic nitrogen forming atomic oxygen and molecular nitrogen becomes important and
the NOy-N2O correlation is highly non-linear. Hence, apart from loss of NOy through denitrification,
the NOy-N2O correlation can also be altered by mixing of air masses which correspond to different
points on the non-linear correlation curve e. g. since they experienced different degrees of subsidence.
The lower panel of figure 6.21 shows the NOy-N2O correlation measured during sunset at Kiruna
in February 1999 and the standard mid-latitude NOy-N2O correlations inferred by Michelsen et al.
(1998a) and Sugita et al. (1998) from mid-latitude and extra-vortex ATMOS measurements aboard the
space shuttle. In the following, NOy given by the standard correlation is referred to as NO∗

y. Observed
NOy is slightly smaller than NO∗y for 50 ppb< [N2O]< 100 ppb and hence the sampled air masses
must have undergone mixing or denitrification. Since the winter 1998/99 was an exceptionally warm
winter and PSC formation occurred only occasionally, denitrification can be excluded (Stowasser et al.,
2002). Albeit NOy being systematically lower than NO∗y, it has to be noted that the differences between
measured NOy and NO∗y are hardly larger than the error bars and hence could also be due to instrumental
and retrieval related shortcomings. Nonetheless, the NOy-N2O correlation is further analyzed for
possible mixing processes.
The degree of mixing can be estimated by examining the CH4-N2O correlation. Since the correlation
between these long-lived tracers cannot be changed by chemical or reversible transport processes,
the intra-vortex CH4-N2O correlation should be identical to the extra-vortex correlation as long as no
irreversible mixing of air masses occurred (Waugh et al., 1997; Rex et al., 1998). The upper panel
of figure 6.21 shows that the measured CH4-N2O correlation lies below the mid-latitude standard
correlation of Michelsen et al. (1998b) for 50 ppb< [N2O]< 100 ppb. Thus, mixing of air masses of
different dynamic origin indeed must have happened. An upper limit of the impact of mixing on the
NOy-N2O correlation can be inferred by assuming a single isentropic mixing event between intra- and
extra-vortex air after subsidence occurred throughout thewinter. This extreme case is exemplified
for the measurement at the 495 K potential temperature levelwhich corresponds to 20.5 km altitude
(green point in figure 6.21) following an approach suggestedby Michelsen et al. (1998a), Kondo et al.
(1999) and Rex et al. (1998). If mixing occurred isentropically after subsidence of intra-vortex air,
the 495 K measurement is a composite of extra-vortex and intra-vortex air on the 495 K level. The
CH4-N2O characteristic of the extra-vortex air parcel is given by the standard CH4-N2O correlation at
the 495 K level and corresponds, in our example, to [N2O] = 210 ppb. The intra-vortex mixing member
can be identified by drawing a line through the extra-vortex mixing member and the observed CH4-N2O
relation at 495 K. The intersection between the extrapolated mixing line and the extra-vortex standard
correlation yields the intra-vortex mixing member which inour case corresponds to air masses with
[N2O] = 17.3 ppb. The fractional contribution from intra- and extra-vortex air can be inferred from the
relative position of the measurement along the mixing line.The N2O values of the mixing members
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Figure 6.21:CH4-N2O (upper panel) and NOy-N2O (lower panel) correlation for solar occultation measurements
of the LPMA/DOAS payload at Kiruna on Feb. 10, 1999. Measurements are shown as symbols: Boxes and
triangles correspond to altitudes below 22 km and above 22 km, respectively. The green box is the data point on
the 495 K potential temperature level (20.5 km altitude). Blue lines are standard mid-latitude and extra-vortex
correlations given by Michelsen et al. (1998a,b) (solid blue line) and Sugita et al. (1998) (dotted blue line). The
green line is the “mixing line" for the 495 K level as explained in the text. SLIMCAT output of NOy-N2O is given
for Feb. 9 (dotted red line) and Feb. 11 (solid red line).



6.3. NOY BUDGET AND PARTITIONING 171

are transferred to the NOy-N2O correlation and connected by a further mixing line. Any airsample
at the 495 K level which experienced a single event of isentropic mixing after intra-vortex subsidence
should lie on the 495 K mixing line. If additionally denitrification occurred before the mixing event the
measurement should lie below the mixing line. Obviously, the LPMA/DOAS measurement at 495 K lies
above the mixing line which indicates that denitrification did not occurr and that the assumed model of
the mixing process is not appropriate in our case. Plumb et al. (2000) showed that continuous mixing
between intra- and extra-vortex air or several mixing events can alter the NOy-N2O correlation in a
way that quantification of the degree of mixing is difficult. In our example, mixing events could have
occurred in early winter 1998/99, most likely during the major warming event in December 1998 and
January 1999 (figure 6.7).

Additional complications in the interpretation of the Arctic winter balloon flight from Kiruna in
February 1999 arise from the complex meteorological conditions, e. g. illustrated by the N2O vertical
profile in figure 6.10. The balloon flight was conducted partially inside, and partially outside a vortex
filament and lines-of-sight sampled extra- and intra-vortex air at the same time. Typically, several
spectra and several lines-of-sight contribute to the retrieval of a single profile point which might be a
composite of extra- and intra-vortex observations. Such anartificial mixing process could produce a
distortion of the NOy-N2O correlation similar to the physical mixing process described above.
Figure 6.21 distinguishes between LPMA/DOAS measurementsbelow 22 km (boxes) and above 22 km
altitude (triangles) since the simultaneously measured N2O profile suggests that intra-vortex air is
sampled below 22 km and extra-vortex air above. However, thecomparison of measured NOy with NO∗

y

remains inconclusive with respect to the question whether two different regimes of air masses were
indeed observed.
For completeness SLIMCAT model output is also shown in figure6.21. The agreement with the
measurements is reasonable although the dip in modeled NOy for 100 ppb< [N2O]< 200 ppb is not
observed. The dip corresponds to low HNO3 and low NOy in figure 6.13 between 17 km and 24 km
altitude.

6.3.4 Conclusion on the budget and partitioning of NOy

The LPMA/DOAS observations at high-latitudes in winter 1998/99 show that in the Arctic winterly
stratosphere the reservoir species HNO3 and ClONO2 are the dominant NOy constituents below 25 km.
Strong denoxification is found in the lower stratosphere in winter 1998/99. Under summerly conditions
probed in 2001, HNO3 and NOx are the most abundant species. Above 30 km most of NOy resides in
NOx for both seasons. The general findings are corroborated by measurements of NO2 and HNO3 at
mid- and high-latitudes during fall 1996 and winter 1996/97.
The observations during the polar winter of 1998/99 are analyzed with respect to denitrification and
mixing processes between extra- and intra-vortex air masses. From the measurements and the tempera-
ture record it is clear that denitrification did not occur. The observed air masses must have experienced
continuous mixing or several mixing events before the LPMA/DOAS balloon flight. Besides, large mea-
surement errors and a rather complex meteorological and dynamic situation contribute to an ambiguous
identification of air mass history.
The chemical transport model SLIMCAT reproduces the general characteristics of the observed budget of
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NOy fairly well. Further investigation of the agreement between the measured and modeled NO2/HNO3

ratio reveals that SLIMCAT NO2/HNO3 is high-biased with respect to LPMA/DOAS measurements.
Since the observational data set is rather small and dynamicvariability impacts the comparison, it is
found difficult to draw firm conclusions on magnitude and origin of the observed bias which is ob-
servable in all presented datasets independent of season and latitude. The impact of several modeling
parameters on modeled NO2/HNO3 is tested by photochemical steady state estimates and it is found that
an error in the assumed aerosol abundances could be responsible for the observed discrepancies in the
lower stratosphere.
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6.4 Cly budget and partitioning

The budget of stratospheric inorganic chlorine2 Cly is subject to considerable human influence. Long-
lived organic chlorine compounds such as CFCs are transported to the stratosphere and subsequently pho-
tolyzed yielding inorganic chlorine containing species which participate in catalytic ozone destruction
(section 1.2.4). The partitioning between long- and short-lived chlorine species determines the efficiency
of chlorine involving catalytic ozone loss cycles and may besignificantly altered through heterogeneous
processes occurring on PSCs formed in the polar winter vortices. The understanding of winterly polar
ozone destruction is still incomplete since stratosphericchemistry models tend to underestimate the ob-
served loss (WMO, 2003; Rex et al., 2003). Recent studies indicate that the kinetics of some reactions
involved in the ClO-ClO cycle and ClO-BrO cycle (section 1.2.5) might have to be revised (Stimpfle
et al., 2004; Canty et al., 2005; von Hobe et al., 2005; Berthet et al., 2005).
Here, we present two case studies of the Cly budget and partitioning based on simultaneous measure-
ments of HCl and ClONO2 in the Arctic winter and summer stratosphere. The observations are compared
with output of the chemical transport model SLIMCAT. For theArctic winter observations the unique
setup of the LPMA/DOAS payload combining IR and UV/visible spectroscopy provides a comprehen-
sive set of trace gases which can be used to put tight constraints on the reaction kinetics of the BrO
and ClO involving ozone loss cycle. The stratospheric chemistry model LABMOS is used to test recent
suggestions on updates of the involved reaction kinetics and to infer implications for ozone loss.

6.4.1 Cly and its constituents

A series of studies indicates that the inorganic chlorine budget is in good agreement with estimates
based on the decomposition of organic halocarbons transported to the stratosphere. Hence, organic
chlorocarbons, CCly, are the dominant source of inorganic chlorine, Cly (Engel et al., 1997; Sen et al.,
1999; Bonne et al., 2000; Rinsland et al., 2003; WMO, 2003). Earlier observations of measured Cly

being on average about 40% lower than Cly inferred from CCly (Webster et al., 1994) are most probably
due to systematic errors of HCl measurements (Bonne et al., 2000). Very short-lived substances (VSLS)
are not a major source of stratospheric Cly (WMO, 2003).
The partitioning of Cly in the high- and mid-latitude stratosphere under non-ozonehole conditions
is governed by HCl and ClONO2. Some dedicated model studies report on very good to reasonable
agreement between observations of HCl and/or ClONO2 (Sen et al., 1999; Randeniya et al., 1999;
Stimpfle et al., 1999) while sizeable model-measurement discrepancies are observed for some aircraft
in situ measurements (Voss et al., 2001). The latter study concludes that measurements of the ratio
ClONO2/HCl are 55% to 60% lower than model data. A recent model-measurement comparison based
on mid-latitude balloon bornein situ measurements of ClO indicates good model-measurement agree-
ment (Vogel et al., 2005). In the winter polar stratosphere,chlorine activation through heterogeneous
reactions on PSCs (section 1.2.5) converts reservoir species to more active species and ClOx becomes
an important constituent of Cly. The temporal evolution of the Cly partitioning during polar winter
and early spring has been extensively studied in the Arctic and in the Antarctic stratosphere (Payan
et al., 1998; Michelsen et al., 1999; WMO, 2003; Dufour et al., 2006). Models reproduce fairly well
the timing and extent of chlorine activation in the southernwinter hemisphere fairly well and can

2Cly = HCl + ClONO2 + HOCl + ClO + 2·Cl2O2 + Cl + OClO + BrCl + 2·Cl2
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Figure 6.22:Cly (filled boxes) and CCly (open boxes) as a function of N2O. The measurements are conducted
by the cryogenic whole air sampler operated by the University of Frankfurt (A. Engel) on Feb. 6, 1999, during a
stratospheric balloon flight from Kiruna. The solid blue line indicates the fitted standard correlation. The green
mixing line is transferred from figure 6.21.

simulate Antarctic ozone loss in a quantitative manner (Solomon et al., 2000, 2002; WMO, 2003). In
the Arctic, the year-to-year variability of polar vortex meteorology (and the corresponding chlorine
activation and ozone loss) is considerably larger than in Antarctica (Wagner et al., 2001). Models have
difficulties to account for the observed chlorine activation and ozone loss in warm (WMO, 2003) as
well as cold Arctic winters (Rex et al., 2003). For winters where Arctic temperatures are close to the
threshold for the formation of PSCs part of the discrepancies might be due to errors in the temperature
records and nucleation schemes used in the models (WMO, 2003). Reactions involved in the ClO-ClO
and ClO-BrO ozone loss cycles are also subject to considerable debate and are discussed in section 6.4.2.

Since the LPMA/DOAS payload measures ClONO2 and HCl but not directly Cly or CCly, the
amount of inorganic chlorine has to be determined with the help of in situ measurements of organic
halocarbons conducted by a balloon borne cryogenic whole air sampler. The cryogenic whole air
sampler is operated by the University of Frankfurt (Engel etal., 1997) and measures the most abundant
chlorine containing source gases such as CF2Cl2, CFCl3, C2F3Cl3, CCl4, CH3Cl, CH3CCl3 and several
tracer species (CH4, CO2, N2O, SF6). The sum of all organic source gases yields CCly. The total amount
of organic and inorganic chlorine, i. e. CCly + Cly, can be calculated from the tropospheric chlorine
burden taking into account the age of air at different altitudes of the stratosphere (Engel et al., 2002).
The age of air can be inferred from trace gases such as CO2 and SF6 which exhibit a continuous increase
in the troposphere but have no significant sources and sinks in the stratosphere. The concept relies on
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Figure 6.23:Partitioning of ClOx = Cl∗y - HCl - ClONO2 as modeled by the SLIMCAT CTM for two days during
high-latitude winter (left panel) and high-latitude summer (right panel). See text for further details.

the fact that the CO2 and SF6 mixing ratios observed in the stratosphere can be related tomixing ratios
that occurred some years earlier in the troposphere. From the tropospheric CO2 and SF6 record the
year of stratospheric entry and hence the age of the air masses and their total chlorine content can be
inferred. The actual derivation of the age of air is far more complicated since a stratospheric air mass is
a composite of air parcels which experienced different transport pathways and timescales (Engel et al.,
2002). Given the organic chlorine budget and the amount of total chlorine in the stratosphere, inorganic
stratospheric chlorine, Cly, is given by the difference between the total chlorine and the organic chlorine
burden. Figure 6.22 shows Cly and CCly inferred from cryogenic whole air sampler measurements at
Kiruna on Feb. 6., 1999, during a stratospheric balloon flight. The decrease of CCly and simultaneous
increase of Cly with increasing altitude, i. e. decreasing N2O, is clearly visible. Fitting the inferred Cly

data according to Engel et al. (1997), yields a standard correlation of Cly with N2O,

Cl∗y [ppt] = −0.0151N2O
2.137 [ppb] + 3357 [ppt], (6.3)

where the asterisk indicates that the corresponding Cly value is calculated from a standard correlation
and does not correspond to an actual measurement.

The standard correlation inferred from measurements conducted four days before the LPMA/DOAS
balloon flight at Kiruna on Feb. 10, 1999, is used to estimate Cly for the LPMA/DOAS observations
by inserting LPMA/DOAS measurements of N2O into equation (6.3). Since the Cly-N2O correlation is
non-linear a similar caveat applies as in the case of the NOy-N2O correlation where mixing processes
between air masses of different dynamic origin can cause distortion of the standard tracer-tracer
correlation. Significant distortions would be expected if air masses inside the Arctic vortex experienced
much more subsidence than extra-vortex air masses and mixing between these differently subsided
air masses occurred. Section 6.3.3 showed that the NOy-N2O correlation is only slightly distorted for
the LPMA/DOAS observations at Kiruna in 1999 compared to standard correlations and that mixing
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of extra- and intra-vortex air masses must have occurred continuously or during several events. Since
the Cly-N2O correlation is “less non-linear” than the NOy-N2O correlation the effect of mixing on the
Cly-N2O correlation should be even smaller. For illustration, the495 K mixing line calculated in section
6.3.3 from the CH4-N2O correlation is shown in figure 6.22. The hypothetical strong mixing event at
495 K potential temperature would have less significant impact on the Cly-N2O correlation than on the
NOy-N2O correlation (figure 6.21). The LPMA/DOAS measurements lieeven significantly above the
mixing line in the NOy-N2O plot and thus can be expected to lie in a similar manner abovethe mixing
line in the Cly-N2O plot, i. e. close to the standard correlation. Hence, the error associated with the
calculation of Cly from a standard correlation is considered small and is neglected here. Due to lack
of an updated dataset, equation (6.3) is also used to calculate Cly for the LPMA/DOAS observations
at Kiruna on Aug. 21, 2001. The trend of the stratospheric chlorine burden between 1999 and 2001 is
negligible.

Given Cl∗y and the LPMA/DOAS measurements of the reservoirs HCl and ClONO2, the abun-
dance of the more active chlorine species can be estimated asClOx = Cl∗y - HCl - ClONO2. In the
following, the composite species ClOx is used as defined here, which is different from the more accurate
definition in section 1.2.4 where ClOx is limited to the species actively participating in ozone loss
cycles. The above more general definition additionally comprises species which are not directly involved
in catalytic cycles and which can be regarded as temporary reservoir species. Among these, HOCl
contributes indeed about 10% to ClOx between 20 km and 40 km and becomes more important in the
lower stratosphere somewhat depending on season as illustrated in figure 6.23. The largest contribution
between 15 km and 40 km comes from ClO for polar winter and polar summer. In Arctic winter the
ClO-dimer, Cl2O2, plays an important role around 20 km. For our purposes the definition of ClOx is
only a matter of convention as long as model-measurement comparisons compare like with like.
Vertical profiles of Cl∗y, HCl, ClONO2 and ClOx inferred from LPMA/DOAS measurements during
sunset at Kiruna on Feb. 10, 1999, and Aug. 21, 2001, are compared to SLIMCAT output. Figures 6.24
and 6.25 show the measured and modeled trace gas profiles of chlorine species. The volume mixing
ratios of the trace gases are plotted in figure 6.24 while their relative abundances with respect to Cly are
shown in figure 6.25. For clarity, figure 6.24 is split in separate panels for Kiruna 1999. The scales in
each panel are the same in order to allow for inter-panel comparison. SLIMCAT data are plotted for two
days temporally close to the respective balloon flight.

For the Arctic winter observations, Cl∗

y peaks with about 3.35 ppb around 20 km altitude. There,
0.15 ppb chlorine resides in CCly. The effect of transport on the vertical profile of Cl∗

y can readily be
seen from the comparison with the Kiruna 2001 summer datasetwhere Cl∗y attains its maximum at
significantly higher altitudes, around 30 km. The small dip in Cl∗y for Kiruna 1999 between 22 km and
26 km altitude is consistent with the observation of air withmid-latitudinal character indicated by the
N2O profile (figure 6.10), from which Cl∗y is actually calculated. HCl is the most abundant inorganic
chlorine species between 15 km and 40 km for the winter and thesummer high-latitude scenarios. For
Kiruna 2001 the fraction of inorganic chlorine residing in HCl ranges between 60% and 90%. Above
22 km the same is true for Kiruna 1999 but below 22 km the fractional contribution of HCl is as low
as 40%. ClONO2 peaks around 1.25 ppb for Kiruna 1999 and is less abundant forKiruna 2001. The
fractional contribution of ClONO2 to Cly ranges from 20% to 30% in a broad altitude layer which is
shifted to lower altitudes during the winterly observations. The composite ClOx species representing the
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Figure 6.24:Measured (symbols) and modeled (lines) volume mixing ratios of Cly or Cl∗y (orange boxes), HCl
(black circles), ClONO2 (red triangles) and ClOx= Cly - HCl - ClONO2 (blue diamonds) for sunset measurements
conducted during the balloon flights at Kiruna on Feb. 10, 1999, (upper four panels) and on Aug. 21, 2001 (lower
panel). For Kiruna 1999, CCl∗

y derived from a similar relation as given by equation (6.3) isplotted as open orange
boxes. Model output is shown for Feb. 9 (dotted lines) and Feb. 11 (solid lines), 1999, and for Aug. 19 (dotted
lines) and Aug. 21 (solid lines), 2001.
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Figure 6.25:Measured (symbols) and modeled (lines) abundances HCl (black circles), ClONO2 (red triangles)
and ClOx= Cly - HCl - ClONO2 (blue diamonds) with respect to Cly or Cl∗y for sunset measurements conducted
during the balloon flights at Kiruna on Feb. 10, 1999, (upper panel) and on Aug. 21, 2001 (lower panel). Model
output is shown for Feb. 9 (dotted lines) and Feb. 11 (solid lines), 1999, and for Aug. 19 (dotted lines) and Aug.
21 (solid lines), 2001.
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chemically active chlorine speciesF show a very complicated pattern for Kiruna 1999: Between 15 km
and 22 km a layer of high ClOx peaking at 1.17 ppb contributes 20% to 40% to Cly. From figure 6.25 it
is evident that the layer of enhanced ClOx coincides with a layer of relatively low HCl. Between 22 km
and 26 km a layer of low ClOx coincides with high ClONO2 and observation of mid-latitudinal air.
Above 26 km an increase of ClOx and simultaneous decrease of ClONO2 suggests the continuation of
the high ClOx layer in the lower stratosphere. For Kiruna 2001 the findingsare rather straight forward:
Below 33 km ClOx is zero within the error bars which become very large below 20km and render the
derivation of ClOx from Cl∗y, HCl and ClONO2 very uncertain. Clearly, the fractional contribution of
0.5 to Cly by ClOx around 15 km altitude in the summer high-latitude stratosphere is not realistic but
has to be considered as an artifact of small absolute chlorine abundances. Above 33 km ClOx increases
to 0.65 ppb.
As discussed in section 6.3.1, SLIMCAT output reveals considerable day-to-day variability for the high-
latitude winter observations while variability is low in summer. In general, SLIMCAT overestimates the
peak amount of inorganic chlorine in the stratosphere compared to our derivation by roughly 300 ppt.
For Kiruna 1999, HCl is reproduced quite well by both days of model output. On Feb. 11, SLIMCAT
shows a very distinct layer of low HCl which is also observed by the observations, but not to the same
extent. ClONO2 is overestimated in both, absolute numbers and relative partitioning. The observed
layer of high ClOx between 15 km and 22 km altitude is reproduced reasonably well by SLIMCAT
output on Feb. 11 but clearly underestimated on Feb. 9, wherezero chlorine activation is modeled.
Albeit missing the observed vertical extent of the ClOx layer, the relative partitioning of ClOx and HCl
(figure 6.25) modeled for Feb. 11 shows nicely the simultaneous drop of HCl and rise of ClOx. The
modeled relative partitioning on Feb. 9 can be considered representative for the non-activated case. For
Kiruna 2001, observed HCl is overestimated by the model above 33 km which can be attributed to an
overestimation of Cly since the relative partitioning HCl/Cly (figure 6.25) is reproduced very well. The
model underestimates HCl around 27 km altitude where ClONO2 is overestimated. This layer of high
ClONO2 and low HCl coincides with a layer of low modeled N2O in comparison to the observations
(figure 6.12) and, thus, indicates a transport problem. Below and above that layer, ClONO2 is modeled
very well. The same is true for the observed increase of ClOx above 33 km.

The above findings support the general conclusion that the LPMA/DOAS measurements at Kiruna in
February 1999 sampled air masses which are characterized byhigh ClOx and relatively low HCl between
16 km and 22 km altitude indicating that heterogeneous processing of the respective air masses has led
to chlorine activation. This conclusion is corroborated byidentification of a coinciding denoxified layer
(section 6.3.1, figures 6.13 and 6.14) which could be produced by heterogeneous processing of N2O5

to HNO3 and which prevents scavenging of ClOx by NOx. Above 22 km altitude, mid-latitudinal air
dominates the probed air masses and correspondingly ClOx is effectively scavenged by available NOx to
form ClONO2. The LPMA/DOAS measurements from Kiruna in August 2001 seemto be rather typical
of high-latitude summer conditions where most of inorganicchlorine resides in HCl and a smaller
fraction in ClONO2. Above 33 km altitude, photolysis of ClONO2 and HCl produces significant levels
of ClOx.
SLIMCAT succeeds in modeling the general partitioning of Cly for the considered high-latitude
winter and summer case while the peak amount of Cly is overestimated. For the winter scenario the
observed layer of high ClOx and low HCl in the lower stratosphere is qualitatively reproduced. Some
discrepancies remain when quantitatively comparing modeled and measured trace gas abundances.
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6.4.2 Constrained modeling of ClOx and ozone loss in the Arctic winter

The previous section discussed the chlorine budget and partitioning for a high-latitude summer and
winter scenario. For the latter, a layer of enhanced ClOx abundances is identified in the lower
stratosphere which could be responsible for catalytic ozone loss. For this high-latitude winter case
simultaneous DOAS measurements of BrO and OClO are available and are used here to test the current
understanding of polar ozone loss due to the dominating ClO-ClO and ClO-BrO catalytic cycles by
means of constrained model simulations.

Recalling reactions (R1.126) through (R1.129), the ClO-ClO cycle is given by

ClO + ClO + M ↔ Cl2O2 + M (R6.1)

Cl2O2 + hν −→ Cl + ClO2 (R6.2)

ClO2 + M −→ Cl + O2 + M (R6.3)

2 × (Cl + O3 −→ ClO + O2 ) (R6.4)

2O3 −→ 3O2 .net : (R6.5)

Recently, there has been considerable debate on the formation ratekClO+ClO of the ClO-dimer, its pho-
tolysis frequencyJCl2O2

as well as its thermal decomposition ratekCl2O2+M and the associated equilib-
rium constantKeq =

kClO+ClO

kCl2O2+M
. Stimpfle et al. (2004) published the first simultaneous measurements of

the ClO monomer and dimer conducted in the Arctic winter 2000by in situ instrumentation deployed on
the ER-2 NASA aircraft. The comparison of the observations with model simulations showed that the
current recommendations of the JPL-2002 compendium (Sander et al., 2003) regardingkClO+ClO and
JCl2O2

are inconsistent with daytime measurements. Moreover, nighttime measurements indicated that
the recommendedKeq was too high. The latter finding is corroborated by laboratory studies of Plenge
et al. (2005) as well as atmospheric measurements by von Hobeet al. (2005) who showed thatin situ
measurements of ClO and Cl2O2 performed by the HALOX instrument aboard the Geophysica aircraft
deployed from Kiruna in January 2003 cannot be reconciled with the JPL-2002 recommendations of
Keq at stratospheric temperatures. They suggested a modified temperature dependence of the equilib-
rium constant. A similar conclusion is found by Berthet et al. (2005) who used measurements of ClO by
a microwave instrument on the Odin satellite to infer thatKeq most probably lies in-between the recent
recommendation of von Hobe et al. (2005) and the earlier workof Cox and Hayman (1988), but definitely
below the JPL-2002 value. Frieler et al. (2006) investigated the impact of the new kinetics on ozone loss
in the polar winter stratosphere and concluded that considering the findings of Stimpfle et al. (2004) and
von Hobe et al. (2005) significantly improves the agreement between measured and modeled ozone loss
in polar winter which previously was significantly underestimated by model simulations using JPL-2002
(e.g. Rex et al., 2003). While the suggested changes ofkClO+ClO andJCl2O2

lead to increased ozone
loss due to the ClO-ClO cycle, the proposed reduction ofKeq yields larger ClO mixing ratios under dark
and twilight conditions and, therefore, enhances the importance of the ClO-BrO cycle which can proceed
under sunlit and dark conditions.
Frieler et al. (2006) concluded on the best agreement between measured and modeled ozone loss when
using the mentioned suggestions on reaction kinetics and BrOx abundances constrained to BrO mea-
surements of the DOAS instrument (Dorf, 2005). Employing DOAS measurements of stratospheric BrO
further enhances the importance of the ClO-BrO cycle since those observations yield significantly higher
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BrO than inferred from the abundances of the BrOx-precursors CH3Br and halons alone. The ClO-BrO
cycle is given by reactions (R1.131) through (R1.136), revisited here,

ClO + BrO −→ BrCl + O2 7% (R6.6)

−→ ClO2 + Br 34% (R6.7)

[−→ OClO + Br 59%] (R6.8)

ClO2 + M −→ Cl + O2 + M (R6.9)

BrCl + hν −→ Br + Cl (R6.10)

Cl + O3 −→ ClO + O2 (R6.11)

Br + O3 −→ BrO + O2 (R6.12)

2O3 −→ 3O2 .net : (R6.13)

Percentage yields are given for T = 195 K. Since reaction (R6.8) is followed by photolysis of OClO to
ClO and O, it is not part of the catalytic ClO-BrO ozone loss cycle and is written in parentheses. OClO
measurements can be used to test the efficiency of the involved catalytic cycle as reaction (R6.8) is
virtually the only formation mechanism of OClO in the polar winter stratosphere. Canty et al. (2005)
showed that balloon borne measurements of nighttime OClO bythe SALOMON lunar occultation
instrument are significantly smaller than model simulations. If the model is constrained with BrOx
inferred from DOAS BrO measurements and if the branching ratio of reaction (R6.6) is adjusted to
11% at the expense of the OClO yield, model and measurement agree well. Simultaneous observations
of nightime NO2 and OClO in the Arctic winter stratosphere by the SALOMON andAMON lunar
and stellar occultation instruments indicated that modeled and measured NO2 and OClO cannot be
reconciled with standard photochemistry (Rivière et al., 2003). Rivière et al. (2004) suggested that
model-measurement agreement could be significantly improved if scavenging of ClO and BrO by
NO2 was hindered by formation of the highly unstable species ClOONO and BrOONO instead of
the longer-lived isomers ClONO2 and BrONO2. ClOONO and BrOONO would rapidly dissociate to
reproduce ClO, BrO and NO2. However, no laboratory studies confirmed the latter suggestion so far.
In contrast to the uncertainties of chlorine and bromine catalyzed ozone loss in the polar winter strato-
sphere, mid-latitudinal chemistry involving ClO seems to be well understood as shown by Vogel et al.
(2005) by model-measurement comparisons using balloon-borne in situ ClO observations. A modeling
study by Vogel et al. (2006) investigated the impact of ClOx radical-molecule complexes such as
ClO·O2, ClO·H2O, OClO·H2O on polar stratospheric ozone loss. Such ClOx complexes could enhance
the formation of the ClO-dimer and, thus, could influence catalytic ozone loss cycles. Considering gas
phase chemistry, only, the impact of ClOx radical-molecule complexes on ozone loss was found to be
small but could be enhanced if heterogeneous processes wereimportant. Further, the formation of such
complexes could possibly explain some of the discrepanciesfound between laboratory and field studies
on the equilibrium constantKeq.

The LPMA/DOAS solar occultation measurements on Feb. 10, 1999, provide abundances of HCl,
ClONO2, OClO and BrO and hence are well suited to investigate the suggested modifications of the
reaction kinetics of the chlorine and bromine involving ozone loss cycles, in particular regarding
the ClO-BrO cycle. HCl and ClONO2 are inferred from LPMA spectra and are used to calculate
ClOx = Cl∗y - HCl - ClONO2 from the standard correlation of Cl∗

y with N2O (equation (6.3)) derived
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from measurements four days before the LPMA/DOAS observations. OClO and BrO are retrieved
from DOAS measurements probing the same air masses as the LPMA measurements. In addition to
the halogen bearing compounds simultaneous measurements of O3, HNO3, NO2 and NO are available.
Similar to the approach presented in section 5.3 the photochemical model LABMOS is initialized in
a way that it can reproduce the LPMA/DOAS observations. The model is run over a 1.5 day period
on isentropes stationary above Kiruna. The modeled abundances of OClO are then compared to the
measured ones.

Initialization of the model

The LABMOS chemistry model is initialized at 0:05 UT (SZA = 125◦) on Feb. 10, 1999, with SLIMCAT
output (run 336) from the following day since output on the actual day of measurement is not available.
Upon initialization the initial volume mixing ratios of O3, NO2, HNO3, ClONO2, HCl, Cly and Bry are
scaled in a way that the model can reproduce the measurementsof O3, NO2, NO, HNO3, ClONO2, HCl,
BrO and ClOx conducted 14 h to 15 h later between 14:00 UT and 14:50 UT nearby Kiruna. The initial
volume mixing ratios of these species are determined in various test runs and listed in table 6.2. The
volume mixing ratio of ClOx is initialized as ClOx = Cly - HCl - ClONO2 and the partitioning among
its constituents ClO, Cl2O2, HOCl and OClO is taken from SLIMCAT. The same is true for the initial
partitioning of the Bry constituents. The remaining species are left unchanged with respect to SLIMCAT
output.
The most important scaling parameter is the initial abundance of NO2 (= NOx at night) since it controls
the amounts of BrOx and ClOx which are scavenged to ClONO2 and BrONO2. The total amount of
inorganic chlorine is initialized as inferred from the Cl∗

y-N2O standard correlation except for altitudes
below 16 km where N2O-profile information from the LPMA measurements is very limited (see figures
4.11 and 4.12) and calculating Cl∗

y involves large errors. There, Cly is initialized such that the agreement
of measured and modeled NO2 and ClONO2 is optimal. The total amount of inorganic bromine is kept
at Bry = 19.5 ppt above 20 km as suggested by Dorf (2005). Below 20 km,Bry is initialized such that
modeled BrO agrees best with measured BrO when simultaneously scaling NO2.

Figure 6.26 shows the measured and modeled abundances of allrelevant species as a function of
tangent height or altitude. For all species which are measured by the LPMA/DOAS payload, SCDs are
plotted for model-measurement comparison. Modeled SCDs are calculated from LABMOS and SLIM-
CAT model output by integrating the modeled trace gas concentrations along the lines-of-sight. Figure
5.4 illustrates the LPMA/DOAS lines-of-sight during solaroccultation and the corresponding trace gas
concentrations for O3 and NO2. Lines-of-sight and trace gas concentrations are given in coordinates of
altitude and SZA (or time). In analogy to figure 5.4, the LABMOS model yields concentrations of all
relevant trace gases which can be integrated along the lines-of-sight in altitude-SZA-space resulting in
modeled SCDs. In-between the modeled altitude layers the trace gas concentrations are interpolated
linearly3. Comparing SCDs instead of vertical profiles has the advantage that further errors due to profile
inversion are avoided, and that the photochemical variation of short-lived species such as NO2, NO,
BrO and OClO does not need to be corrected but is implicitly accounted for. Since Cly and ClOx are
not directly measured but inferred from trace gas profiles and a Cl∗y-N2O standard correlation, vertical

3Altitude interpolation is performed linearly in log-pressure coordinates.
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Figure 6.26:Measured (symbols) and modeled (lines) SCDs of O3, NO2, NO, HNO3, ClONO2, HCl and BrO as
a function of tangent height and measured (symbols) and modeled (lines) volume mixing ratios of Cly and ClOx

as a function of altitude for solar occultation observations at Kiruna on Feb. 10, 1999. LABMOS model output
is shown corresponding to LPMA/DOAS observations for a bestguess of the initial trace gas concentrations to
reproduce the measurements (table 6.2). The blue lines illustrate pure SLIMCAT model output. The altitude range
between the horizontal gray lines represents the range of activated ClOx.
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Table 6.2: Volume mixing ratios used for initialization of the LABMOS model at 0:05 UT at Kiruna on Feb. 10,
1999.

Θ / K alitude / km O3 / ppm NO2 / ppb HNO3 / ppb ClONO2 / ppb HCl / ppb Cly / ppb Bry / ppt

336 10.85 0.550 0.000 0.720 0.008 0.146 0.309 10.00
350 11.94 0.750 0.000 2.100 0.012 0.411 0.435 11.00
380 14.14 1.000 0.000 4.400 0.250 0.666 1.010 12.00
400 15.54 1.700 0.000 6.300 0.270 0.860 1.240 13.00
435 17.78 3.050 0.000 12.000 0.860 1.126 2.971 16.00
475 19.78 3.400 0.000 15.000 0.720 1.324 3.279 19.00
510 21.32 3.700 0.043 14.000 0.850 1.637 3.257 19.50
550 22.92 5.000 0.073 15.000 0.910 2.023 3.232 19.50
615 25.00 5.200 0.329 13.000 1.100 2.189 3.325 19.50
675 26.45 5.100 1.867 8.200 0.000 2.261 3.350 19.50
750 28.17 5.400 3.320 7.600 0.000 2.879 3.350 19.50
820 29.77 4.300 3.545 4.500 0.635 2.711 3.350 19.50

profiles are shown for comparison.
Figure 6.26 shows that the LABMOS model is able to reproduce the LPMA/DOAS measurements of all
considered species mostly within the error bars if scaling upon initialization is carried out as described
above. The inferred non-zero ClOx abundances at about 26 km altitude cannot be reconciled withthe
LABMOS model calculations. At 26 km NO2 mixing ratios are on the order of 1 ppb causing rapid
scavenging of ClOx to form ClONO2. Given the constraints of measured NO2, ClONO2 and HCl and
inferred Cl∗y there is no way to reproduce sizeable amounts of ClOx at that altitude. In contrast, the
activated layer of ClOx between 16 km and 22 km altitude is reproduced very well by themodel, given
the very low amounts of NO2 in the respective altitude range. BrO, which controls the formation of
OClO through reaction (R6.8), is also modeled very well by the scaled model run. Model-measurement
agreement is worse for pure SLIMCAT output. Nonetheless, the layer of activated ClOx in the lower
stratosphere is reproduced qualitatively and BrO abundances are only slightly overestimated.

Stacked versus air mass trajectory based modeling

All LABMOS model calculations shown here are performed in a stacked manner, i. e. the modeled air
masses are assumed stationary above Kiruna. Hence, the history of air masses between initialization
of the model at 0:05 UT and the LPMA/DOAS measurements in the afternoon is parameterized by fixed
temperatures and pressures and by the SZA-timeline for 67.9◦N, 21.1◦E. The Lagrangian-type approach,
which was introduced in section 5.2, uses an air mass historywhich is explicitly calculated from a
meteorological model run. Test runs are performed using thetrajectories shown in figure 6.8 which
are calculated for air masses arriving at Kiruna at 12 UT. Since the LPMA/DOAS measurements are
conducted between 14 and 15 UT and lines-of-sight during solar occultation (figure 6.9) point somewhat
in the south-west direction, those trajectories do not truly represent the short-term history of the observed
air masses and moreover fall short by 2 h to 3 h hours. Unfortunately, a dedicated model run that uses the
LPMA/DOAS measurements as starting/ending points for trajectory calculations is not available so far.
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Model results applying thead hoc trajectory calculations until 12 UT and a stacked time grid between
12 UT and 15 UT produce results indistinguishable from the overall stacked model run as can be seen in
figure 6.28.
As far as the production and loss of OClO and BrO are concerned, Canty et al. (2005) showed that
the air mass history is of particular importance if the minimum SZA during the 12 hours before the
observations is larger than 92◦. Due to the wavelength dependence of OClO and BrCl photolysis, OClO is
photolyzed more effectively than BrCl for 92◦≤SZA≤ 95◦. Consequently, air masses that experienced a
minimum SZA between 92◦ and 95◦ could have lost OClO through photolysis while only little formation
of BrO after BrCl photolysis occurred. Production of OClO through BrO + ClO would be small and the
air masses could be depleted in OClO, even after sunset. For SZA> 95◦ neither OClO nor BrCl are
photolyzed and OClO which built up during previous days is not removed. For SZA< 92◦ both, OClO
and BrCl, are readily photolyzed. Here, the minimum SZA observed during the last 12 hours before
the LPMA/DOAS observations was 82◦ which is well below the critical range and which causes almost
complete removal of OClO during the day (see also figure 6.28)and its build-up from ClO + BrO during
sunset.
Moreover, the scaling of the initial trace gas abundances implicitly considers air mass history since
small meteorological mis-representations can be balancedby modified initial parameters in the attempt
to match the observations. Hence, the error due to an erroneous representation of air mass history is
considered small and in the following only stacked model calculations are performed.

Model-measurement comparison for OClO

The LABMOS model is initialized as detailed above and run over 1.5 days. The modeled temporal
evolution of OClO during sunset at Kiruna on Feb. 10, 1999, isused to calculate modeled SCDs which
can be compared to the measured ones. Figure 6.27 shows the model-measurement comparison for
OClO SCDs as a function of tangent height. The layer of high ClOx between 16 km and 22 km altitude
is highlighted although it has to be remembered that SCDs at each tangent height exhibit contributions
from all altitude layers above and from some layers below theconsidered tangent heights. At 20 km
tangent height the diameter of the solar disk at the tangent point is about 3 km for the LPMA/DOAS
solar occultation viewing geometry. Below 15 km tangent height observations and some modeling
constraints (Cl∗y, ClONO2 etc.) get uncertain as emphasized above. Thus, discussion should focus on
tangent heights above 15 km. Comparison of SCDs is favored over comparison of vertical profiles since
the rapid photochemical build-up of OClO during sunset doesnot allow for profile retrieval without
considerable photochemical corrections.
The agreement of the measured OClO SCDs with the modeled onesinferred from the standard
LABMOS run using JPL-2002 reaction kinetics is good in the entire range of considered tangent
heights. Errors of the measurements are larger than the observed discrepancies. Despite the good
model-measurement agreement, the model yields OClO SCDs which are roughly 5% smaller than
the observations. SLIMCAT also relies on JPL-2002 reactionkinetics but underestimates OClO for
the Kiruna 1999 observations which is mostly due to overestimation of NO2 (figure 6.26). Starting
from the LABMOS run using JPL-2002 kinetics, various kinetic parameters are modified according
to recently published recommendations. Unless stated otherwise, for each model run it is ensured
that model-measurement agreement for O3, NO2, NO, HNO3, ClONO2, HCl, BrO, Cly and ClOx is
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Figure 6.27:Measured (boxes) and modeled (lines) OClO SCDs as function of tangent height for solar occultation
measurements at Kiruna on Feb. 10, 1999. The small inset highlights the altitude range of the ClOx layer between
16 km and 22 km altitude. The various model runs indicated in the legend are discussed in detail in the text.

comparable to figure 6.26 by scaling the respective trace gasabundances upon initialization.
The model run denoted by von Hobe et al. (2005) uses the parameterization for the equilibrium
constantKeq given by the respective study:Keq = 5.47 10−25 cm3molecules−1 (T/300K)−2.29·
· exp (6969K/T ). The inferred equilibrium constant is smaller than the JPL-2002 recommendation for
stratospheric temperatures and hence, the equilibrium between Cl2O2 and ClO is shifted toward the
monomer. Since more ClO is available for the formation of OClO through reaction (R6.8), modeled
OClO SCDs are slightly larger than those using JPL-2002 recommendations. The effect is not as large
as might be expected since the production of OClO is limited by the abundances of BrO. Around 20 km
altitude, about 1.2 ppb ClOx and 15 ppt BrO are available. Under such conditions, it has been shown
that an increase of ClOx abundances has only little effect on OClO (figure 2 in Canty etal. (2005)).
Plenge et al. (2005) found a Cl2O2/ClO equilibrium constant in-between the JPL-2002 and von
Hobe et al. (2005) recommendations for temperatures between 190 K and 230 K. Accordingly, their
equilibrium constant,Keq = 1.92 10−27 cm3 molecules−1 exp (8430K/T ), produces OClO SCDs
in-between the von Hobe et al. (2005) and JPL-2002 model run.
Besides an overestimation ofKeq by JPL-2002, Stimpfle et al. (2004) concluded that their measurements
are in good agreement with a model run either if the rate coefficient of Cl2O2 production (kClO+ClO) is
lowered or if the photolysis rate of Cl2O2 (JCl2O2

) is increased with respect to JPL-2002. The former hy-
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pothesis is tested by setting the low and high pressure limits of the ClO + ClO association reaction to the
values recommended by JPL-2000,klow,ClO+ClO = 2.2 10−32 cm6 molecules−2 s−1 (T/300K)−3.1

andkhigh,ClO+ClO = 3.4 10−12 cm3 molecules−1 s−1 (T/300K)−1. Lowering the production rate of
Cl2O2 shifts the equilibrium between dimer and monomer toward ClOand hence, has a similar effect
as loweringKeq. The inferred OClO SCDs, denoted by Stimpfle et al. (2004) (1), are larger than the
model run using JPL-2002 kinetics and show an improved agreement with the measurements, although
differences are small with respect to the observational errors. The alternative possibility proposed by
Stimpfle et al. (2004) is an increase ofJCl2O2

with respect to JPL-2002 recommendations by using
the absorption cross section of Burkholder et al. (1990) andextrapolating it from 410 nm to 450 nm.
Figures 2 b) and c) of the study by Stimpfle et al. (2004) illustrate ratios ofJCl2O2

inferred from the
Burkholder et al. (1990) data with respect to JPL-2002 as a function of SZA. Those ratios are used
to scale the photolysis frequency of Cl2O2 implemented in LABMOS. The corresponding test run is
denoted Stimpfle et al. (2004) (2). IncreasingJCl2O2

renders the production of Cl atoms from the
ClO-dimer more effective and, thus, enhances the cycling efficiency of the ClO-ClO catalytic cycle.
OClO abundances are larger than the JPL-2002 run by about 10%in the altitude range of activated ClOx.
Accordingly, modeled OClO SCDs are slightly larger than themeasured SCDs but fall well within the
error bars of the measurements.
A study by Canty et al. (2005) found that a night-time observation of OClO can only be reconciled with
modeled abundances if the branching ratio of the ClO + BrO reaction is altered such that 11% instead of
the recommended 7% of the reaction processes yield BrCl and only 55% instead of 59% yield OClO (at
195 K). The respective rate constants are altered accordingly assuming that the altered branching ratio is
applicable in the entire observed temperature range. Decreasing the yield for OClO production directly
impacts the build-up of OClO during sunset and hence yields smaller modeled SCDs. In the altitude
range of the activated ClOx layer, modeled SCDs fall within the lower boundaries of the error bars, but
model-measurement agreement is less good than for the JPL-2002 scenario.
Rivière et al. (2004) suggested to introduce highly unstable isomers of ClONO2 and BrONO2 to
improve model agreement with their night-time measurements of NO2 and OClO. They suggested a
branching ratio of 1/3 for the formation of ClONO2 and BrONO2. Accordingly, 2/3 of the reactions
ClO + NO2 and BrO + NO2 would yield unstable isomers and rapidly reproduce ClO, BrOand NO2.
This scenario is tested by reducing the rate coefficientskClO+NO2

andkBrO+NO2
to 1/3 of their values

recommended by JPL-2002. The explicit formation of the unstable isomers ClOONO and BrOONO
with a finite lifetime is not considered. Rather it is assumedthat both isomers are instantaneously
photolyzed or collisionally decomposed to their educts. Incontrast to all other presented test runs of
the model, it is not possible to scale the initial trace gas abundances in a way that model-measurement
agreement is similar to that shown in figure 6.26. Reducing the formation rate of ClONO2 and BrONO2

either yields NO2 considerably larger than the observations or ClONO2 considerably smaller than the
observations depending on whether model-measurement agreement is optimized for NO2 or ClONO2.
BrO is less impacted since BrONO2 abundances during the day are small compared to BrO. Our finding
is in contradiction to Rivière et al. (2004) who speculated on the formation of ClOONO and BrOONO
since they could not reconcile simultaneous night-time measurements of NO2 and OClO with JPL-2002
reaction kinetics. The modeled OClO SCDs plotted in figure 6.27 are calculated for a model run where
NO2 was scaled such that the measurements are reproduced while modeled ClONO2 is lower than the
measured abundances and even lower than the lower boundary of the error bars. Given the initialization
constrained to observed NO2, the Rivière et al. (2004) scenario produces larger OClO SCDs than all
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Figure 6.28:Temporal evolution of the most important nitrogen, chlorine and bromine species on the 475 km
(19.78km) potential temperature surface as modeled by LABMOS initialized at 0:05 UT on Feb. 10, 1999, at
Kiruna. The black lines correspond to the standard model runon a stacked time grid. Red lines illustrate the same
model run along an air mass trajectory arriving at Kiruna at 12 UT. After 12 UT the calculation is continued on a
stacked time grid. Blue lines show a model run where JPL-2002reaction kinetics are updated by the recommenda-
tions of Stimpfle et al. (2004) (2), von Hobe et al. (2005) and Canty et al. (2005) discussed in the text. The shaded
area represents the time frame of the LPMA/DOAS solar occultation observations.
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other scenarios.
A composite run using the recommendations of Stimpfle et al. (2004) (2), von Hobe et al. (2005) and
Canty et al. (2005) forJCl2O2

, Keq and the ClO + BrO branching ratio yields modeled OClO SCDs
similar to those inferred from JPL-2002 kinetics. The reduced fractional yield of OClO from the
reaction ClO + BrO is canceled by more available ClO due to a more effective Cl2O2 photolysis and a
shift of the ClO-monomer/dimer equilibrium to the monomer.Although the test run using the combined
kinetic updates yields similar good agreement between measured and modeled OClO as when using the
JPL-2002 recommendations, the implications for O3 loss are somewhat different as discussed below.

Figure 6.28 shows the temporal evolution of selected species on the 475 K (19.78 km) potential
temperature level which represents the altitude layer where the peak of ClOx is observed. Besides the
standard JPL-2002 model run, model runs are shown which are performed along air mass trajectories
arriving at Kiruna at 12 UT and which use the aforementioned three recommended kinetic updates. The
general pattern shows day-time formation of small amounts of NOx from HNO3 and to a small degree
from N2O5. Most of NOx is converted to ClONO2 through the reaction with ClO which is generated
from its dimer through photolysis upon sunrise. OClO is rapidly photolyzed during the day and reveals
day-time abundances on the order of 5 ppt while at night mixing ratios are on the order of several ten
ppt. BrO is the most abundant daytime bromine species but rapidly reacts to BrCl during sunset when
photolysis fades out.
The trajectory based run yields results which are nearly indistinguishable from the standard run in
the time frame of the LPMA/DOAS observations. When using thecombined kinetic updates, the
partitioning between ClO and Cl2O2 is shifted toward the monomer as explained above. The build-up of
OClO during sunset is slower and consequently the night-time abundance of OClO is smaller than for
the JPL-2002 scenario. In turn, production of BrCl is more effective if the ClO + BrO branching ratio is
set to 11% BrCl yield and consequently night-time abundances of BrCl are larger than for the standard
run.
Figure 6.28 also reveals the shortcomings of our approach: During the time when LPMA/DOAS
observations are performed, the OClO abundances modeled bythe standard run and by the run with
updated kinetics are nearly indistinguishable while at night differences are large. Hence, night-time
measurements would be better suited to test OClO reaction kinetics.

In summary, the presented approach which constrains all relevant nitrogen, chlorine and bromine
species to their observed abundances during sunset succeeds in modeling the observed OClO abun-
dances very well using JPL-2002 reaction kinetics. Recent recommendations on kinetic updates
by Stimpfle et al. (2004), Plenge et al. (2005), von Hobe et al.(2005) and Canty et al. (2005) or
combinations of them, concerningJCl2O2

, kClO+ClO, Keq and the ClO + BrO branching ratio, yield
modeled OClO SCDs within the errors of the measurement and similarly good model-measurement
agreement as observed for JPL-2002 kinetics. Given the observational error bars, the LPMA/DOAS
solar occultation measurements do not allow for judging on whether the recommended updates or
combinations of them ultimately lead to an improved description of the ClO-ClO and ClO-BrO ozone
loss cycles. The formation of unstable isomers of ClONO2 and BrONO2 as proposed by Rivière et al.
(2004) cannot be reconciled with the simultaneous LPMA/DOAS observations of the relevant nitrogen
and chlorine species.
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Figure 6.29:Loss of odd oxygen (left panel) and relative contributions (right panel) integrated over 24 hours
between 10:50 UT (SZA = 82.3◦) on Feb. 10 and Feb. 11, 1999. The modeled air masses experienced 8 h 50 min
with SZA<95◦. Loss of odd oxygen is inferred from various LABMOS model runs as indicated in the legend.
The relative contributions from Br + O3 (solid lines), Cl + O3 (dashed lines) and NO + O3 (dotted lines) illustrated
in the right panel sum up to more than 90% of total odd oxygen loss in the entire altitude range displayed. The
horizontal dotted lines confine the layer of activated ClOx.

Ozone loss

Given the good model-measurement agreement for OClO discussed in the previous section, the LAB-
MOS model which is constrained to the LPMA/DOAS observations of all relevant nitrogen, chlorine
and bromine bearing species seems to reproduce well the photochemical processes occurring in the
stratosphere in February 1999. Therefore, the model can be used to quantitatively infer odd oxygen
loss and to test the impact of recently published kinetic updates. As pointed out above, the LABMOS
model is initialized at 0:05 UT on Feb. 10 and run over 1.5 daysin a way that the LPMA/DOAS
measurements between 14 UT and 15 UT are reproduced. Odd oxygen loss is inferred by summing
up the net instantaneous loss of atomic oxygen and ozone in each model time step between 10:50 UT
on Feb. 10 and 10:50 UT on Feb. 11. Simultaneously, the relative contributions from all relevant Ox
loss and production processes are logged. The starting and ending points of the integration period
correspond to the instances where the modeled air masses experienced the minimum SZA ( = 82.3◦).
The corresponding sunlit fraction of the day is 8 h 50 min. Theintegration period is chosen sufficiently
far from initialization and sunrise, such that the partitioning of short-lived species and the loss of odd
oxygen are not impacted by initialization effects (see alsotemporal evolution of the relevant species in
figure 6.28).
Figure 6.29 shows the net odd oxygen loss and its primary contributions as a function of altitude. Odd
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oxygen loss peaks with about 20 ppb to 25 ppb in the altitude range of the activated ClOx layer between
16 km and 22 km. There, the dominating Ox loss processes are the reactions Br + O3 and Cl + O3 which
are part of the ClO-ClO and ClO-BrO catalytic cycles. At altitudes above 22 km, the importance of the
bromine involving reactions decreases and Ox loss due to NO + O3 dominates. Thus, the secondary
increase of net Ox loss above 25 km mostly originates from loss processes involving nitrogen species.
Various model runs are performed testing the aforementioned updates of the reaction kinetics. The
model run using the Cl2O2/ClO equilibrium constant inferred by von Hobe et al. (2005)shifts the
partitioning between monomer and dimer toward ClO and can beconsidered illustrative for the findings
of Plenge et al. (2005) and Stimpfle et al. (2004) (1), which imply a similar conclusion. Lowering
Keq according to von Hobe et al. (2005) results in slightly larger Ox loss between 16 km and 22 km
altitude than inferred from JPL-2002 kinetics. The efficiency of the ClO-BrO cycle is enhanced while
the ClO-ClO cycle is less important. Due to these canceling effects the net impact on Ox loss is smaller
than 5% or smaller than 1 ppb.
In contrast, increasing the photolysis rate of the ClO-dimer according to Stimpfle et al. (2004) (2) has a
large effect on odd oxygen loss which can be as large as 15% or 3ppb compared to JPL-2002 kinetics.
Since an increase ofJCl2O2

enhances the cycling efficiency of the ClO-ClO cycle, more Clatoms are
available for ozone destruction per unit time. Hence, the importance of Ox loss due to Cl + O3 is
enhanced compared to the standard run.
The findings of Canty et al. (2005) foster the importance of the ClO-BrO cycle since more BrCl is
formed by ClO + BrO than recommended by JPL-2002. Accordingly Ox loss is larger by up to 10% or
2 ppb than modeled by the standard run.
If the combined recommendations of Stimpfle et al. (2004) (2), Canty et al. (2005) and von Hobe
et al. (2005) are considered, odd oxygen loss in the activated altitude layer is significantly increased
compared to the JPL-2002 model run. Peak Ox loss is larger by 20% to 25% or 4 ppb to 4.5 ppb. The
main contribution comes from the enhanced efficiency of the Cl2O2 photolysis and thus from a larger
importance of the ClO-ClO cycle. Above about 22 km altitude differences in Ox loss between the
various model runs are small as can be expected from the dominating role of the NOx catalyst.

The above findings on the impact of the new reaction kinetics on Ox loss are similar to those in-
ferred by Frieler et al. (2006). They conclude on up to 20% increased maximum possible O3 loss when
using the recommendations of Stimpfle et al. (2004) (2), and von Hobe et al. (2005) in their modeling
study for the Arctic winter 1999/2000. During the stratospheric winter 1998/1999, which is considered
here, the polar vortex was very disturbed and the amount of chlorine activation and ozone loss inferred
from the LPMA/DOAS observations cannot be regarded as typical of this Arctic winter. Several studies
indicate that total ozone loss during the winter 1998/1999 was on the order of 5% and barely significant
in the entire lower and middle stratosphere (WMO (2003), Rex, M. (personal communication)). Hence
the inferred loss rate cannot be extrapolated to conclude ontotal O3 loss during the winter but rather
has to be considered as a snapshot of catalytic ozone destruction which was limited in space and time.
Unfortunately, a comprehensive observational set of all relevent chlorine, nitrogen and bromine species,
as for the Kiruna 1999 case, is not available for other winters such as 1999/2000 where ozone loss was
more severe and persistent.
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6.4.3 Conclusions on the budget and partitioning of Cly

LPMA/DOAS observations of HCl and ClONO2 are used together within situ measurements of organic
chlorine species to infer total inorganic chlorine (Cl∗

y) and the sum of the shorter-lived species (ClOx)
for the Kiruna 1999 high-latitude winter scenario and the Kiruna 2001 high-latitude summer case. It was
found that for high-latitude summer ClONO2 and HCl are the major constituents of Cly throughout the
lower and middle stratosphere. For the high-latitude winter 1998/1999 a layer of enhanced ClOx and low
HCl is observed between 16 km and 22 km altitude which coincides with a layer of strong denoxification
and which points at heterogeneous activation of chlorine bearing catalysts.
The winter observations for Kiruna 1999 are further investigated by constraining the chemical model
LABMOS to simultaneous observations of all important nitrogen (NO2, NO, HNO3), chlorine (HCl,
ClONO2, Cl∗y) and bromine (BrO) species. After constraining the model, simultaneously observed OClO
abundances during twilight are modeled very well using the standard JPL-2002 reaction kinetics. Test-
runs show that recent suggestions on updates of the reactionkinetics fall within the observational error
bars and that a composite scenario which simultaneously considers the most important updates yields
similarly good model-measurement agreement as the JPL-2002 case. However, formation of highly un-
stable isomers of ClONO2 and BrONO2 cannot be reconciled with the LPMA/DOAS observations. In-
ferred 24 h odd-oxygen loss amounts to 20 ppb to 25 ppb in the altitude range of activated ClOx between
16 km and 22 km. The various model runs reveal that the proposed kinetic updates imply substantially
increased Ox loss due to the ClO-ClO and ClO-BrO cycles when compared to standard kinetics, albeit
yielding comparable results for twilight OClO abundances.
The SLIMCAT chemical transport model is able to reproduce the abundances of HCl and ClONO2 fairly
well for the high-latitude summer and the high-latitude winter scenario. In the latter case, even the layer
of activated ClOx in the lower stratosphere is modeled qualitatively. OClO abundances are underesti-
mated with respect to LPMA/DOAS measurements which mainly originates from NO2 being overesti-
mated as already observed in section 6.3.



Chapter 7

Iodine in the upper troposphere and
stratosphere

Section 1.2 pointed out that the transport of very small amounts of iodine containing species to the
stratosphere could have a significant impact on the stratospheric ozone layer. However, there are only a
few studies investigating the stratospheric iodine budget, e. g. Wennberg et al. (1997), Pundt et al. (1998),
Wittrock et al. (2000), Berthet et al. (2003), Bösch et al. (2003), where the latter one gives the currently
best estimates on upper limits of stratospheric IO and OIO inhigh- and mid-latitudes. The ground-
based measurements of Wittrock et al. (2000) are the only observations which report on concentrations
of stratospheric IO above the detection limit. Our efforts extend the study of Bösch et al. (2003) to the
years between 2001 and 2005 and, for the first time, investigate tropical latitudes, which are of particular
importance due to their crucial role in transporting tropospheric air to the stratosphere.
An overview of the spectral retrieval of IO and OIO from DOAS spectra is given. Then, upper limits
of stratospheric IO and OIO inferred from measurements in the extra-tropics are presented. Since the
observations in tropical latitudes are somewhat ambiguous, a dedicated section discusses particularities
and gives a conservative estimate of upper limits of IO and OIO in the tropical upper troposphere and
stratosphere. Finally, some thoughts on the impact on stratospheric photochemistry are presented.

7.1 IO and OIO retrieval

The spectral retrieval of IO and OIO SCDs from DOAS spectra inthe visible wavelength range relies
on the correct removal of the strong absorbers O3 and NO2 in order to detect the underlying, weakly
absorbing iodine species. Small deficiencies in the representation of the strong absorbers can generate
systematic residual features which can mask the underlyingweak absorbers or, even worse, induce fake
detection. Therefore, it is of major importance to use O3 and NO2 absorption cross sections measured
by the DOAS spectrograph in the laboratory (Dorf, 2005). Errors due to the wavelength dependence
of the slit function or due to convolution of high resolutioncross sections are avoided. Here, two sets
of lab-measured cross sections are used which have been recorded in our laboratory in 1997 and 2002.
Two sets of cross sections are necessary since the optical setup has been changed in 2002 (Dorf, 2005)
resulting in a significant change of the instrument function. A minor instrumental upgrade in 2004 and

193
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Figure 7.1:Spectral retrieval of IO in the visible spectral range for a spectrum measured at Kiruna on February
14, 1997, (left panel) and on March 23, 2003 (right panel). The upper most panels show the pseudo TOA spectrum
(black line) and the measured spectrum (red line). The panels below illustrate the retrieved trace gas absorptions
of O3, NO2, O4, OClO (Kiruna 1997 only) and IO as well as the CLD correction.The lowest panels show the
remaining residuals of the fitting procedure. The red lines indicate the spectral absorption and the black lines the
sum of spectral absorption and residual.

its impact on the IO and OIO retrieval are discussed in section 7.3.1.

7.1.1 IO retrieval

The spectral retrieval of IO SCDs is performed in the wavelength range between 425 nm and 465 nm as
recommended by Bösch et al. (2003). The IO absorption cross section measured by Hönninger (1999)
is scaled to the IO spectrum of Bloss et al. (2001) and spectrally aligned to the NO2 absorption cross
section of Harder et al. (1997). Hönninger (1999) recorded the IO absorption cross section at a spectral
resolution of 0.09 nm and found a peak cross section of 2.5 10−17cm2 of the 4←0 vibrational band of
the A2Π←X2Π electronic transition at 427.2 nm. Recent studies at a comparable spectral resolution in-
dicate that the IO absorption cross section at 427.2 nm is as large as (3.5±0.3) 10−17cm2 (Gomez Martin
et al., 2005; Spietz et al., 2005) or (3.55±0.35) 10−17cm2 (Dillon et al., 2005). Accordingly, the SCDs
and upper limits of IO retrieved using the Hönninger (1999) absorption cross section are somewhat
larger than those inferred using the Gomez Martin et al. (2005), Spietz et al. (2005) or Dillon et al.
(2005) data. In order to sustain continuity and internal consistency with the Bösch et al. (2003) study,
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Figure 7.2:IO evaluation for all spectra measured at Kiruna on February14, 1997, (left panel) and on March 23,
2003 (right panel). The upper most panels show the root mean square, i. e.

√

χ2 − 1. The panels below illustrate
the retrieved SCDs of IO, NO2, O3, O4, OClO (Kiruna 1997 only) and the CLD correction.

the IO absorption cross section of Hönninger (1999) is favored over the more recent measurements.
O3 and NO2 are the strongest absorbers in the IO retrieval range. Two sets of absorption cross sections
are used to account for the absorption of both gases. The analysis of all flights before 2002 is performed
by simultaneously fitting absorption cross sections of O3 at T = 233 K, O3 at T = 253 K, NO2 at T = 203 K
and NO2 at T = 228 K. After 2002, a set of O3 at T = 200 K, O3 at T = 220 K, NO2 at T = 200 K and NO2
at T = 238 K is used. All O3 and NO2 absorption cross sections are recorded by the DOAS spectrograph
in the laboratory and are spectrally aligned to the NO2 reference of Harder et al. (1997). In general, the
absorption cross section corresponding to the higher temperature is numerically orthogonalized to the
one at lower temperature. The collisional pair absorption cross section of O4 is taken from Hermans
et al. (1999). For the high-latitude winter flight at Kiruna in 1997 the absorption of OClO is accounted
for by a lab-measured absorption cross section which is aligned to Wahner et al. (1987). Broadband
extinction is considered through a 3rd order polynomial. Straylight is corrected according to equation
(3.20) by a first order polynomial. The relative wavelength alignment between absorption cross sections
and the pseudo-TOA reference spectra is determined in various test runs and kept fixed for the final
evaluation, where only the measured spectrum is allowed to shift and stretch. As identified by Bösch
et al. (2003), it is of major importance to include a center-to-limb-darkening correction in the model
function used for spectral retrieval. Neglecting the CLD-effect generates systematic residual structures
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which can be misinterpreted as absorption of IO.

The impact of the CLD effect on the measured spectra is clearly visible from figure 7.1 where
the spectral retrieval of IO from two spectra recorded in deep solar occultation during the balloon flights
from Kiruna in 1997 and 2003 is shown. The former balloon flight is re-analyzed although it has already
been analyzed by Bösch et al. (2003) in order to demonstrate our capability to perform retrievals of
similar quality as Bösch et al. (2003). While the CLD correction term is clearly detected, essentially no
IO absorption is found in both spectra. The residual shows remaining systematic features in particular
in the proximity of the solar Fraunhofer line at about 432 nm.This might be due to interpolation errors
or errors of the relative wavelength alignment between pseudo-TOA and measured spectrum. The
residuals observed for the flight from Kiruna in 2003 are slightly larger and more systematic than those
observed for the flight in 1997 which is caused by the use of different sets of O3 and NO2 absorption
cross sections. The theoretical noise levels of about 1.9 10−4 and 2.5 10−4 at 440 nm for the flights in
1997 and 2003, respectively, are only slightly smaller thanthe observed root-mean-square (3.0 10−4

for Kiruna 1997 and 3.18 10−4 for Kiruna 2003) which indicates that the retrieval operates close to
its theoretical limit. Figure 7.2 shows the fitting results of all spectra recorded during the two balloon
flights. IO SCDs are in all cases below the detection limit, which is commonly defined as twice the
SCD error (Stutz and Platt, 1996; Bösch et al., 2003). The definition of the detection limit is discussed
in section 7.2. O3 and NO2 SCDs show the typical pattern of a trace gas with a concentration maximum
in the stratosphere. While the O4 concentration decreases rapidly with altitude, OClO builds up in the
lower stratosphere during sunset and is only detectable during the flight from Kiruna in 1997. The
CLD-correction is negligible for balloon ascent and float measurements where the shift of the brightness
center of the Sun due to Rayleigh scattering is small, but becomes more important as the lines-of-sight
penetrate deeper the Earth’s atmosphere during sunset.
Further evidence for the importance of the CLD effect when performing direct Sun DOAS measurements
can be found in Bösch (2002) where measurements during the solar eclipse on August 11, 1999, are
analyzed. Reichl (2005) found that a CLD correction is also necessary for ground based direct Sun
DOAS measurements where the Sun is partially obscured by thin clouds. A partial cloud cover shifts
the brightness center of the Sun toward the less covered regions of the solar disk and, hence, induces
changes of the optical density of the Fraunhofer lines.

7.1.2 OIO retrieval

OIO is retrieved in the 530 nm to 570 nm spectral range using the absorption cross section reported by
Rowley et al. (2001) and Bloss et al. (2001) which has a value of (1.29±0.22) 10−17cm2 at 1.13 nm
spectral resolution at the peak of the vibrational band at 548.6 nm. This is in good agreement with the
data of Gomez Martin et al. (2005) and Spietz et al. (2005) where the OIO cross section at 548.6 nm is
found to be (1.3±0.3) 10−17cm2 at a spectral resolution of 0.35 nm. Ingham et al. (2000) inferred values
up to 3.5 10−17cm2. Hence, the absolute scaling of the OIO absorption cross section is uncertain. The
scaling used here is at the lower limit of the reported range implying that the presented SCDs and upper
limits could be somewhat smaller if a different scaling of the OIO cross section had been used.
The absorptions of O3 and NO2 are fitted by the same reference sets as in the case of the IO retrieval. The
respective cross sections, however, are spectrally aligned to the data of Voigt et al. (2001, 2002). Cross
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Figure 7.3:Spectral retrieval of OIO in the visible spectral range for aspectrum measured at Kiruna on February
14, 1997, (left panel) and on March 23, 2003 (right panel). The upper most panels show the pseudo TOA spectrum
(black line) and the measured spectrum (red line). The panels below illustrate the retrieved trace gas absorptions
of O3, NO2, O4, H2O and OIO. The lowest panels show the remaining residuals of the fitting procedure. The red
lines indicate the spectral absorption and the black lines the sum of spectral absorption and residual.

sections at high temperatures are orthogonalized with respect to cross sections at low temperatures. As
usual, O4 absorption is considered through the reference set of Hermans et al. (1999) and H2O is ac-
counted for by convolving a H2O absorption cross section generated from line parameters corresponding
to T = 213 K and p = 80 mbar given by Rothman et al. (2005). The relative wavelength alignment between
the package of absorption cross sections, the pseudo-TOA spectrum and the measured spectra is handled
in the same way as for the IO retrieval. Broadband extinctionand straylight correction are represented
by 3rd and 1st order polynomials, respectively. The center-to-limb darkening effect is found negligible
for the considered wavelength range.
A sample OIO retrieval for two spectra recorded at Kiruna in 1997 and 2003 is shown in figure 7.3. In
both cases, OIO is not found by the fitting routine. The peak-to-peak residual structures are smaller than
those for the IO retrieval illustrated in figure 7.1, since the OIO retrieval is performed at longer wave-
lengths where the signal decreases less strongly in solar occultation and the signal-to-noise is better than
in the IO retrieval range. Systematic residual structures are not as prominent as for the IO retrieval but
still exist most likely due to deficiencies of the absorptioncross sections of O3 and NO2. The theoretical
noise at 550 nm is 1.1 10−4 and 1.7 10−4 for the flights in 1997 and 2003, respectively. Again, the root-
mean-square of the residual is in the range of the theoretical limit for both flights. Figure 7.4 illustrates
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Figure 7.4:OIO evaluation for all spectra measured at Kiruna on February 14, 1997, (left panel) and on March 23,
2003 (right panel). The upper most panels show the root mean square, i. e.

√

χ2 − 1. The panels below illustrate
the retrieved SCDs of OIO, NO2, O3, O4 and H2O.

.

the OIO retrieval for all spectra recorded during the two selected balloon flights. Clearly, OIO SCDs are
below the detection limit.

7.2 Upper limits of IO and OIO in the extra-tropical stratosphere

Based on the details described in the previous section the spectral retrieval of IO and OIO is performed
for the balloon flights from Kiruna in 1997, 2001, 2003 and 2004 and from Aire sur l’Adour in 2003.
Since the meteorological situation corresponding to the different flights is described extensively by Bösch
(2002), Dorf (2005) and section 6.2, a detailed investigation is omitted here. The flights from the high-
latitudinal station Kiruna (67.9◦, 21.1◦E) probed the border of the northern polar vortex in February
1997, the winterly extra-vortex stratosphere in March 2003and 2004 and the summerly stratosphere in
August 2001. The balloon flight from Aire-sur-l’Adour (43.7◦N, 0.25◦W) in October 2003 investigated
the mid-latitudinal stratosphere. In all cases neither IO nor OIO can be detected since the retrieved SCDs
are below the detection limit.
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Figure 7.5:IO (upper panel) and OIO (lower panel) SCDs (black lines witherror bars) and statistical detection
limits (red line) as a function of tangent height. The data from Aire sur l’Adour in 2003 originate from balloon
ascent measurements (tangent height equal to detector altitude) while solar occultation measurements are shown
for the balloon flights from Kiruna. Observations at Kiruna on Aug. 21, 2001, are conducted during sunset, those
on Aug. 22, 2001, during sunrise.



200 CHAPTER 7. IODINE IN THE UPPER TROPOSPHERE AND STRATOSPHERE

Detection limit

As mentioned above the detection limit applied here corresponds to twice the SCD retrieval error (Stutz
and Platt, 1996; Bösch et al., 2003), i. e. SCDs are considered different from zero if their errors are less
than 50%. The criterion is a good estimate of the actual detection limit as long as the errors attributed to
the SCDs are reasonable. However, section 3.2.1 pointed outthat this is only true if the residual consists
of statistical noise. Corrections for the inter-dependencies of neighbouring pixels can be applied (Stutz
and Platt, 1996), but the impact of systematic residual structures caused by deficiencies of the fitted
absorption cross sections or by unaccounted absorbers cannot be estimated easily. In fact, a detailed
treatment of the impact of systematic residuals on the retrieved SCDs would require the knowledge of
the effects which cause the observed pattern. Systematic residual structures can be misinterpreted as
trace gas absorption and generate absorber SCDs larger thanthe detection limit although the absorber
is not present. An illustrative example is the effect of the CLD correction investigated by Bösch (2002)
and Bösch et al. (2003). If the DOAS model function is insufficient in a way that it does not include a
correction for the CLD effect, systematic residual structures remain which induce fake detection of IO
with SCDs larger than twice the SCD error. Accounting for theCLD effect by a correction term based
on the physical properties of the Sun removes these systematic features and yields IO SCDs clearly
below the detection limit. Briefly, absorber SCDs which are even larger than twice the SCD error can
be retrieval artifacts if the residual of the spectral retrieval does not consist of pure noise. Hence, the
detection limit defined by twice the SCD error will further onbe called statistical detection limit in order
to emphasize the statistical nature of its derivation. Fortunately, for all flights presented in this section
virtually all retrieved SCDs are smaller than the statistical detection limit. Hence, we are confident that
the statistical detection limit is indeed a good estimate ofthe true detection limit.

Upper limits of IO and OIO

Figure 7.5 illustrates the retrieved SCDs and corresponding statistical detection limits of IO and OIO
for all considered flights. If available, SCDs inferred fromsolar occultation measurements are shown
since detection limits are commonly smaller for solar occultation than for balloon ascent. For Kiruna
in 2001 and 2003, IO and OIO SCDs can be retrieved down to about11 km. In 1997 and 2003, the
pointing toward the Sun was lost early by the sun-tracker andthe lowest tangent heights correspond to
about 14 km. The balloon ascent measurements at Aire sur l’Adour in 2003 started late at about 17 km
altitude due to problems with the stabilization of the gondola. Unfortunately, we missed the sunset in
Aire sur l’Adour.
Virtually all inferred IO and OIO SCDs are below the detection limit and mostly consistent with a zero
value within the error bars. The only IO SCD slightly above the detection limit is observed for the
sunset measurements at Kiruna in 2001 at about 12 km tangent height. Given the somewhat controversy
definition of the detection limit discussed above, this observation cannot be interpreted as detection of
IO. Moreover no systematic increase spanning several spectra is observable. It has to be emphasized that
none of the presented balloon flights sampled tropospheric air masses except for the flight from Kiruna
in 2001 where the thermal tropopause corresponds to 12 km altitude. There, the observed increase of
the retrieved IO SCDs for tangent heights below 15 km might bedue to a contribution of light that
sampled the upper troposphere and introduced systematic residual structures which are mis-interpreted
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Figure 7.6:Upper limits of the IO (left panel) and OIO (right panel) vmr as a function of altitude. Data from
Kiruna are inferred from solar occultation measurements while data from Aire sur l’Adour originate from balloon
ascent. Observations at Kiruna on Aug. 21, 2001, are conducted during sunset, those on Aug. 22, 2001, during
sunrise.

as IO absorption.
The inferred statistical detection limits for the IO and OIOSCDs are inverted to vertical profiles using the
SVD profile retrieval algorithm described in section 3.3.1.Figure 7.6 shows the corresponding vertical
profiles which can be regarded as upper limits of the IO and OIOmixing ratios as a function of altitude.
Due to the shorter light path through the atmosphere, balloon ascent measurements, e. g. those from Aire
sur l’Adour, yield upper limits which are up to 10 times larger than those inferred from solar occultation
measurements and hence are omitted if solar occultation measurements are available. The upper limits of
IO and OIO inferred from the statistical detection limits clearly fall into the same range as those reported
by Bösch (2002) and Bösch et al. (2003). In the lower stratosphere, between 10 km and 20 km altitude
the upper limits range between about 0.05 ppt and 0.11 ppt forIO and between 0.01 ppt and 0.11 ppt for
OIO. For higher altitudes the upper limits increase mainly due to the decrease in air density. Inferred
upper limits are somewhat larger for the mid-latitudinal station Aire sur l’Adour since solar occultation
measurements are not available.

7.3 IO and OIO in the tropical upper troposphere and stratosphere

The LPMA/DOAS payload has been launched for the first time from a tropical site, close to the city
of Teresina in northern Brazil (42.35◦W, 5.38◦S) on June 17, 2005. Due to clear sky conditions and
a very smooth launch it was possible to record spectra from below 2 km up to balloon float altitude of
about 33 km. Solar occultation measurements could be performed between SZA = 90.0◦ at 20:47 UT
and SZA = 95.3◦ at about 21:10 UT. Due to the rapid sunset at low-latitudes, only 164 spectra could be
recorded in solar occultation geometry. Temperature decreased from about 310 K at the ground to 194 K
at 16.5 km altitude. The high tropopause altitude estimatedfrom the temperature minimum at 16.5 km
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Figure 7.7: Spectral retrieval of IO (left panel) OIO (right panel) in the visible spectral range for a spectrum
measured at Teresina on June 17, 2005. The upper most panels show the pseudo TOA spectrum (black line) and
the measured spectrum (red line). The panels below illustrate the retrieved trace gas absorptions of O3, NO2,
O4, H2O, CLD and IO (left panel) and O3, NO2, O4, H2O and OIO (right panel). The lowest panels show the
remaining residuals of the fitting procedure. The red lines indicate the spectral absorption and the black lines the
sum of the spectral absorption and the residual.

is typical of tropical latitudes and allows for probing tropospheric air masses even in solar occultation
geometry with the lowest tangent height being 10.5 km. A moredetailed meteorological discussion can
be found in Dorf (2005).

7.3.1 Particularities of the IO and OIO retrieval in the trop ics

The retrieval of IO and OIO from spectra recorded at Teresinain 2005 follows the same specifications
as given in section 7.1. The IO retrieval is supplemented by an H2O cross section corresponding
to T = 213 K and p = 80 mbar taken from Rothman et al. (2003) sincewater absorption is clearly
detectable for spectra sampling tropospheric air masses. For the OIO retrieval, it proves worthwhile to
include a second H2O absorption cross section corresponding to T = 253 K and p = 250 mbar which is
orthogonalized to the standard water absorption cross section.
Figure 7.7 illustrates the spectral retrieval of IO and OIO.In comparison to previous flights, e. g. those
shown in figure 7.1, the residual of the IO retrieval exhibitslarger systematic residual structures. In
particular, the IO retrieval is hindered by a strongly oscillating systematic feature between 430 nm and
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Figure 7.8:IO (left panel) and OIO (right panel) evaluation for all spectra measured at Teresina on June 17, 2005.
The upper most panels show the root mean square, i. e.

√

χ2 − 1. The panels below illustrate the retrieved SCDs
of IO, NO2, O3, O4, H2O and CLD (left row) and OIO, NO2, O3, O4 and H2O (right row).

435 nm which is also observable to a lesser degree for the flights at Kiruna in 2003 and 2004. As a
consequence, the prominent CLD structure at about 434 nm is not fitted as clearly as for the previous
flights. The retrieved IO absorption is non-zero although hardly perceivable by eye. The theoretical noise
level at 440 nm is 2.0 10−4, which is 57% of the observed root-mean-square (3.48 10−4). For the flight
from Kiruna in 2003 (figure 7.1) the ratio of theoretical noise level at 440 nm to the root-mean-square
of the IO retrieval was better (79%). The same is true for the OIO retrieval. The theoretical noise level
at 550 nm for the spectrum shown in figure 7.7 is 0.8 10−5 amounting to about 62% of the observed
root-mean-square (1.3 10−4) while for Kiruna in 2003 the respective ratio is 77%. However, there is no
obvious correlation between the residual structures and the retrieved parameters of the OIO retrieval.
The IO and OIO spectral retrieval from all spectra recorded during the balloon flight from Teresina on
June 17, 2005, is illustrated in figure 7.8. As already observed in figure 7.7, the spectral retrieval yields
non-zero amounts of IO for solar occultation measurements.The inferred IO SCDs are approximately
one order of magnitude larger than those observed for the previous flights and for some of the spectra
well above the statistical detection limit. Whether the non-zero IO absorption found by the spectral
retrieval is real or an artifact of the systematic residual structures is discussed below. Simultaneously,
the retrieved fitting parameters of the CLD correction term do not show a monotonic decreasing pattern
with setting Sun as observed for the previous flights but reveal some oscillations. Between 20:00 UT
and 20:45 UT, two periods can be identified where several parameters, most prominently the O3 SCD
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retrieved from the IO spectral range, exhibit discontinuities in their temporal evolution. Although hardly
visible in figure 7.8, the observed discontinuities go alongwith an increase of the root-mean-square
residual of the fitting procedure and can be attributed to an instrumental problem as discussed below.
The OIO retrieval yields OIO SCDs which are consistent with zero within their error bars except for the
very first spectra recorded during balloon ascent where the inferred OIO SCDs are slightly larger than
the attributed error. However, all OIO SCDs retrieved from the tropical balloon flight are well below the
statistical detection limit.

It is evident from the examination of figures 7.7 and 7.8 that the retrieval of IO from spectra
recorded at Teresina in 2005 needs further investigation, in particular it is necessary to perform a
careful analysis of instrumental performance and retrieval related issues which are specific to the
tropical balloon flight and which could lead to fake detection of IO. In the following several arguments
are discussed in order to facilitate a decision on whether IOis detected or not: (1) A shift of the
wavelength-pixel mapping is observed due to the instrumental upgrade before the Teresina 2005 balloon
flight. (2) The discontinuities in the temporal evolution ofvarious fitting parameters can be ascribed
to a hardware problem which might also impact the retrieval of IO. (3) There are some hints for an
aerosol layer in the lower tropical stratosphere which could impact the CLD-correction and hence the IO
retrieval by partly obscuring the Sun. (4) Sensitivity studies are performed in order to test the stability
of the IO spectral retrieval. (5) Spectra which yield non-zero IO SCDs are inspected by eye.

Shift of wavelength-pixel mapping

Section 3.1.2 pointed out that prior to the tropical ballooncampaign in 2005 the DOAS instrument was
upgraded by new connectors on the top of the instrument housing in order to thermally decouple the
jacks and connectors form the 0◦C cold housing and to avoid condensation of water on the electronic
adaptors. The instrument housing had to be removed to feed the cables through the housing. Although no
change of the optical setup was carried out and care was takento avoid any impact on the optical compo-
nents, a shift of the wavelength-pixel mapping of the ‘visible’ DOAS spectrograph by (1.03±0.05) pixel
(0.252 nm±0.013 nm) is observed. The shift is illustrated in figure 7.9,where two emission lines of a
mercury lamp in the IO and OIO retrieval ranges are shown. A comparison of the spectral position of
the emission lines recorded before and after the instrumental upgrade shows that the shift is detectable in
both retrieval ranges. An additional stretch is not observed. A shift of the wavelength-pixel mapping is
considered as parameter in the DOAS spectral retrieval and does not directly impact the inferred SCDs.
However, the lab-measured absorption cross sections of O3 and NO2 are recorded some years ago by an
instrument function which is displaced with respect to the current one. Hence, the wavelength depen-
dence of the instrument function or differing sensitivity of the detector pixels might introduce systematic
deficiencies into the DOAS model function. Interpolation errors are of principle concern when shifts and
stretches of the wavelength-pixel mapping are observed, since either the set of absorption cross sections
or the spectra have to be interpolated. Here, interpolationerrors should be negligible since the inferred
shift corresponds almost exactly to one pixel. Interpolation errors would be largest for a shift of 0.5 pixel.
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Figure 7.9:Emission lines of mercury recorded before (red) and after (black) the instrumental upgrade in 2004.
The intensity is normalized to an arbitrary value and cannotbe compared between the two data sets, since the
emission lamp is not radiometrically stable with time. The wavelength scale (top) corresponds to the wavelength-
pixel mapping observed before the instrumental upgrade.

Discontinuities in the temporal evolution of retrieval parameters

The spectral retrievals of IO and OIO (figure 7.8) reveal discontinuities in the temporal evolution of var-
ious retrieval parameters. The discontinuities cannot be attributed to real effects in the atmosphere but
must be of instrumental origin. The upper panel of figure 7.10shows the peak intensity as a function
of recording time for all spectra measured by the ‘visible’ DOAS instrument during the considered bal-
loon flight. The overall strong decrease after 20:30 UT is dueto less incoming radiation during sunset.
Discontinuities are observed at the same instances as for the retrieval parameters. The small variations
between 20:20 UT and 20:30 UT can be attributed to test-runs of the sun-tracker where the primary mirror
is defocused from the Sun’s center in order to check the alignment of the sun-tracker optics. The drop in
intensity observed between 20:05 UT and 20:15 UT and between20:30 UT and 20:40 UT is of question-
able origin. Erroneous integration times of the spectra as reported in previous studies (Hirsekorn, 2003)
can be excluded since all programming errors were removed inthe course of the absolute calibration of
the instrument (Lindner, 2005; Gurlit et al., 2005). The features cannot be observed for spectra recorded
by the spectrograph sensitive to the UV which points to a problem of the mechanical or optical setup of
the ‘visible’ spectrograph. The lower panel of figure 7.10 illustrates two successively recorded spectra
which are measured by the ‘visible’ DOAS spectrograph shortly before and during the sudden drop in
intensity at about 20:05 UT. The spectra shown are composed of 13 co-added spectra and exhibit at total
integration time of 4.000 s. The ratio of the two spectra shows that the intensity drop occurred while
the spectrum was recorded and happened on the timescale of the read-out time of 10 pixels i. e. about
0.5 ms. This leads us to speculate that an optical component e. g. a dispersion plate inside the entrance
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Figure 7.10:Upper panel: peak intensity in binary units as a function of recording time for all spectra measured
by the ‘visible’ DOAS spectrograph during the balloon flightfrom Teresina in 2005. The inset highlights the
interval between 20:00 UT and 20:40 UT where discontinuities in the measured intensity are observed. Lower
panel: Subsequent spectra recorded shortly before and during the sudden drop in intensity at 20:05 UT. The inset
shows the ratio of the two spectra.
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Figure 7.11:Residual optical density of the IO retrieval for two spectrarecorded shortly before and shortly after
the sudden intensity drop at about 20:05 UT.

telescope or a glass fiber partially broke or degraded. However, the process causing the intensity drop
must be instable and even reversible since intensity is somewhat fluctuating and not continuously low.
Further evidence for the above hypothesis comes from the residual of the IO spectral retrieval. Figure
7.11 depicts the residual optical density of the IO retrieval for two spectra recorded 25 s apart at the time
of the first intensity drop. A change in the residual structure between 430 nm and 435 nm is obvious.
After the intensity drop, the peak-to-peak residual is almost doubled and its pattern is highly systematic
close to the solar Fraunhofer line at 432 nm. The spectral feature is observable during the two periods of
low intensity identified above and cannot be detected for allother spectra. Dorf (2005) reported a simi-
lar pattern for spectra recorded by the ‘UV’ DOAS spectrograph during the test-runs of the sun-tracker
where a change of the light path through the sun-tracker and telescope optics induces changes of the
residual structures of the BrO retrieval. Clearly, opticalcomponents which have a transfer function that
depends on the incidence angle or the spatial distribution of illumination could cause systematic residual
structures if the light path through the instrument is altered by any effect. Post-flight examination of the
optical components which are accessible without removing the instrument housing yielded no conclusive
result on the origin of the observation. In order to avoid further changes of the instrument function and
in the view of an upcoming measurement campaign, we decided not to open the instrument housing or
to change any components moreover since the retrieval of thetrace gases O3 and NO2 is not hindered.
Nonetheless, as soon as the schedule of measurement campaigns allows for it, an in-depth investigation
of the observed degradation and a subsequent re-characterization of the instrument which includes the
measurement of O3 and NO2 absorption cross sections in the laboratory is necessary. Measurements dur-
ing solar occultation, which are most important for the IO retrieval, show no obvious drop in intensity.
However, a further period of low intensity could be masked bythe overall decrease of incoming radiation
during sunset. Inspection of the residual optical densities is inconclusive since the typical residuals of
solar occultation retrievals are larger than the systematic pattern observed in figure 7.11.
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Figure 7.12:Left panel: Logarithm of the incoming intensity measured bythe ‘visible’ DOAS spectrograph at
540 nm (solid lines) and 640 nm (dashed lines) inferred from observations at Kiruna in 2004 (red) and Teresina
in 2005 (black). The thin lines show the logarithms of the measured intensity while the thick lines show the
logarithmic intensity corrected for gaseous absorption ofO3, NO2 and H2O and for Rayleigh scattering. The
data are slightly offset for clarity. Middle panel: Derivative of the corrected, logarithmic intensity with respect
to tangent height at 540 nm (solid lines) and 640 nm (dashed lines) for Kiruna in 2004 (red) and Teresina in 2005
(black). Right panel: Fit coefficient of the CLD correction term inferred from measurements at Kiruna in 2004
(red) and Teresina in 2005 (black).

Possible aerosol layer in the lower stratosphere

Figure 7.10 (left panel) further reveals a knee-shaped pattern of the measured peak intensity between
21:02 UT and 21:07 UT which corresponds to tangent heights between 23.5 km and 16.5 km altitude
and which cannot be attributed to the instrumental problem discussed above. The intensity dip is not
only observable in the peak intensity but also in the averageintensity measured by the ‘visible’ DOAS
spectrograph and the intensity at single wavelengths, e. g.440 nm, 540 nm and 640 nm. At small
wavelengths, however, the overall intensity decrease due to Rayleigh scattering masks the pattern. The
dip is not observable in spectra measured by the ‘UV’ DOAS spectrograph since the measured intensity
at 350 nm is almost zero at 20 km tangent height.
In principle, the interplay of Rayleigh scattering and altitude dependent gaseous absorption could
generate a pattern similar to that observed. However, thereare some arguments that extinction by
aerosols or cloud particles may contribute. Figure 7.12 investigates this hypothesis in detail. It displays
the logarithm of the measured intensities at 540 nm and 640 nmas a function of tangent height. The
pair of wavelengths is chosen since molecular absorption issmall and intensity is sufficiently high
throughout solar occultation. The measured intensities are corrected for the absorption of O3, NO2 and
H2O using the respective SCDs retrieved as described in section 4.1.1. Rayleigh scattering is corrected
by calculating the optical density using the correspondingcross section according to equation (2.10) and
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the air column along the lines-of-sight. From the left panelof figure 7.12 it is evident that the intensity
dip around 20 km tangent height is present in the corrected and uncorrected data gathered during the
tropical balloon flight, but not observable for the balloon flight from Kiruna in 2004 which is shown
for reference. Since gaseous absorption and Rayleigh scattering is already considered, an additional
extinction process such as extinction by particles must have occurred. The process must originate from
a layered structure in the lower stratosphere. The latter conclusion is highlighted by the middle panel
of figure 7.12 where the derivative of the corrected intensity with respect to tangent height is plotted.
A similar approach using the color index method is employed by von Savigny et al. (2005) in order
to identify polar stratospheric clouds from satellite skylight limb measurements. While for Kiruna in
2004 the derivative shows a continuous increase to lower altitudes where aerosols get more and more
abundant (figure 6.19), the derivative increases sharply for Teresina in 2005 at about 23.5 km followed
by on oscillation at lower altitudes. Further independent evidence that extinction by particles might
have played a role for the tropical LPMA/DOAS measurements comes from the fit coefficient of the
CLD correction term depicted in the right panel of figure 7.12. As anticipated by the model defining the
CLD correction term (section 3.2.2), the CLD fit coefficient for the DOAS measurements during solar
occultation should decrease continuously as the lines-of-sight penetrate deeper the atmosphere since the
brightness center of the Sun shifts more and more upward on the solar disk. This is clearly true for the
measurements at Kiruna in 2004 where an almost monotonic decrease is observed down to about 13 km
tangent height. Below 13 km, only few measurements are available and the error bars increase due to
the overall decrease of incoming radiation. For Teresina however, the CLD fit coefficient shows strong
oscillations with tangent height starting below 25 km whichcoincides nicely with the low-intensity
observations in the left and middle panel of figure 7.12. A layered structure of particles contributing
to the extinction could cause the observed oscillations of the CLD fit coefficient since the brightness
center of the Sun would be shifted upward or downward depending on how the lines-of-sight cross the
respective altitude layers. Reichl (2005) showed by ground-based direct Sun measurements that a CLD
correction is indispensable when the Sun is covered by thin clouds causing spatial fluctuations of the
Sun’s brightness center.

Stability of the spectral retrieval

In the discussion above, some instrumental deficits and someparticularities of the ambient atmosphere
are identified which are encountered during the balloon flight from Teresina in 2005 and which com-
plicate the retrieval of IO SCDs. In order to test the stability of the retrieval, sensitivity studies are
performed. Starting from the standard run which corresponds to the specifications given in section 7.1
several retrieval parameters which could influence the retrieved IO SCDs are varied within a reasonable
range. Table 7.1 lists the tested parameters and the respective modifications with respect to the stan-
dard setup. Figure 7.13 shows the results. The gray lines indicate the results for the set of sensitivity
runs. Above about 13 km tangent height the retrieval is stable, i. e. the retrieved IO SCDs typically fall
within the error bars of the standard retrieval or are zero within their error bars. This is not true for two
sensitivity runs which yield non-zero IO SCDs between 33 km and 20 km altitude. There, the inferred
IO SCDs are significantly larger than the SCDs retrieved fromthe standard run. However, these sensi-
tivity runs correspond to reduced retrieval ranges ([433 nm, 452 nm] and [433 nm, 465 nm]) where the
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Table 7.1: Sensitivity studies of the IO retrieval for the balloon flight from Teresina in 2005.

Tested Parameter Tested range/Difference w.r.t. the standard run

Spectral range [415 nm, 452 nm]; [415 nm, 465 nm]; [425 nm, 452 nm]; [433 nm, 452 nm];

[433 nm, 465 nm]; [425 nm, 465 nm] with gap [430 nm, 435 nm]

Absorbing species no NO2 (T=238 K); no O3(T=220 K); no H2O; additional OClO;

NO2(T=217 K) and NO2(T=230 K) from Harder et al. (1997);

O3(T=223 K) and O3(T=246 K) from Voigt et al. (2001);

simultaneously NO2 from Harder et al. (1997) and O3 from Voigt et al. (2001);

Retrieval corrections no CLD correction; no straylight correction; additional Ring effect;

CLD correction prescribed by fit coefficients retrieved frommeasurements at Kiruna in 2004;

Polynomial degree 2; degree 4; degree 5;

Spectral alignment O3 shifted by±0.5 pixels; O3 stretched by±0.002 pixels; NO2 shifted by±0.1 pixels;

pseudo-TOA spectrum replaced by V0428979 corresponding to 22 km tangent height

strongest IO absorption band (4←0) is not included in the fitting process and the corresponding error
bars are large. Below 13 km, the sensitivity of the IO SCDs to the retrieval parameters is large and the
errors increase rapidly. Remarkable stability is observedin the altitude range of the upper troposphere
and lower stratosphere between 13 km and 20 km altitude. There all retrievals show non-zero IO SCDs
which are in the order of twice the statistical detection limit. A sensitivity run of special importance is
highlighted by blue triangles in figure 7.13. The fit coefficient of the CLD correction term is prescribed
by the values inferred from the balloon flight at Kiruna in 2004. The fit coefficients are assigned to the
individual spectra according to the air mass integrated along the respective lines-of-sight. Since Bösch
et al. (2003) pointed out that the accurate representation of the CLD effect is crucial for the retrieval of
IO SCDs and our retrieval for spectra recorded at Teresina in2005 shows unexpected values of the CLD
fit coefficient (figures 7.7 and 7.8), we consider this a stringent test for the inferred IO SCDs. How-
ever, as argued above the unexpected values of the CLD fit coefficient might be real and due to a layer
of particles in the lower stratosphere. Unfortunately, thecomparison between the standard and the test
run remains inconclusive as there are sizeable discrepancies between 16 km and 18 km but agreement is
within the error bars outside that altitude range. Also the sensitivity study where the CLD fit coefficients
are prescribed yields IO SCDs clearly larger than the statistical detection limit in the upper troposphere
and lower stratosphere.
Figure 7.13 further shows the ratio of the mean troposphericto the mean stratospheric air mass factor
which is a measure of the portion of the observed direct sunlight traveled through the troposphere. The
presented data are calculated assuming tropopause altitude equal to 16.5 km and an effective field-of-
view of 0.53◦ corresponding to the size of solar disk. All spectra with tangent heights below about 19 km
have a contribution from tropospheric air. The increasing contribution from the troposphere coincides
with the increase in IO SCDs although the latter seems to start at altitudes slightly above 19 km. This
might either indicate that - if detected - IO resides in the troposphere or the transition layer between
the troposphere and stratosphere or that - if IO is not detected - tropospheric absorbers deteriorate the
retrieval quality and induce fake detection of IO. Samplingof tropospheric air masses indeed introduces
systematic residual structures which originate from weak unaccounted absorbers or unknown absorption
features of highly abundant tropospheric absorbers, e. g. H2O. This is of particular importance if purely
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Figure 7.13:IO SCD as a function of tangent height retrieved from sensitivity runs. The standard run corresponds
to open black boxes. A variety of sensitvity runs is shown as gray lines. The sensitvity run where the CLD
correction is prescribed by values inferred from the balloon flight at Kiruna in 2004 is highlighted by blue triangles.
The statistical detection limits (1x and 2x) are shown as redlines. In addition the dotted black line (top abscissa)
shows the ratio of the mean tropospheric to the mean stratospheric air mass factor in order to illustrate that below
19 km tangent height tropospheric air masses contribute to the measured spectra.

stratospheric spectra are referenced to spectra with tropospheric contribution as in our case. Ground
based measurements by Reichl (2005) using the DOAS spectrograph confirm this observation. There,
the use of a pseudo-TOA spectrum recorded during a stratospheric balloon flight at high altitude results
in residuals which are larger by as much as one order of magnitude.

Inspection by eye

Finally, inspection by eye might yield further insight on whether the inferred IO abundances are real or
a retrieval artifact. Figure 7.14 depicts the detected IO optical density, the residual structures and the
theoretical optical density of IO assuming 0.5 ppt IO between 0 km and 20 km altitude. Three spectra are
chosen from solar occultation measurements of the tropicalballoon flight at tangent heights of 20 km,
16.8 km and 13.8 km. Data inferred from the balloon flight at Kiruna in 1997 corresponding to 13.8 km
tangent height are shown for comparison. The latter observation corresponds to figure 3 in Bösch et al.
(2003). During the tropical balloon flight, the spectrum recorded at 20 km tangent height sampled purely
stratospheric air masses while the spectrum recorded at 16.8 km tangent height sampled stratospheric and
tropospheric air in the tropopause region and the spectrum recorded at 13.8 km tangent height sampled
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Figure 7.14:IO optical density (red line) inferred from solar occultation measurements at Kiruna on Feb. 14,
1997, at 13.8 km tangent height (upper panel) and at Teresinaon June 17, 2005, at 20 km, 16.8 km and 13.8 km
tangent height (TH) (three lower panels). IO absorption + residual is shown as black line. The blue line illustrates
the theoretical optical density of IO assuming 0.5 ppt IO between 0 km and 20 km altitude.

mostly tropospheric air. Although recorded at the same tangent height as the latter tropical spectrum,
the spectrum taken from the high-latitude observations at 13.8 km tangent height sampled purely strato-
spheric air due to the low tropopause in high-latitudes. Theincrease of the residual structures for lower
tangent heights is obvious for the tropical dataset. Comparing the high- and low-latitudinal residuals
at 13.8 km tangent height reveals that the high-latitudinalretrieval is superior to the low-latitudinal one
by a factor of 3 when looking at the peak-to-peak residuals. As emphasized in the previous paragraph,
sampling of tropospheric air during the tropical balloon flight might partially explain this finding. In all
cases the optical density calculated from 0.5 ppt IO between0 km and 20 km is clearly larger than the
detected IO absorption. The inferred IO absorption at 16.8 km and 13.8 km tangent height corresponds
roughly to 0.2 ppt IO and is about twice as large as the statistical detection limit. Stutz and Platt (1996)
derived from Monte-Carlo simulations that detection of trace gas absorption which is not identifiable
by eye is indeed possible using the DOAS retrieval provided that the residual structures consist of pure
noise. Since in our case the residuals are highly systematicwe doubt that IO is truely detected in figure
7.14.
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Figure 7.15:Upper limits of IO (red) and OIO (blue). Solid and dotted lines are upper limits inferred from solar
occultation and balloon ascent measurements, respectively. For IO, upper limits retrieved from solar occultation
correspond to twice the statistical detection limit of the underlying SCDs.

7.3.2 Upper limits of IO and OIO in the tropical upper troposphere and stratosphere

The retrieval of IO and OIO SCDs from spectra recorded at Teresina in 2005 is discussed in the previous
section. For the first time, IO abundances above the statistical detection limit are inferred. However,
due to instrumental and retrieval related problems the applicability of the statistical detection limit
as criterion whether IO is truly detected or not is questioned. The previous section highlights the
problems which could impact the retrieved IO SCDs or could beresponsible for fake detection of IO.
Despite our efforts to characterize the particularities ofthe tropical balloon flight, we cannot come
to a firm conclusion whether IO abundances in the tropical lower stratosphere and upper troposphere
are on the order of twice the statistical detection limit of the DOAS spectrograph or if fake detection
of IO is caused by systematic residual structures. Hence, werestrict ourselves to give a conservative
estimate of an upper limit of the tropical IO abundance whichis in agreement with our measurements.
Upper limits of OIO can be inferred from the statistical detection limits since the OIO retrieval
is less impacted by the problems discussed above. An IO upperlimit which is in accordance with
the LPMA/DOAS measurements can be estimated from figure 7.13to twice the statistical detection limit.

Vertical profiles of IO and OIO upper limits are inferred fromthe SCD detection limits using the
SVD profile retrieval algorithm (figure 7.15). The upper limit of the IO volume mixing ratio correspond-



214 CHAPTER 7. IODINE IN THE UPPER TROPOSPHERE AND STRATOSPHERE

Table 7.2: Upper limits of IO and OIO inferred from LPMA/DOASmeasurements. Adopted and complemented
from Bösch et al. (2003).

Date Location IO upper limit / ppt OIO upper limit / ppt remarks

20 km 15 km 12.5 km 20 km 15 km 12.5 km

Nov. 23, 1996 Leon (42.6◦N,5.7◦W) 0.11 - - 0.18 - - mid-lat. fall, sunseta

Feb. 14, 1997 Kiruna (67.9◦N,21.1◦E) 0.10 0.07 0.06 0.13 0.07 0.06 high-lat. winter, sunseta,b

Jun. 20, 1997 Gap (44.0◦N,6.1◦E) 0.13 0.08 0.06 0.13 0.07 0.05 mid-lat. summer, sunrisea

Mar. 19, 1998 Leon (42.6◦N,5.7◦W) 0.16 0.08 0.08 0.13 0.06 0.05 mid-lat. spring, sunseta

Aug. 19, 1998 Kiruna (67.9◦N,21.1◦E) 0.16 0.08 0.08 0.19 0.09 0.07 high-lat. summer, sunseta

Aug. 20, 1998 Kiruna (67.9◦N,21.1◦E) 0.14 0.08 0.06 0.10 0.06 0.04 high-lat. summer, sunrisea

Feb. 10, 1999 Kiruna (67.9◦N,21.1◦E) 0.14 0.08 0.06 0.19 0.10 0.07 high-lat. winter, sunseta

Jun. 25, 1999 Gap (44.0◦N,6.1◦E) 0.17 - - 0.23 - - mid-lat. summer, sunrisea

Feb. 18, 2000 Kiruna (67.9◦N,21.1◦E) 0.25 0.14 0.10 0.14 0.08 0.06 high-lat. winter, sunseta

Aug. 21, 2001 Kiruna (67.9◦N,21.1◦E) 0.13 0.06 0.06 0.09 0.02 0.05 high-lat. summer, sunsetb

Aug. 22, 2001 Kiruna (67.9◦N,21.1◦E) 0.11 0.06 - 0.09 0.05 - high-lat. summer, sunsetb

Mar. 23, 2003 Kiruna (67.9◦N,21.1◦E) 0.08 0.07 0.09 0.17 0.05 0.03 high-lat. winter, sunsetb

Oct. 09, 2003 Aire (43.8◦N,0.3◦W) 0.8 - - 1.4 - - mid-lat. fall, ascentb

Mar. 24, 2004 Kiruna (67.9◦N,21.1◦E) 0.09 0.09 0.08 0.17 0.10 0.07 high-lat. winter, sunsetb

Jun. 17, 2005 Teresina (5.4◦S,42.4◦W) 0.15 0.18 0.24 0.05 0.02 0.04 low-lat., sunsetb

aAnalyzed by H. Bösch, see Bösch et al. (2003).
bAnalyzed in the course of the presented study.

ing to twice the statistical detection limit is about 0.2 pptbetween 15 km and 25 km altitude and larger
below and above that altitude range. Upper limits of IO, corresponding to once the statistical detection
limit, inferred from balloon ascent measurements are larger than those inferred from solar occultation
except for altitudes below 16 km where they are on the order of0.1 ppt. The relatively low upper limit
inferred from balloon ascent measurements can be explainedby the fact that measurements at Teresina
started right after balloon launch at about 2 km altitude. Since the weighting functions for balloon ascent
measurements are not strongly peaked all spectra recorded below a certain altitude level contribute
information to the considered level, e. g. all spectra recorded below 15 km contribute to the inferred
upper limit at 15 km. Despite the low upper limit of 0.1 ppt at about 15 km, IO cannot be detected in
the spectra recorded during balloon ascent although the solar occultation measurements suggest 0.2 ppt
IO in that altitude range. The latter finding is a further hintthat the IO abundances inferred from solar
occultation are actually fake detection. However, it has tobe remembered that different air masses are
sampled during balloon ascent and solar occultation.
For OIO, the upper limits inferred from solar occultation are consistently lower than those inferred from
balloon ascent. Between 10 km and 20 km the OIO upper limit is less than 0.1 ppt attaining its minimum
of 0.01 ppt at the tropopause. Above 20 km the OIO upper limit increases to 0.3 ppt at 25 km.

7.4 Implications for stratospheric iodine and ozone

Table 7.2 provides a list of upper limits of IO and OIO volume mixing ratios inferred according to the
discussions in the previous sections. The list is supplemented by data which have been analyzed by Bösch
et al. (2003) using the same approach as in the presented work. Table 7.2 puts the tightest constraints on
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the stratospheric iodine budget to date.
The presented upper limits are inferred from detection limits of the DOAS spectrograph and thus depend
on the absorption cross section used for spectral retrieval. As pointed out in section 7.1 the use of recently
measured absorption cross sections of IO, which are larger than the one used here, would further diminish
the stated IO upper limits. If the spectral retrieval was forexample performed with the absorption cross
section given by Spietz et al. (2005), IO upper limits would be lower by 20% to 25%.

Implications for total stratospheric iodine

Bösch et al. (2003) used their upper limits of stratosphericIO and OIO to infer upper limits of total
gaseous stratospheric iodine, Iy, for high- and mid-latitudes. They implemented the chemical reactions
governing stratospheric iodine chemistry (section 1.2.4)in the LABMOS chemistry model and showed
that IO and OIO account for more than 90% of Iy in the lower stratosphere during daytime. During
night, IO decreases since it is converted to its nighttime reservoirs IONO2 and OIO. Given the upper
limits listed in table 7.2 for the years between 1996 and 2000, they concluded on lower stratospheric
(≤ 20 km) [Iy]≤ (0.10 ± 0.02) ppt and [Iy]≤ (0.07 ± 0.01) ppt when allowing for and omitting OIO
photolysis, respectively. It is important to distinguish between scenarios allowing for and omitting
OIO photolysis since IO can be recycled from OIO more effectively if photolysis occurs. Hence, the
partitioning IO/OIO and thus IO/Iy and OIO/Iy depend on the chosen scenario for OIO photolysis.
When allowing for OIO photolysis it was assumed that the quantum yield for the products I + O2 and IO
+ O was 15% and 0.7%, respectively, corresponding to the upper limits given by Ingham et al. (2000).
The most recent compendiums on rate constants such as JPL-2002 (Sander et al., 2003) and IUPAC
(Atkinson et al., 2006) give no recommendation on OIO photolysis.
The LPMA/DOAS observations in the high-latitude stratosphere between 2001 and 2004 largely confirm
the findings of Bösch et al. (2003) on upper limits of IO and OIO. Hence, the stated upper limits of Iy

inferred from the high- and mid-latitudinal observations between 1996 and 2000 are directly applicable
to the updated dataset.

The LABMOS model calculations performed by Bösch et al. (2003) for high- and mid-latitudes
are not applicable for low-latitudes. Here, the model of Bösch et al. (2003) is adapted to the geophysical
conditions encountered during the Teresina 2005 balloon flight. Besides the standard LABMOS setup,
the chemical scheme comprises the iodine species IO, OIO, I,IONO2, HOI and HI which are linked
through the photochemical reactions listed in table 2 of Bösch et al. (2003). Species such as INO, INO2,
ICl, IBr and I2 are neglected since no large built-up is expected in the stratosphere. The photolysis rates
of IO, OIO, IONO2, HOI and HI which have been calculated by Bösch et al. (2003) for an albedo of
0.3 are extrapolated to SZAs encountered at low-latitudes.The model is initialized with 0.2 ppt Iy and
run stacked for ten days corresponding to the conditions encountered on June 17, 2005, at 5◦S, 43◦W.
Typically, after ten days the modeled abundances of the iodine species are in photochemical equilibrium
and essentially independent of the initial partitioning. All other species except for NO2 and O3 are
initialized with SLIMCAT output for 5◦S, 43◦W. NO2 and O3 are scaled to match the LPMA/DOAS
observations in a similar way as described in section 5.3. Model runs are performed omitting and
allowing for OIO photolysis as suggested by Bösch et al. (2003). In the latter case OIO photolysis
produces I + O2 and IO + O with a fractional yield of 15% and 0.7%, respectively.
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Figure 7.16:Temporal evolution of the most important constituents of stratospheric Iy modeled by LABMOS for
June 17 at 5◦S, 43◦W. Model output is shown on three potential temperature levels as indicated by the legend. The
left column of panels corresponds to a model run allowing forOIO photolysis while the right column shows the
results when omitting OIO photolysis. The shaded box in the upper row of panels illustrates to the time frame of
LPMA/DOAS observations during balloon ascent and sunset.

Figure 7.16 shows the diurnal evolution of the relative partitioning between Iy constituents on the tenth
day of the model run for three potential temperature levels.During night the reservoirs IONO2, OIO
are the most abundant species while during daytime IO and I dominate iodine partitioning. Close to
the tropical tropopause on the 400 K potential temperature level O3 abundances are very small making
conversion of I to IO less effective. Accordingly, I is the most abundant iodine species between 17 km
and 20 km altitude for both scenarios of OIO photolysis. IO isan important constituent throughout the
stratosphere and becomes the most important species above 20 km. Day-time OIO plays a minor role
if the photolysis of OIO is allowed but constitutes up to 30% of Iy in the middle tropical stratosphere
if OIO photolysis is omitted. The iodine partitioning during sunset is of particular importance for the
LPMA/DOAS observations, since IO and OIO upper limits are inferred from measurements around
SZA = 90◦. At sunset I is converted to IO which makes the latter the mostabundant species at SZA = 90◦

under all modeled conditions. At slightly larger SZA, IO itself is scavenged by NO2 or halogen radicals
forming the night-time reservoirs IONO2 or OIO.
The LABMOS model runs can be used to calculate modeled IO and OIO SCDs which should have



7.4. IMPLICATIONS FOR STRATOSPHERIC IODINE AND OZONE 217

10

15

20

25

30

0 1 2 3 4 5 6 7

IO

0.5 ppt

0.2 ppt

0.1 ppt

 Tropopause altitude
 Modeled IO SCD assuming

          multiples of 0.1 ppt I
y

 Same as  but omitting OIO photolysis
 Measured IO upper limit

OIO SCD / (1013 molecules cm-2)IO SCD / (1013 molecules cm-2)

 T
an

ge
nt

 h
ei

gh
t /

 k
m

 

 

0 1 2 3

10

15

20

25

30OIO

 Tropopause altitude
 Modeled OIO SCD assuming

          multiples of 0.1 ppt I
y

 Same as  but omitting OIO photolysis
 Measured OIO upper limit

 Tangent height / km

  

 

Figure 7.17:Measured upper limits (red lines) of IO (left panel) and OIO (right panel) SCDs as a function of
tangent height. Modeled IO and OIO SCDs are shown for scenarios allowing for (black solid lines) and omitting
(dotted lines) OIO photolysis. Modeled SCDs are plotted forvarious stratospheric iodine loadings: 0.1 ppt, 0.2 ppt,
0.3 ppt,. . . Iy in steps of 0.1 ppt. Upper limits of Iy can be inferred from the intercepts of the measured IO and
OIO upper limits with the modeled IO and OIO SCDs. Model output is cut off below tropopause altitude (gray
horizontal line) since LABMOS is not suited for modeling tropospheric chemistry.

been observed by the LPMA/DOAS instruments given the modeled temporal evolution of IO and OIO
abundances. Modeled SCDs are obtained by integrating the modeled trace gas concentrations along
the LPMA/DOAS lines-of-sight. A similar approach is presented in section 6.4.2 where measured and
modeled SCDs of OClO in the winterly polar stratosphere are compared. Figure 7.17 shows modeled
SCDs as a function of tangent height. Below the tropopause model results are cut off since the chemical
scheme of LABMOS does not include tropospheric processes. The model runs are performed assuming
0.2 ppt Iy throughout the stratosphere. Modeled IO and OIO SCDs corresponding to multiples of 0.1 ppt
Iy are calculated by scaling the standard run since IO and OIO should react linearly on variations of
Iy given the overall small abundances. As above, model resultsare shown for two scenarios of OIO
photolysis. Upper limits of Iy can be inferred by comparing the measured upper limits of IO and OIO
SCDs to the modeled SCDs. At each tangent height the intercept of the measured upper limit with the
modeled SCD yields the upper limit of Iy consistent with the observations.
If OIO photolysis is allowed, the measured upper limit of IO SCDs coincides with the modeled SCD for
roughly 0.32 ppt Iy between the tropopause and 22 km altitude. At 25 km the measured IO SCDs can
be reconciled with the model for 0.50 ppt Iy. The observed upper limits of OIO constrain Iy much less
than the upper limits of IO. If OIO photolysis is omitted, Iy upper limits inferred from both, IO and OIO
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upper limits, increase from 0.38 ppt at the tropopause to 0.5ppt at 22 km. Above 22 km, Iy upper limits
increase further.
Bösch et al. (2003) discussed errors of the reaction kinetics used for the photochemical modeling of
iodine chemistry in great detail. Since the same photochemical scheme is employed here, the error
analysis for the tropical upper limit of Iy is performed by sensitivity studies as recommended by Bösch
et al. (2003). Model runs are performed where various parameters important for the IO/Iy and OIO/Iy
partitioning are varied by their estimated errors. The photolysis rate of IO is varied by±30% which
corresponds to the estimated accuracy of the radiative transfer calculations and the IO absorption cross
section. According to (Sander et al., 2003), the rate coefficient for the IO + NO2 association reaction
is uncertain by a factor of 2 at stratospheric temperatures and pressures. The uncertainty of the IONO2

photolysis rate is estimated to 50% from the radiative transfer calculations and the accuracy of the data
taken from Mössinger et al. (2002). The reaction rate for I + O3 is considered uncertain by a factor of
3. The impact of the uncertainty of the interhalogen reactions IO + ClO and IO + BrO is found very
small compared to the uncertainty of the I + O3 reaction which is the “bottleneck” (Bösch et al., 2003)
in recycling atomic iodine into IO. For each sensitivity runmodeled IO and OIO SCDs are inferred and
compared to the model run using standard photochemistry. The differences between each sensitivity run
and the standard run yields an estimate of the error of the modeled IO and OIO SCDs and hence, the
error of the inferred upper limit of Iy.
Thus, upper limits of total gaseous iodine in the lower tropical stratosphere are given by
[Iy]≤ (0.32 ± 0.11) ppt and [Iy]≤ (0.38 ± 0.10) ppt if allowing for and omitting OIO photoly-
sis, respectively. The stated upper limits of Iy rely on model calculations and hence depend on rate
coefficients and model assumptions while IO and OIO upper limits are directly observed. Further, it
has to be pointed out that tropospheric air masses contribute to SCDs for tangent heights below 19 km
(figure 7.13) and that upper limits of Iy are inferred from a purely stratospheric chemistry scheme.

The stated upper limits of total gaseous inorganic iodine inthe high-, mid-, and low-latitude
stratosphere give rise to some thoughts on the fate of organic iodine species emitted at the Earth’s
surface. Davis et al. (1996) report on 0.1 ppt to 1 ppt of CH3I in the tropical and subtropical upper
troposphere. These findings are in broad agreement with the inferred upper limits of stratospheric
Iy and with the inferred upper limits of IO and OIO in the tropical upper troposphere assuming that
stratospheric Iy is generated from upward-transported organic source gases(SG), i. e. predominantly
CH3I, or inorganic product gases (PG) of SG decomposition such as IO and OIO. Given the sizeable
though highly variable abundances of CH3I in the marine boundary layer (up to 1830 ppt (Peters et al.,
2005)) and its intermediate lifetime (τCH3I ≈ 5 days), it is surprising that the sum of observed SG and
PG concentrations in the upper troposphere and lower stratosphere are as small as the measurements
suggest (< 1 ppt). The observations could be misleading in two ways: (1)stratospheric and upper
tropospheric iodine is present in other forms than addressed by the measurements, or (2) this and other
studies fortuitously missed to probe iodine-rich air masses.
Concerning possibility (1), Bösch et al. (2003) pointed outthat the major gas-phase reactions involving
iodine bearing species are reasonably well understood under upper tropospheric and lower stratospheric
conditions such that the partitioning among the Iy constituents is not a source of major uncertainty. The
amount of iodine incorporated in aerosols, however, is not very well known. The formation of higher
iodine oxides IxOy and iodine clusters, which can be taken up by existing aerosols, is subject of ongoing
research (O’Dowd and Hoffmann, 2005). Murphy et al. (1998) and Murphy and Thompson (2000)



7.4. IMPLICATIONS FOR STRATOSPHERIC IODINE AND OZONE 219

indeed detected iodine tied to the upper tropospheric and lower stratospheric aerosol. Clearly, if most of
iodine was present in particulate form, the observations presented here could not detect it.
Possibility (2) implies that Iy is very inhomogeneously mixed in the lower and middle stratosphere.
Given the 13 LPMA/DOAS balloon flights in high- and mid-latitudes during all seasons (table 7.2) it
seems very unlikely that IO and OIO abundances are larger than the inferred upper limits and are not
- at least occasionally - detected by our measurements. For tropical latitudes, however, the data set
comprises one observation, only, which is carried out at about 5◦S in June. At that time of the year the
local dry season does not provide ideal conditions for fast convective uplift of tropospheric air masses to
the upper troposphere and, possibly, lower stratosphere. Upward convective transport is more effective
during the rainy season and, hence, it is well possible that injection of iodine bearing SG and PG into the
tropical upper troposphere and lower stratosphere occurs on an event-by-event basis and that our tropical
observations missed such events. Schwärzle (2005) observed up to 12 ppt CH3I and (0.82± 0.31) IO
in the course of their near-surface measurements during December 2004 and January 2005 at Sao Luis,
northern Brazil, which lies about 400 km in the north-west ofthe launch site of the LPMA/DOAS
payload. Surface air masses exhibiting such CH3I and IO abundances could be transported to the upper
troposphere on short timescales by deep convection. Thus, further measurements in tropical upper
troposphere and lower stratosphere for different seasons are needed to strengthen the data base.

Implications for stratospheric ozone

Bösch et al. (2003) used model simulations of a 2-D derivative of the 3-D SLIMCAT chemical transport
model to show that 0.1 ppt of Iy lead to small changes of the zonal mean ozone distribution under
non-ozone hole conditions. [Iy] = 0.1 ppt corresponds to the upper limit for high- and mid-latitudes
inferred by Bösch et al. (2003) and the presented study. Largest O3 loss of 1% occurs in fall in the lower
mid- and high-latitudinal stratosphere if OIO photolysis yielding I + O2 and subsequent ozone loss due
to I + O3 is considered. If OIO photolysis is omitted, ozone loss is smaller and amounts to at most 0.6%
in high-latitude fall.
Bösch et al. (2003) also discussed IOx induced ozone loss for low-latitudes. Assuming [Iy] = 0.1 ppt,
modeled O3 is decreased by about 0.8% just above the tropical tropopause. However, the upper limit
of Iy inferred here for low-latitudes is larger by a factor of 3 to 4than assumed in the model. Simple
scaling results in an upper limit of 2% to 3% IOx induced ozone loss for the lower tropical stratosphere.

Figure 7.18 shows the modeled fractional contribution of the HOx, NOx, ClOx, BrOx and IOx

catalytic cycles to odd oxygen loss for spring-time mid-latitudes. The total iodine loading is assumed to
be [Iy] = 0.1 ppt and two scenarios for the total inorganic bromine burden are discussed. The scenario
illustrated in the left panel assumes supply of Bry from CH3Br and halons, only, while the scenario
shown in the right panel additionally assumes 4 ppt Bry from very short-lived species as suggested for
example by Dorf (2005). Further, two scenarios of IOx chemistry are considered. “Iy Fast” uses the rate
constant for IO + BrO given by Rowley et al. (2001) and assumesthat all products of this reaction lead
to catalytic loss of ozone implying that photolysis of OIO yields I + O2. The “Iy Slow” scenario uses
JPL-2002 kinetics for IO + BrO and assumes that production ofOIO results in no net odd oxygen loss,
i. e. OIO photolysis yields IO + O.
The largest contribution to odd oxygen loss from IOx is observed below 20 km altitude for the “Iy Fast”
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Figure 7.18:Modeled fractional contribution to odd oxygen loss by catalytic cycles involving nitrogen (NOx),
hydrogen (HOx), chlorine (ClOx), bromine (BrOx), and iodine (IOx) radicals for a mid-latitudinal station at 32◦N.
Total stratospheric iodine is set to 0.1 ppt. The “Iy Fast” scenario uses the rate constant for IO + BrO given by
Rowley et al. (2001) and assumes that all products of this reaction lead to catalytic loss of ozone. In particular, the
photolysis of OIO is assumed to yield I + O2. The “Iy Slow” scenario uses JPL-2002 kinetics for IO + BrO and
assumes that production of OIO results in no net odd oxygen loss, i. e. OIO photolysis yields IO + O. For the left
hand panel stratospheric Bry is inferred from the abundances of CH3Br and halons. For the right hand panel, 4 ppt
Bry from very short-lived bromocarbons is added. Figure by courtesy of R. Salawitch (JPL, Pasadena).

scenario and amounts to at most 10%. As expected, the alternative scenario “Iy Slow” implies less odd
oxygen loss and contributes at most 3%. Assuming a contribution of very short-lived bromocarbons to
Bry enhances the importances of the BrOx involving odd oxygen loss cycles and also slightly increases
the relative contribution from IOx if the IO + BrO reaction rate is assumed to be fast. If IO + BrO occurs
according to JPL-2002 kinetics increasing Bry results in decreased importance of IOx. The model
calculations are strictly valid only for mid-latitudes. However, assuming that the fractional contributions
of the various catalysts to odd oxygen loss are similar in thelow-latitude stratosphere, the upper limit
of fractional IOx contribution to tropical odd oxygen loss could easily exceed 10% given the upper
limit of tropical [Iy]≤ (0.32±0.11) ppt or [Iy]≤ (0.38±0.10) ppt for altitudes just above the tropopause.

The implications for ozone inferred from the upper limits ofIO, OIO and Iy indicate that the up-
per limit of IOx induced ozone loss close to the tropopause at high- and mid-latitudes is barely relevant.
The current level of agreement between measured and modeledOx loss at high- and mid-latitudes is
worse than the possible impact of iodine involving chemistry (see for example figure 1.4).
Since for low-latitudes inferred upper limits of IOx induced O3 and Ox loss are by a factor of 3 to 4
larger than for mid- and high-latitudes, IOx could play a role in the tropical lower stratosphere. Hence,
further measurements are necessary to minimize upper limits of stratospheric Iy at low-latitudes.
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7.5 Conclusions on upper tropospheric and stratospheric iodine

Upper limits of IO and OIO in the high-, mid- and low-latitudestratosphere are reported. The findings
for high- and mid-latitudes extend the database presented by Bösch et al. (2003) and confirm that up-
per limits between 10 km and 20 km altitude range between 0.05ppt and 0.11 ppt for IO and between
0.01 ppt and 0.11 ppt for OIO. Photochemical modeling by Bösch et al. (2003) constrains total gaseous
stratospheric iodine to [Iy]≤ (0.10±0.02) ppt and [Iy]≤ (0.07±0.01) ppt allowing for and omitting OIO
photolysis, respectively.
The retrieval of IO from spectra recorded at low-latitudes yields IO SCDs twice as large as the detection
limit during solar occultation. The retrieved SCDs, however, cannot be considered trustworthy since the
spectral retrieval is complicated by systematic residual structures which originate from several instrumen-
tal deficiencies and possibly an aerosol layer in the lower tropical stratosphere. Hence, upper limits of IO
are estimated in a way consistent with the LPMA/DOAS observations even if IO is truly detected. In the
upper tropical troposphere and lower stratosphere the inferred upper limits range between 0.15 ppt and
0.24 ppt for IO and between 0.01 ppt and 0.1 ppt for OIO. Adapting the photochemical model of Bösch
et al. (2003) to low-latitudes, constrains Iy in the lower tropical stratosphere to [Iy]≤ (0.32 ± 0.11) ppt
and [Iy]≤ (0.38 ± 0.10) ppt allowing for and omitting OIO photolysis, respectively. Given the upper
limits for Iy, IO and OIO in the tropical lower stratosphere and upper troposphere and the rather large
emissions of iodine source gases at the surface, one can wonder if significant amounts of iodine enter the
stratosphere in particulate form or if troposphere-to-stratosphere transport of source and product gases
occurs occasionally through convective events which are missed by our measurements.
Upper limits of Iy for the high- and mid-latitudinal stratosphere imply that IOx induced ozone loss does
not play a significant role in the respective latitudes. For low-latitudes the stated upper limits of Iy,
however, allow for IOx being a minor contributor to lower stratospheric photochemistry. Hence, further
measurements in the tropical upper troposphere and lower stratosphere are necessary either to reduce Iy

upper limits or to unambiguously quantify Iy abundances. Future measurements based on the approach
presented here should be carried out under different geophysical conditions and focus on minimizing
systematic residual structures impacting the IO spectral retrieval.
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Conclusion

The present synthesis of balloon borne spectroscopic observations of stratospheric trace gases and
model studies aims at providing new insights into stratospheric nitrogen, chlorine and iodine driven
ozone-related photochemistry.

Solar absorption spectra in the UV/visible and IR spectral ranges recorded by the LPMA and the
DOAS instruments during several stratospheric balloon flights between 1996 and 2005 are analyzed
for trace gas abundances. Four of the more recent balloon flights were conducted within the scope of
this study including a tropical balloon flight in northern Brazil where the newly implemented DOAS
electronics was successfully deployed for the first time. Since instrumentation and retrieval algorithms
for DOAS and LPMA are inherently different while the observation geometry is essentially the same,
comparison of simultaneously retrieved parameters directly yields an estimate of systematic errors due
to instrumental, retrieval-related or spectroscopic effects. The LPMA/DOAS agreement found between
inferred abundances of O3 and NO2 amounts to±10% and±20%, respectively. In comparison to
previous studies this finding represents a major improvement which is mainly due to implementation
of the multi-fit algorithm in the LPMA retrieval by Dufour (2005) and due to a new temperature
correction scheme for the DOAS NO2 retrieval. An in-depth analysis of the profile retrieval from both
datasets reveals that the DOAS setup exhibits better altitude resolution and larger sensitivity to the lower
stratosphere than LPMA.

When comparing the LPMA/DOAS measurements with observations by other sensors such as the
satellite borne SCIAMACHY instrument, the probed air masses do not coincide in time and space. In
this work, an air mass trajectory model is used to model air mass history and to identify measurements
most suitable for comparison. For photochemical short-lived species such as NO2 the photochemical
evolution is modeled along these air mass trajectories using a stratospheric chemistry model. Scaling
factors are calculated which adjust the LPMA/DOAS observations to the photochemical conditions
of the satellite measurements. Employing the combined meteorological and photochemical modeling
approach, O3 and NO2 vertical profiles in high- and mid-latitudes inferred from SCIAMACHY skylight
limb spectra and LPMA/DOAS measurements agree within 20% for both gases in the target altitude
range between 20 km and 30 km. Below 20 km agreement is worse mainly due to the low sensitivity of
the satellite retrieval and large uncertainties of the meteorological and photochemical models. For the
tropical observations SCIAMACHY NO2 underestimates the balloon borne measurements in the entire
altitude range. The validation study shows that the SCIAMACHY instrument allows for a reasonable
retrieval of O3 and NO2 vertical profiles in the middle stratosphere in high- and mid-latitudes. In
the tropics discrepancies between the balloon borne and satellite borne datasets remain. In the lower
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stratosphere, the quality of the satellite data is questionable.

The nitrogen budget in the Arctic stratosphere is addressedby simultaneous observations of NO2,
NO, HNO3 and ClONO2 in summer 2001 and winter 1998/1999. For both seasons HNO3 is the
most abundant nitrogen compound below about 30 km altitude.NOx is the dominant NOy constituent
above 30 km and makes up more than 10% of NOy in the lower summer stratosphere. For the winter
scenario, strong denoxification is found in the lower stratosphere but no signs of denitrification are
inferred from the NOy-N2O correlation in accordance with the temperature record. The general findings
are corroborated by measurements of NO2 and HNO3 in mid-latitudinal fall 1996 and Arctic winter
1996/1997.
Comparison of the observations with model simulations by the SLIMCAT chemical transport model
shows that the model is able to reproduce the NOy budget and partitioning qualitatively well. Even the
denoxified layer observed in the Arctic winter 1998/1999 is modeled by SLIMCAT. However, the ratio
NO2/HNO3 is overestimated by the model for all considered cases independent of season and latitude.
Sensitivity studies based on photochemical steady state estimates show that the employed climatological
aerosol surface area densities, which are low compared to recent measurements, could be responsible for
the observed model-measurement discrepancies in the lowerstratosphere. In the middle stratosphere,
loss of HNO3 through photolysis and production of HNO3 through reaction of NO2 with OH are the
factors controlling NO2/HNO3. Errors in the kinetics of the respective reactions or in thecalculation of
the HNO3 photolysis rate could combine to produce the observed high-bias of modeled NO2/HNO3.

Based on measurements of ClONO2 and HCl and inferred Cl∗y, case studies of the Cly budget
and partitioning in the Arctic summer 2001 and winter 1998/1999 show that most of Cly resides in
HCl and ClONO2 for both seasons. In February 1999, a layer of high ClOx and low HCl is observed
in the lower stratosphere. The layer coincides with the altitude range of denoxification and indicates
heterogeneous chlorine activation.
The stratospheric chemistry model LABMOS is constrained bysimultaneous observations of all relevant
nitrogen (NO2, NO, HNO3), chlorine (ClONO2, HCl, Cl∗y) and bromine (BrO) species and is used to
compare modeled and measured OClO at twilight and to infer instantaneous ozone loss rates. Using the
standard JPL-2002 recommendations results in very good model-measurement agreement for OClO and
a 24-hour ozone loss of about 20 ppb around 20 km altitude. Recent recommendations by Stimpfle et al.
(2004), Plenge et al. (2005), Canty et al. (2005) and von Hobeet al. (2005) on the reaction kinetics of the
ClO-ClO and ClO-BrO ozone loss cycles produce modeled OClO within the errors of the measurements.
A model run with the combined updates also yields very good agreement for OClO but indicates
significantly enhanced ozone loss which is as large as 25 ppb over 24 hours. The formation of unstable
isomers of ClONO2 and BrONO2 as recommended by Rivière et al. (2004) cannot be reconciledwith
the LPMA/DOAS observations.

Measurements of IO and OIO in the high- and mid-latitudinal stratosphere corroborate findings
of Bösch et al. (2003) that upper limits range between 0.05 ppt and 0.11 ppt for IO an 0.01 ppt and
0.11 ppt for OIO in the lower stratosphere. For the first time ever, upper limits of the iodine budget
in the tropical lower stratosphere and upper troposphere are inferred from observations which indicate
[IO] ≤ 0.15 ppt to 0.24 ppt and [OIO]≤ 0.01 ppt to 0.1 ppt. The corresponding upper limits of total
gaseous iodine in the lower tropical stratosphere inferredfrom photochemical modeling suggest
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[Iy]≤ (0.32 ± 0.11) ppt and [Iy]≤ (0.38 ± 0.10) ppt depending on whether OIO photolysis is
considered or omitted. The low upper limits of Iy, IO and OIO in the lower stratosphere and tropical
upper troposphere are contrasted by rather large emissionsof iodine source gases at the surface. One
can wonder if significant amounts of iodine enter the stratosphere in particulate form or if tropical
troposphere-to-stratosphere transport of source gases and product gases occurs occasionally through
convective events which are missed by our measurements. While at high- and mid-latitudes the
estimated upper limits constrain stratospheric iodine chemistry to a minor agent for ozone loss, upper
limits inferred for tropical latitudes are not yet low enough to discard a significant contribution of iodine
compounds to upper tropospheric and lower stratospheric photochemistry.

Outlook

Given the current level of understanding, future investigations of stratospheric photochemistry based on
balloon borne observations by the LPMA/DOAS payload must focus on dedicated scenarios under un-
ambiguous geophysical conditions where a comprehensive set of trace gases is measured simultaneously.
When discussing the budget and partitioning of trace gas families, it is of major importance to perform
observations such that conclusions are not weakened by probing air masses of different dynamic ori-
gin. Observations of ozone loss due to the ClO-ClO and ClO-BrO cycles in the Arctic polar vortex for
example require measurements well inside a vortex where substantial chlorine activation occurred. In-
strumental configurations (e. g. filters, beamsplitters) must be chosen in a way that the retrieval of all
relevant species such as HNO3 and ClONO2 is possible. For sure, the ability to perform lunar obser-
vations at night would extend the scope of the LPMA/DOAS experiment and improve its excellence in
investigating stratospheric photochemistry, although major instrumental upgrades would be required.
When it comes to detecting minor abundant species such as IO and OIO by the DOAS spectrographs,
future work should focus on improving the instrumental performance for example by replacing degraded
optical components and measuring a new set of absorption cross sections of O3, NO2, BrO and if fea-
sible IO and OIO in the lab-owned absorption cell. Given an improved instrument performance, future
observations will be able to further lower the upper limits for inorganic iodine bearing species or to un-
ambiguously detect IO and/or OIO in the tropical upper troposphere and lower stratosphere.
So far, the retrieval of aerosol abundances from DOAS spectra in the UV/visible spectral range received
only minor attention because of instrumental shortcomingswhich, however, were removed in the course
of recent studies and as a result of the presented work. Future studies could investigate if and how the
center-to-limb darkening effect, which was presented as aneffect disturbing trace gas retrievals, can con-
tribute to infer information on aerosol layers in particular in the tropical lower stratosphere.
The LPMA/DOAS instruments are restricted to observations of direct sunlight and, hence, can only pro-
vide trace gas profiles for balloon ascent, sunset and sunrise observations. This principle constrained can
be overcome by instrumentation which observes scattered skylight such as the versatile instrument devel-
oped by Weidner et al. (2005). Time dependent observations of trace gas profiles can be used to validate
satellite borne instruments through direct coincidences without requiring meteorological and photochem-
ical modeling. Time dependent photochemical processes such as the diurnal variation of NO2 or ozone
loss by the BrO and ClO involving catalytic cycles during theday could then be directly investigated.
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Appendix

List of Fraunhofer offsets for O3 and NO2 SCDs inferred from DOAS ob-
servations

Table 8.1: O3 SCDs contained in the pseudo TOA spectra (Fraunhofer offset). The names of the spectra follow the
internal numbering of the DOAS balloon group.

Mesasurement site Local pseudo Langley O3 O3 error

and date TOA spectrum TOA spectrum molec. cm−2 molec. cm−2

Leon, Nov. 23, 1996 V0126901 V0133273 1.91 1019 1.86 1017

Kiruna, Feb. 14, 1997 V0129955 V0133273 3.45 1019 1.95 1017

Gap, June 19, 1997 V0133273 V0133273 1.46 1018 1.67 1017

Leon, March 19, 1998 V0150898 V0133273 5.82 1018 1.68 1017

Kiruna, Aug. 19, 1998 V0182016 V0133273 5.22 1018 1.67 1017

Kiruna, Aug. 20, 1998 V0183436 V0133273 2.13 1019 1.72 1017

Kiruna, Feb. 10, 1999 V0196501 V0133273 1.21 1019 1.68 1017

Gap, June 25, 1999 V0203349 V0133273 5.16 1018 1.68 1017

Kiruna, Feb. 18, 2000 V0212534 V0133273 2.99 1019 2.75 1017

Kiruna, Aug. 21, 2001 V0246866 V0133273 8.41 1018 1.74 1017

Kiruna, March 23, 2003 V0285253 V0328298 2.60 1019 3.54 1017

Aire s. l’A., Oct. 9, 2003 V0328298 V0328298 6.65 1018 3.40 1017

Kiruna, March 24, 2004 V0346180 V0328298 9.84 1018 3.47 1017

Teresina, June 17, 2005 V0428324 V0328298 9.33 1018 4.87 1017
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Table 8.2: NO2 SCDs contained in the pseudo-TOA spectra (Fraunhofer offset). The names of the spectra follow
the internal numbering of the DOAS balloon group.

Mesasurement site NO2(T=217 K) NO2(T=217 K) error NO2(T=230 K) NO2(T=230 K) error

and date molec. cm−2 molec. cm−2 molec. cm−2 molec. cm−2

Leon, Nov. 23, 1996 1.33 1016 5.32 1013 1.48 1016 5.85 1013

Kiruna, Feb. 14, 1997 1.59 1016 3.66 1013 1.77 1016 4.05 1013

Gap, June 19, 1997 7.04 1014 4.06 1013 7.86 1014 4.50 1013

Leon, March 19, 1998 2.09 1015 4.09 1013 2.33 1015 4.52 1013

Kiruna, Aug. 19, 1998 2.21 1015 4.06 1013 2.43 1015 4.52 1013

Kiruna, Aug. 20, 1998 1.42 1016 1.22 1014 1.57 1016 1.76 1014

Kiruna, Feb. 10, 1999 3.77 1015 4.44 1013 4.22 1015 4.53 1013

Gap, June 25, 1999 8.97 1014 4.06 1013 1.05 1015 4.50 1013

Kiruna, Feb. 18, 2000 1.53 1016 4.52 1013 1.70 1016 7.50 1013

Kiruna, Aug. 21, 2001 3.19 1015 4.06 1013 3.54 1015 4.66 1013

Kiruna, March 23, 2003 1.60 1016 3.31 1014 1.77 1016 3.63 1014

Aire s. l’A., Oct. 9, 2003 4.80 1015 3.30 1014 5.32 1015 3.60 1014

Kiruna, March 24, 2004 4.89 1015 3.30 1014 5.42 1015 3.60 1014

Teresina, June 17, 2005 6.98 1015 4.15 1014 7.79 1015 4.62 1014

Mesasurement site NO2(T=238 K) NO2(T=238 K) error NO2(T=294 K) NO2(T=294 K) error

and date molec. cm−2 molec. cm−2 molec. cm−2 molec. cm−2

Leon, Nov. 23, 1996 1.58 1016 6.23 1013 1.72 1016 6.85 1013

Kiruna, Feb. 14, 1997 1.89 1016 4.66 1013 2.04 1016 4.99 1013

Gap, June 19, 1997 8.42 1014 4.83 1013 9.14 1014 5.24 1013

Leon, March 19, 1998 2.50 1015 4.85 1013 2.69 1015 5.26 1013

Kiruna, Aug. 19, 1998 2.61 1015 4.85 1013 2.80 1015 5.26 1013

Kiruna, Aug. 20, 1998 1.69 1016 2.02 1014 1.83 1016 2.08 1014

Kiruna, Feb. 10, 1999 4.53 1015 4.88 1013 4.93 1015 5.30 1013

Gap, June 25, 1999 1.16 1015 4.83 1013 1.28 1015 5.24 1013

Kiruna, Feb. 18, 2000 1.82 1016 6.27 1013 1.97 1016 6.59 1013

Kiruna, Aug. 21, 2001 3.77 1015 5.03 1013 4.04 1015 5.45 1013

Kiruna, March 23, 2003 1.89 1016 3.85 1014 2.05 1016 4.28 1014

Aire s. l’A., Oct. 9, 2003 5.67 1015 3.80 1014 6.16 1015 4.20 1014

Kiruna, March 24, 2004 5.78 1015 3.80 1014 6.28 1015 4.20 1014

Teresina, June 17, 2005 8.30 1015 4.92 1014 9.02 1015 5.35 1014
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A schematic representation of stratospheric photochemistry
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Figure 8.1: Schematic representation of stratospheric photochemistry involving the most important oxygen, hydrogen, nitrogen,chlorine, bromine and iodine
bearing compounds. The scheme is compiled from Brasseur andSolomon (1986), Zellner (1999) and Sander et al. (2003) and is not meant to be complete.
Green shaded species represent source gases, while blue shaded species tentatively correspond to reservoirs althoughlifetimes among the blue shaded species vary
considerably. Red shading indicates short-lived radicalswhich are commonly attributed to the HOx, NOx, ClOx, BrOx and IOx composites. Reaction rates can be
looked up in Sander et al. (2003).
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