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Fallstudien zur Fotochemie stratospharischen Stickstoff, Chlors und lods basierend auf bal-
longestitzter Absorptionsspektroskopie im UV/sichtbara and infraroten Spektralbereich

Stickstoff- und Halogenverbindungen spielen eine trageRdlle beim katalytischen Abbau von
stratospharischem Ozon. Ballongestitzte, spektroskiopiBeobachtungen der Hohenprofile wichtiger
Stickstoff-, Chlor- und lodverbindungen erlauben, die IRamodernster Messgerate und Auswerteal-
gorithmen abzuschatzen und neue Einsichten in die stt#idsphe Fotochemie zu gewinnen.

Ein Vergleich zwischen Messungen von Gnd NG, im UV/sichtbaren und infraroten Spektralbereich
durch die DOAS und LPMA Ballon-Instrumente und das SCIAMACSatelliten-Instrument liefert
verniinftige Ubereinstimmung. Die Vielzahl an chemischpazes, die von den LPMA/DOAS Geréten
gemessen werden, ermoglicht eine Untersuchung des Budgdtsler Aufteilung stratospharischen
Stickstoffs und Chlors fir verschiedene geophysikalisBedingungen. Vergleiche mit 3-D Simula-
tionen des Chemie-und-Transport Models (CTM) SLIMCAT weislarauf hin, dass das Verhaltnis von
kurz- zu langlebigen Stickstoffspezies vom Modell Ubeészhwird. Fir einen Fall im polaren Win-
ter, kann das 1-D model fir stratosphérische Chemie LABMGOi&I® der Beobachtungen getrimmt
werden, um kirzlich veréffentlichte Neuerungen in Bezufydae katalytischen CIO-CIO and CIO-BrO
Zyklen zu testen und Ozonverlustraten zu modellieren. DRigaschlagenen kinetischen Neuerungen
fuhren zu 20% bis 25% erhohtem Ozonverlust. Messungen vengtdnzen fur 10 and OIO bestétigen
frihere Beobachtungen in hohen und mittleren Breiten uneiégrn den Datensatz auf tropische Bre-
iten. Ausgehend von den gemessenen Obergrenzen fur |0 &delJen Modellsimulationen, dass lod-
verbindungen in der unteren tropischen Stratosphére wealg(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 azsté&hlorés et iodés basées sur la spec-
troscopie d'absorption dans les domaines UV/visible et imfrouge effectuée sous ballon

Les espéces chimigues azotées et halogénées jouent umpilgant dans la destruction catalytique de
I'ozone stratosphérique. Des mesures spectroscopiquefils verticaux d’espéces azotées, chlorées
et iodées sont utilisées pour améliorer la connaissance jpleotochimie stratosphérique ainsi que pour
évaluer la qualité des données fournies par les instrunemgrqués.

La comparaison entre les concentrations g&de NG pour les domaines spectraux UV/visible et in-
frarouge déterminées par les instruments DOAS et LPMA equgsr sous ballon et par I'instrument
satellitaire SCIAMACHY montre un accord raisonnable. Isemble des espéces mesurées par
LPMA/DOAS sous ballon donne la possibilité d’étudier laaéjtion des especes azotées et chlorées
pour différentes conditions géophysiques. La comparaifEsobservations avec des simulations du
modéle de chimie-transport (CTM) SLIMCAT, montre que le mledsurestime le rapport entre les es-
péces radicalaires et les especes réservoir. Pour un easdlidans les régions polaires, le modéle de
chimie stratosphériqgue LABMOS peut étre contraint par lesumes pour tester de nouvelles constantes
cinétigues recommendées récemment pour les réactiongqcleisndes cycles catalytiques de CIO-CIO
et de CIO-BrO ainsi que pour calculer le taux de destructistiazone. Employant ces nouvelles don-
nées cinétiques, la destruction de I'ozone est plus graa®9d% a 25% par rapport au cas ou on utilise
les données standard. Les mesures des limites supérieaurespet OlO sont en accord avec les ob-
servations précédentes pour les hautes et moyennesdatigiélargissent les observations aux latitudes
tropicales. Basé sur ces limites supérieures de condentrde |O et OlO, un modéle photochimique
montre que la limite supérieure de la quantité totale d'iddms la basse stratosphére tropicale est de
(0.32 £ 0.11) ppt, si OIO est photolysé, et de.38 + 0.10) ppt, si OlO n'est pas photolysé.



Case Studies of Stratospheric Nitrogen, Chlorine and lodie Photochemistry Based on Balloon
Borne UV/visible and IR Absorption Spectroscopy

Nitrogen and halogen bearing compounds play an importd@inaatalytic loss of stratospheric ozone.
Balloon borne spectroscopic measurements of the vertisaikalition of the most important nitrogen,
chlorine and iodine containing species are used to estithatguality of state-of-the-art instruments and
retrieval algorithms and to gain new insights into strabesjc photochemistry.

A comparison study between observations gfadd NG in the UV/visible and infrared spectral ranges
involving the DOAS and LPMA balloon borne instruments anel satellite borne SCIAMACHY instru-
ment yields reasonable agreement. The variety of tracesgasasured by the LPMA/DOAS balloon
payload allows for investigation of the budget and pantitig of stratospheric nitrogen and chlorine
under several geophysical conditions. Comparison of treemhations with the 3-D chemical trans-
port model (CTM) SLIMCAT indicates that the ratio betweemmithand long-lived nitrogen containing
species is overestimated by the model. For a high-latituidéewscenario the 1-D stratospheric chem-
istry model LABMOS is constrained by the observations ineorib test recently published updates of
the reaction kinetics of the CIO-CIO and CIO-BrO catalytycles with respect to model-measurement
agreement and ozone loss rates. The latter are enhanced/dy2P5% when using the kinetic up-
dates. The determination of upper limits for IO and OIO cbamate earlier findings of the budget of
stratospheric iodine in high- and mid-latitudes and extidreddata base to tropical latitudes. Given the
measured 10 and OIO upper limits, model calculations shawttital gaseous iodine in the lower tropi-
cal stratosphere is less abundant tf@a2 + 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’®gpimere. Close to the Earth’s surface it
acts as an air pollutant and may cause health problems whatethby men. On the other hand ozone
shields life on Earth from being harmed by solar UV radiatighich is effectively absorbed by the
stratospheric ozone layer. Besides absorbing solar UMiesmits radiation in the infrared spectral
range and, thus, contributes to the global radiation budgéth controls temperatures on Earth. Hence,
knowing the distribution of ozone in space and time and wstdading its transport, formation and loss
processes as well as its link to the Earth’s climate, is orth@imost important and vital challenges of
atmospheric physics and chemistry.

Figure 1 shows the vertical distribution of stratosphermre for several geophysical conditions.
Evidently, the so-called ozone layer cannot be regarded @wsfarm, spherical and stationary layer
surrounding the Earth. Even the notion ‘layer’ may be qoesti in the view of highly filamented
structures observed in the lower Arctic winter stratosphefOzone concentrations are subject to a
variety of dynamic and photochemical effects which congtisree-dimensional transport of air and
photolytic as well as gas-phase and condensed-phase ctawdctions. Atmospheric research has
accumulated evidence that anthropogenic influence is abkdtér the natural equilibrium between
formation and loss of ozone on a global scale. The most premhiexample is the ozone hole which is
annually observed in the Antarctic and to a lesser degrdeeidtctic lower stratosphere during spring.
Ozone hole events reveal an almost complete temporary fasooe (not shown in figure 1) triggered
by man-made halogen bearing trace gases which are trasdporthe upper atmosphere. Dedicated
research has led to a basic understanding of the involvesigaiyand chemical processes and has paved
the way for international protocols which prohibit the puotion and emission of most of the hazardous
species. In general, the interplay between naturally ecmuprocesses and anthropogenic perturbations
results in a distribution of stratospheric ozone which ghly variable in time and space and which
is not yet completely understood. Although the fundameataicepts of stratospheric dynamics and
photochemistry are well-known, significant inconsistesadiemain when it comes to comparing model
simulations of the atmosphere with observations on a quading level or when predicting the future
evolution of the ozone layer. The overall goal of the preseérgtudy is to contribute to an improved
perception of some of the processes involved in transpootjyetion and loss of stratospheric ozone
and to facilitate modeling of the Earth’s atmosphere in pastfuture.

The presented experimental approach relies on spectioscogasurements of absorption signa-
tures of atmospheric trace gases in the transmitted sotatrsi;m. The observations are performed
by two DOAS (Differential Optical Absorption Spectroscdpyrating spectrometers sensitive to the
UV and visible spectral ranges and by the LPMA (Limb Profilerior of the Atmosphere) Fourier

13
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Figure 1: Ozone concentration versus altitude measured by the LPMMA® balloon payload under various
geophysical conditions.

Transform spectrometer which is sensitive to the infrarpdcsal range. A stratospheric balloon
carries the instruments into the stratosphere up to 30 toralitude. In principle, the comprehensive
setup of the LPMA/DOAS payload provides a platform from whiglmost all important processes
for stratospheric photochemistry can be investigated. meorstudies comprise observations of the
oxygen (Pfeilsticker et al., 2001; Bdsch, 2002), nitrogeayan et al., 1999; Bdsch et al., 2001; Bdsch,
2002; Dufour et al., 2005), chlorine (Payan et al., 1998pntine (Harder et al., 1998; Ferlemann
et al., 1998; Harder et al., 2000; Fitzenberger et al., 26@6ilsticker et al., 2000; WMO, 2003; Dorf
et al., 2005) and iodine (Bdsch et al., 2003) involving chehcycles, as well as measurements of the
extra-terrestrial solar irradiance (Gurlit et al., 2008y sstratospheric aerosol abundances (Hirsekorn,
2003). Although balloon-borne measurements are inhgreastricted to snapshot-like observations,
dedicated case studies can serve as test cases for photcghenphysical processes which are typical
of the large-scale stratospheric environment.

This study in particular aims at providing new insight intmatospheric and upper tropospheric
nitrogen, chlorine and iodine driven ozone-related phutotistry based on LPMA/DOAS balloon
borne observations and model calculations using the claniansport model SLIMCAT and the

stratospheric chemistry model LABMOS.

Since stratospheric photochemistry is understood to a laxgent, new insights require high-quality
measurements of the involved chemical species. Hence,RMALand DOAS observations performed
in the infrared and UV/visible spectral ranges are insgkfbe internal consistency by comparing the
simultaneously retrieved abundances of ozong) @nd nitrogen dioxide (N§. Further comparison
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to satellite borne observations conducted by the SCanmmagihg Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY) yields an estimatetlhe agreement between different
state-of-the-art instruments and retrieval techniques.

Based on the quality assessment foy &d NG, a detailed investigation of the nitrogen budget and
partitioning under different geophysical conditions igfpamed using simultaneous LPMA/DOAS
measurements of the most important long- and short-liveedgen containing species. The patrtitioning
between long- and short-lived nitrogen compounds is ckdigiaozone chemistry since the short-lived
species, such as NQon the one hand govern ozone loss in the middle stratosgmelen the other
hand buffer ozone loss by deactivation of halogen bearidicaés. Under ozone-hole conditions in
polar winter, conversion of the short-lived nitrogen oxide their long-lived reservoirs and irreversible
removal of nitrogen compounds from the stratosphere legtdionged ozone-loss periods. The proper
representation of nitrogen chemistry in models of the agattere is tried by model-measurement
comparisons.

LPMA/DOAS observations also allow for investigation of thklorine budget and partitioning for
dedicated cases. The stratospheric chlorine budget islYairgfluenced by anthropogenic emissions of
chlorofluorocarbons (CFCs) which are transported to thetastphere. There, CFCs are decomposed
by UV radiation to yield inorganic chlorine compounds whitdn be converted to short-lived, ozone-
destroying chlorine species by reactions on the surfaceadfcfes. Such short-lived chlorine species,
together with their bromine bearing analogs, are resptéily the polar ozone hole events and also
contribute to the observed decrease of ozone abundanceislHlatitudes. The comprehensive dataset
provided by LPMA/DOAS allows for constraining model simtidas and for testing alternative model
formulations of chlorine and bromine induced ozone loss.

Given the important role of chlorine and bromine in ozonetesl photochemistry, it is tempting to
speculate on a similar, albeit less dominant role of stptesc iodine bearing compounds. So far,
iodine could not be detected in significant amounts in the- @midl high-latitudinal stratosphere where
upper limits are currently on the threshold of relevance drone loss. Here, further observations
supplement earlier findings for high- and mid-latitudes amtend the database to the tropical upper
troposphere and lower stratosphere. Since transport dfair the troposphere to the stratosphere
occurs primarily at low-latitudes, tropical observatica® well suited to investigate the stratospheric
iodine budget by observing the amount of iodine actuallggpmrted into the stratosphere.

The organization of the present manuscript follows theimaithiven above. Chapter 1 recapitu-
lates the most important processes of atmospheric dynamitghotochemistry. Chapter 2 highlights
the basics of radiative transfer and molecular absorptidhé Earth’s atmosphere and, hence, provides
the theoretical background for chapter 3 where the instriahesetup and the methods used for the
retrieval of trace gas abundances are discussed in detadpter 4 evaluates the agreement gfand
NO, abundances simultaneously retrieved by LPMA and DOAS. @hdp extends the Qand NG
comparison to the satellite borne dataset provided by tHABBCHY instrument and illustrates an
approach how to compare observations which do not coinnitimme and space. Chapter 6 addresses the
budget and patrtitioning of stratospheric nitrogen andrifo It includes in-depth model-measurement
comparisons as well as the deduction of ozone loss rate®kar winter. Measurements of IO and OIO
at high-, mid- and low-latitudes and implications for theatspheric 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 gobgrdgolamic and photochemical processes.
In the following the basics of atmospheric dynamics and @tioémistry are discussed in order to provide
the framework for detailed investigations and case studiéise subsequent chapters. Since the present
work focuses on processes in the lower and middle stratosmgmphasis 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 tropsephis characterized by a temperature
decrease between the ground and its upper boundary, treptoge. Absorption of the incoming solar
radiation by the Earth’s surface, net radiative coolingha middle and upper troposphere and release
of latent heat by condensation of water vapor make conwetktie predominant mechanism of vertical
transport. The influence of the Earth’'s surface on tropasplar mass transport through frictional
forces is important for small as well as large scale cirooafpatterns and renders the atmosphere
sensitive to surface topography. As a consequence of thiesegsprocesses, the troposphere is well
mixed on the timescale of a few months, albeit interhemispheixing is slightly less rapid.

Above the tropopause temperature increases with altitudk @eates an atmospheric layer, the
stratosphere, where convective transport is not importafthe energy balance of the stratosphere
is dominated by radiative processes, e. g. absorption af 48V radiation by ozone and molecular
oxygen and emission of thermal radiation by carbon dioxidater vapor and other trace gases.
Radiative equilibrium is perturbed by so-called planetagyes which are generated in the troposphere
and propagate partly into the stratosphere where they degrsrgy and momentum and contribute
substantially to stratospheric transport patterns. Trhedcale of meridional, hemispheric mixing in the
stratosphere is on the order of four to six years. The uppendery of the stratosphere, the stratopause,
marks the lower boundary of the mesosphere where temperagain decreases.

When discussing dynamic aspects of the Earth’s atmosplhésecbnvenient to introduce the con-

17



18 CHAPTER 1. ATMOSPHERIC DYNAMICS AND PHOTOCHEMISTRY

cept of potential temperatuk@ which is defined by

r—1

=T (@> o (1.1)
p

whereT is temperaturep pressurep, a reference pressure (commonly 1000 mbar) and Cc—f; with

the specific heat of air at constant pressgjy@and constant volumey,,. Hence, potential temperature is

the temperature that an air parcel would attain if broughalztically, i. e. without heat exchange, to

the reference pressure. Potential temperature is combasv®ng as diabatic processes, e. g. release of

latent heat or absorption of radiation, do not occur. Thiglies that without diabatic heating or cooling

air parcels are constrained to move on surfaces of constéential temperature, the isentropes.

A similar concept which is useful for horizontal transporblplems is that of the potential vorticity

defined through

,_ f+¢d®

p dz
wherez is the vertical coordinatey the density of air{ the relative vorticity andf = 2 sin ¢ the
Coriolis parameter with the latitude and the absolute value of the angular velocity of the E&xth
Potential vorticity is expressed in units of 170K m? kg~ s~' =1 PVU (Potential Vorticity Unit). The
relative vorticity ¢ in horizontal cartesian coordinates is given by
_ Ov, Ovg

(= = (L3)

with the horizontal components of wind speedandwv,. Potential vorticity is conserved for adiabatic
and frictionless flow. For many applications the timescafesdiabatic or dissipative processes are larger
than the timescales of interest, so potential vorticity goad tracer for air mass transport. If potential
vorticity is conserved, air masses are constrained to mavsuofaces of constant potential vorticity
which are often aligned to latitude bands. This implies thatidional air mass transport is often only
possible through dissipative processes, e. g. turbuldndesed by planetary waves.

(1.2)

1.1.1 The general circulation of the stratosphere

The most important aspects of stratospheric dynamics astrdted in figure 1.1 which represents a
meridional cross section of the Earth’s atmosphere.

In zonal direction strong winds are observed that origifrate thermal gradients between the tropics and
high-latitudes. In the lower stratosphere the coldest @atpres occur in the tropics while the summer
polar stratosphere is heated by absorption of solar radiaind hence is relatively warm. The thermal
gradient from the summer pole to the equator causes strengéh easterlies, winds in East-West direc-
tion. In winter the polar stratosphere is colder than itpitral counterpart due to the lack of insolation

which results in strong westerlies surrounding the winti#e pthe polar vortex. The change from winter
westerlies to summer easterlies in general occurs afteedhioxes. The polar vortex largely isolates
polar from mid-latitudinal air and prevents meridional imix of air masses due to the potential vorticity
barrier which is a prerequisite for the occurrence of photogical processes that lead to the formation
of the ozone hole. While in the southern hemisphere the palegex generally evolves unperturbed,

the northern polar vortex is subject to frequent pertudvestiby tropospheric waves propagating into the
stratosphere. Their dissipation causes meridional tahgp air and dynamic warming of the winter
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Figure 1.1:General circulation patterns in the atmosphere. For detait text. Adopted from WMO (1998).

polar regions.

Meridional transport in the stratosphere is governed byrgelacale diabatic circulation which is his-
torically referred to as the Brewer-Dobson circulationisitharacterized by rising motion in the trop-
ics, poleward flow at mid-latitudes and sinking motion in fhadar regions as depicted in figure 1.1.
The meridional flow is driven predominantly by dissipatiditropospheric waves propagating into the
stratosphere. In general waves are large scale disturbaricr flow from the zonal direction which
are initiated for example by mountain ridges. Due to the e&se in air density the amplitude of such
waves increases exponentially with altitude when propagdtom the troposphere into the stratosphere.
Eventually, the wave becomes unstable and its energy andemtam can be dissipated by the ambient
atmosphere e. g. if the vertical potential temperatureigradecomes negative locally, dissipation of
energy and momentum can occur through local turbulencessifzition of atmospheric waves together
with the Coriolis force results in a net poleward motion. Shiechanism is often referred to as the
extratropical pump (Holton et al., 1995) since wave agtigitcurs mainly in mid-latitudes. Figure 1.1
calls the respective region “surf zone” which implies tha internal transport is rather fast. Since
tropospheric waves can only propagate effectively intowirder stratosphere, which is dominated by
westerlies (Roedel, 2000), the meridional circulationileith a strong seasonal cycle where meridional
transport and polar subsidence are most effective in wantdrless effective in summer. Since for to-
pographic reasons waves are more frequent and intense mottreern than in the southern hemisphere,
meridional flow in the northern hemisphere is more pronodrtban in its southern counterpart. Im-
portant barriers for meridional transport are indicatedblask shaded regions in figure 1.1. The polar
transport barrier is represented by the edge of the winpslgr vortex where conservation of potential
vorticity prevents meridional exchange of air masses. Tirepical transport barrier, located between
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Figure 1.2:N»O volume mixing ratio as a function of altitude as measuredheyLPMA/DOAS and MIPAS-
B2 balloon payloads at the mid-latitudinal station Leon.G4R, 5.7°W) in November 1996 (red circles), at the
high-latitudinal station Kiruna (67°®, 21.1°E) in February 1999 (black boxes) and at the tropical staieresina
(5.4°S, 42.4W) in June 2005 (blue triangles). The MIPAS-B2 data are bytesy of G. Wetzel.

20°N/S and 30N/S latitude, separates the horizontally well mixed suriezérom the tropical region
where air is transported predominantly in vertical dir@ctivhich is often referred to as “tropical pipe”
(Plumb, 1996). The timescales of meridional transport &éndivision in three relatively well separated
regions can be illustrated by vertical profiles of photocluatty long-lived trace gases such as®
Figure 1.2 shows NO vertical profiles measured by the LPMA/DOAS and MIPAS-BRdmm payloads

at high-, mid- and low-latitudes. In tropical regions;Mis transported from the troposphere into the
stratosphere by uplift through the tropical pipe. Meridibtransport and simultaneous sinking motion
to mid- and high-latitudes causes aging of air masses add teaa characteristic evolution of the®
vertical profile from equator to pole.

1.1.2 Stratosphere-troposphere exchange

The boundary between the stratosphere and the troposphitie tropopause. Evidently, air that travels
from the troposphere to the stratosphere or vice versa ltagds the tropopause. According to the World
Meteorological Organization (WMO) the tropopause is defias the lowest altitude where the temper-
ature lapse rate decreases to 2 K¥nor less and the lapse rate between this level and any leveinwit
the next higher 2 km does not exceed 2 KkKmAlternatively, the extratropical tropopause is sometime
defined as the 2 PVU potential vorticity surface. In the tteghe 380 K isentrope is often considered as
tropopause. For a better understanding of stratosphepedphere exchange the stratosphere can be di-
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vided in a stratospheric overworld above the 380 K isenteopkan extratropical lowermost stratosphere
which is the region between the extratropical tropopaése<(380K) and the 380K isentrope (figure
1.1). The large scale stratosphere-troposphere exchamgatrolled by the global circulation driven by
the extratropical pump, implying that the bulk of air traogpfrom the troposphere to the stratosphere
occurs in the tropics (Holton et al., 1995). Accordinglyasispheric air re-enters the troposphere pre-
dominantly in mid- and high-latitudes. In the lowermosagisphere, stratosphere-troposphere exchange
can occur through isentropic transport since the isengropess the tropopause. There, tropopause folds
and stratospheric intrusions contribute to stratosptrepmsphere exchange, but the detailed mecha-
nisms of exchange between the lowermost stratosphere amgpgosphere are very complex (figure 3 in
Stohl et al. (2003)) and far from being completely underdtd®ecent studies indicate that single events
of deep convection to high altitudes could contribute to snaansport into the stratosphere (Dessler,
2002). Deep convection events can be triggered and enhdmycéres on the ground as observed by
Damoah et al. (2006) who report on such pyro-convection mtlatitudes penetrating up to 3km above
the tropopause. However, it remains unclear to what extegp @onvection and pyro-convection con-
tribute to the global budget of stratosphere-troposphecaange.

1.2 Photochemistry of ozone in the stratosphere

Beside the dynamic aspects, stratospheric trace gas aimewlare controlled by photochemical pro-
cesses. The adjective ‘photochemical’ implies that sadration is the driving force for chemical ac-
tivity in the stratosphere. Ozone is the most interestingntibal species as pointed out in the introduc-
tion. Formation and destruction of stratospheric ozoneigrolled by reaction cycles involving oxygen,
hydrogen, nitrogen and halogen containing species whiglsaject to solar radiation and may be pro-
cessed in the gas phase or on the surface or in the bulk ofl lajyparticulate matter. The understanding
of the complicated interplay between the different speide®nceptually facilitated by considering the
different timescales on which chemical reactions occua¢Beur and Solomon, 1986). Typically, it is
possible to define an artificial species which is the sum ofagaidly interchanging compounds of one
chemical family, e. g. the odd oxygen species<dDs + O or the sum of the short-lived nitrogen species
NO, =NO, +NO. In a mathematical sense the sum refers to the condensadr the volume mixing
ratios of the respective species. Although the compondrgadah artificial species rapidly interchange,
the artificial species themselves are subject to much slohemical processes linking the short-lived
entities with their long-lived reservoirs, e. g ©Or HNOs. While the short-lived species are responsible
for the actual ozone formation or destruction mechanishestate of their removal to or supply from the
long-lived reservoirs determines the efficiency of the eetipe reaction cycles. Often it proves useful to
further distinguish the short- and long-lived species ftbgir source gases which, in general, are trans-
ported from the troposphere to the stratosphere. Theresdinee gases are photolytically processed to
supply the pool of species relevant for ozone chemistry. #angpt to sketch the interplay between the
various species important for stratospheric chemistripgsvs in figure 8.1 in the appendix.



22 CHAPTER 1. ATMOSPHERIC DYNAMICS AND PHOTOCHEMISTRY

1.2.1 Stratospheric odd oxygen photochemistry

The formation of the stratospheric ozone layer can be utatidrom the Chapman cycle (Chapman,
1930), a small number of reactions which involve oxygen Eseonly,

Oy +hy — 20 (R1.1)
O+0:4M — O3+M (R1.2)
O3+hy — 0340 (R1.3)
O3+ hvy — Oy +0('D) (R1.4)
O'D)+M — O+M (R1.5)
O+04+M — O0;+M (R1.6)
O+03 — 20s. (R1.7)

While reactions (R1.1) and (R1.2) produce ozone, reactiBris3) through (R1.7) represent loss pro-
cesses of odd oxygen. Photodissociation of molecular oxyageording to reaction (R1.1) occurs
at wavelengths smaller than 242 nm through absorption of &idfation in the spectral ranges of the
Herzberg continuum, the Schumann-Runge bands and the &andRunge continuum. It generates
ground-state J@) as well as oxygen atoms in the excited D) state. Due to the strong attenuation
of solar UV radiation, photolysis of molecular oxygen andgl©; production occurs mainly in the up-
per stratosphere. Photodissociation of (1.3) to ground state fragments is possible at wavelengths
<1080 nm. At wavelengths shorter than about 360 nm, one orlesirof the products of Ophotolysis
are in electronically excited states (R1.4) and can besiotially quenched (R1.5). On the timescale of
minutes the photolysis of £s not a net loss process since nearly all of the oxygen atsoduped re-
form ozone through reaction (R1.2). Over longer timescaesnall fraction of oxygen atoms produced
from Oz photolysis reacts with ©(R1.7) resulting in a net loss of odd oxygen @ the long-lived Q
reservoir. Accordingly, the photochemical lifetimes of @ ~ 30 min at 30 km), O{D) (r ~ 107%5s)
and OfP) (- ~ 0.04 s) are much shorter than the photochemical lifetime of them O, (1 ~ weeks).
Since the photochemical lifetime of odd oxygen is on the pad¢he transport timescales in the middle
and lower stratosphere (section 1.1), the global disinbubf ozone depends on latitude and season.
Although production occurs predominantly at low-latitadehere photolysis of ©is most effective, the
largest concentrations ofsGare found at high-latitudes during spring (as long as theogphere is not
perturbed by anthropogenic influence).

The Chapman cycle predicts formation of an ozone layer aesgrat higher altitudes and with concen-
trations larger than observed by modern scientific instnimmeHence, Chapman’s chemistry must be
complemented by missing reactions. Bates and Nicolet (185D suggested that ozone destruction can
occur via catalytic cycles involving only two reactions,

O0+XO0 — X+09 (R1.9)
net: O +03 — 20,. (R1.10)

The catalyst X is recycled converting odd oxygen to its nasier Possible catalysts X are the radicals
OH (Bates and Nicolet, 1950), NO (Crutzen, 1970; Johnste@l}, Cl (Molina and Rowland, 1974), Br
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Figure 1.3: Calculated fractional contribution to odd oxygen,{Qoss by catalytic cycles involving nitrogen
(NO,), hydrogen (HQ), chlorine (CIQ.), bromine (BrQ), and iodine (1Q) for March 1995, 32N, using JPL-
2002 kinetics (Sander et al., 2003) and recent updates. Thg €urve represents loss from the CIO+O and
CIO+HO, cycles, plus other minor cycles that involve CIO, but not BiOO. The BrQ, curve represents loss
from the BrO+CIO and BrO+H®cycles, plus other minor cycles that involve BrO, but notKiure by courtesy
of R. Salawitch (JPL, Pasadena).

(Wofsy et al., 1975) and possibly | (Solomon et al., 1994)chhall react faster with ozone than atomic
oxygen. The relative importance of the proposed catalytites with respect to ©destruction depends
on the number of cycles completed before the catalyst X isitbsome chain termination reaction.
This and further details of the photochemistry of the catiglyare described in dedicated sections below.
Interestingly, fluorine is found not to participate in cgted O3 destruction as might have been expected.
Since F rapidly reacts with 4D and CH to form HF which is photochemically stable, fluorine atoms
are rapidly scavenged and, hence, are poor catalysts;fdeSruction.

Further catalytic odd oxygen loss cycles involving the HH + OH + HO, catalyst are given by

OH+0 — 0O2+H (R1.12)
H+02+M — HOs+M (R1.12)
HO3+0O0 — OH+ 09 (R1.13)

net : 20 — Os. (R1.14)
OH +03 — HO32+ O9 (R1.15)
HO2+03 — OH +20 (R1.16)

net : 203 — 30,. (R1.17)
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Figure 1.4: Change in column ozone relative to 1980 levels modeled byAtR 2-D model for tropopause
reactive bromine of 0 (red), 4 (green) and 8 (blue) ppt for @FN compared to observed trends in total ozone
(black dotted line). The numerical values for the averagidmefmodeled and measured ozone depletion refers to
the period between beginning of 1980 to the end of 2000. Astbfsom (Salawitch et al., 2005).

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

X403 — XO +0, (R1.18)

Y+03 — YO + 0, (R1.19)

X0 +Y0 — X+Y+O0, (R1.20)

net : 205 — 305, (R1.21)

where X=0H and Y=CI|, X=0H and Y=Br, X=Br and Y=CI. The relaivcontributions of the
various catalytic cycles to odd oxygen loss are illustratefigure 1.3 as modeled for a mid-latitudinal
station (32N) in March 1995. In the lower stratosphere the H&hd BrQ, catalytic cycles are most
important while between 25 km and 40 km; @estruction is dominated by NO Above about 40 km
(not shown), the CIQ catalytic cycle constitutes the major contribution. Thermwhelming role of BrQ
compared to CIQ in the lower stratosphere is somewhat misleading sing¢éo€s due to the coupled
CIO-BrO cycle is completely assigned to BrOA more thorough discussion of figure 1.3 is given in
section 7 emphasizing the role of iodine involving catalyycles.

The quoted fractional contributions to odd oxygen loss ¢rld true under non-ozone hole conditions.
The severe depletion of Qluring polar spring in the lower stratosphere observedesine mid-1980’s

is predominantly due to the ClCand BrQ, catalytic cycles and is discussed in detail in section 1.2.5
Besides the famous ozone holes over Antarctica and to a ldsgece over the Arctic, a global decrease
of O3 abundances is observed. When comparing the 1997-2001gavefaotal column ozone with
the pre-1980 average, the effect amounts to a decrease byn@%% in the northern and southern
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hemisphere, respectively (WMO, 2003). However, the olezkivend depends on season, latitude and
the 11-year solar cycle. Moreover, it might be influenced faydport of ozone-poor air from polar
regions to mid-latitudes. Figure 1.4 shows the evolutiototdl column Q between 1980 and 2001 for
northern mid-latitudes. A clear trend is inferable from tieservations (WMO, 2003) as well as model
calculations (Salawitch et al., 2005) but discrepancid¢wéen the modeled and observed data evidently
remain.

1.2.2 Stratospheric hydrogen photochemistry

The source of the HQcatalyst in the stratosphere is the oxidation efHCH, and H,. Since oxidation

of CH, and H, ultimately leads to the formation of water vapor the distrsss often focused on
total water i. e. HO + 2 CH,; + H,. Satellite and balloon borne observations indicate that teater in
the stratosphere increases by 1%/year which is twice as msiexpected from the observed trend in
tropospheric methane (WMO, 2003). A trend of pure water vapdhe stratosphere could originate
from an increase of the average temperature of the tropmabpause which is, however, not observed.
Besides the pathway through formation of water vapor by atieth of methane, HQcan be directly
produced from its sources through reaction with oxygen,

O('D)+H,0O — 20H (R1.22)
O('D)+CH; — OH + CH;3 (R1.23)
— CH30 +H (R1.24)
— CH0 +H, (R1.25)
O('D)+H, — OH +H. (R1.26)

Photodissociation of KD occurs at wavelengths shorter than 200 nm and thus is omgriamt above
70km (Zellner, 1999). HQcatalyzes odd oxygen loss via reactions quoted in sectii.1H,0 albeit
being the dominant source represents also the primary pie¢ies of HQ. In the middle and upper
stratosphere the main loss process is the direct reactiOtdofith HO, while in the lower stratosphere,
where the hydroperoxyl radical is more abundant than thexyéradical, the reaction cycle via the
H,0O, catalyst is important,

OH +HO2 — HyO + 09 (R1.27)

HO; +HOy — H09 + Oy (R128)

OH + Hy0y — Hy0 +HO, (R1.29)

net : OH+HOy — H30 + 0. (R130)

Due to the photolytic instability of hydrogen peroxide réac (R1.28) can be followed by photodisso-
ciation of H, O, yielding a Null cycle for HQ.. Reactions of HQ with NO, yield the reservoirs HNQ
and HGNO.,

OH +NOy+M —— HNO3;+M (R1.31)
HO; +NOy + M —— HO,NO, + M. (R1.32)
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Similar reactions of HQ involving NO, ClI, CIO, Br and BrO forming HONO, HCI, HOCI, HBand
HOBr occur but are not explicitly discussed here. Nitric aachitric acid can be photolyzed to reproduce
HO,,

HNO3;+hy — OH +NO, (R1.33)
HOoNOy + hy —s OH + NOj (R1.34)
— HO5 +NO, (R1.35)

The photodissociation of HENO, is subject of ongoing investigation since a photolytic path for
wavelengths longer than 760 nm is found to be important (Rethl., 2002). This implies that the
lifetime of HO,NO, in the lower stratosphere is significantly reduced compéogatevious estimates.
Model studies showed that considering near IR photolysiBl©§NO, yields significantly improved
agreement between measured and modeleg ($@lawitch et al., 2002; Evans et al., 2003). In particular
in the lower stratosphere, the total HGink is governed by the reactions of nitric and to a lessezraxt
pernitric acid with OH,

HNO3+OH — H30 + NOg (R136)
HO3;NOy; +OH — H50 +NOj + Os. (R1.37)

It is evident from the role of HN@and HGQNO, as temporary reservoirs and important intermediate
products for sink processes of reactive hydrogen thaosipaeric HQ photochemistry is closely linked

to reactive nitrogen. A similar link to the halogen cataiyticles exists through the formation of HCI,
HOCI, HBr and others.

The observed trend of total water mentioned above could $goresible for an increase of H&on-
centrations and hence could modify the importance of thenated scheme outlined in this section with
respect to ozone loss. In addition, an increase in totalneateaffect stratosphericg@®rough enhanced
formation of ice containing particles providing surfacestieterogeneous reactions. The radiative effect
of enhanced water vapor concentrations suggests a possitliag of the stratosphere by 0.5 K/decade
(WMO, 2003) at 70S and 70N which in turn impacts temperature dependent chemicatiozec Some
studies indicate that the trend in stratospheric water naag sontributed up to 1 percentage point to the
observed decrease of total column ozone (see e. g. figur@¥MP, 2003).

1.2.3 Stratospheric nitrogen photochemistry

The dominant source of the N& NO + NG, catalyst is the greenhouse gagON Concentrations of ND
increase by 0.8 ppt/year which amounts to about 0.3%/yetlredfopospheric abundance of 320 ppb in
2005. The atmospheric life-time ofJ is 120 years as estimated by IPCC (Houghton et al., 2001). In
the stratosphere, JO is destroyed through photolysis and reaction with atorriagen,

NyO +hv — Ny + O('D) (R1.38)
N,O +0('D) — 2NO (R1.39)
— N2+ 02 (R1.40)

Reaction (R1.38), which does not produce any reactive getmp occurs for wavelengths shorter
than 397nm and accounts for about 90% ofCNloss. Since the branching ratio of reac-
tions (R1.39) and (R1.40) is 0.58 in favor of the formation D, total reactive nitrogen N
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(NO, =NO + NGO, + NO3 + 2 N2O5 + HNO3 + HO;NO; + CIONG; + BrONG) in the lower stratosphere
amounts to roughly 6% of fD. This linear correlation between N@nd N,O is only true if there are no
other sources of NQand if reactive nitrogen is not removed from the atmospherthe mesosphere and
thermosphere a further source of N@® the reaction of molecular oxygen with atomic nitrogen ebhi

is produced by galactic cosmic rays, solar protons or etiergkectron precipitation hitting the upper
atmosphere (e.g. Rozanov et al., 2005). Reactive nitrogenefd in the upper atmosphere can descend
into the stratosphere during winter and spring when thelage scale subsidence of air masses at mid-
and high-latitudes. Such mesospheric intrusions have beserved to cause enhancements of strato-
spheric NQ and NQ, on a fairly regular basis (e.g. Engel et al., 2006). Remo¥aéactive nitrogen
occurs effectively in the middle to upper stratosphereuphothe reaction,

NO+N — Ny+O, (R1.41)

which is negligible in the lower stratosphere due to the laicivailable nitrogen atoms.
According to reactions (R1.8) and (R1.9) odd oxygen lossttviaNQ, catalyst goes along with inter-
conversion of NO and N§

NO +03 — NO3+ O (R1.42)
NOy+0 — NO +0,. (R1.43)

However, odd oxygen is re-produced through the photolysis: @05 nm) of NG which balances ©
loss due to reaction sequence (R1.42) and (R1.43) below 30 km

NOy+hy — NO+O. (R1.44)

Conversion of NO to N@ by oxidants other than £and subsequent photolysis of N@ven represent
net formation processes of odd oxygen,

NO +HO, — NO,+OH (R1.45)
NO +RO; — NO,+RO (R1.46)
NO +Cl0 — NOy+Cl (R1.47)
NO +BrO — NO,+ Br, (R1.48)

where RQ is an organo peroxy radical. From the above reactions, musd that the Leighton ratio
NO/NO; is almost constant and equal to one for altitudes below 40kring daytime. Above 40 km
the abundance of NO becomes rapidly larger than the abuad#ni¢O, due to the increasing number
of oxygen atoms available for reaction (R1.43).

During dusk photolysis of N@fades out and NO is rapidly converted to N®hich forms NQ through
the reaction with @,

NOs+03 — NO3+05. (R1.49)

During daytime NQ abundances are negligible since it is instantaneouslyaest by photolysis yield-
ing NO, or NO. In the dark, N@reacts with NQ to form the nighttime reservoir species,

NOs +NOs3+M — NyOs5+ M. (R1.50)
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Figure 1.5:Temporal evolution of SZA (upper left panel), N@middle left panel), NO (lower left panel), HNO
(upper right panel), N@(middle right panel) and pD5 (lower right panel). The data are taken from a run of the
LABMOS model of stratospheric chemistry on the 615K potritemperature surface«(25km). SZA=90 is
indicated by dotted vertical lines.

Reaction (R1.50) can be reversed to yieldNDd NG, from collisional decomposition of ND5; which
is, however, a slow process in the stratosphere. During dlye ,O5 is photolyzed at moderate rate
reforming the educts of its formation reaction,

N205+h1/ — NOQ+N03 (R151)

The typical diurnal variation of some nitrogen species igicted in figure 1.5. During night all NO
resides in N@ and N,Os is built up from NG and NG;. At dawn the concentration of NCrapidly
drops due to photolysis and NO is generated resulting inteefaglibrium according to the Leighton
ratio. The photolysis of pOs is rather slow causing a continuous decrease,@J\and a corresponding
formation of NQ. during the day. At dusk, photolysis ceases resulting inbiaitt-up of NO, and NG,
and a steady formation ofJDs.

The relative diurnal variation of HNEn figure 1.5 is small compared to the variation of the Nspecies
indicating that HNQ is a long-lived species which serves as reservoir of reactivogen and hydrogen
as pointed out in the previous section. CION&hd BrONQ are additional nitrogen reservoir species
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which simultaneously act as reservoirs for Cléand BrO, radicals and thus buffer catalytic;@bss

NO;+OH+M — HNO;+M (R1.52)

— HOONO +M (R1.53)
NO;+ClO +M — CIONOy+M (R1.54)
NO; +BrO +M — BrONO, + M, (R1.55)

where pernitrous acid, HOONO, is rapidly dissociated to,’d@d OH by collisions with other molecules
or photolysis. Reaction (R1.53) is not included in the aotridet Propulsion Laboratory (JPL) recom-
mendation on Chemical Kinetics and Photochemical Data && id Atmospheric Studies (Sander et al.,
2003) but Golden and Smith (2000) and Nizkorodov and Wemn{002) suggested that formation of
the nitric acid isomer HOONO might be important in the atntese. Prasad (2003) showed that the
use of reaction pathway (R1.53) in modeling studies regulésbetter agreement between modeled and
measured NQYNO, and NQ,/HNOjs since only 70% to 80% of the OH + NQeaction yields the reser-
voir species HN@. In addition to reactions (R1.52) through (R1.55), HNén be produced from the
nighttime reservoir BNO5 via hydrolysis on the surface of stratospheric aerosols

NQO5(g) + HQO(S) — 2HN03(8) s (R156)

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

HNOs +hy — OH +NO, (R1.57)
CIONOy + hv — ClO +NO, (R1.58)
BrONOs +hy — BrO +NO,, (R1.59)

or in the case of HN@via reaction with OH (R1.36). Through its ambiguous role @slyst for Q loss
and as a scavenger for ozone depleting radicals such asElO, and BrQ,, odd nitrogen NQ plays

a crucial role in stratospheric ozone chemistry and in galeir 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 int@ésgheric ozone destruction, in particu-
lar under ozone hole conditions. Since a considerableidracif halogen source gases transported to
the stratosphere are man-made, the released halogenstawdilsturb the natural equilibrium between
formation and destruction of ozone. The relative importaotthe CIQ. (= Cl+ CIO +2 CL0,), BrO,
(=Br+BrO) and 1Q. (=1+10) catalysts for ozone loss depends on the lifetimeabtae distribution of
their source gases and on the efficiency of the respectiadytiatcycles (see figure 1.3). Although chlo-
rine being much more abundant than bromine, the latter igitapt when it comes to ozone depletion
since each BrQradical cycles about 45-68 times more often through theaas@ ozone loss reactions
than its CIQ. counterpart. 1Q radicals are even more effective but have not been detetthe istrato-
sphere, so far. The relative, integrated efficiency of eadbgen source species is quantified on the basis
of its Ozone Depletion Potential (ODP) and is tabulated fameple in WMO (2003).
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Figure 1.6:Budget of organic and inorganic chlorine containing gaJé® organic source gases are long-lived
in the troposphere and effectively transported into thetephere. There, they are converted to reactive, inargani
chlorine species, predominantly HCI, ClON@nd CIO. The sum of inorganic and organic chlorine containin
gases is nearly constant with altitude up to 47 km. Adoptechf(WMO, 2003).

Chlorine

Stratospheric CIQis released from halogenated organics by photolysis oticgawith OH and O{D).
The only natural source of stratospheric chlorine is metiybride (CHCI) which contributes about
16% to the total budget (WMO, 2003). The most prominent aqtbgenic source are the chlorofluoro-
carbons (CFCs) which are chemically inert, photostableremdly soluble in water. Hence, the lifetime
of CFCs in the troposphere is on the order of years to cestueigulting in an almost uniform distribu-
tion in the troposphere and effective transport to the@tgtere. Further, anthropogenic chlorine source
gases exhibiting lifetimes on the order of years are carbtadhloride (CCJ) and methyl chloroform
(CH3CCl3). The Montreal Protocol (1987) and its amendments (Lond®9(@), Copenhagen (1992),
Vienna (1995), Montreal (1997), Bejing (1999)) limit theoduction of CFCs. The CFCs were partly
replaced by hydrochlorofluorocarbons (HCFCs) which are $table and thus have a shorter lifetime.
The production and use of HCFCs is to be phased out by the Y4 2As a consequence, the total
organic chlorine burden (CQJlin the troposphere reached its peak in 1992-1994 atH3.%) ppb and
since then declined by about 0.6% per year. The total inacgarorine burden (GJ) in the stratosphere
stopped increasing in 1997-1998 and remained fairly cahsiace (WMO, 2003). A slow decline of
stratospheric Glis predicted to reach 12-14% in 2010 relative to the maximbharme loading in the
late 1990s (Rinsland et al., 2003). A schematic view of thal ithlorine budget in the troposphere and
stratosphere is shown in figure 1.6.

Recent findings on the stratospheric bromine budget (sesvbstimulated a discussion about a possi-
ble contribution of very short-lived (VSL) substances te #iratospheric halogen budget. VSL species
exhibit atmospheric lifetimes of less than 0.5 years. Destieir rather short lifetime, VSLs can be
transported to the stratosphere by deep convection to therupposphere and subsequent transport
into the lower stratosphere. Evidently, such transport@se are most likely in the tropics. The sum
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of VSL chlorine species such as dichloroethangHgCI), chloroform (CHC}) or phosgene (COgJ is
estimated to 1 - 50 ppt in the free troposphere (WMO, 2003)ratisported to the stratosphere, these
estimates correspond to less than 5% of the total stratdspiidorine loading. Hence, the effect of VSL
chlorine species on the stratospheric chlorine budgetrisidered small (WMO, 2003).

Once the CIQ catalyst is released from the halocarbons, it undergoad cyplic transformations be-
tween its constituents according to

Cl+03 —s ClO + 0, (R1.60)
ClO+0 — Cl+0,, (R1.61)

resulting in loss of odd oxygen. ClCycling also occurs via

ClO +NO — Cl+NO, (R1.62)
ClO +OH — Cl+HO,, (R1.63)

which represent loss of odd oxygen if N@nd HG, subsequently react with atomic oxygen. CIO may
also be photolyzed

ClO +hy — Cl+0,. (R1.64)

The temporary reservoir species of the Cl€atalyst are formed through reactions with N®IO; and
methane

Cl0 +NOy +M — CIONO,+ M (R1.65)
ClO +HO, — HOCL+ 0, (R1.66)
Cl+HO, — HCl+ Oy (R1.67)
Cl+CH; — HCl+CHs. (R1.68)

Chlorine nitrate and hypochloric acid can be photolyze@negating the active species

CIONOy +hy —> Cl+NOs (R1.69)
— ClO +NOy (Rl.?O)
HOCI + hv — OH +Cl. (R1.71)

Since photolysis of HCI occurs at wavelengths shorter th@n2n only, it is extremely inefficient and
recovery of CIQ from HCl is dominated by

HCl+OH — Hy0 +Cl. (R1.72)

Except for reaction (R1.71) the release of GIfbom its reservoirs is very slow and the bulk of strato-
spheric chlorine resides in HCl and CION@ee figure 1.6). A significant activation of Cl@ccurs only
between 30 km and 45 km (Solomon, 1999). Albeit recovery @,Gtom its reservoirs being rather in-
effective in the gas phase, heterogeneous reactions chioledficient activation and subsequent ozone
loss.
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Figure 1.7:Trends for bromine in the near surface troposphere (lined)sératosphere (points). The dark blue
line shows global tropospheric bromine from methyl bronddemeasured in ambient air and firn air. The purple
line shows global tropospheric bromine from the sum of midihgmide plus halons as measured in ambient air,
archived air and firn air. The light blue lines show brominenir CH;Br and halons plus bromine from very
short-lived organic bromine compounds assuming totalrdmrttons of 3, 5, or 7 ppt. The points illustrate total
inorganic bromine derived from stratospheric measuresnenBrO by the DOAS balloon borne instrument. For
stratospheric data, the date corresponds to the time wiarithwas 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 Br€atalyst is methyl bromide (C{Br) which is of natu-
ral (60% - 80%) and anthropogenic origin. The man-made Isaloalogenated hydrocarbons, contribute
about 30% - 40% to the global bromine budget. Although cdietidy the Montreal Protocol, the global
abundance of halons is still increasing by 0.1 ppt/year dubd ongoing use of halon stocks and halon
production in third world countries (Montzka et al., 2003Vhe tropospheric bromine loading from
halons and methyl bromide peaked around 1998 at 16- 17 ppstanttd to decline afterwards by a
mean annual rate of (0.28.09) ppt/year (Montzka et al., 2003). Recent balloon boneasurements
of BrO by Dorf (2005) indicate a total inorganic bromine bemcbf (21+ 3) ppt in stratospheric air that
was injected from the troposphere into the stratospher@39.1Consistent with the tropospheric trend,
the increase of stratospheric total bromine is slowing dowieveling off. Figure 1.7 illustrates the
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trend of the tropospheric and stratospheric bromine througthe past 20 years. The apparent discrep-
ancy between total stratospheric bromine and the sum abrig-lived tropospheric organic precursors
is believed to be due to very short-lived brominated soussgeg or direct upward transport of inorganic
bromine across the tropopause (WMO, 2003; Salawitch e2@05; Dorf, 2005).

Due to their rather short lifetime, the tropospheric comicdions of VSL bromocarbons show high
spatial and temporal variability but tend to be highest roemstal areas in the tropics and subtropics.
Oceanic emissions account for 90% to 95% of brominated afidated VSL species to the atmosphere
with bromoform (CHBg) being the most important troposperic VSL bromine spediesongst others,
further contributions come from GiBr,, CHBr,Cl and CHBrC}. Anthropogenic emissions of most
VSL substances contribute only little to the global budd#taagh being locally significant. To date it
is subject of ongoing research what fraction of bromineastel as VSL species enters the stratosphere
as organic source gas (SG) or inorganic product gas (PGupeodrom the decomposition of VSL SG.
Bobrowski et al. (2003) suggested that volcanic emissiaggingontribute to the tropospheric inorganic
bromine loading as well. An in-depth discussion on VSL bnoetéd species and the inorganic bromine
budget can be found in Dorf (2005).

Similar to the release of reactive chlorine from its orggmiecursors, brominated organics are decom-
posed in the stratosphere by photolysis or reactions witha@d#l O{D) yielding reactive inorganic
bromine species. The Bronstituents undergo rapid interconversion according to

Br4+03 — BrO + 0 (R1.73)
BrO+0 — Br+ 0, (R1.74)
and
BrO+hv — Br+0 (R1.75)
BrO +NO — Br +NOy (R1.76)
BrO +Cl1O0 — Br +0OCIlO 59% (RL.77)
— Br +ClOy 34% (R1.78)
— BrCl + O 7% . (R1.79)

The branching ratios of reactions (R1.77) through (R1.%8)iadicated for T=195K according to
Sander et al. (2003) although recent studies by Canty e2@05) indicate that an increase of the frac-
tional yield of BrCl from 7% to 11% produces better agreemmttiveen modeled and observed data.
Subsequent photolysis of BrCl to Br and Cl and collisionataaposition of CIOO to Cl and Oresult

in catalytic loss of odd oxygen. OCIO is rapidly photolyzedQlO and atomic oxygen which prevents
the built-up of large OCIO concentrations during daytiméc8 reaction (R1.77) is the virtually only
production pathway of OCIO, this species can be used asex ti@cthe efficiency of the coupled CIO-
BrO catalytic ozone loss cycle. ByQadicals are scavenged by N@O,, and CHO forming the main
reservoir species

BrO +NOy +M — BrONOy+M (R1.80)
BrO + HO, — HOBr + 0, (R1.81)
Br +HO, — HBr + 0, (R1.82)

Br + CH,0 — HBr +CHO. (R1.83)
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Release of Br@ from the reservoirs occurs through photolysis and in the cd$iBr through reaction
with OH

BrONOy +hry — Br +NOg (R1.84)
— BrO +NOy (R1.85)

HOBr + hvy — OH + Br (R1.86)
HBr + OH — Br +HyO. (R1.87)

Since photolysis and decomposition of the bromine resenase very efficient, the partitioning between
BrO,. and its reservoirs is shifted toward the active forms in carigon with chlorine. Hence, BrQs

more efficient in destroying ozone than GlQn the absence of light, heterogeneous processes can lead
to bromine activation as observed in the presence of patatiospheric clouds (section 1.2.5).

lodine

All source gases of the IQcatalyst with significant emissions are VSL halogenated pmanmds of
predominantly natural origin. Oceanic emissions larg&i9% to 95%) dominate other sources such
as emissions from rice paddies. The most important soursdrgm a stratospheric point of view is
methyl iodide (CHI) which has been measured in the marine boundary layer With@dances as high as
1830 ppt emitted primarily from macroalgae (Peters et 8D5). Other halogenated organic compounds,
e. g. CHl,, CHyCII, CHyBrl, CsHsl and iodopropane, seem to be much less abundant. Atmospheri
lifetimes are generally very short, ranging from hours tgsdaCFR;1 has been proposed as replacement
for the greenhouse gas SBnd for halons used in aircraft fire extinguishers. Althobging rapidly
photolyzed, emission of GFby aircraft at high altitudes could provide a pathway teatjiodine into
the stratosphere. Observations of {LEbove the boundary layer yielded abundances of 0.0 pp2tpod.

in the upper troposphere and lower stratosphere (WMO, 2@3ides VSL organic compounds, inor-
ganic iodine species have also been detected in the manimslry layer (e.g. Schwarzle, 2005; Peters
et al., 2005) and in the polar troposphere (e.g. Friel3 e2@01). However, due to their short photo-
chemical lifetimes direct transport to the stratospheesrsenegligible. Several studies (Wennberg et al.,
1997; Pundt et al., 1998; Bosch et al., 2003) indicate thah@ddnces of inorganic iodine species in the
stratosphere are very low and below the respective detetitiots. Currently the best upper limit for
gaseous inorganic iodine in the mid- and high-latitudinedtesphere is (0.16 0.02) ppt as inferred by
Bdsch et al. (2003) from measured upper limits of 10 and Olfeske observations suggest that either
much less iodine enters the stratosphere than expectedyfimmmd-level CHI abundances or that strato-
spheric iodine resides in other gaseous species besidaslOI® or in particulate form. Somewhat in
contradiction to the aforementioned studies, Wittrockle(2000) concluded on (0.65 - 0.8(0.2)) ppt
stratospheric 10 from their ground based measurementsighzecattered skylight. Murphy et al. (1997)
and Murphy and Thompson (2000) reported on some iodinediaditosols in the upper troposphere and
lower stratosphere. Formation of higher oxides and sulesgquptake into the aerosol phase could ex-
plain the lack of gaseous iodine species in the lower sipatere. Clearly, high precision measurements
in the tropical upper troposphere and lower stratospheterevtroposphere-to-stratosphere transport
predominantly occurs, are necessary to further consthaitoadget of iodine species.

As suggested by Solomon et al. (1994) and Bosch et al. (2@88)|0, catalyst could significantly
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contribute to lower stratospheric ozone loss throughih&ogen cycles.

[4+05 — IO 40, (R1.88)
[0 +ClI0 — ICl+ 0, 20% (R1.89)
— Cl+1+ 09 25% (R1.90)

. 140010 55% (R1.91)

10 +BrO — Br+1+ 0, 20% (R1.92)
— Br +0I0O 80% (R1.93)

I0+10 — I3+ 09 5% (R1.94)
— I +0IO0 40% (R1.95)

. 2140, ? (R1.96)

— 1509 55% . (R1.97)

The LO, product of reaction (R1.97) is unstable and rapidly decaapdo OIO, implying that the

effective OIO yield from the IO self reaction is high. The effincy of the interhalogen cycles with
respect to ozone loss is reduced if the halogen oxides formeshctions (R1.91), (R1.93) and (R1.95)
are photolyzed in a way that atomic oxygen is produced. @gdietween the IQconstituents can also

occur through photolysis of IO and reactions with radicaleothan halogen oxides

I0+hy — 140 (R1.98)
10 +NO — T1+NO, (R1.99)
I0+0H — I1+HO,. (R1.100)

Removal of 1Q. into its reservoirs occurs according to

10 +HO; — HOI + 0, (R1.101)
I0 +NOy+M — IONOy+M (R1.102)
1+HO, — HI+ 0, (R1.103)
I+NO+M — INO+M (R1.104)
I+NOy+M — INOg+ M. (R1.105)

The reservoir species are destroyed through photolysis

INO + hv — I+NO (R1.106)
INOy+hy — 1+NO, (R1.107)
Hl+hv — I+H (R1.108)
HOI +hy — I1+OH (R1.109)
IONOy +hy — 10 +NO, > 95% (R1.110)

— I+4+NOs <5%. (R1.111)
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While INO, INO;, HOIl and IONG are rapidly photolyzed, oxidation of HI by OH is more effgetthan
its photolysis in the lower stratosphere

HI+OH — I+ H0. (R1.112)

The reservoir species OlO which is produced by the intesde cycles is outstanding when compared
to its analogs OCIO and OBrO since it has been observed ddaptime in the marine boundary layer
(e.g Allan et al., 2001; Peters et al., 2005). These findinggate that the photolysis of OIO is less
effective than the photolysis of OCIO and OBrO, which carbmtietected in significant amounts under
sunlit conditions. Laboratory and field measurements stawv®10 has a series of diffuse absorption
bands between 470 nm and 610 nm, but recent studies suggestbdorption of radiation at 562 nm
rather leads to excitation and subsequent collisional chiag than to dissociation of the OIO molecule
(Joseph et al., 2005). The quantum yield for photolysis betws660 nm and 580 nm is estimated to less
than 10% (Joseph et al., 2005; Tucceri et al., 2006).

010 + hv — OIO* (R1.113)
OI0*+M — OIO +M (R1.114)
010 +hy — 140, (R1.115)
010 +hv — 10 +0. (R1.116)

While photolysis according to reaction (R1.115) would emd®aQ, loss, reaction (R1.116) results in a
Null cycle. Ingham et al. (2000) estimated upper limits & fteld for | + O, to 0.15 and for IO + O to
0.007. Besides photolysis, reactions with the NO and OHedslicause loss of OIO

010 +NO — 10 +NO, (R1.117)
010 + OH — HOI 4 Oy. (R1.118)

Hoffmann et al. (2001) suggested that OIO might initiate fdvenation of higher iodine oxides (e. g.
1,03) and polymeric structures. Jimenez et al. (2003) and O’Dandl Hoffmann (2005) reported on
the formation of iodine containing aerosols in the marinaratary layer, involving polymerization of
OIO. Such aerosols remove iodine species from the gas plmakehance, might provide a possible
explanation for the undetectable low amounts of 10 in theclostratosphere.

1.2.5 Heterogeneous chemistry and the ozone hole

Besides gas-phase reactions discussed in the precediimnsebeterogeneous reactions on the surface
of particles play an important role in stratospheric chémi§ he ubiquitous stratospheric sulfate aerosol
consists mainly of HSO,/H,O droplets and is produced from oxidation of S®hich is transported

to the stratosphere through its precursors such as natdioathed long-lived sulfur compounds, e. g.
OCS. Further, volcanic eruptions may directly inject sufompounds into the stratosphere. Hence,
stratospheric aerosol abundances are temporally gregtgneed after large volcanic eruptions (Arnold
etal., 1990). Typical aerosol surface area densities rhetyeeen 1 and 10m?cm~2 during volcanically
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quiescent periods in the lower stratosphere.

Besides the ubiquitous sulfate aerosol, particles raeddoas polar stratospheric clouds (PSCs) may form
in the lower stratosphere under very cold conditions asumeoed in the polar vortices during winter.
Two types of PSCs were identified. Type 1 was found to form sdewees above and type 2 below
the freezing point of water (b ~ 188 K) (Poole and McCormick, 1988). Crutzen and Arnold (1986
and Toon et al. (1986) suggested that type 1 particles dookisitric acid hydrates with nitric acid
trinydrate (HNQ-3 H2O, NAT) being the most likely to form under stratospheric ditions. Indeed,
laboratory studies by Hansen and Mauersberger (1988) shihvaethe NAT crystal is stable under such
conditions (Tyvar ~ 196 K). Type 2 PSCs were found to consist of water ice. Imytiaulfate aerosols
were supposed to provide condensation nuclei for NAT anemait recent studies indicated that the
PSC formation process is rather involved and remains a qubjengoing research (WMO, 2003). A
simplified picture is summarized by Zellner (1999): Strptweric liquid sulfate aerosol droplets tend
not to freeze above ;g but remain liquid and form supercooled ternary3®,/HNO3/H,O solutions
(STS) by HNQ uptake. These liquid particle PSCs are commonly referred tgpe 1b. Upon warming
of a few degrees, STS evaporate HN&hd crystallize to solid sulfate aerosol particles whiamtkserve
as condensation nuclei for NAT (type 1a) and water (typefZ3TE are further cooled, take-up of HYO
continues and freezing aboved is possible.

Due to the stable and persistent polar vortex, temperainithe winter Antarctic stratosphere are often
low enough for the formation of type 1 and type 2 PSCs whichirdleed regularly observed. Since
the Arctic polar vortex is subject to frequent dynamic pdyations, temperatures are usually higher
than in the southern hemisphere and the formation of PSGssssftequent and persistent. Locally,
PSCs can be formed in air masses which are adiabaticallgddalow the PSC formation threshold by
topographically induced vertical motion as observed inl¢lesof mountain ridges (lee-wave PSCs).

Heterogeneous chemistry

All stratospheric aerosol particles contaip®ieither in the liquid or solid phase. The halogen reservoir
gases HCIl or HBr may be dissolved in liquid droplets or adsdrtn aerosol surfaces. Thus, a number of
key species are available for heterogeneous reactionsniffuetance of heterogeneous chemistry comes
from the fact, that heterogeneous reactions typically irequuch lower activation energy and proceed
much faster than gas phase reactions between the samesspétdéerogeneous reactions involving
chlorine and bromine species convert reservoirs to mordivesspecies,

CIONO, (g) + HCL(s) — Cly(g) + HNO; (s) (R1.119)
CIONOz (g) + HoO (s) — HOCI (9) + HNOs3 (s) (R1.120)
HOCI (¢) + HCl (s) — Cla(g) + H20 (s) (R1.121)
BrONOg(g) + HCl (s) — BrCl(g9) + HNOg3 (s) (R1.122)
BrONO;(g) + HoO (s) — HOBr (g) + HNOs3 (s) (R1.123)
HOBr (g) + HC1 (s) — BrCl (g9) + H20 (s), (R1.124)

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

species in the gas phase, but leave the, MOHO, components in the condensed phase. Since the
halogen bearing products are less stable with respect tmglissociation than their educts, the above
reactions are often referred to as chlorine and bromineain. A further important heterogeneous
reaction removes the nighttime N@eservoir NO5 from the gas phase,

The reaction probability of the various heterogeneousti@adepends on temperature, composition and
phase of the aerosol. As an example, figure 1.8 illustratessthction probability of some heterogeneous
reactions on stratospheric sulfate aerosol. HydrolysislgD; and BrONQ are the most important
reactions under typical conditions in the stratosphereirlimpact on stratospheric ozone could readily
be seen after the volcanic eruption of Mount Pinatubo in 1®B&re ozone abundances were found to
decrease under the influence of enhanced sulfate aerosdal¢sefigure 1.4) (Solomon et al., 1998).
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The ozone hole

The strong depletion of ozone over Antarctica in Australrgpoccurring annually since the beginning
of the 1980s (Farman et al., 1985) is commonly known as thaehole. It is driven by the interplay of
dynamic isolation of the winter polar stratosphere, hatogetivation and nitrogen de-activation by het-
erogeneous reactions, lacking insolation during polantragd perturbation of the natural halogen budget
through large scale anthropogenic release of halogeninormdaspecies to the stratosphere. Ozone hole
events are also observed in the Arctic stratosphere busteg&se and persistent than in Antarctica due
to the higher dynamic activity in the northern hemisphere.

The dynamic prerequisite for an ozone hole event is thetisol®f the winterly polar stratosphere from
the somewhat warmer mid-latitudinal stratosphere in otdgrovide temperatures low enough for the
formation of polar stratospheric clouds (PSCs). The foiomabf type la and type 2 PSCs typically
occurs on the timescales of19and 16s- 10 s, respectively. During polar night, when stratospheric
temperatures are lowest, halogen reservoir species ammbeneously converted on the surface of PSCs
to more active forms, according to reactions (R1.119) thho(R1.124). In contrast, reactive nitrogen
species are converted to their long-lived reservoir HN®he almost complete conversion of NO and
NO, to HNO; through the pathway of MO hydrolysis is most effective during polar night and is calle
denoxification. As a consequence, nearly all N®sides in HNQ which can be taken up by PSCs.
If sedimentation of PSC particles occurs, HN&hd thus NQ is permanently removed from the strato-
sphere, a process which is called denitrification. With #tam of sunlight the photochemically unstable
products of reactions (R1.119) through (R1.124), i. e. H@TJ), HOBr, and BrCl are photolyzed yield-
ing CIO,, BrO, and HQ, catalysts while NQ is not available for scavenging. Loss of ozone occurs
primarily by two halogen involving catalytic cycles, the@ICIO cycle (Molina and Molina, 1987) and
the CIO-BrO cycle (McElroy et al., 1986)

ClO+ClO+M < ClOs+M (R1.126)
ClbOs + hy — Cl+ ClO, (R1.127)
ClOy+M — Cl+ 0y (R1.128)

2 x (Cl+03 — ClO +0s) (R1.129)

net : 203 — 30,, (R1.130)
ClO +BrO — ClO, + Br (R1.131)
— BrCl+ 0, (R1.132)

ClOs+M — Cl4+0,+M (R1.133)

BrCl + hv — Br +Cl (R1.134)
Cl+035 — ClO + 0, (R1.135)
Br+03 — BrO + 0, (R1.136)

net : 205 — 30,. (R1.137)

Since the CIO-CIO cycle involves the temperature depenfitgntation of the CIO dimer and further
depends on sunlight, it is most effective at cold tempeestumder sunlit conditions. The CIO-BrO
cycle does not rely on formation of a dimer and thus is onlykketemperature dependent. Moreover,
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Figure 1.9:Concentration of @as a function of altitude in early (blue) and late winter jrizdthe Arctic (panel

a)) and Antarctic (panel b)) stratosphere. Panel a): Ozateeate averaged from ozone sonde observations. The
early winter concentration profile was corrected for subis using model estimates of air mass descend in winter
1999/2000. Panel b): Ozone data are taken from measureatehtsNeumayer station (7%) on July 15, 1997,
(blue) and October 13, 1997, (red). Transport effects areomsidered. Adopted from WMO (2003).

it can proceed in darkness. The abundance of BrO is not s$yrafigcted by heterogeneous processes
on PSCs, since the partitioning of stratospheric bromirghifted towards the active BrGspecies and,
hence, relatively small amounts of bromine reside in therkgsrs such as BrON£or HBr. This implies
that the CIO-BrO cycle is most important in the Arctic stsgibere where PSC formation is less frequent
and chlorine activation is less complete than in the sonthetar stratosphere (WMO, 2003).

Catalytic ozone destruction is terminated in spring whengiblar stratosphere heats up and sublimation
of PSCs releases HNOnto the gas phase. Photolysis of Hi@elds NO, which scavenges the ClO
and BrQ, radicals. If HNQ is permanently removed from the stratosphere by denitiificacatalytic
ozone loss can be significantly prolonged since,Nfas to be supplied from mid-latitudes (Rex et al.,
1997).

Figure 1.9 illustrates the magnitude and vertical distrdsuof ozone loss during a cold winter in the
Arctic and a typical ozone hole event over Antarctica. OZoss is most severe in the lower stratosphere
between 15 and 20 km altitude where ozone depletion is neamplete in the southern hemisphere and
can amount to more than 50% for selected altitude levelsamtirthern hemisphere. Rex et al. (2004)
showed that ozone loss in the Arctic spring is highly vagadnhd might also depend on climate change.
They concluded that about 15 DU (Dobson Uhidditional 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 ozirstandard pressure and temperature. The total
atmospheric ozone column amounts to 200 DU - 500 DU deperatfirigtitude and season, i. e. if all the ozone above a certain
area was brought to standard pressure and temperatureld fooon 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 dynammdspaotochemistry, the chemical reactions
and dynamic processes described in the previous sectioaddbe appropriately translated into a math-
ematical model, which can be used for comparison with arefpn¢tation of measurements. Ideally, the
mutual interplay between observations and model resutialghrefine both, model formulations and
observation techniques, and lead to a comprehensive dadéirsg of the Earth’'s atmosphere, allowing
for trustable predictions of future scenarios.

The dynamics of air flow can be described in the framework adl fllynamics by the continuity equa-
tions of mass, momentum, angular momentum and energy. fRadieansfer and transport across the
boundaries of the atmosphere such as the ocean-atmospttelend-atmosphere interface have to be
considered (e.g. Brasseur and Solomon, 1986). Photochkrsiactions can be described in terms of
their rate coefficients which determine how fast the reastiproceed. The rate of a reaction is defined
as the change of an involved species with time. Reactiomsviimg two educts and two products such as

A+B — C4+D (R1.138)

are called bimolecular reactions. The corresponding r@€ficientk 4 g can be defined through

e e ] (1.4)

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

[A](t) = [A]p e Farn B, (1.5)

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

—E4

K(T) = A(T) exp 2,

(1.6)
whereT is the temperaturd, is Boltzmann’s constantd(7') is the pre-exponential factor arid, is the
activation energy. Rate coefficients and the correspondifig) and E 4 are tabulated for various chemi-
cal reactions, for example by the IUPAC and JPL recommenigisibn reaction kinetics (Atkinson et al.,
2006; Sander et al., 2003). While bimolecular reactionsateressure dependent, reactions requiring
a third body to carry off excess energy strongly depend osspire since the third body is typically an
ambient N or O, molecule. The effective rate coefficient of termoleculact®ns can be calculated
from tabulated low and high pressure limits and correcteoms for temperature dependencies.

The rate coefficients for reactions involving absorptiorlectromagnetic radiation such as

A+hy — B+C (R1.139)

are described in terms of the photolysis frequericy

JOA AP W g4 with Ju = / g(\) o (\) F(X) dA. 1.7)
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The integral extends over all wavelengthsvhere the product of the actinic fluX()\), the absorption
cross sectiow () (both defined in chapter 2), and the quantum yigld) is non-zero. The quantum
yield ¢()) is a dimensionless number between 0 and 1 indicating th&édraof absorption processes
that eventually lead to the formation of the products B and C.

Heterogeneous reactions between gaseous and condensmibisatply adsorption of the gaseous
species on the surface of liquid or solid particles or ablsmmgpnto the liquid phase. For reactions like

A(g) +B(s) — C(g) +D(s) (R1.140)

it is possible to define a rate coefficigny,.; in analogy to gas phase reactions which embodies the effects
of adsorption and absorption,
dlA]  d[C]

Cdt dt
The rate coefficienk;,, is proportional to the mean thermal velocity of the readatite uptake coeffi-
cient~ and the aerosol surface area density. The uptake coeffigisrthe fraction of surface collisions
that lead to an irreversible chemical change of the gasaus €e.g. Zellner, 1999).
A more intuitive quantity than the rate coefficient of a chemhreaction is the lifetime of a reactant with
respect to the considered reaction. The lifetimeg. is defined as the time during which the concen-
tration of reactant A decreases[gﬂ. For bimolecular reactions such as reaction (R1.138),itbtnhe
according to equation (1.5) is given by

= khet [A] . (18)

1
katp [B]

Lifetimes with respect to termolecular, heterogeneouspdadolysis reactions are defined analogously.
An important conceptual approximation in atmospheric pbloemistry is the assumption of photochem-
ical steady state meaning that the concentration of rebataconsidered constant over time

(1.9)

Tlife =

d[A]

dt
The photochemical steady state approximation is appkcébite lifetime of species A is short compared
to transport timescales and if the quantities contributmgroduction and loss of A are also constant
over the considered timescales. Under the assumption abgiemical steady state, a set of coupled
differential equations characterizing a set of chemicattiens collapses to a set of ordinary equations
which allow for anad hoc estimate of reactant concentrations (e.g. Brasseur amxir®ol, 1986).

= 0. (1.10)

In the course of the present work, the 3-dimensional chdntieasport model (CTM) SLIMCAT
(Chipperfield, 1992, 1999) and the chemical box model LABM®&used to interpret the observations
and to test model formulations. SLIMCAT is a model which ud#s all relevant photochemical and
dynamic processes in three dimensions according to theiplés given above and in the previous
sections. LABMOS is designed for dedicated studies of adgteric photochemistry and comprises
a comprehensive set of gas phase and heterogeneous redationo dynamic processes. Typically,
LABMOS is initialized by SLIMCAT output and run in a Langraag way, i. e. photochemistry is
modeled along pre-calculated air mass trajectories.

The dynamic processes of SLIMCAT are forced by meteorofdgilata from analyses of the Euro-
pean Center of Medium-Range Weather Forecast (ECMWF) (ldppiaal., 2004). In the vertical,
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SLIMCAT extends from the ground to about 55km altitude on eptial temperature levels. In
horizontal direction SLIMCAT uses a 7.57.5° latitudexlongitude grid. The chemical schemes
of SLIMCAT and LABMOS correspond to recommendations given the JPL-2002 report on
Chemical Kinetics and Photochemical Data (Sander et al3R0SLIMCAT output is downloadable

at http://www.env.leeds.ac.ukimartyn/chelosba.html. The 1-D chemistry model LABMOS is an
updated version of the model used in Bésch et al. (2003). td&wheric photochemistry is modeled
on 19 potential temperature levels typically betwéer 336 K (~11km) and®© =1900K (~47 km).
Photolysis rates are interpolated with respect to pressemgperature, overhead ozone and solar zenith
angle from a lookup table where the actinic fluxes are caledlas recommended by Lary and Pyle
(1991) and validated forpd, by Bosch et al. (2001).
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Chapter 2

Physics of radiation and molecular
absorption

The Earth’s atmosphere is subject to electromagnetictradiaoming from the Sun and from the Earth’s
surface. Absorption and scattering of solar and terréstidiation and emission by the atmosphere it-
self control atmospheric temperatures and, thus, atmasptteemistry and dynamics. Hence, radiative
transfer in the Earth’s atmosphere is of primary interesitéglf but also yields information on atmo-
spheric composition e. g. by deducing trace gas abundanmesnholecular absorption features in the
electromagnetic spectrum. In this chapter the basics détiad and radiative transfer in the Earth’s
atmosphere as well as the principles of molecular physieslscussed. As in the course of this work
solar absorption spectroscopy is used to infer atmosplrade 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 blarsehort wave and terrestrial long wave
radiation. Solar radiation reaching the top of the atmosplf€OA) can be approximated as a black
body spectrum. Most of the radiative energy originates ftbenphotosphere, a thin layer of the Sun'’s
atmosphere at about- 70° m distance from the center. The temperature of the photosplecreases
from 7000 K at the inner to 4000 K at the outer boundary, resyin an effective emission temperature
of 5770 K. According to Planck’s law, emission peaks at atif&nm in the visible wavelength range.
The black body spectrum is superimposed by absorption (FReginhofer lines) since radiation emitted
from the inner layers of the photosphere is absorbed in ther ames. The solar intensity observed on
Earth decreases when going from the center to the edge obldwedssk. This center-to-limb darkening
effect is due to the fact that the effective emission tentpeeais higher for radiation coming from the
center of the solar disk than from the edge. At the edge thetpabugh the solar atmosphere is longer
and hence attenuation of radiation is more important.

Terrestrial radiation is emitted by the Earth’s surface atemn temperature of 288 K. Correspondingly,
emission peaks at about Lt in the infrared wavelength range. When studying atmosphadiation

45
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Figure 2.1:The Earth’s annual and global mean energy balance. Roughlthird of the incoming solar radiation

is reflected by the atmosphere and the Earth’s surface. Afdatis absorbed by the Earth’s surface which returns
the absorbed energy to the atmosphere as sensible heatthHlatt and thermal infrared radiation. The atmosphere
absorbs solar short wave and terrestrial long wave radiatnl in turn re-emits radiation both up and down. The
absorption of terrestrial infrared radiation and subsatback radiation by the atmosphere causes the greenhouse
effect. Adapted from Houghton et al. (2001).

it is often convenient to distinguish between the short wepectral region (wavelengths smaller than
4 m) where solar radiation dominates and the long wave speem#on (wavelengths longer than

4 m) where terrestrial and atmospheric radiation are predanti Figure 2.1 schematically illustrates
the Earth’s energy balance and the corresponding atmasprergy fluxes.

2.1.1 Basic radiometric quantities

The radiancd., sometimes simply called the intensity, is the amount ofar@cenergyl R, in a wave-
length range X, A + d)) transported across an element of atdain directions confined to a solid angle
d$2 during a timedt,

dRy = Ly cos0d\dAdQdt, 2.1)

wheref is the angle between the considered direction and the ndonall. The amount of radiant
energy within a cone of solid angfe incident on or coming from an element of ar¢a per unit time
and unit wavelength interval is called irradiance and givgn

E) :/ L) cos 8 dS2. (2.2)
Q
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The energy density,, is the amount of radiant energy in the wavelength interxah(+ d)\) per unit
volume,

Uy = 1 / L,\ dQ, (23)
C Jar

where the integral extends over all solid angles. A gquartitgortant for photochemistry is the ac-
tinic flux £\ which represent the radiant energy available for photokgactions,

Py :/ LydQ = ¢ - uy. (2.4)
4

In this work the Sun is used as light source for atmosphersomdtion spectroscopy. For our purposes
sunlight can be regarded as a parallel beam of radiationrgpfmdm the Sun’s disk, subtending a solid
angleQ)s. The corresponding irradiance can be approximated by

E\s :/ Ly cos0dQ ~ LyQg cosb, (2.5)
Qg

where Lg is the solar radiance averaged over the Sun’s diskéaisdthe angle between the viewing
direction and the incident sunlight. When looking dired¢tiythe Sun the solar irradiandg is given by

I, = L) Qs. (2.6)

The index ) indicates that all quantities depend on wavelength and ansidered per wavelength
interval. Integrated quantities can be inferred easilyritggration over all wavelengths.

Interaction of radiation with matter either leads to an é&ase or a decrease in intensity. The un-
derlying processes are classified as emission and extincéspectively. Assuming a beam of radiation
incident on a small cylindrical volume of cross secti®d and lengthds, which is oriented parallel
to the incident beam, the change of intensitly, alongds is the sum of all extinction and emission
processes,

dLy, = dLy(extinction) + dL(emissior). (2.7)

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

2.1.2 Scattering

Scattering of radiation by matter can be described in thmdrmork of classical electrodynamics. Mie
(Mie, 1908) provided a comprehensive theoretical treatrfoera plane electromagnetic wave incident on
a spherical dielectric particle. Later, Mie's theory wateexied to non-spherical particles (Van de Hulst,
1981). The incident electromagnetic wave causes an dsujjlpolarization of the particle, i. e. the
barycenters of the positive and negative charges on thielpasscillate spatially under the influence of
the incident electromagnetic field. According to the laweglefctrodynamics, the accelerated charge re-
radiates electromagnetic radiation, which is called tla¢tered electromagnetic wave. When considering
the properties of the scattered wave in one particular tiinecthe scattering anglis the angle between
this specific direction and the incident radiation. In atpi@yic physics the scattering processes are
distinguished according to the size of the scattering garti Scattering on particles which are small
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compared to the wavelength of the incident radiation issdaRayleigh scattering. This holds applicable
for air molecules and small aerosol particlesQ.1pm). Scattering on larger particles is referred to as
Mie scattering.

Rayleigh scattering

Since Rayleigh scattering is the limit of Mie’s theory for @limparticles the scattered radiation can be
approximated as dipole radiation. Assuming the incidemttebmagnetic radiation is passing through a
small volume of lengtlds, where the number density of scatterers,ighe incident radiation is attenuated
bydLyr_,

dLyxr_ = —noyrLyxds = —kyrLyds, (2.8)

whereo ) r is the Rayleigh scattering cross section &gt = n o r is the Rayleigh scattering coeffi-
cient. The Rayleigh scattering cross section for sphepaticles is given by

873 o2

OMNR = W’ (2.9)

whereq is the polarizability of the scatterer. For non-sphericattiples the anisotropy of the molecules
has to be considered. An empirical formula for atmosphevitd@tions is given by Chance and Spurr
(1997),

3.9993 - 10756 mS \—4
1 —1.069-10714m2XA2 — 6.681-10"29m* \—4
The angular distributiopr (1) of the scattered radiation peaks in forward and backwaetton with
respect to the direction of the incident wave,

OAR = (2.10)

pr(¥) = 2(1 + cos? ). (2.11)

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

pr(¥) = 0.7629 (1 + 0.932 cos¥)). (2.12)

On the one hand the incident radiation is attenuated byestaitradiant energy out of the propagation
direction according to equation (2.8), on the other handtit coming from an arbitrary direction can
be scattered into the propagation direction. The increbssdation in propagation directiodiL , r, is
given through

1 2 pm )
dr, = bange [ [ pale0 @) I ) sind a0’ dg ds (219

where the radiatior (¢, ¢’) coming from an arbitrary directiony(, ¢’) is weighted by its probability
pr(Y, 9,9, ¢') to be scattered in propagation directiah {) of the incident wave and integrated over
all directions.

So far, we only considered elastic scattering where theniireg and the scattered radiation have
the same wavelength. When the scattering molecule chatgygedantum-mechanical state during the
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scattering process the wavelength of the scattered radligtishifted with respect to the incident wave.
This process is called Raman scattering. The molecule maggehits rotational and vibrational state
leading to an increase or decrease of the scattered watkeleythe corresponding amount of emitted or
absorbed energy. Hence, the spectrum of scattered rad@iginating from a monochromatic incident
wave consists of several distinct wavelengths correspgnidi the elastically scattered Rayleigh line and
several vibrational Raman lines each consisting of sevetafional Raman lines. The Raman scattering
cross section represents only a few percent of the Raylaigtiesing cross section. For details see
Haug (1996). When measuring scattered sunlight Ramaresoagttcan be observed as filling in’ of
solar Fraunhofer lines. This effect is referred to as theRiifect (Grainger and Ring, 1962; Bussemer,
1993).

Mie scattering

The electromagnetic dipole approximation fails when theatision of the scatterer is not small com-
pared to the wavelength of the incident radiation. Rathkamge number of elementary radiation sources
on the scattering particle has to be considered. Interferenthe scattered elementary waves yields the
scattering cross sectiar 57(n) which cannot be calculated analytically for arbitrary stdyparticles.
Numerical calculations of the scattering cross sectiotdyé® oscillating function of the size parame-
tern = 2 1, with the particle radiug. The macroscopic scattering coefficiént,, of a composite
aerosol containingv particles with different radii is defined by

kxv = /OOO oxm(n)n(r)dr (2.14)

with n(7) = 24X the particle size distribution with respect to a normalizedius#. Atmospheric
aerosols commonly exhibit particle size distributions lté typen(r) ~ 7™ with 4 < m < 4.5,
implying only weakly wavelength dependent scattering ficiehtsky p; ~ A3~

The angular distributiop,, (1) of Mie-scattered radiation reveals a strong predominaftieedforward
direction which increases with particle radius. Severgbrapimations top,,(¢) exist, e. g. the
Henyey-Greenstein (Henyey and Greenstein, 1941) and eldtgrhyey-Greenstein phase functions. A
thorough discussion on the theoretical background of Méemy numerical calculations of the angular
distribution of Mie-scattered radiation and applicatiamatmospheric physics can be found in Shangavi
(2003).

The incident electromagnetic radiation is altered by Miatring in a similar way as in the case of
Rayleigh scattering. LetL, 5, represent the radiance scattered out of the incident bednian,,,

the radiance scattered into the direction of propagatiooth Bontributions can readily be obtained in
analogy to equation (2.8) and (2.13) by replacing the gtiastspecific to Rayleigh scattering through
their analogs for Mie scattering.

As in the case of Rayleigh scattering, inelastic scatteongparticles occurs. Absorption of inci-
dent radiation by the scattering particle can be quantifiegleatly by introducing the complex refractive
index where the imaginary part represents the absorpti@nacteristics of the particle. The single
scattering albedeo, is commonly used to classify absorption and scatteringgnms of aerosols,

kv

Wy = ————
kxnm + kxa’

(2.15)
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wherek, 4 is the absorption coefficient of the particle.

2.1.3 Absorption and emission

Apart from scattering electromagnetic radiation, air roales interact with radiation through absorp-
tion, stimulated emission and spontaneous emission chtiadi Absorption and emission of radiation
induce transitions among the quantum mechanical energyslef the interacting molecule. Quantum
electrodynamics allows to calculate the absorption andsion probabilities by treating the incident
electromagnetic wave as a small, time-dependent pertorbtd the unperturbed atomic or molecular
Hamiltonian. First-order perturbation theory yields thensition rates between an upper energy lgvel
and a lower energy levélin terms of the Einstein coefficients for absorptiBy; and stimulated emis-
sion Bj;, where the incident electromagnetic wave is treated inldippproximation (e.g. Bransden and
Joachain, 2003). The transition rate due to spontaneoussimiis given in terms of the Einstein co-
efficient A;;. The change of the number of molecules in the lower statedepends on the population
densitiesn; andn; and the energy density, of the radiation field,

dni
dt

= —Nn; Uy Bij + njuy sz‘ + n; Ajz‘. (2.16)

Each radiative transition yields a change of the energy eft#diation field by% with the wavelength

A of the transition, the speed of lightand Planck’s constarit. The corresponding change in intensity
of radiation passing through a small volume of lengthwith n = n; + n; molecules (per volume) is
given by

Bij h

Bjih Aﬂhc

47\

dL aps + dLsip + dLspE = —n, Lyds + n; Lyds + n; ds, (217)
where the facto% indicates that spontaneous emission is isotropic whet@aslated emission only
occurs in propagation direction. In local thermodynamiaigrium, which is a good approximation
for altitudes below 80 km in the Earth’s atmosphere, thegnkavels are populated according to Boltz-
mann'’s law and the energy density of the radiation is giveRlayck’s distribution. The corresponding
relations between; andn; and the Einstein coefficients read

0 . _AE 8mhc

L 9i Bji = gi Bij, Aji = —5—

Bj; 2.18
ni i x (219)

with the Boltzmann constaitiz, the temperaturé@’, the degeneracies of the upper and lower energy level
gj andg;, and the energy difference between the two levels (Goody and Yung, 1989; Bransden and
Joachain, 2003). Inserting relations (2.18) into equatih?) yields

dLaps + dLsip + dLspp =

Bi: h Biih —AFE Biih 2 —AE
= —n;—5— Lyds + n; == Lye*sT ds + n; = 84”:/\% e*sT ds =
(2.19)
—AE 9
= —N;0)A (1—61“BT> [L)\—Qilf kA%" ds =
e"B+ —1

= —k)\7A [L)\ — P,\] dS,



2.2. PRINCIPLES OF MOLECULAR PHYSICS 51

whereoy 4 = th is the absorption cross sectiot), 4 = n;oza | 1 — e*s7 | is the the absorp-

tion coefficient andP, is Planck’s distribution of thermal radiation in units otensity per wavelength
interval. For temperatures encountered in the tropospduedestratosphere the population of the lower
energy leveln,; is much larger tham; and can be approximated by the number density of molecules
available in the considered volume ~ n;. For the same reason the radiant energy emitted by stimu-
lated emission is much smaller than the absorbed enerbguah the cross section is identical for both
processes. Therefore, the exponential term in the expressithe absorption coefficiedt, 4 can often

be neglected in the UV/visible and infrared.

2.1.4 Equation of radiative transfer

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

dLy = dLyp— + dLy gy + dLypy— + dLy a4 + dLaps + dLsig + dLspp =

(2.20)
= | = (kxs + kxa) Ly + kxa Py + ki—,}s /ps(ﬁ/#/)LA(W#P')Sinﬁ,dﬁ/ de' | ds,

where the Rayleigh and Mie scattering coefficients and phaszions are combined o, s = k) r +
kxnv andps = pr + pum. dLy represents the change in intensity of a beam of radiati@n pétssing
through a small atmospheric volume of length When observing light coming directly from the Sun
and its close vicinity, terrestrial long wave radiation aadiation scattered into the viewing direction
can be neglected. Equation (2.20) reduces to Beer-Lamliavt;

dLy = —(k’)\ﬁ + ]{5)\7,4) Lyds = —ey L) ds, (2.21)
with the extinction coefficient,. The solution to equation (2.21) is obtained via integratio

Ly(s) = La(so) e Jo 0% = [(5,) e (50) (2.22)

whereT)(s,,s) = In LLAA((S;)) = fjo ex(s)ds’ is the optical density between, ands, and L, (s,) is the
incident radiance.

2.2 Principles of molecular physics

As described in section 2.1.3 the interaction of radiatiath wnolecules induces transitions between
the molecular energy levels through absorption and enmissioadiation. In general, molecules consist
of several nuclei and electrons which interact with eaclemothrough attraction and repulsion. The
corresponding Schrodinger equation of the many-body systemprises the kinetic energies of the
particles and the interaction potentials given by Coularibiv. The general problem can be solved
numerically, only. However, several approximations ewsich allow to analytically deduce energy
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eigenstates and eigenfunctions for small molecules. Alddtaeatment of molecular physics is found
in Herzberg (1950).

The motion of a molecule can be subdivided in translationation of the whole system, motion
of the electrons and motion of the nuclei. The translatianation can be separated by changing the
coordinate system to the center-of-mass system. In thenabse external forces the center-of-mass
moves as a free particle and its motion is not discusseddurth general, electronic and nuclear motion
are coupled, i. e. changes of the nuclear motion induce @saafjthe electronic wave functions and
vice versa. Due to their lower mass, electrons move muclerfasan the nuclei and the electronic
wavefunctions adjust almost instantaneously to motiorth@ihuclei. Based on this approximation the
coupling between electronic and nuclear motion can be negleand the Schrddinger equation can be
separated in an electronic and in a nuclear part which caplieedsindependently (Born-Oppenheimer
approximation). The total energy and the total wave functiogy of the molecule can be separated in
an electronic and in a nuclear palt, and £y andi. andyy,

E = FE. + En Y = e - YN. (2.23)

2.2.1 Electronic motion

The Hamiltonian of the electronic Schrodinger equation poses the kinetic energy of the electrons
and the Coulomb interactions between the charged partiolelading the repulsive interaction between
the nuclei. The latter is only a constant as the position efribclei is assumed fixed according to
the Born-Oppenheimer approximation. Hence, the energgnetgtest,. (R) of the electronic motion
depend parametrically on the internuclear distaRc&ince the nuclei are hold together by the electrons
it is intuitive that E. (R) acts as potential energy for the motion of the nuclei. Thgelgranel in figure
2.2 schematically illustrates typical electronic energyels E.(R) of a diatomic molecule. At short
internuclear separatio? — 0, the electronic energ¥..(R) increases strongly due to the increasing
repulsive force between the nuclei. At large separatidhis;~ oo, the electronic energy converges
towards the separated atom limit. In between the two lirsttshle molecular states exhibit a minimum
of the electronic energy. In general, the ground state @duR a)) and the excited electronic states
(figure 2.2b) and c)) can form stable molecules. The intdeaudistance where the electronic energy
is minimal is referred to as the equilibrium distanBe of the nuclei and can differ for ground and
for excited states. In figure 2.2a) the equilibrium distanéghe ground state is indicated d&.
The dissociation energy. necessary to separate a stable molecule into two atomsés tfivough
D, = E.() — E.(R.). Electronic energy levels which decrease monotonicalty Wi (figure 2.2 d))
correspond to unstable molecular states leading to thed#&®n of the molecule.

Bound molecular states can be obtained when the negativgectiiensity between the nuclei is
larger than what is expected when placing two non-intamngctiuclei at the equilibrium distance.
The charge density in between the nuclei depends on theradactwave functions. Commonly,

single electron wave functions of the molecule are consttu@s linear combination of the known
atomic wavefunctions centered on each nucleus (LCAQO: Li@ambination of Atomic Orbitals).

The total molecular electronic wave function is then built from the single electron wave functions
(Hund-Mulliken approach). In general, the combinationwed tatomic orbitals (spatial wavefunctions)
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E,(R)

Figure 2.2:Large Panel: Electronic energy levels(R) as a function of the internuclear distanBe Curve a)
represents the ground state of the molecule exhibitingrmim electronic energy at the equilibrium distarite
Curve b) and c) are excited electronic energy levels formaistable molecular state. Curve d) shows an excited
electronic state which has no minimum and hence, leads sodgtion of the molecule. Inset €): Zoom of the
lowest electronic state. The dotted line indicates themi@kenergy of a harmonic oscillator about the equilibrium
positionRy. The horizontal lines illustrate vibrational energy lezdhset f): Zoom of the lowest vibrational state.
The dotted horizontal lines schematically show the comadmg rotational energy levels.

yields two molecular single electron orbitals, where origtal corresponds to an elevated and the other
to a decreased charge density between the nuclei. Accdydihg two molecular orbitals are called
bonding and anti-bonding. Each of the single electron albiis twofold degenerate in the electronic
spin according to the Pauli principle. A stable moleculeasrfed when the number of electrons in
bonding states is in excess of the number of electrons irb@miiling states.

2.2.2 Nuclear motion

The motion of the nuclei can be classified as vibrational atational motion. In principle, both classes
are coupled, i. e. the vibration about the equilibrium positand the vibrational equilibrium position
itself depend on the rotation of the molecule and vice velts&. convenient to describe the motion of
the nuclei in terms of the reduced maswhich in the case of a diatomic molecule with nuclear masses
m4 andmgp is given byy = -*A™ME - The Hamiltonian of the nuclear motion consists of the kinet

ma+mp
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energies of the nuclei and the electronic enefgyR) which includes the Coulomb repulsion of the
nuclei and acts as potential energy. Neglecting the depeydef the rotation of the molecule on the
internuclear distanc®, the vibrational and the rotational motion uncouple @hdis given by

Ey = Ey + Eg YN = Yy - YR (2.24)

with the vibrational and the rotational enerdy, and Er and the vibrational and rotational wave
functionsyy andyg.

In the vicinity of the equilibrium positionR ~ R. the potential energyE.(R) can be approxi-
mated by the potential of a harmonic oscillator (see inséh digure 2.2). It is evident that at large
distances of the nucleiRr — oo, the attractive force between the nuclei is zero and the tiaion
oscillator approximation fails. The empirically derivedokde potential reconciles the experimental
observations and yields the harmonic approximation inithg IR — R.,

2 R—R.

E.(R) = D, |1 — ¢ P(R-H) D. (R — R.)?, (2.25)

where D, is the dissociation energy anelis a constant specific to the considered molecule. Still,
the Morse potential fails to model the large repulsive imtéion when the nuclei come close together
(Herzberg, 1950). The corresponding vibrational energgleF’y are given by

By = hw, ( +1) i 2 ( +1)2 (2.26)
= w v - — w v —= .

v 0 2’ 4D, 2/

wherev = 0, 1, 2, ... is the vibrational quantum number ahd,, = &< = % ( is the spacing of

the vibrational energy levels of the harmonic oscillatarsdt €) in figure 2.2 illustrates the vibrational
energy levels corresponding to the quantum numbess 0, 1 ... 9. Equation (2.26) shows that the
vibrational energy levels are not equidistant like thosehgf harmonic oscillator. Their separation
decreases with increasing quantum numbéd?uttingv = 0 yields a finite value for the zero-point energy
Ey of the vibrational motion indicating that there is vibratiof the molecule even in absence of any
external energy deposition. The vibrational eigenfumgi,, are very similar to the eigenfunctions
of the harmonic oscillator, however, they are not totallyngyetric about the equilibrium positioRi,.
Since the potentiak, (R) (inset e) in figure 2.2) is steeper f& < R, than forR > R., occurrence of
the latter distances is more probable and thus the corrdsgpeigenfunctions exhibit larger absolute
values on the shallower side of the potential.

As long as the rotation of the nuclei is assumed to have natefia the internuclear distanck
(rigid rotator approximation), the rotation of the molexut a free motion whose energy depends
on the moment of inertid = R? of the molecule. In a true rotating molecule the centrifuipate
associated with the rotation of the nuclei causes a stretdheomolecule and thus influences the
equilibrium positionR,. and the moment of inertid. The influence of centrifugal distortion depends
on the shape of the potential energy in the neighborhoode&tuilibrium distance. A flat potential
curve corresponding to small in equation (2.25) allows for a greater impact of the cengidfl force
on the equilibrium distance of the molecule. Thus, the iatal energy of the molecule depends on the
potential energy. (R) and is given through

2 4

_ h 2 2
ER_EJ(J—Fl)—QIngJ (J+1) (2.27)
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whereh? J (J + 1) are the eigenvalues of the angular momentum oper&towith the rotational
guantum numberd = 0, 1, 2, ... . Inset f) in figure 2.2 illustrates rotational energy levetsre-
sponding to the quantum numbefs= 0, 1, 2, 3. Neglecting centrifugal distortion, the corresponding
eigenfunctionsy i are the eigenfunctions of thé? operator and given in terms of the associated
Legendre polynomials (e.g. Bransden and Joachain, 2003).

So far, vibrational and rotational motion have been assumoede uncoupled. The actual cou-
pling of vibrational and rotational motion comes into playnem considering the change of the
internuclear distancé& due to vibration during the rotation of the molecule. Singe totation of a
molecule is much slower than its vibration the moment oftinecan be calculated with respect to a
mean distance between the nuclei. Due to the anharmonioitytiee corresponding asymmetry of the
vibrational wave functions the mean vibrational distant¢he nuclei is larger thatkR. and increases
with larger vibrational quantum numbers. In second ord@raxmation the total nuclear enerdyy is
given by adding a term to equations (2.26) and (2.27) whicluésto ro-vibrational coupling,

En = hw(v+3)+BJ(J+1) - B-w2(v+4)-
) (2.28)
Pz (I + 1) = Bi(o+5)J(J + 1),

where(; 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 ketvasliation and molecules and the principles
of molecular structure. In this section emphasis is put am hmwlecular absorption spectra can be un-
derstood based on the presented theoretical setup. Iigtisdor spectra originating from spontaneous
and stimulated emission are in most cases equivalent insa $leat radiation is not absorbed but emitted.

2.3.1 Radiative transitions between molecular energy lele

Incident radiation on a molecule with enerfjw can be absorbed by the molecule if there is an upper
molecular energy level’; and a lower leveE; with

hw = Ej(ej,vj,J;) — Ei(ei, vi, Ji) (2.29)

and if the transition probability between the two levels gloet vanish. According to section 2.2 the
energy levels in equation (2.29) are labeled by their vibna and rotational quantum numbers
andJ and a representative electronic quantum nungemhich identifies the electronic energy level.
As mentioned above, time dependent perturbation theodgsyihe transition probabilities between
molecular energy levels, given the molecular wave funestioliccording to the symmetry properties of
the wavefunctions, selection rules of the quantum numioerify transitions with non-zero probability.
Depending on the degree of coupling between electronicatidnal and rotational motion which is
necessary to describe observed absorption spectra ayvafigelection rules exist which can be found
in Herzberg (1950).
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In general each transition of the electronic statgev;, J;) < (es, vs, J;) goes along with changes of the
vibrational and rotational states. Thus spectra orgigaftiom electronic transitions consist of several
bands which can be associated to vibrational transitionshwim turn consist of bands of rotational

transitions. The energy of electronic transitions cormoesls to wavelengths in the ultraviolet (UV)

and visible part of the electromagnetic spectrum. Whenystigdelectronic spectra in the UV/visible,

the spectral resolution of the observing instrument isroftet sufficient to resolve the underlying

ro-vibrational structure.

Transitions between the vibrational energy levels of alsimjectronic statée, v;, J;) «— (e, v;, J;)
correspond to absorption spectra in the infrared (IR) spenge. Each vibrational transition consists
of a band of rotational transitions. Here, the selectioe AW = J; — J; = £1 applies yielding the”
(AJ = +1) and theR (AJ = —1) rotational branch corresponding to a single vibratiomahsition.
For polyatomic molecules and degenerate states also ar@tidJ = 0) can be observed. For
homonuclear diatomic molecules the probability for tross between the vibrational energy levels of
a single electronic level vanishes due to symmetry progertAccordingly, the moleculesosNand G,
which are the most abundant in the Earth’s atmosphere, taisorb terrestrial IR radiation and hence
cannot contribute to the green house effect.

Molecular absorption spectra in the far infrared {0um) and microwave spectral range corre-
spond to transitions between rotational energy levels aiglesvibrational statée, v, J;) < (e, v, J;).
Microwave spectroscopy of rotational transitions amonmaspheric trace molecules has played a
major role in identifying and quantifying contributions @aone loss above Antarctica in the late 1980's
(de zZafra et al., 1987).

If the upper energy leveF; of the radiative transition lies above the dissociationrgneD, of
the molecular state or is by itself a dissociative molecsiate (e. g. figure 2.2 d)), the absorbed
energy is partly converted to translational energy of ttesaltiating molecule. Since the translational
energy can attain arbitrary values, there is no need for liseraed 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 energy levels due to absorption of radiation
in terms of the Einstein coefficier;;. The absorption cross sectiefy 4 and the absorption coefficient
kx4 are defined as a function @;; assuming a population distribution of the upper and lowergyn
level according to thermodynamic equilibrium. The inteégdaabsorption coefficien$y of a single
absorption line is given by

Ao+AN
Sy = / kxa d, (2.30)
o—AN

where ), = QW—”;JC is the center wavelength of the transition af\d is a suitable wavelength interval.
According to equation (2.19y depends on the number of molecules in the lower energy stati®ng
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the absorbing pattis. Therefore, the line strengthiis defined as
SN

Spectral databases commonly tabul&téor a variety of possible molecular transitions at a refeeen

temperature (HITRAK T,y = 296 K) and give correction terms for the temperature dependence.

S = (2.31)

2.3.3 Spectral line shapes

Besides the line strength the shape of an absorption line isportant feature which has to be taken
into account when performing absorption spectroscopy. lifleeshape factorf (A — \,) describes the
profiles of absorption lines and is normalized according to

/OO FON = Ao)dA = 1. (2.32)
0

Since the integral over the line shape factor is normalipeornie, the absorption coefficiehf 4 of an
absorption line can be written as

b = Sn FO = ) = ST = ) [ nids (2.33)

whereSy andS are defined by equations (2.30) and (2.31). If stimulatedssiom of radiation can be
neglected, equation (2.33) can be written in terms of therglien cross section

oaa = ST = Ao). (2.34)

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

Doppler broadening

Due to thermal motion there may be a non-zero relative visladbetween the detector and the absorbing
molecule. In thermal equilibrium, the probability to find alecule moving with relative velocity is
given by Maxwell’s distribution. The wavelength of an alg@n line of a moving molecule is shifted

with respect to the molecule at rest according to the Dogblit

)\:)\O(lig), (2.35)

where? << 1 andcis the speed of light. For an ensemble of molecules the shiague absorption line
is derived from the Maxwell’s distribution of molecular eeities and is given by the Doppler profile

fo(h — A = 2L w2(352) (2.36)

™ YD

whereu,, = “TbT is the most probable velocity at a temperatilirén a gas with molecular mass.
The half width at half maximum (HWHM)p of the doppler profile is given by
vp = Vin2 e (2.37)

}(Rothman et al., 2005)
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Collisional broadening

So far, the interaction between individual molecules hanlreeglected. However, when two molecules
approach each other the collisional interaction Hamitanmay cause distorsion of the molecular energy
levels illustrated in figure 2.2. Based on van-der-Waalsmen a first approximation the interaction
Hamiltonian can be assumed proportionalRo% with the internuclear distanc®. In an ensemble

of molecules the difference between two molecular energgldeand accordingly the wavelength of
the corresponding absorption line are statistically scatt about a mean energy difference and a mean
wavelength),. Under the assumption that the time in close interactionushshorter than the time
between two collisions, the line shape of the respectiveraltisn line is given by the Lorentz profile,

1 P

fP()‘ - )‘0) =

. 2.38
T (A= )2+ 7% ( )

The half width at half maximumyp is proportional to the pressure and depends on the temperatu
the respective gas. When investigating finer details ofsiolially broadened absorption lines, inelastic
collisions between the molecules causing additional sgidatoadening have to be considered. Further,
when the interaction Hamiltonian is large and the time spealose interaction is not short compared to
the time between collisions, the colliding molecules mayrfaneta-stable or even truly bound dimers.
Such species owe absorption lines significantly differeminfthe isolated monomer case (Camy-Peyret
and Vigasin, 2003; Pfeilsticker et al., 2001).

Voigt profile

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

0o 2 ln2 )2
0= 20) = [ o) S =2 ) de = \[ 222 / e _x) oy 239)

The line shape of an atmospheric absorption line can belatéclifrom equation (2.39) given ambient
temperature and pressure and the temperature dependencevhfch is tabulated in spectral databases
for a variety of absorption lines. Finer effects arisingnfronolecular collisions mentioned above and
from Dicke narrowing (Dicke, 1953) can be neglected for aunppses.




Chapter 3

The LPMA/DOAS experiment

The LPMA/DOAS experiment is designed to investigate atrhesp photochemistry in the upper tro-
posphere and stratosphere by remote sensing of trace gadasiogs. A balloon gondola carries the
LPMA Fourier Transform InfraRed (FT-IR) Interferometerdaihie DOAS UV/visible grating spectrom-
eter up to 30 km to 40 km altitude while both instruments meathe direct solar irradiance attenuated
by extinction in the Earth’s atmosphere. Absorption sgeate measured in virtually the entire spectral
range from the UV to the mid-infrared (IR). Based on the gples of radiative transfer and molecular
absorption discussed in section 2 the vertical distrilbutibmany trace gases important for atmospheric
photochemistry (see section 1.2) can be inferred.

This section gives a brief overview of the technical setufhefinstruments and discusses the algorithms
used for the retrieval of trace gas abundances. The traceigigvals rely on a two-step approach. In the
first step the number of absorbing molecules integratecgaiom line-of-sight (or slant column density)
is inferred for each measured spectrum . In the second stemsemble of column measurements is
inverted into vertical trace gas profiles considering thewmg geometry of each line-of-sight. In the
following, the first step is referred to as spectral retrigifge second step is called profile retrieval. The
spectral retrieval is inherently different for spectra lire tUV/visible and IR spectral range, while the
profile retrieval is independent of the spectral range oftleasurements.

3.1 Instrumentation and observational setup

The gondola which carries the scientific instruments is eoted to the actual balloon through the flight
train which consists of the landing parachutes and auyikguipment necessary to control and monitor
the balloon flight. The large volume of the balloon (100 00Dta400 000 m) filled with helium allows

to lift payloads as heavy as several hundred kilograms u@tkn3to 40 km altitude. Balloon launch
preparation, the launch itself and flight control are madamnethe balloon division of the French space
agency CNES (Centre Nationale d’Etudes Spatiales).

Table 3.1 provides a summary of the most important chaiiatitey of the DOAS and LPMA instruments
which are discussed in more detail in sections 3.1.2 an8.3.1.

59
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Table 3.1: Summary of the most important characteristithk®@DOAS and LPMA instruments.

I DOAS | LPMA
Type: Grating Spectrometer Fourier Transform Interferometer
Covered Spectral range 316.5nm-653.0nm mid-IR, near-IR
Spectral resolution: 0.45nm (UV), 1.48 nm (vis) 0.02cm!
Field-of-view: 10° (UV), 16° (vis) 0.2
Signal-to-noise: ~10* ~ 10
Sampling rate: 1 spectrum pex1sto 30s 1 interferogram per 50 s
Target species: 03, NO2, H20, Oy, IO, OIO, O3, NOz, NO, HNG;, N2Os, N2O,
NOs, BrO, OCIO, HCHO, HONO| CHy, CIONG;, HCI, H0O, CO,
CO,, COR, HF, CRCly, CoHg

3.1.1 The balloon gondola

The LPMA/DOAS balloon gondola has been developed in cotiaan with the Observatoire de Geneve
(Camy-Peyret et al., 1995) (see figure 3.1). It consists afjid yet deformable aluminum structure
which protects the scientific payload from damage due tolrdagding. Since the whole gondola can
be rotated and stabilized in azimuthal direction, it is faego align the payload in the direction of the
Sun to within several degree accuracy. The sun-trackerdajese by Hawat et al. (1995) provides fine
pointing to the center of the solar disk to within 60 arcsed emllects a parallel beam of sunlight. The
inner core of the solar beam is directed into the LPMA FT-IRIgvtwo small telescopes mounted into
the beam’s edge feed sunlight into the DOAS spectrometamgialass fiber bundles. This optical setup
guarantees that the LPMA and DOAS spectrometers analyegetdiunlight which traversed almost the
same atmospheric air masses. Ancillary scientific equiprinealves GPS (Global Positioning System)
receivers and antennas, pressure and temperature sengah as arn situ ozone sonde.

3.1.2 The DOAS instrument

The DOAS instrument has been designed for balloon bornecagiphs requiring low weight, low
power consumption and insignificant drift of the opticalugetvith changing ambient temperature and
pressure (Ferlemann, 1998; Harder, 1999; Ferlemann e2G0Q). The instrument consists of two
spectrographs which are mounted into the same housing ergkasitive to the UV and visible spectral
ranges. Typically, the setup allows to record single spewith high signal-to-noise~ 10%), moderate
spectral resolution and integration times less than 1s.ldfge SZA during sunset, integration times
are somewhat longer since the incoming intensity is weakerariety of atmospheric trace gases can
be retrieved from the covered wavelength ranges, e 3gNQ,, H,O, Oy, 10, OIO, NG; in the visible
spectral range and{QBrO, OCIO, NG, O4, HCHO, HONO in the UV.

Figure 3.2 shows a schematic drawing of the DOAS instrumehhe direct sunlight is collected

by two entrance telescopes mounted into the edge of the Isetan provided by the sun-tracker. The
telescope optics is designed to homogenize the incomitg ¢égd to limit and optimize the spectral
transmission to the range actually analyzed by the speaetpbg. The field of view (10in the UV, 16
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Figure 3.1:The LPMA/DOAS balloon gondola adapted from Jeseck (1996iplight is collected by the auto-
mated sun-tracker and directed into the Fourier transfaterfierometer. Two glass fiber bundles feed the sunlight
into the DOAS spectrometer.

in the visible) is chosen larger than the apparent size okttar disk (0.53) making light detection
insensitive to possible misalignments of the sun-trackeice and the entrance telescopes. Two glass
fiber bundles forming a rectangular slit on the spectrogsagh guide the light from the telescopes into
the spectrograph housing where holographic gratings dispsplar light of the respective wavelength
range (UV: 316.5nm—417.3 nm, visible: 399.9 nm-653.0 nntd dine detector of either spectrograph.
The spectral imaging is designed to match the requirementsréper line sampling given by Roscoe
et al. (1996). Accordingly, the spectral resolution ameuatabout five photo diode pixels equivalent to
the full width at half maximum (FWHM), i. e. 0.45 nm and 1.48 fonthe UV and visible spectrograph,
respectively. The photo diode array detectors can be coaheldtemperature stabilized by on-chip
integrated Peltier elements. The heat generated at the sida®n of the Peltier elements is removed by
cycling a refrigerant through a cooling system that coasigta reservoir containing about 10 kg of a
liquid-water-ice mixture. Since the reservoir is filleddrat vessel surrounding the spectrograph housing,
the liquid-water-ice mixture additionally serves as heathbfor the whole instrument stabilizing the
spectrographs’ temperature @O0 + 0.2)°C for the duration of a balloon flight. The spectrograph
housing is vacuum sealed to prevent condensation of watervanto the cooled photo diode array
detectors and changes in the optical imaging due to charmgirigent pressure. Instrumental straylight
is minimized by spectral filtering of the incoming light andppressing unused diffraction orders by
light traps. A detailed characterization of the DOAS instant can be found in Bauer (1997). Minor
modifications of the optical and mechanical setup effectiyeend of 2005 are summarized by Dorf
(2005).
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Figure 3.2:Schematic drawing of the DOAS instrument adapted from Reaten et al. (2000). The instrument
consists of two spectrographs sensitive to the UV and ésdiplectral ranges. Two holographic gratings, two
photodiode array detectors with on-chip Peltier coolind #re read out electronics including pre-amplifiers are
placed in a vacuum-sealed aluminum container. Light infuthve two glass fiber bundles as well as data output
to the instrument control electronics is handled througtuuan connectors on the top of the housing. The whole
container is thermally stabilized by a surrounding liquidter-ice reservoir which also serves as heat sink for the
internal cooling circuit.

The read-out and data acquisition electronics as well as ctireesponding instrument control
software have been extensively described in Ferlemanr8f18frder (1999); Ferlemann et al. (2000).
Since some electronic parts were subject to significantadiegion and stable performance was no
longer warranted the electronics has been partially rebyiHoffmann MeRtechnikin accordance with
the original plans.

The incoming signal is detected by the 1024-channel phatdedarray detectors (Hamamatsu S5931-N)
and subsequently amplified by the pre-amplifiers situateilénthe instrument housing. Both compo-
nents are left unchanged with respect to their original am@ntation by Ferlemann (1998) since no
significant degradation could be identified and all chandaleoptical and electronic characteristics
prior to digitalization of the signal would directly affethe comparability of the recorded spectra to
previously obtained data. The adaptors on the top of theuim&nt which connect the pre-amplifiers
with the analog-to-digital converters outside the spegaph housing have been rebuilt in order to
thermally decouple the jacks and connectors form th@ 6old housing and to avoid short circuits
caused by condensation of water. The adaptors have beagatddn enlarged in diameter and placed on
the existing connector drillings, a measure which has prafevalue during the tropical measurement

'Hoffmann Messtechnik GmbH, SchloRstralRe 32, 69231 RangrBermany, http://www.hmm.de
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campaigns in the highly humid environment of northern Brakiil electronic components down-signal
of the instrument flange have been replaced. The signal ¢pfmm the pre-amplifiers is integrated
and digitized in the analog-to-digital converter box (poesly two separated small boxes for the UV
and visible spectrograph) spatially close to the instrunt@mvoid possible perturbations of the analog
signal due to electromagnetic interferences. The digitggnal is then transferred to two single board
CPUs (Motorala MC 68332, short 68k-CPU) which handle thecbdata acquisition (e. g. co-adding
of spectra) and instrument control functions (e. g. aut@raaticulation of exposure time). In addition,
the single board CPUs possess 12-bit stand-alone anafdigital converters where ancillary data
(e. g. temperature and pressure sensors) can be procesidtle feasurement and communication
processes are controlled by a Cool RoadRunner Il PC Bpattiich is driven by a National Geode 300
MHz processor exhibiting low power consumptior §W) and a large operational temperature range
(-45°C to +85C). An additional 16-bit analog-to-digital converter cdiamond-MM-32-AT) and a
module (Lippert PC/104-COMS8) with eight serial interfacgeonnected to the master PC through the
PC/104 bus. The master PC coordinates the communicatidntigt ground station, with the slave
CPUs of the two spectrographs and with a GPS receiver (Rdclwgiter) via serial interfaces. Data
storage is handled by the lab-built instrument control aath chandling software (Harder, 1999) via
telemetry transfer to the ground station and simultangoasl a local compact flash disk (Sandisk
128 MB). In addition, data transfer to storage devices viBW&s been implemented. The software
has been updated from the previous version to meet the heedequirements of the new electronic
components. A detailed wiring scheme, pin assignments atal sheets including register maps and
address assignments of the electronic components can be ifoour internal documentation.

Hirsekorn (2003) reported on some serious deficits of theware of the 68k-CPUs which hindered
the accurate retrieval of stratospheric aerosol extinatimefficients. In the course of our programming
work on the new electronics, remaining errors have beentifadhwhich caused erroneous exposure
times of single spectra. After correcting these errors fiassible to record absolutely calibrated solar
irradiance spectra with high accuracy (Gurlit et al., 2008dner, 2005). In the future, a re-assessment
of our previous work on stratospheric aerosol extinctioefitcients will be facilitated.

3.1.3 The LPMA instrument

The LPMA instrument is a Fourier transform interferometeasdd on a commercial spectrometer
BOMEM DA2.01 and optimized for balloon borne applications Jeseck (1996). The setup allows
to record single interferograms every 50s with moderat@asitp-noise ¢ 10%) and high spectral
resolution (0.02cm?) in the infrared wavelength range. A huge number of tracegabsorb in the
infrared and could in principle be measured by the LPMA unstent depending on the spectral filters,
beamsplitters and detectors used. A subset of species mpesttant for atmospheric photochemistry
comprises @, NO;, NO, HNG;, N2 O5, N2O, CH,, CIONGO,, HCI, H,O, CO, CQ, COFR,, HF, CRCl,,
CQHG.

The LPMA Fourier Transform Interferometer is a Michelsomayinterferometer with a fixed and
a moving plane mirror and a beamsplitter that splits therimiog solar beam directing one part onto the
moving and the other part onto the fixed mirror. The light it by the two mirrors recombines at

2Lippert Automationstechnik GmbH, Hans-Thoma-Strate 8168 Mannheim, Germany, http://www.lippert-at.com
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Table 3.2: Instrumental configurations of the LPMA Fourieaisform Interferometer and the corresponding
spectral ranges and most important target species. AdéptadDufour (2005).

Configuration | Detector | Beamsplitter| Covered spectral range / crh | Target species

Long Wave Infrared| HgCdTe KCI 650-1300; 1750-2000 CIONO,, HNO3, CH4, N2O, NO,
(LWIR) InSb 2750-3150; 4100-4150 NOz, HCI, HF, G;, CO;, H20
Short Wave Infrared  InSb Cak 2050-2220; 4220-4440 as LWIR, but no CIONG@
(SWIR) InSb 2700-3150; 4770-5320 and no HNQ, in addition CO
Near Infrared Si Quartz 10300-11000 oxygen A band

(NIR) Si 12700-13400

the beamsplitter and forms an interferogram which can berded as a function of the position of the
moving mirror. The maximum displacement of the moving miisd25 cm corresponding to a maximum
optical path difference of the interfering light beams ofch. Accordingly, the spectral resolution is
given by 0.02cm!. Interferograms are recorded when the moving mirror movesydrom as well as
towards its initial position (forward, reverse). The beahadieNe-Laser=15798 cnt!) is injected
into the center of the solar beam to detect possible misakgns of the moving and the fixed mirror
caused for example by thermal drifts of the mechanical comapts. The laser drives a feedback loop
which dynamically compensates the detected misalignmeradjusting the orientation of the fixed
mirror. In addition, the laser provides the timing for thergding of the interferograms according to
Nyquist’s theorerd. The type of beamsplitter (KCI, CaFQuartz) can be chosen depending on the
desired spectral range to be measured. The commerciataletgdics has been replaced by a lab-built
optical setup that limits the field of view to about ©.@8nd allows for the simultaneous use of two
detectors covering different spectral ranges. The dew¢tégCdTe, InSb, Si) are placed in Dewars
and cooled by liquid nitrogen. Table 3.2 provides an ovevid the used instrumental configurations
and corresponding wavelength ranges. For our purposesVie and SWIR configurations, which
both comprise four distinct spectral regions covered byHg€dTe and InSb detectors, are important.
The whole instrument can be evacuated to minimize mechaghifaof the optical components due to
changing ambient pressure. The interferometer is coattdlly a PC-type Pentium 60 MHz processor
that also handles the communication by telemetry with tleeugd station and onboard data storage.
More details on the LPMA instrument can be found in JesecRglL9Camy-Peyret et al. (1995) and
Dufour (2005).

3.1.4 Observation geometry

During a balloon flight the LPMA and DOAS instruments meastirect Sun light collected by the
sun-tracker. A balloon flight can be subdivided in three phaas illustrated in figure 3.3. In the first
phase following balloon launch the balloon ascends frongtiseind to maximum altitude. During bal-
loon ascent the solar zenith angle (SZA) is smaller theghd&@l variations of the detected trace gas
abundances can mainly be attributed to the crossed heigirtesdts. After attaining maximum altitude
the balloon floats at rather constant altitude. Typicalhedra recorded during the second phase, i.

3For a detailed treatment on the basics of Fourier Transfqret®oscopy see e. g. Griffiths and de Haseth (1986).



3.1. INSTRUMENTATION AND OBSERVATIONAL SETUP 65

Altitude

(O Sun Pos.1

Altitude
<0

Y ”,- .
(e | =
| 5 ‘» S /Troce gas profile I S
7/

Earth % %, Earth %

%)
> % O

% % 2% Osun Pos.2
S % %

®

Figure 3.3: Observation geometry of the LPMA/DOAS balloon payload. ebtrsunlight is measured during
balloon ascent (left panel), during balloon float and sotaudtation (right panel).

e. balloon float at maximum altitude and SZ20°, exhibit minimal atmospheric extinction since the
number of molecules integrated along the line-of-sight isimmal. The third phase, solar occultation,
starts when the SZA becomes larger thaf.90he balloon remains approximately at float altitude but
the line-of-sight is plunging downward into the atmosphereght going from the Sun to the balloon
borne instruments passes atmospheric layers below ttaohdilice while atmospheric layers above are
passed only once. The point where the distance of the lighttpahe Earth’s surface is smallest and the
local SZAis 90, is called tangent point. During sunset the SZA increaséstimie and the line-of-sight
penetrates deeper into the atmosphere scanning througstatieegas profiles to be retrieved.

Due to the deployed GPS instrumentation the position obbalis known very accurately. The same is
true for the position of the Sun which is tabulated as a fomotif time and date. Pressure and temperature
sensors monitor the ambient atmospheric conditions. @eriag their impact on the refractive index,
the lines-of-sight of our direct Sun measurements can lmeileabd with high accuracy from purely (ex-
cept for the pressure and temperature dependence of tlaetiedrindex) geometrical considerations.
This is in contrast to experiments which measure scattetglihbt where the actual, often uncertain
atmospheric conditions, e. g. aerosols, clouds, heavibaghradiative transfer calculations. An intrinsic
drawback of our remote sensing measurements is the coakideaveraging in horizontal direction. In
deep solar occultation (float altitude30 km, SZA~ 94°) the distance from the balloon to the tangent
point is several hundred kilometers 600 km). The assumption of horizontally homogeneous trase g
distributions on such large spatial scales is no longedyaliparticular under dynamically active atmo-
spheric conditions close to the polar vortex. Averagin@ ascurs with respect to the photochemical
conditions along the line-of-sight. In principle, everyimtaon the line-of-sight exhibits different illumi-
nation and consequently different photochemical condlitiorhich contribute to a composite observed
by the balloon borne instruments. The effect is negligilbetface gases which are photochemically
stable on timescales of a balloon flight, e. g, @NO;3, N,O, CH,, but important for trace gases whose
concentration strongly depends on illumination, e. g.oN®O. 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 diredightipenetrating the Earth’s atmosphere.
As pointed out in chapter 2 emission of radiation by the E:dtmosphere and radiation scattered into
viewing direction can be neglected for our purposes. Tharsohdiance incident on the balloon can be
described in analogy to equation (2.6) and (2.22) by Beendeaxt's law,

IN) = Ip(\) e ™™ (3.1)

with the optical density-(\) between the top of the atmosphere (TOA) and the balloon baetector
and the solar irradianck () at TOA. AssumingV types of absorbing molecules labeled by the index
the optical density can be written in terms of the absorpaiod scattering coefficients 4 (A) andkg(A),
and the molecular absorption cross sectioys\)* defined in section 2.1,

Io(N)

7(A) = In ey

N
= /LkA()\) + kg(\)ds = /L;aiu) n; + ksg(\)ds, (3.2)

wheren; represents the number density of absorbers of tygal the integral is meant along the line-of-
sight L. The transmissiofl” is defined through

N
T(\) = 00) — o) = exp <—/L Zzlal()\) n; + ks(A\) dS) . (3.3)

The goal of the spectral retrievals is to infer the numbessdgf absorbing molecules integrated along
the line-of-sight which is referred to as Slant Column Dgn&sCD),

L

The analyzing spectrographs modify the incoming solartspex; given by equation (3.1), corresponding
to their instrumental characteristics. Accordingly, theasured spectrutfi' () is given as a convolution
of the incoming signal (A) with the normalized instrumental line shape functign),

o) = / IV) g(r — M) = I(\) @ g(A). (3.5)
Upon registration by the detectors the incoming continugigeal is mapped on a discrete grid with a
finite number of pixels. It is appropriate to write the measispectrum as a function of the pixel number
n(A),

I"(A\) — I*(n). (3.6)
The general approach for the spectral retrieval is to defstata vectox, which comprises the parame-
ters to be retrieved e. g. the SCDs, and a model fundfiavhich is supposed to model the measurement

vectory. The measurement vectgrconsists of the points (or a simple function of the pointsjhef
observed spectrurfi(n) in a chosen wavelength range. The equation to solve is giyen b

y = F(x,b) + €, (3.7

“In contrast to section 2.1 we drop the inddxin the symbol of the absorption cross section for simplicyrther, the
wavelength dependence of all quantities is not indicatethbyndex\ but explicitly given.
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wheree is the measurement error abds a vector comprising all auxiliary parameters, e. g. gitsan
cross sections. Given the measuremegntnd the auxiliary parametelsan inverse problem has to be
solved to retrieve the state vecto(Rodgers, 2000). The methods applicable to spectra maehsutiee
UV/visible and IR spectral range are inherently differemd avill 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 functioR that models the measured spectrum (or a simple functioneof th
measured spectrum) as accurately as possible. In printiplexact knowledge of the TOA solar ir-
radiancel, and all extinction processes along the line-of-sight gpoading to equation (3.2) as well
as the instrumental line shape function are necessaryriewethe SCD of a certain absorber. In the
UV/visible, approximations to equation (3.1) through §3aBow for the construction of a model function
F based on quantities measured by our spectrograph. Suloglygtiee inverse problem, equation (3.7),
can be solved for the absorber SCDs.

In the UV/visible, the spectra are recorded by photo diodayadetectors which show a temperature
dependent dark signal caused by the thermal discharge phthte diodes. In addition, prior to digital-
ization an offset signal is added to the spectra to avoid tivegealues. Provided that the temperature
of the photo diode array is constant, dark and offset sigreatanstant with time. Hence, they can be
measured in the laboratory and subtracted from the measpesdra (Lindner, 2005). In the following,
we assume that the correction of the dark and offset sigrsabban applied to the measured spectra.

Assumptions and approximations

According to the Differential Optical Absorption Specitopy (DOAS) technique (Platt et al., 1979;
Platt, 1994; Platt and Stutz, 2005, in press), the extinguimcesses are divided into those which vary
strongly and those which vary only weakly with wavelengtlayRigh and Mie scattering clearly belong
to the latter. In the UV/visible, the molecular absorptioass sectioriscan be split into a low and a high
frequency component; , ando; 4, respectively

o = 0ip + Tigd. (3.8)

The indicesd’ and ‘d’ symbolize ‘broadband’ and ‘differential’. Accordinglgquation (3.2) reads

N
T(\) = / > (N ni + ks(A)ds + / > oiaN)nids = m(\) + Ta(N) (3.9)
Li=1

L.

with 7,(\) the broadband optical density ang \) the differential optical density. Further, the molecular
absorption cross sections are assumed to be independentpétature and pressure. Hengg; can be

5In the UV/visible spectral range the observed absorptiorbaorrespond to electronic or dissociating molecularsira
tions as emphasized in section 2.3. The underlying ro-tiimal structure is often not resolved by DOAS spectrogsagmis
true for our instrument. Hence, the molecular absorptiossections are commonly directly given and not as functidine
strength and line shape as expressed by equation (2.34).
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assumed to be independent of the line-of-sight and thereliffeal optical density is given by

N N
Td()\) ~ Zai7d()\) / n; ds = Zaivd()‘) SCDZ (310)
i=1 L i=1

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

I(A) = Io(A) e N F7aN) = [o,(x) e ™), (3.11)
wherel ;,(A) comprises the TOA spectrum and all broadband extinctiongsses,
Iop(N) = Tp(A) e ™. (3.12)

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

InI*(\) = In [(IOJ,(A) e Td(”> ® g()\)} . (3.13)

Assuming that the differential optical density is smajj((\) << 1) andly; only varies negligibly with
wavelength [ ;(\) = const), equation (3.13) can be linearized,

I I*(A) = In [Io,(\) @ g(N)] — 7a(A) ® g(\). (3.14)

From equation (3.14) it is possible to construct an appabd@nrnodel functior. However, the approx-
imations in the derivation of equation (3.14) have to be mwred as possible sources of systematic
errors. The differential optical densities encounteredun spectra are usually small)(3 to 10~1)

and the approximatiom;(\) << 1 is justified. The assumption of temperature and pressuepart
dent molecular absorption cross sections is more critigdlia discussed in section 3.2.2. Further, the
TOA solar spectrunyy and accordinglyly;, is by no means independent of wavelength as has been
assumed when linearizing Beer-Lambert’s law. However, pduip(2000) showed for the example of a
BrO DOAS retrieval that the systematic errors caused by fipecximation of constani, , are small.
Johnston (1996) suggested a possible correction of thestefSection 3.2.2 discusses these systematic
errors and possible corrections in detalil.

The DOAS model function

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

N
F(\) = In[I5(\ doo,d1o,-- )] + P(A\po, - om) — Y ai0ia(Ados,dig,...).  (3.15)
i=1
I5(X,doo,drp,-..) is a pseudo-TOA solar spectrum measured by the DOAS speapiogluring bal-
loon float at high Sun when absorption by atmospheric camstis is minimal. The use of a solar
spectrum actually measured by the DOAS spectrograph gieasathe correct representation of the solar
Fraunhofer lines in the model functio®(\, po, ..., par) is a polynomial of degred/ approximating
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the broadband extinction processes. Molecular absoridascribed in terms of the scaled molecular
absorption cross sections o; 4(\, do s, d1,...). The absorption cross sections are either taken from
high resolution measurements, which anariori convolved by the instrumental line shape functicor
from measurements by the DOAS spectrograph in the labgréfmrf, 2005). Differential absorption
cross sections can be obtained by appropriate high-passnigtof the absolute cross sections. While
polynomial and pseudo-TOA spectrum are meant to repreletirst term in equation (3.14), the scaled
molecular absorption cross sections obviously correspoitice second term. Since the DOAS retrieval
includes quantities measured during the balloon flight, éheg spectra and the pseudo-TOA solar spec-
trum, and quantities determined by pre-flight measuremiarttge laboratory, e. g. the instrumental line
shape function, the temporal stability of the optical inmagand the detectors is most important. Small
changes of the instrumental line shape cause systemat@etiefes of the model function and render
the retrieval of low abundant trace gases impossible.

The state vectok of parameters to be retrieved consists of the scaling faatofi = 1,..., N) which
correspond to th&'C D; of the absorbers, the polynomial coefficiepts (m = 0,..., M) and the pa-
rametersi; ;. The latter are spectral alignment parameters which desarpossible shift and squeeze of
the wavelength-pixel mapping between the measured spéotraseudo-TOA spectrum £ 0) and the
absorption cross sections¥ 0). The parametety ; represents a shift of the respective wavelength-pixel
mapping byd ; pixels. The parametet; ; describes an additional squeeze/stretch of the wavelength
pixel mapping, i. e. pixeh is shifted byd; ;(n — n.) pixels withn,. the center pixel of the considered
wavelength range. Higher order squeezing/stretchingdsrideed analogously by; ; with j > 1. Pos-
sible changes in the wavelength-pixel mapping arise frorallschanges in the mechanical setup e. g.
due to changes in ambient pressure and temperature. TH&gugarameter vectob consists of the
pseudo-TOA spectrum and the molecular absorption cragsas. The measurement veciois given

by the logarithm of the measured speditd™*(\).

Solution of the inverse problem

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

n=1 n=1

is minimized, wherdV is the number of pixels considered for the spectral rettiaad V' the number

of parameters to be retrieved, i. e. the dimensior.dfinimizing equation (3.16) yields the maximum
likelihood solution for the fitting parameters if the measuent errore obeys a Gaussian distribution
with expectation value 0 The minimization process yields valugs ~ 1 if y? is defined as above.
If x> > 1, the model function is insufficient. I¥?> < 1, the measurement error is overestimated.

5The instrumental line shape function of the DOAS spectrplyi@an be obtained by measuring the spectra of low pressure
emission lamps (Hg, Cd) which exhibit emission lines muatioveer than the spectral resolution of the spectrograph.

"The measurement error of the DOAS instrument is governedobmting statistics of the detectors and hence obeys a
Poisson distribution. Nonethelesg-minimization is used to retrieve the desired parametexssi the limit of many counting
events the expectation value of the measurement obeys ai@awsstribution (central limit theorem) and standardtirees
(Press et al., 1988) can be used.
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The statistical significance of deviations from 1 can be Wated from the confidence limits of a
x2-distribution with1V — V' — 1 degrees of freedom. Often, the measurement error is settecavialue
€, = € and equation (3.16) is used to estimate the actual measuaremer.

The DOAS model function is a linear function of the fitting @aretersx except for the spectral
alignment parameterg; ;. In a first step equation (3.16) is solved for the linear patans with fixed
d;;. In the second step, the linear parameters are set to the veliieved in the first step and the
problem is solved for the non-linear parametéys by a Levenberg-Marquardt fitting algorithm. The
obtained values are used as initial values for another €#lleolinear fit, which subsequently calls the
non-linear fit with the updated linear parameters as initiadditions. The iteration stops when changes
in x? are smaller than a stopping criterion which is chosen depgneh the required precision of the
fit. The least-squares solution of the linear fit can be foumalydically while the Levenberg-Marquardt
algorithm is an iterative, numerical procedure which camebithe steepest gradient and an expansion
method to find the minimum of?. Since the fitting routines and their implementation havenbe
extensively described in the literature (Bevington, 19Bgess et al., 1988; Rodgers, 2000) and our
own publications (Payan, 1996; Btsch, 2002; Dufour, 2006)detailed discussion is given here. The
spectral retrieval is performed by the WinDOAS softwarelaae (Fayt and van Roozendael, 2001).

Error treatment

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

Retrieval noise due to measurement error

As pointed out by Ferlemann et al. (2000), the measuremeaant ef the DOAS spectrographs is
governed by the photo-electron shot noisg of the detectors as long as the integration times of
individual spectra are sufficiently short. The statistiésthtee number of electrons generated by the
photons illuminating a detector pixel is described by a Smisdistribution. Accordingly, the photo-
electron shot noise,, is given by\/N—ph with N, the number of photo-electrons. For large integration
times the noise of the dark signal. « ¢ becomes important (Lindner, 2005). It strongly depends on
the temperature of the detector, but is negligible for oueati Sun measurements since integration
times are sufficiently short<(1s to 30s) and the detector temperature is sufficiently lod stable
(-10.00C+0.05°C). However, when performing pre-flight radiometric caditton with calibration
lamps on the ground (Gurlit et al., 2005), typical integrattimes range between 5 min and 30 min and
the noise of the dark signal becomes the dominant noiseilotitn. Also, for on ground calibration
purposes, the non-linear dependence of the dark signal e gaturation needs to be considered
(Stutz, 1996). Further contributions to instrumental aoisiginate from the readout, amplification
and digitalization electronics,;. The measurement errercan be calculated from,,, €;. ande.; via
Gaussian error propagatfan

8For a single spectrum recorded with 1 s integration time &9 8aturation of the detector pixels the total noise is appro
imately given byl.2 - 10* electrons which corresponds to 6 binary units (BU) of theedketd signal. The corresponding total
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The retrieval noise due to the measurement e¢rds represented by the errors given by the fitting
routines. Both, the linear and the Levenberg-Marquardidittoutine, provide the standard deviations of
the retrieval parameters as output, i. e. the true value r@inpaterz; lies with 68.3% probability within
the boundaries of the given error. However, the influencéneferrors of the non-linear parameters on
the linear parameters is not automatically accounted f@an be estimated by performing the linear fit
once with the original set of non-linear parameters and evitea set of non-linear parameters which
are changed by their errors. The difference of the retriéimedr parameters between the two fitting runs
can be used to estimate the impact of the error of the noasliparameters on the linear parameters.
Assuming independence of both error contributions, thel &tror of the linear parameters is given by
Gaussian error propagation.

The retrieval noise is appropriately represented by thaditerrors only if the residual spectrum
R(n) = InI*(n) — F(n) consists of pure noise. This is not completely true for theNliBible spectra
since the residual structures show groups of interdepénmdgghboring pixels. Stutz and Platt (1996)
showed that the impact of interdependent residual strestan the fitting results can be estimated by
a numerical procedure. A synthetic pure noise spectrum @o#md by a running mean over,.,,
pixels in a way that the smoothed spectrum exhibits sysienfieatures with similar widths as the
interdependencies observed in the measured spectrummniflaet of these systematic structures on the
retrieval of trace gases which are characterized by absarptructures of widtm, can be estimated
by Monte-Carlo simulations. Influences on the fitting partereeare found negligible but the fitting
errors have to be corrected by a factor which is given as imcf n..,,, andn,, by Stutz and Platt (1996).

Auxiliary parameter error

The auxiliary parameterb consist of the molecular absorption cross sections and skadon-TOA
spectrum. The principal errors of the molecular absorptimss sections originate from uncertainties of
their absolute magnitude and their temperature dependdnich are commonly given by the authors of
the measurements. Theg@nd NG absorption cross section from Anderson and Mauersber§@2j1
and Harder et al. (1997) have stated accuracies of 1% andetectively. The convolution of high
resolution cross sections with the instrument function ictroduce further errors which are estimated
by using different instrument functions and comparing tegieval results. When using instrument
functions obtained in January 2003 and August 2004 for thevalation of a high resolution cross
section from Harder et al. (1997), the deviations found areller than 1%. The errors of the molecular
absorption cross sections are added to the fitting erropsigftr Gaussian error propagation.

The pseudo-TOA spectrum is not a true TOA spectrum sincentiaiios small but detectable absorption
of some absorbers. The residual absorber SCD corresportditige absorption observed in the
pseudo-TOA spectrum can be determined based on Langletyapelation to zero air mass which is
discussed below in section 3.3.4. The inferred SCD offsstttvde added to the SCDs retrieved by the
DOAS retrieval. The associated error is considered via S8ansrror propagation.

Errors due to correlations of the retrieval parameters
Bosch (2002) investigated the correlations between thievat parameters of the NQOs, 10 and OIO

number of photo-electrons is given By, ~ 1.04 - 10° corresponding t6.2 - 10* BU which results in a signal-to-noise-ratio
of ~10*. The individual error contributions akg, = /N,» = 110 electronss 5BU, 4. ~ 91 electrons 0.05 BU and
€e1 ~ 410° electronse 2 BU.
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retrieval by calculating the correlation coefficients for the retrieval parameters, andx; defined by

Ski
oy = —2 3.17)
. V' Skk Su

whereS is the covariance matrix of the retrieval parameter vegtand its elements are defined through
S = ((xr — Zy) (1 — 1)) (3.18)

with z; the mean of the retrieval parametey over the retrieval range. Correlation coefficients with
absolute values close to 1 indicate strong correlationdewrglues around O represent weak correla-
tions. The impact of correlations between the retrievahpuaaters is hard to quantffy In practice the
correlation coefficients are used to minimize observedetations by e. g. decreasing the degree of the
polynomial or changing the spectral retrieval range. Comigndhe detected correlations between the
absorber SCDs and the remaining retrieval parameters aal. shhence, the correlation error is not
considered in the DOAS error budget.

3.2.2 Corrections and shortcomings of the DOAS model funatin

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

Solar |, effect

In general the approximations which allow for the linedtima of Beer-Lambert’s law, i. e. constant TOA
spectruml ; and small optical densities{ << 1) in equation (3.13) are not satisfied. As mentioned
above, the latter assumption holds true for our purposesfdrimer, however, is not justified, as the TOA
solar spectrumly exhibits many Fraunhofer absorption lines which cause hhigtructured spectral
pattern. Since the DOAS model function is constructed frobmlinearized version of Beer-Lambert’s
law (equation (3.14)) it cannot perfectly model the measgeectrum. This systematic deficiency is
referred to as solafy effect. Its impact on the retrieved parameters becomesriapowhen several
species absorb in the same wavelength range and the strepgbats have to be removed in order
to detect underlying weakly absorbing species. The shlaffect can be corrected by attributing the
systematic residual structures originating from non-tamtd, to the molecular absorption cross sections
o;.q4 (Huppert, 2000). Assuming a single absorber with slantrooldensitySC D;, the corresponding
Io-corrected molecular absorption cross sectipp...-(A) is given by

1 (o) e SODY @ g(3)

) = 1
Uz,d,cm‘?‘()‘) SCD; I I()()\) ® g()\)

(3.19)

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

°In principle an averaging kernel approach as presentediédirace gas profile retrieval, section 3.3, is possible buyet
implemented in our software.
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SC D; can be calculated from the dimensions of the flow tube andrtt@miat of absorber filled in.

If the absorption cross sections are not measured by the Dépa&rograph but taken from high reso-
lution measurementss; 4 ..,~(A) can be calculated according to equation (3.19) by assumiegra-
sentative value o6C'D; and identifyingo; 4(A) with the high resolution absorption cross sectifyi))
with a high resolution solar spectrum, e. g. Kurucz et al8@)9andg(\) with the instrument function of
the DOAS spectrograph. Unfortunately, convolution of higholution data by the instrument function
introduces new systematic errors and yields absorptiogscsection with inferior quality compared to
spectra measured with the DOAS spectrograph itself.

In our studies, absorption cross sections are used whioh been measured in the laboratory by the
DOAS spectrograph using halogen lamps as light source.gdaltamps in contrast to the Sun exhibit
only little spectral structures. Thk effect is considered by calculating ;(\) ando; g corr(A) from
high resolut(iAo)n measurements. The lab-measured absorgriss sections are then multiplied by the

i~ i d,corr
ratio 71,400

Instrumental straylight

Instrumental straylight originates from unused diffrantiorders of the incoming light dispersed by the
holographic gratings and from reflections on the walls ofgpectrographs. Spectral filters in the UV
entrance telescope which cut off the visible and infrarestspl ranges and absorbing light traps inside
the spectrograph are intended to minimize instrumentaykght (Lindner, 2005). Straylight can affect
the DOAS retrieval only if its contribution to the pseudoA®Gpectrum and the spectrum to be analyzed
is different. The change in straylight contribution can berected for by introducing a polynomiél(n)

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

v *(n) — O(n)] — F(n)\?
¢ = et 3 (R Ol - Py .20

n=1

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

Center-to-limb darkening effect

Section 2.1 pointed out that the observed solar intensityois-uniform across the solar disk due to
the center-to-limb darkening effect (e.g. Unsdld and Bakcth999). The DOAS retrieval relies on the
assumption that the structures of the solar Fraunhofetrspeare properly accounted for by the pseudo-
TOA solar spectrum. Since the solar Fraunhofer lines ekijbical densities 100—-1000 times larger
than terrestrial absorption structures, small deficientietheir representation can render the retrieval
of atmospheric trace gas abundances difficult. During $uarse sunrise, light coming from the upper
edge of the Sun traversed significantly less air mass thhhdgming from the lower edge. Accordingly,
extinction in the Earth’s atmosphere attenuates light ftbenlower edge stronger than light from the
upper edge. The contribution of the upper parts of the satk th the measured spectrum becomes
larger than the contribution of the lower parts. This effiscincreasingly important for increasing air
masses along the line-of-sight, i. e. increasing SZAs. &ifar a terrestrial observer, the intensity of
the Sun and the optical densities of the Fraunhofer lineg &aross the solar disk, the change in the
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composition of the observed spectrum goes along with a éahthe optical densities of the observed
Fraunhofer lines. The relative change of the solar line®isumiform which makes an exact treatment
difficult.

Bosch (2002) developed an empirical approach how to cofoedhe center-to-limb darkening (CLD)
effect. High resolution solar spectra taken from the ceoft¢ne solar disk/- () and averaged over the
whole solar disk/p(\) (Brault and Neckel, 1987) are used to define the CLD corre¢gom

Ip(M) ® g(A) = Ie(N) ® g(N)
Ie(N) © g(A) ’

Acld Ocld = Aeld (3.21)
which is included in the DOAS model function as pseudo absorbhe parameter,; is an additional
parameter of the state vector which has to be retrieved byittireg routine. The CLD correction is
important for the retrieval of N@and 10 abundances in the visible spectral range (400 nm to®00
and for the OCIO retrieval in the UV (360 nm to 400 nm).

Ring effect

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

Instrumental shortcomings

The wavelength-pixel mapping of the DOAS spectrograplicatly depends on the mechanical and op-
tical setup of the instrument, which is influenced by ambjarameters e. g. temperature and pressure.
Possible changes in the wavelength-pixel mapping betweesgectra to be analyzed, the TOA solar
spectrum and the molecular absorption cross sections asidevsed by the non-linear shift and squeeze
parametergd; ; in the DOAS model function. Since the spectra and absorjgtioss sections are given as
a function of pixel numben, non-zero shift and squeeze goes along with interpolatidheorespective
data. Interpolation errors decrease with increasing sampétio, i. e. number of pixels per FWHM
of the instrument function. As pointed out above, the spécasolution of the DOAS spectrographs
is about 5 pixels and hence, undersampling effects due eégpiolation errors are small (Roscoe et al.,
1996).

Likewise, the instrument functiog(\) is sensitive to changes of the optical and mechanical s&inge
some absorption cross sections measured in the laboratoimg DOAS spectrograph are supposed to be
used for several balloon flights, the instrument functiorduired to be stable over several years. Hence,
the replacement of optical components, e. g. glass fibesstchbe avoided and care must be taken to
reproduce stable ambient conditions for the measuremdimistefore, the whole DOAS instrument is
stabilized with respect to temperature and pressure.

The use of high resolution absorption cross sections camdinte errors when the convolution with the
instrument function is carried out. The instrument functised for convolution is obtained from spectra
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of an atomic (HgCd) emission lamp. Consequent(y) is not given over the entire spectral range but at
some wavelengths, only. Often the wavelength dependertbe aistrument function is neglected which
causes a systematic deficiency of the model function, buttwtan be avoided by using absorption cross
section measured in the laboratory by the DOAS instrument.

Further instrumental effects such as the memory effectefititectors and the etalon effect due to mul-
tiple reflections on optical components have been investigay Bauer (1997) and Ferlemann (1998).
They are found to be small for the DOAS instrument.

Temperature and pressure dependence of the absorption cresections

The molecular absorption cross sections in the UV/visiblensa significant temperature dependence.
Since DOAS spectrographs typically do not resolve the boational structure of the absorption
bands, the temperature and pressure dependence is iatedtempirically by measuring the respective
absorption bands at different ambient conditions and iffespectral resolution. Generally, the shape
as well as the absolute value of the absorption cross sedliepend on temperature and pressure. Most
important for our study are the absorption cross sectiond@f, O3, O4, H,O, OCIO, 10 and OIO.
An excellent overview of the availables@nd NG, absorption cross sections and their temperature and
pressure dependence is given by Orphal (2003).

The shape of the N£absorption cross section between 300 nm and 790 nm is a @atli& continuum
superimposed by a lot of differential structures which anesed by the high density of rovibronic energy
states close to the dissociation limit at about 400 nm. Tlaeeenumerous studies which investigate
the temperature dependence of the sN&bsorption cross section in the UV/visible, e. g. Davidson
et al. (1988); Harwood and Jones (1994); Harder et al. (19@)daele et al. (1998); Burrows et al.
(1998); Pfeilsticker et al. (1999); Voigt et al. (2002); \daele et al. (2003); Nizkorodov et al. (2004).
The general observation with decreasing temperature s the baseline and a large increase of the
differential cross section depending on the spectral néisol of the used instrument. The maxima of
the differential cross section become larger while the minbecome smaller. For a spectral resolution
of 0.54 nm the differential cross section at 448 nm increase®st linearly by 40% when temperature
decreases from 298 K to 200K (Pfeilsticker et al., 1999). oge#/00 nm the relative changes of the
differential cross section with temperature become smallEhe integrated cross section seems to
increase slightly with temperature. Observations of thesgure dependence of the N@bsorption
cross section are fewer in number, e. g. Harder et al. (198f)caele et al. (1998); Pfeilsticker et al.
(1999); Voigt et al. (2002); Vandaele et al. (2003). At veigthspectral resolution (0.00006 nm) the
observed changes with total pressures between 7 mbar andt&#Care as high as 40%, but negligible
(< 0.05%) at coarser spectral resolution (0.2 nm) (Harder. e1997; Pfeilsticker et al., 1999).

The O absorption cross section in the 240 nm to 790 nm spectrakrangsists of the Hartley band
(200 nm to 320 nm), the Huggins bands (300 nm to 390 nm), thei&ha band (380 nm to 800 nm),
and the Wulf bands (700 nm t8800 nm). Since in our study absorption of @ the Chappuis band
is of primary importance, we will restrict the discussionthat spectral range. A number of studies
by Bass and Paur (1985); Brion et al. (1998); Burkholder aaldKkdar (1994); Burrows et al. (1999);
Voigt et al. (2001) show very smalk{ 1%) or no change of the peak cross sections between 550 nm
and 650 nm for temperatures between 200K and 300K. The eliffid structure slightly increases
with decreasing temperature. Beyond the center region, below 550 nm and above 650 nm, the
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temperature dependence is strong but there is no quaritagreement between the available data sets
(Orphal, 2003). Besides an increase of the differentiadxs®ction, a shift towards shorter wavelength
is observed for the blue tail of the Chappuis band when teatper decreases. A pressure dependence
is not observed.

Osterkamp (1997) and Pfeilsticker et al. (2001) investidathe pressure and temperature dependence
of the O, collisional pair absorption cross section. The shape has beund independent of tem-
perature and pressure while the magnitude increased by 1166 wecreasing temperature by 50 K.
The H,O absorption cross section can be calculated for differeessures and temperatures from
spectral parameters tabulated in Rothman et al. (2005)ight $pectral resolution the temperature and
pressure dependence is strong, but decreases with degeesolution. As for our measurementsQH
absorption plays a minor role, the dependence of the alisorptoss section on ambient parameters is
of minor importance. The cross section of OCIO exhibits smvabsorption bands with an underlying
broad continuum. The continuum decreases with decreasimgdrature, while the differential part
becomes larger and the peak cross section increases (Wethakr 1987; Kromminga et al., 2003).
The 10 absorption cross section consists of a broad cominand a superimposed band structure as
studied by Laszlo et al. (1995), Harwood et al. (1997), Hdwds and Zellner (2000), H6nninger (1999),
Gomez Martin et al. (2005), Spietz et al. (2005) and Dillorale{2005). Some studies found that the
differential absorption cross section is independant ofperature which is in contrast to Bloss et al.
(2001) who found a detectable temperature dependence. Thealsorption cross section has been
studied by Himmelmann et al. (1996); Cox et al. (1999); Imghet al. (2000); Allan et al. (2001);
Spietz et al. (2005); Gomez Martin et al. (2005). But no assest on the temperature and pressure
dependence is available.

Molecular absorption detected in each spectrum is a corngpos$iabsorption in several atmospheric
layers with different temperatures and pressures. Sire@ithssure dependence of the cross sections
of all relevant species is found negligible at our spectesotution, only temperature dependences
are considered here. The temperature dependence of thetitrsa@ross sections can be accounted
for in the model function by using several cross sectionshef $ame species recorded at different
temperatures. In order to reduce the inter-dependenceebatthe cross sections of the same species, it
proves worthwhile to orthogonalize them with respect tcheaiber (Fayt and van Roozendael, 2001).
However, this approach is only useful if the absorption ef¢bnsidered species has to be removed from
the spectrum in order to detect underlying absorbing specie

The retrieval of the actual SCDs of an absorber with tempegatlependent cross section is more
difficult. In our studies, a correction for the temperatuspendence of the absorption cross section
is only necessary for NO The O retrieval is performed in the center of the Chappuis bandrevhe
negligible temperature dependence of thedibss section is observed. The retrievals of 10 and OIO
aim at estimating an upper limit of the abundances or at algessetection close to the detection limit
and hence temperature and pressure dependences areicalt fagtors. Orphal (2003) suggests several
methods to account for the temperature dependence of theab€drption cross section by interpolation
to the actual temperature of the measurement. Our appreadmiiar.

Assuming a layered atmosphere withayersk each with constant temperatufg and constant N®
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Figure 3.4:Panel a): NQ absorption cross section in the M@etrieval range between 435nm and 485 nm for
T=217K (black), T=230K (blue), T=238K (green) and T=294 Kufple). The absorption cross sections were
measured in the laboratory by the DOAS spectrograph anddtalconvolved cross sections taken from Harder
et al. (1997). Panel b): NOSCDs as a function of time inferred from measurements dallpon ascent at
Teresina in June 2005 using the absorption cross sectiomsish panel a). The SCDs corresponding to T=217 K
(black stars), T=230K (blue circles), T=238K (green trilmsy and T=294 K (purple diamonds) are the basis for
the interpolation to the effective temperature (gray lifid)e temperature corrected NSCDs are shown as open
red boxes. For better visibility only every fifth measuremisrshown. Panel c): Same as panel b) but for solar
occultation measurements.

concentratiom,, each spectrum can be characterized by an effective tetnpeia;; defined through

S Ky Ty
Z£:1 Ky ny

K}, is the air mass factor in layet corresponding to the line-of-sight of the considered spect i.

e. the ratio of the slant path through layerto the thickness of layek. T¢.;; is the mean absorber

concentration weighted temperature along the line-dftsiglemperature as a function of altitude is
taken from the meteorological support data of the balloaghflior from meteorological model data.

The NO, concentration profile can be taken from a first evaluatiorhefrheasured spectra where the
temperature dependence of the cross section is neglecteegn @e effective absorber temperature
T,y for each spectrum, the spectral retrieval is performedraétienes with cross sections recorded at
different temperatures. The temperature corrected SCDgfcan be retrieved by linear interpolation

to the effective temperatufg ;. If necessary the procedure can be employed iterativelgpkacingn;,

T = (3.22)
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by the NG, profile retrieved in the previous step of temperature ctioecFigure 3.4 shows an example

of the temperature correction for the NGCDs retrieved from measurements at Teresina in June 2005.
The absorption cross sections used for the spectral retfi@ve been measured in the laboratory by the
DOAS spectrograph and are scaled to convolved cross sedtiérn from Harder et al. (1997). (The
corresponding temperatures are T=217 K, T=230K, T=238 Klan@94 K.)

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

Again, the goal is to find a model functidh corresponding to equation (3.7) that models the observed
spectra in the infrared wavelength range as accuratelyssiigpe and to retrieve the SCDs of the absorb-
ing species. In the IR spectral range approximations whiolwdor the linearization of Beer-Lambert’s
law are not applicable since the optical densities of marspadtion lines are larger(> 1). Further,
the correct representation of the temperature and predgypendence of line strength, line shape and
consequently the molecular absorption cross sectiongiequ2.34)) is essential.

The LPMA FT-IR measures interferograms, i. e. the intensitiyvo interfering light beams as a function
of the path difference. Spectra, i. e. intensity as a functibwavelength or wavenumber, can be ob-
tained by Fourier transformation of the interferogramsiffirs and de Haseth, 1986; Jeseck, 1996). In
our discussion below, we assume that the Fourier transt@mhbas been carried out and that intensity
is given as a function of wavenumber. Wavenumbet % is commonly used in IR retrievals since
the sampling of spectra measured by a Fourier transformfénteneter occurs naturally at equidistant
wavenumbers.

The LPMA model function

The general approach is to construct a model funchowhich corresponds directly to the observed
spectrum (equation (3.5)). According to equations (3.8Qugh (3.5), this approach requires to model
the light path, the optical density along the light patfr), the TOA solar irradiancd,(v) and the
instrument functiory(v) (Payan, 1996; Dufour, 2005).

Tracing the light path

Following the explanations in section 3.1.4, each spectneasured during a balloon flight corresponds
to a unique line-of-sight from the detector to the Sun. Wliie position of the balloon is known
accurately from the onboard GPS sensors, the position oStheis tabulated by ephemerides. The
refractive index is calculated from temperature and presslata measured by the sensors aboard
the LPMA/DOAS gondola or by radiosondes launched temppratid spatially close to the balloon
launch. For high altitudes atmospheric model data (ECMWEI$490) are used. The raytracing
software considers refraction and the spherical geométtigeoatmosphere. The atmosphere between
ground-level and 120 km altitude is divided into 56 layersheaith constant temperature and pressure.
The actual light path is calculated iteratively with the-tefracted’ light path as initial guess.

Optical density along the light path
The optical density along the line-of-sight is given by dipra (3.2). Since in the IR spectral range
Rayleigh and Mie scattering are very weak and exhibit vepatirspectral structures, extinction due to
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scattering is neglected when calculating the optical deraong the line-of-sight. Possible residual
extinction due to scattering is accounted for by adjustimg modeled TOA solar irradiance. The
line-of-sight is divided into a finite number of discrete malents according to the layered model of the
atmosphere described above. Assuming that the atmosphesists ofL concentric layerg each with
constant pressure and constant temperature, equatigrréads

L Sk+1
T(v) = Z i (v, Tk, pr) / n; ds, (3.23)
, Sk

whereT}, andpy are effective temperature and effective pressure in layfined through

f;:“ x(8) Nair(s) ds

Jor nair(s)ds

with z = T, p. The number density of air moleculas;, is calculated from the ambient temperature and
pressure data. The molecular absorption cross sectiormai@dated via equation (2.34) corresponding
to the calculated effective temperature and pressure. @atae strength, line shape and their tem-
perature and pressure dependence are taken from the HITR&Kake (Rothman et al., 2005). From
equation (3.23) the slant column density of absorber fyipdayer k& can be defined through

(3.24)

T —

Sk+1
SCl)Z’Jg :/ nids. (325)

Sk

The total slant column density of absorhkés given by

L
SCD; = Y SCD; (3.26)
k=1

and the optical density can be written

N L
=3 Y 0i(v, T, pi) SCDy g (3.27)
i=1 k=1

The TOA solar irradiance

In a small spectral range the TOA solar irradiadgean be modeled by a polynomi&(v, po, . .., par)

of degreeM (M < 4). Solar Fraunhofer lines play a minor role in the IR, sincestraf the micro-
windows used for the spectral retrieval are free of solaogii®n lines. If there are any Fraunhofer
lines present, they are identified, modeled individuallgl eatluded as auxiliary parameters in the model
function. The TOA solar irradiance as actually measureby.PMA instrument is not constant during
a balloon flight, since the gain of the detector electroniathe optical alignment of the sun-tracker are
adjusted several times to yield a maximum of the detecteat8fy In addition, broadband extinction

adjustments of the sun-tracker optics affect also the spateasured in the UV/visible. However, the field-of-view of
the DOAS spectrographs is much larger than the apparenofike solar disk and small changes of the sun-tracker akgnm
should only shift the position of the Sun within the fieldyxoéw of the DOAS instruments. Indeed, it is found that thectze
in the visible recorded by the DOAS spectrograph are nottte Spectra in the UV show small changes of the instrument’
response which are attributable to re-alignments of thetiaaker optics (Dorf, 2005).
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due to scattering, which has been neglected in the caloolati the optical density but might occur
to a detectable degree in the lower atmosphere, can be dedofor by choosing the polynomial
appropriately.

Instrumental line shape

The instrument functiog () cannot be obtained by measuring atomic emission linese sirewidth of
the emission lines is comparable to the widthy6f). During a balloon flight, the instrument function
might even be subject to small changes. Therefgfe) is described by a composite of two functions,

() = q1(v) + g2(v —dy)
Jlo1(v) + go(v — dv)] dv
whereg, is a sine cardinal, shortly sinc, with an overlaid exporardiecay andy; is the weighted sum
of a Lorentzian and a Gaussian displacedibyvavenumbers with respect to the sinc function,

(3.28)

) = b % exp [— my (’V’ - i)} ; (3.29)
2
14 1 - mo
g2(v) = by | moexp <— (—> ln2> + —=. (3.30)
2 2 2 = . <%>2

The parameters; andb, represent the relative amplitudesgfv) andgs(v), A is the maximum path
difference of the interfering light beartts m; represents the attenuation coefficient which is set to zero
for [v| < 5k, mo represents the relative weight of the Lorentzian and thes@an ings(v) andr, is

the corresponding HWHM. Accordingly, the model of the ingtient function is given as an explicit
function of the parameters listed abovéy, by, by, A, m1, mo, r9,d;). The sinc functiory; (v) models

the instrumental line shape of a perfect FT-IR with finiteicgdtpath difference where no apodization
is applied to the measured spectra. The functigfv) accounts for small misalignments of the optics
which e. g. render the instrumental line shape asymmetriifi{@s and de Haseth, 1986; Jeseck, 1996).

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

0o L
F(v) = / PV po,...,pn) exp ( Zazz oi(V, Ty, pr) SCD; k) g(V' —dy—v)dv. (3.31)
- k=1

The state vectok of parameters to be retrieved consists of the polynomiafficamnts p,, (m =
0,..., M), the parameters of the instrument function, the scaliotpfaa; (i = 1, ..., N), and a spectral
shift parameteds,, that accounts for spectral misalignments due to smakhtiaris of the wavenumber of
the alignment laser. In contrast to the DOAS retrievaldhdo not correspond to th€C D; themselves
but are scaling factors for ampriori guess of thesC D; ;2. The auxiliary parameterls comprise the
molecular absorption cross sections dependent on terapei@id pressure and, if necessary, a spectrum
of solar Fraunhofer lines. The measurement vegtisrthe measured spectrum itself.

I our retrieval software\ is replaced by the FWHM of the sinc function given %ﬁg—?.

2In our retrieval software tha priori guess ofSC'D; . is constructed from am priori guess of the volume mixing ratio
profile of absorbei. The scaling factou; scales the entire volume mixing ratio profile. For detailgtma priori calculation
of SCD; i, see Dufour (2005).
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Solution of the inverse problem

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

2= W—1V—1 f: (yn _efn(X)>2 _ W—1V—1 f: (I*(n); F(”)>2 (3.32)

n=1 n=1

is minimized, wheré¥V is the number of spectral elements used for the retrievallatiste number of
retrieved parameters, i. e. the dimensiorxof

Since the LPMA model function is non-linear in the fitting aareters a Levenberg-Marquardt
algorithm is used to solve the inverse problem, equatiod2)3. The algorithm combines the steepest
gradient and a 2nd order expansion method. The Levenbergudadt method is maodified to include
an additional constraint on the retrieval Ayriori knowledge of the parameters, i.e. the retrieval does
not search to minimizg? but

1% 2
T — Zg
2+ <7l€ ’l> , (3.33)
=1 a,l

wherez,; is thea priori knowledge of parameter; ande,; is the error estimate of thepriori. The
additional constraint prevents the fitting algorithm fromding solutions corresponding to a local min-
imum of x? which have no physical meaning. The relative weight of ah@riori with respect to the
measurements is governed by the relative magnitude of tlsumement error and theepriori error.
The dependence of the retrieved fitting parameters oa pineori is checked by calling another iteration
of the fit with the retrieved parametersagriori. If there is a significant dependence, the iteration can be
repeated until the change of the retrieved parameters Wihginga priori is negligible. But typically,

the dependence on tlagriori is small and a single iteration is sufficient. The fitting altfon has been
implemented by Payan (1996) and is extensively describa thnd in Dufour (2005).

Error treatment

Retrieval theory (Rodgers, 2000) states four sources a@fr exssociated with equation (3.7). The
retrieved parameters are affected by retrieval noise duadasurement error, errors of the auxiliary
parameters, errors due to correlations of the retrievaarpaters and errors of the model function
(Rodgers, 2000). The latter contribution and possibleemtions 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 folhi Besides the detector noise, which
depends on the sensitivity and the area of the detector geiserated from the optical and mechanical
setup, e. g. by non-constant speed of the moving mirror, aigkroriginating from the read-out and
digitalization electronics are important. The use of agtand numerical filters, which limit the recorded
spectral range, reduces noise by cutting contributions fumused spectral regions. Jeseck (1996)
experimentally investigated the signal-to-noise rati@ FMA spectra recorded during three of the first
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balloon flights of the LPMA instrument. Typically, the sidgria-noise ratio of the spectral regions
covered by the HgCdTe detector (see Table 3.2) is of the ofdsmveral 18 for spectra recorded during
balloon float and close to 2@or spectra recorded in solar occultation where the oveigiial is weaker.
The signal-to-noise ratios of the spectral regions covénedhe InSb detector (see Table 3.2) show
similar values but sometimes exceed i@ spectra measured during balloon float.

Similar to the DOAS retrieval the measurement error is regmeed by the standard deviations of
the retrieved parameters given by the fitting routine. SiheeIR spectra originate from the Fourier
transform of the recorded interferograms, there are ndisg@tements which anger seinter-dependent.

Auxiliary parameter error

The errors of the absorption line parameters and their pressnd temperature dependence contribute
to the auxiliary parameter error. The line parameters,line.strength and shape according to ambient
pressure and temperature, are taken from the HITRAN 200dtre;gseopic database (Rothman et al.,
2005) where also the associated errors are tabulated. BM@GJ the absorption cross section and the
corresponding error is taken from (Wagner and Birk, 2003).

The impact of errors of the ambient temperature and presiieeis estimated by sensitivity runs. The
stated errors of the onboard temperature and pressuresane®.2 K and 0.5 mbar, respectively (Dorf,
2005). When the entire pressure and temperature profileisged according to these uncertainties, the
sensitivity of all absorber SCDs is smaller than 1%. Howether actual impact depends strongly on the
species and the line-of-sight of the considered spectrumrizbhtal variations of the meteorological
data are not considered. Hence the actual error due to aitars of these parameters might be larger.
The geographical position of the balloon and the Sun are knmsy accurately. The relative position of
the Sun with respect to a terrestrial observer is tabulageal fanction of time, latitude and longitude in
the ephemerides. The accuracy of the GPS instrumentatigpically +25 m in horizontal andt78 m

in vertical direction. The combination of several GPS slig@ad altitude data calculated from pressure
and temperature improves the accuracy of the knowledgeepdkition of the balloon. The timing of
the measurements is precise to within some seconds. Howkeees is an offset between GPS time and
universal time of about -13 s (in 2005) which has to be comeuleln addition, it is not obvious which
measurement time has to be assigned to the LPMA interfarsysince a single mirror scan takes 50 s.
Here, the time of zero path difference25 s is attributed to the corresponding forward and reverse
spectra.

Error due to correlations of the retrieval parameters

Correlations between the retrieval parameters are imagsti by (Dufour, 2005) in analogy to what
is done for the DOAS retrieval. Initially, sizeable cortédas have been found between the scaling
factors of the absorber SCDs and the parameters of theimsttufunction. These correlations could be
largely removed by introducing the multifit retrieval whipkrforms the LPMA retrieval simultaneously
in several microwindows. The multifit retrieval is discugse detail in section 3.2.4. Using the new
retrieval, essentially no correlations occur between #tdeval parameters which directly translates
into a significantly improved agreement between LPMA and [3@ta. Hence, the correlation error is
neglected.




3.2. SPECTRAL RETRIEVAL OF TRACE GAS ABUNDANCES 83

3.2.4 Corrections and shortcomings of the LPMA model funcin

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

Correction to the line-of-sight

When tracing the ray of the light from the Sun to the ballodre LPMA retrieval assumes that the
sun-tracker adjusts the pointing of the instrument to threereof the Sun. In solar occultation the light
path in the Earth’s atmosphere becomes very long and dudraztion the image of the Sun used by
the sun-tracker to control the pointing becomes elliptic.atidition, extinction for light coming from
the upper edge of the Sun is smaller than for light from theeloedge and the barycenter of the solar
intensity shifts upward on the solar disk as already mentioim the discussion of the impact of the
center-to-limb darkening effect on the DOAS retrieval. Asbasequence the light path calculated from
the balloon to the center of the solar disk is longer thanrtensity weighted average light path through
the atmosphere. Accordingly, the inferred absorber SCBgsar small. Especially for absorbers that
exhibit large abundances at low altitudes, e. g4@Hd N,O, it is important to correct the line-of-sight
in order to avoid a significant underestimation of their @mtcation profile (Dufour, 2005).

The lines-of-sight can be corrected by choosing an absavhese atmospheric abundance is known
and by subsequently adjusting the line-of-sight in a way tha retrieval yields the priori known
absorber SCD. Cfhas a well known mixing ratio throughout the atmospherenfitee known vertical
profile ana priori CO, SCD is calculated for each spectrum according to the ihit@ddgtermined lines-
of-sight. Then, the spectral retrieval is performed forsalectra measured during the balloon flight and
the scaling factoraco, are retrieved according to equation (3.31). If the linesight are correct, the
aco, are constant and approximately equal to 1 for all spectra.sthling factors retrieved from spectra
measured during sunset or sunrise are commonly smallettibaa retrieved from balloon ascent or float
measurements indicating slightly erroneous lines-dfitsig solar occultation. Hence, the lines-of-sight
are recalculated by shifting the light path upward on tharsdisk. A new set of scaling factotg o,

is retrieved corresponding to the new lines-of-sight. Ti@cedure is iterated until the retrieved scaling
factors are constant for all spectra measured during adralliight and the calculated lines-of-sight
correspond to the true observation geometry.

Etalon structure

Jeseck (1996) identified a sinusoidal pattern on top of tiselvee of LPMA spectra. The observed
feature occurs for both detectors and its magnitude depmmtise spectral region. Its origin are multiple
etalon-like reflections in the optics which guide the radiatinto the detector. For our purposes, the
long-wave region of the HgCdTe detector (see table 3.2¥éstfd which hinders the retrieval of HNO
and CIONQ. The observed wavenumber of the sinusoidal pattern is abdwanm! and its amplitude

is about 2% of the baseline. An example is shown in panel apofédi3.5.

Since the etalon-structures are approximately constasyéntral position and magnitude for all spectra
during a balloon flight, they can be corrected by adding a ns@ausoidal pattern to the modeled TOA
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Figure 3.5: Panel a): Measured (black) and modeled (red) spectrum utithialon correction in the spectral
range of the HN@ retrieval. The spectrum is recorded at 18:13 UT on Aug. 20,12@uring balloon float above
Kiruna. Panel b): Residual structures (gray boxes) intefrem a spectral retrieval without etalon correction of
the float spectra measured at Kiruna on Aug. 21, 2001. The blpek boxes are the residuals used for the fit of
the Fourier polynomial, which is shown as solid red line. Vietical dotted lines represent the boundaries of the
HNO; retrieval window. Panel c): The same measured (black) sppacas in panel a). The modeled spectrum
(red) is retrieved with etalon correction. The absorptieatfire at about 906.6 cm is a solar Fraunhofer line.

Iy polynomial. The mean pattern is determined separatelylifspactral windows subject to correction.
First the spectral retrieval is performed on an ensemblecatt ffpectra without applying the etalon
correction. The obtained residual structures are govebyethe sinusoidal pattern. If there are any
absorption structures left in the residual they are remdwetiand. The ensemble of residuals is then
used to determine the coefficients of a Fourier expansionlimear least squares fit, i. e. the residuals
R(n) = I*(n) — F(n) are fitted by a Fourier polynomidtr which yields the mean sinusoidal pattern,

10
Pp(n,si,...,810,C1,---,C10) = Z [Sm sin(mn) + ¢, cos(mn)]. (3.34)
m=1
When determiningPr(n, s1, ..., s10,¢1,---,C10), it IS important to choose a spectral range which is

larger than the retrieval range to avoid border effects tipg the retrieval (see figure 3.5 panel b)).
The choice of the order of the Fourier expansion dependserethieval range and is based on a trade-
off between accurate representation of the sinusoidatwattnd smoothing over high frequency noise,
but is somewhat arbitrary set to 10 in our case. The etalorciion is illustrated in panel b) of figure
3.5. The mean sinusoidal pattef (n, s1, ..., s10,c1, - . ., c19) IS then added to the TOA polynomial
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P(n,po,...,pn) inthe spectral range considered for correction. Subselyudre spectral retrieval can
be performed for all spectra with etalon-corrected basaimshown for an example in panel c) of figure
3.5.

Instrumental line shape

The instrumental line shape of the LPMA FT-IR is modeled aditg to equation (3.28) and (3.29).
Commonly, the parameters of the modeled instrumental li@oes are retrieved in various test runs
from spectra recorded during balloon float. Then they aré¢ fegd for the whole balloon flight. Float
spectra are used to determine the parameters, since theehiog of atmospheric absorption lines is
very small at low pressure and the absorption lines are veglaated. The instrumental line shape
parameters are determined separately for the four speetiiains covered by the two detectors (see table
3.2). The retrieval of CION@is performed close to the longwave border of the spectrabneghich

is covered by the HgCdTe detector at about 780 twhere the attenuating effect of the optical filter
is clearly observable. Therefore, the instrumental lingpshis determined separately for the CIONO
microwindow. During some of the more recent measuremenpa#gns, the instrumental line shape is
tested before the actual balloon flight by on ground measemésrof absorption due to OCS which has
been filled into a gas cell. If the instrumental line shap®isfi to be distorted, optical components can
be readjusted.

The instrumental line shape can change during a balloont tigbause of changes in the optical setup
that can be induced by mechanical deformations due to chgmgnbient pressure and temperateurén
principle, itis possible to determine the instrumenta liihape separately for each spectrum. In practice,
however, the retrieval of the parameters is difficult if aipsion lines overlap and their optical densities
are large. Various test runs show that it is most appropt@mtgetermine the instrumental line shape
from spectra with little absorption and to keep it fixed foe tlthole balloon flight. A possible change
of the instrumental line shape with wavenumber within tHeedént ranges covered by the detectors is
neglected.

It has to be pointed out that the determination of instrulelime shape is crucial for the retrieval
since the parameters can correlate with the scaling faofafse SCDs and errors impact all retrieved
parameters. Accordingly, much effort is put on the deteatim of the corresponding parameters which
is difficult if the instrumental line shape is heavily digex form a pure sinc function.

Multifit retrieval

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

3Due to the relatively simple optical and compact mecharseslip of the DOAS instrument, it is possible to shield the
DOAS instrument from mechanical deformations by keepingiuum sealed and temperature stabilized. The LPMA instru-
ment is vacuum sealed but not isolated from atmosphericeestyre changes.
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Figure 3.6:Panel a): Measured (black) and modeled (red) spectrum in8R26 cnt! range where the Qab-
sorption lines are relatively weak. The spectrum is recdm@teKiruna on Feb. 10, 1999, at a tangent height of
about 16 km. Panel b): Measured (black) and modeled (red}rspe in the standard ©Oretrieval range around
3040cnT! where the @ absorption lines become optically thick in solar occuttatiThe spectrum shown is the
same as in panel a). Panel c); 6CDs as a function of time retrieved from DOAS measureméitask boxes),
from LPMA measurements in the 3040 cirange (red triangles) and from LPMA measurements simubiaslg

in the 1820cm! and 3040 cm! range (blue triangles). The arrow indicates the spectrwwaslin panels a) and
b). For better visibility only every fifth DOAS measuremesntshown.

the parameters of the instrument function. This shortcgman be overcome by performing the spectral
retrieval simultaneously in all microwindows which is nefed to as multifit (Dufour, 2005). Correla-
tions between the retrieval parameters are minimized speeies which are secondary absorbers in a
microwindow show strong absorption in another microwindblence, the secondary absorption can be
fitted well only if the strong absorption and the instrumamtidtions in the different spectral ranges are
represented appropriately.

A further advantage of the multifit comes into play for solacatation measurements where the light
path through the atmosphere is long and some of the absoiptEs used for the spectral retrieval be-
come optically thick £ >> 1 at the line center), i. e. a change in the number of absorbiolgcules
along the line-of-sight results in almost no change of thigcapdensity at the center of the line. The
relative importance of the line wings increases and theitbatysof the retrieval of slant column abun-
dances of the respective absorber decreases. Since thfit mildtvs to fit several microwindows simul-
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taneously, the sensitivity of the retrieval can be incrdasg including a microwindow with optically
less thick absorption lines of the considered species.r€igb shows the effect for the example of an
ozone retrieval. The comparison with the independent DOABsurements shows that the inclusion
of a microwindow with weak ozone absorption improves theeagrent between the two measurements
significantly.

3.3 Retrieval of vertical trace gas profiles

The previous section discussed the retrieval of slant coldemsities from the measured spectra. SCDs
however depend on the observation geometry of the measnteand hence cannot be compared to
measurements conducted by satellite or ground basedrmestits. A more general representation of the
measured data are trace gas concentration profiles, ice.des concentration as a function of altitude.
In analogy to equation (3.7) a model can be setup which linksnheasurementg and the retrieval
parameters

y = F(x,b) + €. (3.35)

In contrast to section 3.2, the measurement vegtogpresents an ensemble of SCDs and the retrieval
vectorx is the concentration of the considered trace gas on the glaittide levels. The measurement
ensemble comprises all SCDs measured during balloon ascdaoting solar occultation. Accordingly,
its dimension is the number of considered SCsa(y) = m. The number of retrieval parameters is
equivalent to the number of altitude levelsn(x) = n. The model functiorF' models the observation
geometry, i. e. it describes the path of the light throughatimeosphere for each spectrum. The auxiliary
parameterd® are parameters which are not retrieved but necessary tol tihedéght path. In our casb

is given by pressure and temperature profiles which allowhieicalculation of the refractive index, time
and location of the measurements and the location of the Burdirect Sun observations the light path
does not depend on the trace gas profile to be retrieved bireis gy purely geometrical considerations.
Equation (3.35) can be written in linear form

y = K(b)x + €. (3.36)

The weighting function matri¥K(b) is anm x n matrix. Its coefficientk;; is the ratio of the slant
light path through altitude layef to the height of the altitude layer for the observation gewynef
spectrumi. K(b) is often called the air mass factor matrix and its coefficdi; the box air mass
factors.

The light path from the Sun to the balloon is calculated byrthetracing software DAMF (Schulte,
1996) which takes into account the spherical geometry oathmsphere and pressure and temperature
dependent refractidf. The atmosphere is divided in spherical layersj with constant pressure,
temperature and trace gas concentration where the layesimdpe chosen arbitrarily within reasonable
limits. The size of the solar disk can be taken into accountdigulating the weighting function matrix

¥The calculation of the light-path through the atmosphegdsis performed by the LPMA spectral retrieval software tisec
3.2.3). DAMF is a different software package developed attistitut fir Umweltphysik of the University of Heidelberghe
two programs are designed to accept the output either of iMA_or of the DOAS spectral retrievals as input. Since DAMF
was developed as a stand-alone software it was found easéefopt it to the formats of both retrievals. The lines-afhsi
calculated by both programs agree very well as has beerdtesten generating absolutely calibrated TOA solar irrackan
spectra (Gurlit et al., 2005; Lindner, 2005).
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for eight rays starting from different positions on the salésk. The rays represent equal areas of
the Sun and the effective weighting function matrix is altai by averaging over the eight individual
matrices.

In principle equations (3.35) and (3.36) pose the same @molds in section 3.2. Given the mea-
surementsy and the model functior' which relies on the auxiliary parameteks the state vector

x has to be found. Typically, the number of measurements getathan the number of retrieval
parameters which implies that either some measurementsoanmedependent or that the measurements
are inconsistent and no exact solution exists. If the measents were linearly related, the set of
linear equations (3.36) could be reduced tonar n problem and simple matrix inversion would give
x, = K, 'y, wherer indicates the reduced linearly independent set. In theepmesof measurement
error, however, the common case is inconsistency of the unements. Rodgers (2000) lists a variety
of methods how to retrieve the trace gas concentration prafilen the measurements are inconsistent
due to measurement error, i. a. the least-squares fittingadetemployed in section 3.2. Sections 3.3.1
and 3.3.2 discuss two alternate methods, truncated Singetdor Decomposition and thdaximum a
posteriori approach.

Averaging kernels

Before discussing the actual retrieval algorithms the ephof averaging kernels is introduced (Rodgers,
2000). In general, the trace gas concentration profile igeved by operating with an inverse methBd
on the measurements

X

R(y,Xa), (3.37)

wherex is the retrieved trace gas profile which is explicitly digtiished from the true trace gas profile
x. The vectorx, represents ang priori estimate ofk that is used by the retrieval method. The inverse
method can be expanded to first order abput F(x,) = K x,

OR
% = R(KxXa,Xa) + E(y — Kx,) = R(KxXa,Xa) + GyK(x — xa) + Gye, (3.38)
whereG, = %—5 is the contribution function matrix which characterizes gensitivity of the retrieval

method to the measurement and the measurement error. Th&IE x,, x,) evidently is equal to the
apriori x, since it represents the inverse of the measurements congisig to thea priori profile. The
averaging kernel matriA is defined as the sensitivity of the retrieval to the trueestat
ox
A=—""=0G,K. 3.39
0x y ( )

Accordingly, the relation between the true and retrievetkestequation (3.38), reads
X = Xa + A(xX—Xa) + Gye. (3.40)

A single row of the averaging kernel matrix is called the agang kernel of the corresponding retrieval
altitude. The averaging kernels can be used as diagno$tiess quality of the profile retrieval since they
guantify the contributions of all altitude levels of thedrtrace gas profile to the retrieved trace gas con-
centration of the considered altitude levels. Evidentiyaiperfect retrieval the averaging kernel matrix
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is the unit matrix since the retrieved profile is equivalenthe true profile. In a realistic retrieval, an
averaging kernel is a peaked function the widths of whichnigasure of altitude resolution. Commonly,
the FWHM of an averaging kernel is considered as the altitadelution of the retrieval at the respective
altitude level. It is important to distinguish betweentaltie resolution and the spacing of the retrieval
grid, since altitude resolution can be worse than the saimgliep for a fine retrieval grid. Further for a
reasonable retrieval, the sum of the elements of the avaydgirnel should be close to unity and can be
regarded as a measure of the fractional contribution of thasurement and tlgepriori to the retrieved
profile point.

Error treatment

As pointed out in section 3.2, the errors attributable tordtgeved parameters originate from retrieval
noise due to measurement error, errors of the auxiliarynpeters, errors of the model function and
correlations between the retrieved parameters. Sinceeveoaicerned with the retrieval of trace gas pro-
files, the latter is intuitively called smoothing error. Far purposes, only retrieval noise and smoothing
error are important. They can be illustrated by looking atdtiference between the retrieved statand
the true stat& according to equation (3.40),

X -x=(A-1)(x — Xa) + Gye. (3.41)

The first term on the right side represents the smoothing.elmeanalogy to equation (3.18), it can be
quantified by the smoothing error covariance ma8ix= (A — 1) S, (A — 1)7. S, is thea priori
covariance matrix which, in our case, is chosen diagondl that the elements are the variances ofahe
priori trace gas concentrations. The second term in equation)({3.dlie to measurement error and can
be represented by the retrieval noise covaridige= Gy S. Gy’ , whereS, is the measurement error
covariance. Assuming that the measurements are indepeiiaa a diagonal matrix with the squares
of the SCD errors as elements. The total covariance of thievet profiIeS is the sum ofSg andS,,,.
The explicit representation of the covariance matricessisugsed together with the retrieval algorithms.
Auxiliary parameter and model error are neglected, sindb bbthem are considered small or hardly
guantifiable. The auxiliary parameters which represenptistion and time of the balloon borne mea-
surements and the relative position of the Sun are knownaezyrately from GPS instrumentation and
tabulated ephemerides, respectively (see section 3Rx83sure and temperature data for the calculation
of the refractive index are taken from measurements by seadoard the LPMA/DOAS gondola (accu-
racy of £0.5 mbar andt0.2 K) and from model data for high altitudes. Errors of the lhoésight due to
the errors of the temperature and pressure data are négligilsystematic shortcoming is the assump-
tion that the intensity maximum of the Sun always coincidéh the center of the solar disk which is not
true for solar occultation measurements (see section2 &rizl 3.2.4). Further, a possible contribution
of scattered light is not considered by the model functioothBshortcomings might be sources of errors
in deep solar occultation and result in an altitude offsahefretrieved trace gas profile which, however,
is directed in opposite direction for both effects. A coti@t of these deficiencies must be subject of
a future update of the retrieval software. It has to be enipbddhat the model function for the direct
Sun measurements presented here does not rely on atmaspaerineters except for temperature and
pressure but results from purely geometrical consideratio



90 CHAPTER 3. THE LPMA/DOAS EXPERIMENT

3.3.1 Truncated Singular Vector Decomposition

According to the theory of Singular Vector DecompositiovV[5 (Press et al., 1988; Rodgers, 2000), an
arbitrary non square matriK (m x n) can be written as the product of an orthogépah x n matrix
U, an diagonah x n matrix A and an orthogonat x n matrix V"7,

K =UAVT, (3.42)

The matricedJ and V" are constructed from the singular vectorddfwhile A is the diagonal matrix
of the corresponding singular valugs. Since(VA~'U7T) (UAVT) = 1, K* = VA~!'U7 can be
considered as the pseudo-invers@&oénd equation (3.36) can be solved by the retrieval

% =Kiy = ViAy 'UT y. (3.43)

The subscriptt indicates truncation, i. e. only the largest singular valaad corresponding singular
vectors are retained. The inverses of singular values wdrietequal to zero or smaller than a threshold
are discarded. Commonly, the threshold is chosen in termsraximum condition number which is the
ratio of the largest to the smallest non-zero singular vaRewriting equation (3.43),

X = VtAtilUtT (KX + 6) = Vt VtTX + VtAtilUtT €, (344)

illustrates that small singular values produce large dautions to the retrieved state from measurement
error and render the retrieved profile unrealistic. Hensea aule-of-thumb for truncation, the inverse
of those singular values should be set to zero which congibuore to the error than to the actual
profile (Rodgers, 2000). As can be shown (Press et al., 1988)cated singular vector decomposition
always yields the best solution of the problem in a least sgusens¥. It is interesting to note that the
averaging kernel matrix of the truncated SVD retrieval igegiby A = V; V7, which is not the unit
matrix after truncation. In other words, truncation is al&@ff between dropping contributions from
measurement error and adjusting the altitude resolutiothefretrieval to the resolution of the actual
observation.

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

~

S = Sm = (ViA: TUT) S (VA TUT) T, (3.45)

Equation (3.45) corresponds to Gaussian error propagefitihe SCD errors into the retrieved profile.
The actual error bars attributed to the retrieved profiletheesquare roots of the variancesfi. e.

\/ Sk
151f W is orthogonal, theWW? W = 1.

18|n section 3.2.1 the DOAS retrieval has been described asbioation of a linear and a non-linear least squares fitting
method. The algorithm actually implemented to find the liredutions is a singular value decomposition method.
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Truncated SVD is predominantly used for comparison with stendard retrieval, thdMaximum a
posteriori algorithm. Since truncated SVD does not use an exmigtiori profile it can be used to
check the influence of potentialpriori information used by other techniques. The somewhat arbitra
choice of the truncation threshold, however, has to be densd as kind ofa priori information
impacting also the truncated SVD retrieval. In additiore thck ofa priori information can induce
unrealistic oscillations of the retrieved trace gas prdfilaltitudes where only a few measurements
contribute and whera priori knowledge would help to keep the retrieved profile realistic

3.3.2 Maximum a posteriori solution

The Maximum a posteriori solution (MAP) to equation (3.35) is based on the Bayesigagzh which
relies on the probability density functions of the involvgalantitiesy, x andx,. Assuming that all the
probability density functions are Gaussian, the expeamtataluex of the retrieved profile is given by

£ = (KIS TTK+S, H YKT'S 1y +Satxa). (3.46)
The associated covarianSereads
S =(KTS. 'K +s, )™ (3.47)
and the averaging kernel matrX is given by
A =SKTS.'K. (3.48)

A detailed derivation of equations (3.46) through (3.48) ba found in Rodgers (1976, 2000).

The MAP solution according to equation (3.46) representemhted average between the measured
SCDs and thea priori knowledge of the trace gas profile. The weight of the measangsris charac-
terized by the observation geomefl§f and the measurement error covariaiszewhile the weight of
thea priori information is determined by its covarian8g. If the latter is large, the priori will have
only little impact on the retrieved profile. As pointed oubab, in our retrievab, is assumed diagonal.
The absolute value of the variancesSyf can be taken from climatologies of the trace gas profile under
investigation. Often truly statistical climatologies whiare not impacted by systematic effects, e. g.
uncorrected temporal or latitudinal dependences, are vaitable. Therefore, in our retrievals, the
elements ofS, are chosen to be large such that the retrieved profile is ectafi by thea priori in

the core altitude range between the lowest tangent heigivesred and balloon float altitude. At the
boundaries of this range where only very few measuremenmisilbote or where the weighting functions
are unfavorable for retrieving profile information, thepriori has significant impact on the retrieved
profile. Thea priori profile x, itself is either taken from climatologies or from output d3-® chemical
transport model (Chipperfield, 1999).

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

When comparing trace gas profiles retrieved by differentumsents and retrieval algorithms, care has to
be taken to compare the same quantities. Since every @tisesharacterized by its own averaging ker-
nel matrix which in turn depends on the weighting functiond the involved measurement aagriori
covariances, trace gas profiles inferred from differentrimsents will differ in the degree of smoothing
and the attributed error bars. The differing degree of shingtcan be accounted for by degrading the
altitude resolution of the high-resolution measuremetihéodower resolution of the comparison data set
(Connor et al., 1994; Rodgers and Connor, 2003; Hendrick ,2@04). Assuming thagy, is the high-
resolution retrieval performed on the same low-resoluéltitude grid as the low-resolution retrie\&y,

the latter can be considered as a smoothed state of the fdrtherhigh-resolution retrieval exhibits an
averaging kernel matrix which is approximately equal touhi matrix. In analogy to equation (3.40) a
smoothed stat&, ;, of the high-resolution retrieval is given by

)h(s’h = Xa + A (f(h — Xa), (349)

whereA is the averaging kernel matrix of the low-resolution retaleandx, is thea priori simultane-
ously used for both retrievals. The smoothed sfatg is the trace gas profile which the low-resolution
retrieval should give if the high-resolution retrieval wae true state and the only source of error was
smoothing error. Whenever smoothed profiles are shown énstiidy they are generated according to
equation (3.49).

The degree of smoothing can be quantified by a covarianceixn@if which gives an estimate
of the error due to comparing retrievals from different instents,

Sr = (An — A})Sa(An — A7, (3.50)

where Ay, is the averaging kernel matrix of the high-resolution estal on the low-resolution altitude
grid (Rodgers, 2000). Further on, the square roots of tHavess oSy will be called altitude resolution
error.

3.3.4 Langley’s method

The DOAS spectral retrieval (section 3.2.1) uses a pseu@d-3olar Iy spectrum which is recorded
by the DOAS spectrograph at high altitude and relativeiyhHsgin, typically during the beginning of
balloon float. This pseudo-TOA spectrum contains residasbgption by trace gases in the overhead air
mass. Accordingly, the absolute SCPsan be written as the sum of SCP5retrieved with respect to
the pseudo-TOA spectrum and the residual absorber SCD gfthedo-TOA spectruny,

y =Y + v. (3.51)

Before profile retrieval can be performed the SGDgiven by the spectral retrieval have to be converted
to absolute SCDy. The so-called Fraunhofer offsgg 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 Q (left panel) and N@ (right panel) measurements conducted during balloon float
at Aire sur I’Adour in October 2003. The data points are shawiblack boxes. The red line represents a straight
line fit to all data points for which SZA86°. The Fraunhofer offsej, is inferred from the straight line fit where
the stated errors correspond to the statistical errorseofith The horizontal black line indicates SZA=86For
large air masses the impact of photochemistry on the Néhgley plot is clearly visible as curvature.

In the following we consider only spectra recorded durindldoa float. Since the weighting
functions are zero below balloon float altitude, the lowestsidered altitude layer= 1 corresponds to
balloon altitude. The air masg,;, for such an ensemble of spectra is given by

Yair = KXair, (352)

wherex,;, is the concentration of air in the considered altitude layehnich is known from the meteo-
rological support data set. The SCDs obtained from the sgleetrieval are given by

y' = Kx — g (3.53)

Equations (3.52) and (3.53) can be written omitting matatation
Yiair = ZKZ‘j Tair,j (3.54)
j=1

and .
y; = ZKZ']' zj — Yo- (3.55)
=1
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Assuming that the weighting functions are independent titide for all considered layers, equations
(3.54) and (3.55) can be simplified

n n
Yiair = Kij Y Tairj, yi = Kij Yz — o (3.56)
= =1

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

w €T
v = %y - Y. (3.57)
Under the assumption that the absorber as well as the aientation do not change for all considered
spectra e. g. due to photochemistry or horizontal inhomeigies, equation (3.57) can be used to infer
yo by plotting the retrieved SCDg against the corresponding air masggs,;. A straight line fit yields
the Fraunhofer offse, at zero air mass. Figure 3.7 illustrates the Langley plotdgrand NG, for
DOAS measurements during balloon float at Aire sur I’Adou®ictober 2003.

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



Chapter 4

LPMA/DOAS inter-comparison of O3 and
NO, abundances

The instrumental setup of the LPMA/DOAS experiment alloasrheasuring solar absorption spectra
simultaneously over virtually the entire spectral rangafithe UV to the mid-IR. The instrumentation
and retrieval algorithms are inherently different but thme$-of-sight are the same for the LPMA and
the DOAS spectrometers. Thus, the setup provides a sttibggrscenario for instrumentation, retrieval
techniques, spectroscopic and ambient parameters by cmgsamultaneously retrieved parameters.
Here, the abundances of;@nd NG are chosen as basis for the comparison. An overview of the
spectral retrievals in the various wavelength ranges isrgand the inferred slant column densities of
O3 and NG are compared and discussed with respect to precision anmlaagcof the instruments.
Finally, the corresponding vertical profiles are analyzegharding altitude resolution and implications
for comparison studies with other instruments.

4.1 Spectral retrieval and comparison of slant column densies of O; and
NO,

The algorithms for the spectral retrieval of SCDs from apgon spectra measured by the DOAS and
the LPMA instruments are described in sections 3.2.1 an@.3tere, details of the retrieval ofs@nd
NO are given. Subsequently, the corresponding SCDs inferced DOAS and LPMA measurements
are compared.

4.1.1 DOAS retrieval

The spectral retrieval of 9and NG, from DOAS spectra follows the recommendations given by Bdsc
(2002). The standard retrieval ranges are covered by the D€#ectrograph which is sensitive to
the visible wavelength range. In principles@nd NG, absorb also in the wavelength range of the
DOAS spectrograph which is sensitive to the UV. However, gpectral retrieval of @in the UV is

cumbersome due to the strong temperature dependence of #ims@rption cross section in the Huggins

95
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Table 4.1: Characteristics of the DOAS retrieval of @&hd NG,.

Species: | | O3 | NO9

Instrument: vis vis

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

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

Interfering species: NO3 at T=223K (Voigt et al., 2002)| O3 at T=223K (Voigt et al., 2001)

NO; at T=246 K (Voigt et al., 2002)| Os at T=246 K (Voigt et al., 2001)
04 (Hermans et al., 1999) 04 (Hermans et al., 1999)
H20 (Rothman et al., 2003) (H20 (Rothman et al., 2003))

Broadband polynomial: 3rd order 4th order

Straylight correction: 1st order 1st order

Temperature correction no Interpolation based on
T=217K, T=230K,
T=238K, T=294K

bands which results in a spectral shift of the absorptiotufea with changing temperature. For NO
test retrievals are performed in the 362 nm to 390 nm wavéheramge exploiting the same absorption
band as in the visible range. Typically, the precision oféteieved SCDs is inferior compared to the
precision of those inferred from the visible wavelengthgenSince no additional information is gained
on the accuracy of the spectroscopic parameters and ataéyorithms and due to the considerable
effort for data analysis, only 9and NG, SCDs inferred from the visible spectral range are presented
A summary of the involved parameters is presented in talile 4.

The O; spectral retrieval is performed in the Chappuis band (543or615nm). The absorption
cross section is taken from the measurements of AndersorMaorsberger (1992) which are per-
formed with a spectral resolution comparable to that of t¥AS spectrograph. Interfering absorption
from NGO, is handled by simultaneously fitting two absorption crosgisas corresponding to T=223K
and T =246 K which were measured in the laboratory and sulesgiguscaled and wavelength aligned
with respect to convolved cross sections from Voigt et ab0@. The two NQ cross sections are
orthogonalized with respect to each other. Absorption efakygen dimer Qis considered through the
reference set of Hermans et al. (1999). Line parametersOfdte taken from Rothman et al. (2003) at
T=230K and p =200 mbar and are convolved by the DOAS instrarfugiction. A 3rd and a 1st order
polynomial account for the broadband extinction processes instrumental straylight, respectively.
The relative wavelength alignment between the absorptiosscsections and the pseudo-TOA spectrum
is found in various test runs which allow for a 1st order stiatf the wavelength pixel mapping. In the
final evaluation a first order stretch of the measured spectsuallowed, only. An example of ansO
evaluation is shown in figure 4.1.

The errors attributed to the retrieved; @CDs are represented by the statisticat &frors given by
the fitting routine multiplied by 3 in order to account for symatic residual features according to
Stutz and Platt (1996). The impact of the non-linear shitt atnetch parameters on the inferred SCDs
is estimated to 0.3%. A systematic contribution comes from @ccuracy of the absorption cross
section which is stated to 1% (Anderson and Mauersberg8g)1%rrors caused by convolution with
the DOAS instrument functions do not apply since no conimtuis performed. The impact of the
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Figure 4.1:0; (left panel) and N@ (right panel) evaluation in the visible spectral range fepactrum measured
at Kiruna on Aug. 21, 2001, during solar occultation at 19182JT (SZA = 94.3). The upper panels show the
pseudo-TOA spectrum (black line) and the measured spednedrine). In the panels below, the retrieved trace
gas absorptions of Q NO, (T=223K), O,, and HO (left panel) and N@ (T =230K), O; (T=223K) and Q
(right panel) are shown. The lowest panels illustrate theaiaing residuals of the fitting procedure. The red lines
indicate the spectral absorption and the black lines theddithe spectral absorption and the residual.

temperature dependence of thg &sorption cross section on the retrieved SCDs is foundlenthAn
1%. Correlations between the retrieval parameters and §l#GDs are small as long as the order of the
broadband extinction polynomial is chosen smaller than@s¢@, 2002). A further error contribution
originates from the error of the Fraunhofer offset whichsteld in table 8.1 of the appendix for all flights
analyzed within this work and which is added to the SCD etosugh Gaussian error propagation.

The NO, SCDs are retrieved from absorption in the 435nm to 485 nmtsge@ange. The N©
absorption cross section was measured in the laboratorefioperatures ranging between 200K and
280K (Dorf, 2005). Subsequently, the lab-measured akisorptoss sections are scaled and wavelength
aligned to the data of Harder et al. (1997) given for T=217 K,ZBOK, T=238 Kand T =294 K which
area priori convolved by the respective instrument function. The tawmipee correction is performed
as described in section 3.2.2 by interpolation to the dffedO, concentration weighted temperature
based on four sets of SCDs corresponding to the four tempegabf the absorption cross sections. All
NO. absorption cross sections are corrected for the dglaffect. The relative wavelength alignment
of the absorption cross sections and the pseudo-TOA spedsruletermined the same as for the O
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retrieval.

In the 435nm to 485nm range interfering absorption comem f@. This is accounted for by
simultaneously fitting two @ absorption cross sections recorded in the laboratory dgdeal to the
convolved reference set of Voigt et al. (2001) at T=223 K amd2#6 K. The two Q absorption cross
sections are orthogonalized with respect to each other. cbhisional pair absorption cross section
of O, is taken from Hermans et al. (1999). For the balloon flight ete$ina in June 2005 an,8
absorption cross section constructed from line parameteRothman et al. (2003) at T=230K and
p =200 mbar is included in the fitting procedure. Due to théhhigpopause at 16.5km a significant
amount of the recorded spectra probed tropospheric airevaamsd water absorption is detectable.
Broadband extinction and instrumental straylight is coeed via a 4th and a 1st order polynomial. A
correction term for the center-to-limb darkening effechéglected 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 @aating for systematic structures of the
residuals (Stutz and Platt, 1996). The impact of the errdgh®fnon-linear shift and stretch parameters
on the retrieved N@ SCDs is smaller than 0.2%. The accuracy of the absorptioascsection is
4% (Harder et al., 1997). Additionally, 1% error due to cdotion with the instrument functions
is estimated from sensitivity studies. The error comingrfranaccounted features of the tempera-
ture dependence of the N@bsorption cross section is estimated to 2%. The error oFthanhofer
offset is tabulated in table 8.2. All error contributiong added according to Gaussian error propagation.

The Fraunhofer offset can be determined by Langley's metisodesribed in section 3.3.4. However,
for many balloon flights the flight trajectory does not pravidieal conditions to perform a Langley
plot, since balloon float is reached late when SZAs are langettze assumptions made in the derivation
of equation (3.57) are not fulfilled. Fortunately, the DOAftrument has proven to be stable with
respect to its instrument function over several years. EeBOAS evaluations can be performed with
respect to a pseudo-TOA spectra recorded during a previoadater balloon flight which satisfies the
requirements for a Langley plot. Here, Langley plots ardguared for the balloon flights from Gap
in June 1997, from Aire sur I’Adour in October 2003 and fronmréBna in June 2005. It is necessary
to use three different flights, since repairs and readjustsnef the optical setup in 2002 and 2004
caused changes of the instrument function. The remaininigalldon flights are analyzed twice, once
with respect to the pseudo-TOA spectrum of the considerdddwaflight and once with respect to a
pseudo-TOA spectrum of one of the three flights mentionedr@lbor which a Langley plot can be
performed. The difference between the two runs togethdr thé offset derived from Langley’s method
yields the total Fraunhofer offset.

The error of the retrieved Fraunhofer offset consists ofstatistical error of the Langley plot and, if
applicable, the statistical error coming from the two asag/with different pseudo-TOA spectra. The
systematic error contribution is estimated by performirandley plots over several ranges of SZAs.
Additionally, the error of the air mass is conservativelfiraated to 5% (Lindner, 2005) since its
determination relies on meteorological model data abolledrafloat altitude. Figure (3.7) illustrates
the Langley plot performed for the flight from Aire sur I’Adoin October 2003 and tables 8.1 and 8.2
in the appendix provide the Fraunhofer offsets and assattors of all balloon flights discussed here.
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Figure 4.2:Instrumental line shape of the 1750tito 2000 cnt! (left panel) and 2750 cm' to 3150 cnT!
(right panel) spectral ranges which are covered by the HgGudiill InSb detectors, respectively.

4.1.2 LPMA retrieval

The LPMA O; retrieval is performed simultaneously in two target miarimdows, 1818.10 cm' to
1820.97 cr! and 3040.04 cm' to 3040.84 cmt. For some flights the former window is not available
due to the use of filters which are not covering the corresipgndpectral region. As pointed out in
section 3.2.4, the use of two retrieval windows for ther€trieval improves the sensitivity to the slant
column in solar occultation where some of thg &bsorption lines in the window at around 3040¢m
get optically thick. Interfering absorption in the retrdgwindow around 1820 cm' comes from NO,
CO; and HO and from solar Fraunhofer lines. In the 3040¢nwindow weak absorption can be
attributed to CH and HO. Additional information on @ SCDs comes from secondary absorption
in the micro-windows dedicated to NG2914.36 cn! to 2915.16 cm') and CQ (1933.89 cmi! to
1940.00 crrl). All line parameters are taken from HITRAN 2004 (Rothmarakt 2005). The TOA
spectrum is represented by a 1st order polynomial in botletsgeranges of the ©Oretrieval. The
inferred instrument functions, shown in figure 4.2, arehgligasymmetric for both spectral ranges but
stable for each considered balloon flight.

The statistical errors given by the fitting routine are caenpénted by the errors of the line parameters
given by the HITRAN 2004 (Rothman et al., 2005) databasechig 5% in the case of © Further
errors arising from uncertainties of pressure and temperand their impact on the line parameters
are estimated from sensitivity runs as described in sec@i@3. The error going along with the



100 CHAPTER 4. LPMA/DOAS INTER-COMPARISON OF £AND NO, ABUNDANCES

1818.0 1818.5 1819.0 1819.5 1820.0 1820.5 1821.0 3040.0 3040.2 3040.4 3040.6 3040.8
1.2 1 " 1 " 1 " 1 " 1 " 1 " 1 1 1 " 1 1 " 1
co, co, co, co, CH, CH,CH, H,0
Sun NO  Sun Sun NO ~ Sun r 1.0
10 o I
W n r I - 0.8
c 0.8 - B L 06
kel =
3 8
IS @
2 064 - - 04 3
S 2
= o
=)
- 0.2
0.4 ]
- 0.0
024 Time = 19:42:08 UT —— Measured spectrum | I Time = 19:42:08 UT —— Measured spectrum
SZA =94.3° Fitted spectrum SZA =94.3° —— Fitted spectrum
1 I 1 I n 1 n 1 n 1 1 " 1 " 1 " 1 " 1 -0.2
c 0.04 _- T T T T T T T T T T T T |_- -_ T R'es|duall T T T T T -_ 0.04 .
S 002 ] L Loo2 3
7 . ] C C
£ 0.00 4 L Looo @
g -0.02 ] L [ 002 2
& -0.04 3 L L 004 &
= 0.06 J—— Residual ] L [ 006 =
T T T T T T T T T T T T T T T T T T T T T T
1818.0 1818.5 1819.0 1819.5 1820.0 1820.5 1821.0 3040.0 3040.2 3040.4 3040.6 3040.8
Wavennumber / cm’ Wavennumber / cm™

Figure 4.3:Example of the @ SCD retrieval from LPMA spectra in the 1818.10thto 1820.97 cm! (left
panel) and 3040.04cm to 3040.84cm! (right panel) spectral range. The spectrum is recorded #t21@8
UT (SZA = 94.3) above Kiruna on August 21, 2001. Black and red lines repitetbe measured and the fitted
spectrum, respectively. The lower panels show the residiifle approximate positions of thg @bsorption lines
and interfering species are indicated by their chemicalsym In the window around 1820 cm solar Fraunhofer
lines, indicated by ‘Sun’, have to be considered in the spécttrieval.

determination of the instrumental line shape is hard to tiiyaand depends on the optical alignment
and stability during the balloon flight. In total 10% systdéima&ontribution is added to the fitting error
by Gaussian error propagation.

An example @ evaluation is shown in figure 4.3 for the balloon flight fromriia in August 2001.
The spectrum shown is recorded at about 38 km altitude at S#AZ which corresponds to a tangent
height of about 20km and a distance from the balloon to thgdanpoint of about 500 km. Both
microwindows used for the £SCD retrieval are shown. The transmission at the centerheof
absorption lines in the 3040 cth window tends to zero, whereas in the 1820¢nwindow O
absorption is weaker.

The target window for the NO SCD retrieval ranges from 2914.36cimto 2915.16cm!. The
range centered at 1620 crl) which is often used for IR retrievals of NQis cut by spectral filters.
Interfering absorption comes fromyB, O; and CH,. The latter is very prominent in the considered
spectral range. Additional weak absorption of N€an be detected in the HCI retrieval window
(2925.77 cm! to 2926.01cmt). All line parameters are taken from HITRAN 2004 (Rothman
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Figure 4.4:Example of the N@ SCD retrieval from LPMA spectra in the 2914.36chto 2915.16 cm! spectral
range. The spectrum is recorded at 19:42:08 UT (SZA =94Bove Kiruna on August 21, 2001. Black and
red lines represent the measured and the fitted spectrupgategly. The lower panel shows the residual. The
approximate position of the NGabsorption lines and interfering absorption by Gitle indicated by their chemical
symbols.

et al., 2005). The TOA spectrum is represented by a 2nd omlgn@mial. The instrument function
corresponds to that of thesQetrieval in the 3040 cm! range and is shown in the right panel of figure
4.2. A sample N@evaluation is shown in figure 4.4. Since the Cabsorption lines are very prominent,
care has to be taken that the N&bsorption lines are correctly represented within thewmags of CH;.
The multifit-retrieval has essentially solved this probl@ufour, 2005) by constraining the retrieval of
CH, with the help of several micro-windows. The errors attrdalto the retrieved SCDs are given by
the fitting errors and as for £ 10% systematic contribution due to uncertainties of the fiarameters
and of the instrumental line shape.

4.1.3 Comparison of slant column densities

All DOAS balloon flights conducted so far between 1996 and528€e reanalyzed with respect to
O3 and NG, SCDs. Due to the considerable effort for data evaluatioy fme LPMA flights are
reprocessed using the multifit-retrieval implemented byoDo (2005). A further flight suitable for
the LPMA/DOAS comparison has been reprocessed by SébaBtagan and Gaélle Dufour who
are gratefully acknowledged. In total six flights are présdnvhere the corresponding geophysical
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Table 4.2: Compendium of joint LPMA/DOAS balloon flights cem for reanalysis and comparison. BA, BD, SS
and SR indicate balloon ascent, balloon descent, sunsetemide, respectively. (The balloon flight from Kiruna
in March 2003 has been processed by Sébastien Payan and Bafilr.)

Balloon flight, date, time/UT| Location Geophysical condition Data sets
Nov 23, 1996, 14:56 - 16:54 Leon, 42.6 N, 5.7 mid-lat. fall, SZA: 74.0 - 92.7 BA,SS
Feb 14, 1997, 12.29 - 14:53 Kiruna, 67.9 N, 21.7° E | high-lat. winter, SZA: 82.7- 94.4, BA,SS
Feb 10, 1999, 11:40 - 14:52 Kiruna, 67.9 N, 21.° E | high-lat. winter, SZA: 82.8- 94.6’ BA,SS

Jun 25, 1999, 04:32 - 07:46 Gap,44.2N,4.6° E mid-lat. summer, SZA: 8677- 54.7 BD
Aug 21/22, 2001, Kiruna, 67.9 N, 21.° E high-lat. summer, BA,SS,SR
16:04 - 02:30 SZA:75.6 - 95.8, 95.4 - 90.0¢

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

conditions range from high-latitude winter and summer to-atitude fall comprising measurements
inside as well as outside the northern polar vortex. Taldlesdmmarizes the selected balloon flights and
the respective geophysical conditions. Figure 4.5, 4&add 4.9 show all @and NG, SCDs retrieved
for the comparison study. Statistical analyses of the dievia 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 tbB<sSinferred from DOAS and
LPMA measurements as well as the relative deviations aratsare plotted as a function of time.
The relative deviations between the two datasets are eddeliby interpolating the DOAS data, which
are much more numerous, to the measurement instances of LPMAerror bars associated with the
DOAS data are typically smaller than 3% and governed by thar &f the Fraunhofer offset. LPMA
errors are dominated by the 10% systematic contributiom ftmcertainties of the intrumental line
shape and absorption line parameters. The general agreeimime two data sets is on the order of
10%, i. e. most of the data points lie within the combined rEloagrs. 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 measureme@p in 1999 (figure 4.6 a)) and at Kiruna
in 2001 (figure 4.6 b)) where the DOAS data are almost congtafiset with respect to the LPMA data.
The observed offset (about 612" molecules cm?) suggests a problem when inferring the Fraunhofer
offset of the DOAS SCDs. In both cases the DOAS Fraunhofeebft determined by a fit with respect
to the TOA solar spectrum measured at Gap in 1997. The quulthe fit is investigated in detail but no
systematic error can be identified, that could explain treeplked discrepancy amounting to about 20%
of the actual Fraunhofer offset. An error of the Fraunhoféset inferred by Langley’s method from the
measurements at Gap in 1997 is unlikely, since the same Raoéanoffset is used for the observations at
Leon in 1996 (figure 4.5 a)) at Kiruna in 1997 (figure 4.5 c)) ah&iruna in 1999 (figure 4.5 e)) where
the agreement is better.

Deviations up to 20% are observed for sunset measuremehepatin 1996 (figure 4.5 b)) where the
DOAS SCDs are systematically higher than the LPMA data. Tgpmosite is true for sunset at Kiruna
in 1997 (figure 4.5d)) where LPMA is consistently higher ti2@AS. In both cases, thesQetrieval
window at 1820 cm! is not available since the spectral region is not coveredbyfitters used for the
particular flights. Further, the LPMA instrument functioor fthe flight from Leon is found strongly
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Figure 4.5: Slant column densities of {retrieved from LPMA (red triangles) and DOAS (black boxesyan
surements at Leon on November 23, 1996, during balloon agpanel a)) and sunset (panel b)), at Kiruna on
February 14, 1997, during balloon ascent (panel c¢)) andesypanel d)) and at Kiruna on February 10, 1999,
during ballon ascent (panel e)) and sunset (panel f)). Eanklgonsists of two sub-panels showing the measured
SCDs on the left and the corresponding relative errors amtiens (blue open diamonds), i.e. SCD(DOAS) /
SCD(LPMA) - 1, on the right. For clarity not all DOAS data ptsrare shown.
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Figure 4.6:Slant column densities of Qetrieved from LPMA (red triangles) and DOAS (black boxegasure-
ments at Gap on June 25, 1999, during balloon descent (pgnet &Kiruna on August 21 and 22, 2001 during
balloon ascent (panel b)), sunset (panel ¢)) and sunrise(p and at Kiruna on March 23, 2003, during balloon
ascent (panel e)) and sunset (panel f)). Each panel conéiste sub-panels showing the measured SCDs on the
left and the corresponding relative errors and deviatibhs(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 betweep 8CDs retrieved by DOAS and LPMA, i.e.
SCD(DOAS) / SCD(LPMA) - 1. The data points are grouped anchtedifor occurrence in bins of 5% relative
deviation. The left panel shows the statistical analysisafb1132 datapoints (mean: 6.1%, standard deviation:
8.0%), in the right panel the measurements at Gap in 1999 aridgdballoon ascent at Kiruna in 2001 are sup-
pressed resulting in 753 datapoints (mean: 2.7%, stanasidttbn: 6.6%). The mean values are shown as gray
solid lines, gray dashed lines correspond t@ 4nd 2o

asymmetric which makes a misrepresentation of the line sviikgly.

The statistical analysis (figure 4.7) of all deviations kexdw the retrieved 9SCDs confirms that in
general DOAS data are higher than LPMA data. The mean deni&ti6.1% and the standard deviation
of the distribution is 8.0%. The measurements at Gap in 19@Bduring balloon ascent at Kiruna
in 2001 show a systematic offset between the LPMA and DOAS dédiich is not observed for the
remaining comparisons. Therefore, another statisticalyais is performed where the corresponding
two datasets are suppressed. Then, the mean deviation Iersmamely 2.7%, and the standard
deviation amounts to 6.6%. As the suppression of a subsedtapdints shows, the statistical analysis
is of limited value since the deviations are not indepengestattered about the inferred mean values.
Rather, a grouping according to the individual balloon figgis observed. For the observations at Leon
(figures 4.5a) and b)), at Kiruna in 1999 (figures 4.5 e) andaf)\Gap (figure 4.6 a)), and at Kiruna in
2001 (figures 4.6 b), c) and d)) DOAS SCDs are consistentijetahan LPMA SCDs causing the overall
mean deviation of +6.1% (+2.7%). On the other hand, for Karim 1997 (figures 4.5¢) and d)) and
for sunset at Kiruna in 2003 (figure 4.5f)) LPMA tends to beheigthan DOAS. Hence, the observed
mean deviation cannot be unambiguously attributed to petens which are independent of the actual
balloon flight such as spectroscopic parameters. Rathstrumental or retrieval related shortcomings
are responsible for the observed disagreement. Since thbiced error bars of the DOAS and LPMA
O3 SCDs as well as the spread of the observed deviations aer ldn@n the bias, the discrepancy can

be regarded as part of the error budget which can hopefullyetiyced by upcoming improvements of
the instrument or the retrieval algorithms.

Figures 4.8 and 4.9 show the comparison study for, NEZDs. The relative deviations between
DOAS and LPMA data are calculated by interpolating the DOA&do the measurement instances of
LPMA. The error bars of the NOSCDs retrieved from DOAS spectra is dominated by the errdhef
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Figure 4.8:Slant column densities of NOretrieved from LPMA (red triangles) and DOAS (black boxe®an
surements at Leon on November 23, 1996, during balloon agpanel a)) and sunset (panel b)), at Kiruna on
February 14, 1997, during balloon ascent (panel c¢)) andesypanel d)) and at Kiruna on February 10, 1999,
during ballon ascent (panel e)) and sunset (panel f)). Eanblgonsists of two sub-panels showing the measured
SCDs on the left and the corresponding relative errors antiens (blue open diamonds), i.e. SCD(DOAS) /
SCD(LPMA) - 1, on the right. For clarity not all DOAS data ptsrare shown.
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Figure 4.9:Slant column densities of NOretrieved from LPMA (red triangles) and DOAS (black boxe®an
surements at Gap on June 25, 1999, during balloon desceral @3, at Kiruna on August 21 and 22, 2001 during
balloon ascent (panel b)), sunset (panel ¢)) and sunrise(p3 and at Kiruna on March 23, 2003, during balloon
ascent (panel e€)) and sunset (panel f)). Each panel conéiste sub-panels showing the measured SCDs on the
left and the corresponding relative errors and deviatibhse(open diamonds), i.e. SCD(DOAS) / SCD(LPMA) -
1, on the right. For clarity not all DOAS data points are shown



108 CHAPTER 4. LPMA/DOAS INTER-COMPARISON OF £AND NO, ABUNDANCES

Probability of occurence / 5%
Probability of occurence / 5%

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
[NO, SCD(DOAS) / NO, SCD(LPMA)] - 1 [NO, SCD(DOAS) / NO, SCD(LPMA)] - 1

Figure 4.10: Histograms of the relative deviations between N8CDs retrieved by DOAS and LPMA, i.e.
SCD(DOAS) / SCD(LPMA) - 1. The data points are grouped anchtedifor occurrence in bins of 5% relative
deviation. The left panel shows the statistical analysisafb1116 datapoints (mean: 3.7%, standard deviation:
24.5%), in the right panel all data with error bars largentB&% are suppressed resulting in 753 datapoints (mean:
6.6%, standard deviation: 14.0%). The mean values are shewray solid lines, gray dashed lines correspond to
1-c and 2s.

Fraunhofer offset and in cases where the;N®undances are low by the fitting error (e. g. figure 4.8f)).
DOAS errors typically range between 5% and 10%. Fitting reriare also important for the LPMA
retrieval which operates sometimes close to its detectinit (e. g. figure 4.9 a)). Typical error bars of
NO, SCDs inferred from LPMA measurements range between 10% %td 2

The NG, comparison study is difficult to assess since LPMA SCDs ieféifrom balloon ascent or
descent measurements before 2001 (figures 4.8a), c), e)qamd #.8 a)) are very noisy. This is not
true for balloon ascent measurements in 2001 and 2003 (§igue) and e)), although the abundances
of NO, along the lines-of-sight are similar as for some of the eaflights. This is a clear hint, that
the pre-flight optical alignment and in-flight stability dig LPMA instrument improved during the
suite of balloon flights. Apart from the aforementioned goiata, the general agreement is on the
order of 20%. For the solar occultation measurements at lied®96 (figure 4.8 b)), at Kiruna in
1997 (figure 4.8d)), at Kiruna in 2001 (figures 4.9c) and d) at Kiruna in 2003 (figure 4.9f1)) the
LPMA/DOAS agreement is reasonable, since both measuremeostly lie within the combined error
bars. Maximum deviations up to 50% are observed for the saleultation measurements at Kiruna in
1999 (figure 4.8f)). In the latter case, the N&bundances are the lowest observed in solar occultation
for the ensemble of considered balloon flights and are almpstorder of magnitude smaller than
those measured during sunset at Kiruna in 2001 (figure 4.9c)addition stratospheric temperatures
at Kiruna in 1999 were below 217 K implying an extrapolatidnttte DOAS SCDs for temperature
correction, since the lowest temperature of the absorgtioss sections given by Harder et al. (1997) is
217 K. The extrapolation might not reproduce the true atrhesp state.

The statistical analysis of all data (figure 4.10) confirms Brge scatter of deviations. The mean
deviation is found to 3.7% and the standard deviation of is#ibution is 24.5%. Since some of the
LPMA NO, SCDs are noisy or close to the detection limit, another sttedil analysis is performed
where all SCDs with errors larger than 25% are removed. Ttherinferred mean deviation is 6.6% and
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the spread is 14.0%. Although a grouping of the observedatlens is not as obvious as in the case of
O3, the deduced bias cannot be attributed to parameters indepeof the two retrievals. Observations,
where DOAS is consistently higher than LPMA (e. g. figuresb}, &), d) and e)) are contrasted by
observations where DOAS is lower than LPMA (figure 4.8 d)) abdervations, where the deviations
change from positive to negative (e. g. figures 4.8 f) andy.Hence, the observed bias depends on the
dataset chosen for the statistical analysis and furthemli¢hin the typical error bars of the individual
measurements. Therefore, as in the casespb@onclusion on deficiencies of spectroscopic parameters
is not possible.

4.2 Profile retrieval and comparison of G and NO, vertical profiles

The previous section discussed the level of the LPMA/DOA®ament by comparing the inferred slant
column densities of @and NG,. According to section 3.3 vertical profiles of the respextijases can
be retrieved. The concept of averaging kernels gives usedight into the altitude resolution of the
LPMA and the DOAS experiment and their suitability for extarcomparison studies such as satellite
validation. Hence, first the LPMA and the DOAS retrieval oftigal profiles are characterized regarding
altitude resolution. Then, the actual vertical profiles gfadd NG, are directly compared.

4.2.1 Characterization of the LPMA and DOAS profile retrievals

The retrieval of vertical profiles from slant column derestidepends on the observation geometry
characterized by the weighting function matix on the measuremengsand their errors characterized
by the measurement error covariance ma$ixand on thea priori profile x, and its covariance,.

In particular, the number of measurements and their ermersliéferent for the LPMA and the DOAS
profile retrieval. The averaging kernel matex defined through equation (3.40) and in the case of the
MAP retrieval through equation (3.48) provides a means tratterize the impact of these differences
on the retrieved trace gas profiles.

Figures 4.11 and 4.12 shows@nd NG profiles and the corresponding averaging kernels, i. e. the
rows of A, for balloon ascent and sunset measurements at Kiruna inA@§01 using th&laximum

a posteriori retrieval. Balloon ascent and solar occultation measungsnespresent two different
observation geometries since the respective weightingtifums are different (section 3.1.4). For
comparison trace gas profiles are presented which arevetirien a 1-km altitude grid and on a 3-km
altitude grid. The retrieval with 3-km grid spacing is iteyd three times on altitude grids displaced
by one kilometer in order to obtain profile points each kiloene Thea priori profiles are taken from
SLIMCAT model output. The associatadpriori variances correspond to 30% error.

The retrieval of Q vertical profiles from DOAS measurements on the 1-km aldtugtid shows
well-shaped averaging kernels peaking close to one fduddts between 15km and balloon float for
both, balloon ascent and sunset observations (figures #.4dd d)). Below 15km, the averaging
kernels get smaller and broader since less and less measusetontribute and since in the case of solar
occultation the solar disk produces a larger vertical ayerddowever, profile retrieval is feasible down
to 10 km altitude for both observation geometries. The ajiagakernels of the LPMA retrieval on the
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Figure 4.11:05 vertical profiles (panels a) and c)) and corresponding awegakernels (panels b) and d)) for
balloon ascent (panels a) and b)) and solar occultatiore{pah and d)) measurements at Kiruna in August 2001.
Panels a) and c): The gray open boxes and blue open triargglespond to trace gas profiles inferred from DOAS
and LPMA measurements on a 1-km altitude grid, respectivRlgd filled triangles and black filled boxes are
LPMA and DOAS profiles retrieved on a 3-km altitude grid where latter are smoothed by the LPMA averaging
kernels. The green line is tteepriori profile taken from SLIMCAT model output on the day of measueaim For
clarity, only selected error bars are shown. Panels b) an8elected DOAS averaging kernels corresponding to
a 1-km altitude retrieval grid are shown as black lines. el LPMA averaging kernels for a 1-km and 3-km
altitude grid are shown as blue and red lines, respectifélg.green lines illustrates the altitude resolution error.

1-km altitude grid are smaller than 0.4 and much wider thangttid spacing except for altitudes close
to balloon float in solar occultation. Below 15 km, there imas$t no independent altitude information.
On the 3-km grid, the LPMA averaging kernels are well-shaped reasonably close to one which
makes profile retrieval possible between about 12 km anadralfloat altitude. For comparison, the
DOAS profiles are retrieved on the 3-km altitude grid and simed by the LPMA averaging kernels

according to equation (3.49). Obviously, filamented stiegt observed by the high-resolution DOAS
profile between 10 km and 25 km cannot be resolved by the LPMAtha smoothed DOAS profiles.

The degree of smoothing applied to the DOAS profile is preskit terms of the altitude resolution

error, defined in equation (3.50). As expected from the LPMA BOAS averaging kernels, smoothing
is most important in the range between 10 km and 20 km andrigssriant above.

In the case of the N©retrieval, the averaging kernels corresponding to the 1BX@AS retrieval
(figures 4.12 b) and d)) are well shaped in the altitude ramgerden 20 km and balloon float at 38 km
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Figure 4.12:NO, vertical profiles (panels a) and c)) and corresponding awegakernels (panels b)and d)) for
balloon ascent (panels a) and b)) and solar occultatiore{pah and d)) measurements at Kiruna in August 2001.
Panels a) and c): The gray open boxes and blue open triaraglespond to trace gas profiles inferred from DOAS
and LPMA measurements on a 1-km altitude grid, respectivBlgd filled triangles and black filled boxes are
LPMA and DOAS profiles retrieved on a 3-km altitude grid whtre latter are smoothed by the LPMA averaging
kernels. The green line is tleepriori profile taken from SLIMCAT model output on the day of measueain For
clarity, only selected error bars are shown. Panels b)an8elpcted DOAS averaging kernels corresponding to
a 1-km altitude retrieval grid are shown as black lines. el LPMA averaging kernels for a 1-km and 3-km
altitude grid are shown as blue and red lines, respectiVélg.green line illustrates the altitude resolution error.

for both observations geometries. Below 20 km, the avegakarnels get smaller and broader for the
same reasons as for the @rofile retrieval. The LPMA retrieval on the 1-km altitudeidyrhowever,
exhibits averaging kernels significantly smaller than ome w&ider than the grid spacing. This indicates
that the retrieved profile points are not independent. B&Owm, there is only very little independent
altitude information from LPMA measurements and the regteprofiles are pushed toward theriori

as can be seen in figures 4.12a) and c). The better choiceddtRMA retrieval is the 3-km grid,
since there the averaging kernels are closer to one andwiidtin is only slightly larger than the grid
spacing in the range between 20 km and balloon float altitBééween 15 km and 20 km the averaging
kernels indicate that altitude information is better expld than on the 1-km grid which results in
profile points less influenced by tteepriori. In addition, the DOAS profile is retrieved on the 3-km
altitude grid and smoothed by the LPMA averaging kernel imatiThe effect of smoothing is most
obvious for the balloon ascent measurements (figure 4.1#&)een 10 km and 20 km altitude where
the high resolution DOAS profile is pushed towards the LPMA apriori profile. The latter finding is
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Figure 4.13:Altitude resolution of the @ (left panel) and N@ (right panel) profile retrieval for measurements
at Kiruna in August 2001. Altitude resolution inferred frdd®AS averaging kernels on a 1-km retrieval grid are
shown as black filled and black open boxes for balloon asaahsalar occultation, respectively. Red filled and
open triangles correspond to LPMA profiles on a 3-km gridrirgfeé from balloon ascent and solar occultation
measurements, respectively. The black and red lines at Tki® &m indicate the spacings of the retrieval grids.
In cases where the averaging kernels are strongly asynmaetlidetermination of the FWHM is ambiguous, data
points are suppressed.

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

Following the detailed findings above, profile retrievalnfrdOAS and LPMA measurements can
be performed from balloon float altitude down to 10km to 15 kébove balloon float altitude the
weighting functions are not suitable for profile retrievaAs pointed out in section 3.3, the width
(FWHM) of the averaging kernels is a measure for the altitedelution of the retrieved profiles. Figure
4.13 illustrates the corresponding altitude resolutiontfee DOAS and LPMA @ and NG, profile
retrievals.

Typically, the DOAS retrieval exhibits an altitude resabat of about 1 km or better between balloon
float altitude and 20km. Evidently, resolutions better tlatm cannot be obtained when using a
1-km retrieval grid. Below 20 km altitude resolution de@es to 3km and 4km at 10 km altitude.
The decrease in altitude resolution at low altitudes is dught smaller number of contributing
measurements, the larger measurement errors and in theofcaskar occultation increasing vertical
averaging due to the finite effective field-of-view. For N@ltitude resolution is slightly worse than for
O3 since NQ SCDs exhibit larger error bars. LPMAs@nd NG, profiles retrieved on a 3-km grid have
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3 km to 4 km altitude resolution between balloon float altwehd 20 km for both gases. Below, altitude
resolution decreases for the same reasons as for the DOdevabt Typically, LPMA solar occultation
measurements have a slightly better altitude resolutian theasurements during balloon ascent, mainly
since the weighting functions in solar occultation are glyapeaked and hence better suited for profile
retrieval. Due to smaller measurement errorg p@files can be retrieved with better altitude resolution
than NG profiles. Comparing the LPMA and DOAS profile retrieval, tatér exhibits superior altitude
resolution due to the larger number of measurements catitrgpto profile retrieval and the smaller
measurement errors. In solar occultation, the smaller-Géldew of the LPMA instrument partly
compensates these deficiencies compared to DOAS measitisemen

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

4.2.2 Comparison of vertical profiles

The O; and NG, SCDs presented in figures 4.5 through 4.9 are inverted ticakgrofiles using the
MAP approach. Trace gas concentrations as well as volumagniatios are shown as a function of
altitude in figures 4.14 through 4.17. The retrieved profiespresented in the altitude range where the
corresponding averaging kernels are suitable for profiigéeral as described in detail in the previous
section. Thea priori profiles are taken from SLIMCAT model output or climatolagiclata as used by
Payan (1996) and Dufour (2005). The associaqatiori covariance matrix is chosen diagonal with
variances corresponding to 30% error of tneriori. While LPMA profiles are retrieved on a 3-km
altitude grid, DOAS profiles are retrieved on both, a 1-km ar8ikm altitude grid. The DOAS profiles
on the coarser grid are smoothed to match the altitude mgmolof the LPMA measurements. For
comparison, @mixing ratios are shown which are measured byresitu 0zone-sonde deployed aboard
the gondola or launched shortly after the LPMA/DOAS payléradh the respective ground station.

Obviously, the inferred © vertical profiles reproduce the general agreement of the APad
DOAS O3 SCDs presented above. In most cases the LPMA and the smdo®&8 profiles lie within
the combined error bars and roughly agree within 10%. Theetdfbetween LPMA and DOAS;0
SCDs observed for balloon ascent at Kiruna in 2001 and féodaldescent at Gap in 1999 are mapped
into discrepancies amounting up to 30% in the upper mosigbéne vertical profiles (figures 4.15 a), b),
c¢) and d)). The lower part of the corresponding profiles iscaihunaffected since the offset between the
SCDs is mainly attributed to altitudes above balloon flogist&@matic discrepancies affecting the entire
profile occur where the underlying SCDs do not differ by a tamsoffset, but show an increasing or
decreasing deviation with time, e. g. during sunset at Ladt®B6 and at Kiruna in 1997. There, a bias
of up to 25% can be detected between the LPMA and DOA$©Ofiles. Smoothing the DOAS profiles
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Figure 4.14:Vertical profiles of Q retrieved from LPMA (red triangles) and DOAS (black filledXes and gray
open boxes) measurements at Leon on November 23, 1996gdaiioon ascent (panel a)) and sunset (panel b)),
at Kiruna on February 14, 1997, during balloon ascent (pepelnd sunset (panel d)) and at Kiruna on February
10, 1999, during ballon ascent (panel €)) and sunset (ppn&dch panel consists of two sub-panels showing the
O; concentration and thefOsolume mixing ratio on the left and on the right, respectiv@lhe gray open boxes
correspond to DOAS data retrieved on a 1-km altitude gridewttie black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitudéutéso of the LPMA measurements. The green line
indicates the priori. The blue line represents the @rofilesin situ measured by an electrochemical concentration
cell (ECC) ozone sonde deployed onboard the LPMA/DOAS gtandiolaunched shortly after.
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Figure 4.15:Vertical profiles of Q retrieved from LPMA (red triangles) and DOAS (black filledXes and gray
open boxes) measurements at Gap on June 25, 1999, duriogibdkikscent (panel a)), at Kiruna on August 21
and 22, 2001 during balloon ascent (panel b)), sunset (g3hahd sunrise (panel d)) and at Kiruna on March 23,
2003, during balloon ascent (panel €)) and sunset (panet§3h panel consists of two sub-panels showing the
Os concentration and the {Orolume mixing ratio on the left and on the right, respectiv@lhe gray open boxes
correspond to DOAS data retrieved on a 1-km altitude gridewttie black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitudéutéso of the LPMA measurements. The green line
indicates the priori. The blue line represents the @rofilesin situ measured by an electrochemical concentration
cell (ECC) ozone sonde deployed onboard the LPMA/DOAS gtanoidaunched shortly after. For the flight from
Kiruna in 2001, panels b) through d), thg €onde is launched at Sodankyla, Finland.
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to account for the differing altitude resolution of LPMA iearly important and improves the agreement
between the two data sets. In contrast to the DOAS retri&RIMA is not able to detect filamented
structures of the @profile in the lower stratosphere (e. g. figures 4.14 a), c)ghd Smoothing the
DOAS retrieval simulates the coarser sensitivity of the L& ktrieval and improves the agreement.
These filaments in the lower stratosphere are real sinceatteegimultaneously observed by fimesitu

O3 sonde. This can be seen for balloon ascent at Leon in 1996€fi§a4 a)) where the filament at
about 17 km altitude is present in both, timesitu O3 sonde and DOAS high-resolution mixing ratio
profile.

However, a caveat is in order when comparing itheitu O3 sonde and remote sensing LPMA/DOAS
data, since the sampled air masses are not identical. licydarf close to the polar vortex the gradient
of the Q; concentration can be large on small spatial scales and timohtal average from the balloon
to the Sun observed by the LPMA/DOAS instruments can diffgniScantly from thein situ probed
O3 concentration close to the balloon. In most cases, the LENDNS agreement with the {sonde
data is good but no conclusion can be drawn on whether the D@DA® LPMA data agree better with
thein situ measured profiles. Above 20 km, there is a tendency of theesdath to underestimate the
LPMA/DOAS profiles (e. g. figures 4.14 c¢), d) and figure 4.15 &)quantitative conclusion, however,
is not possible remembering the unaccounted impact of twtat inhomogeneities. In contrast to
the tentative underestimation of the LPMA/DOAS measureamby thein situ sondes observed here,
Johnson et al. (2002) detected a 10% - 15% overestimatidreddt concentration at 30 km when using
the standard 1% potassium iodide solution forithatu measurements.

The impact of horizontally inhomogeneous air masses cam l#sseen when comparings @rofiles
inferred from balloon ascent and solar occultation measands of the same flight. Since the photo-
chemical variation of @on a diurnal timescale is weak profiles measured within desibglloon flight
should be identical. This is not true e. g. for the balloonhtisgfrom Kiruna in 1999 and 2003 (figures
4.14 ¢e) and f) and figures 4.15 e) and f)), where thepffiles inferred from sunset measurements are
significantly larger than those inferred from balloon ascen

The NO; vertical profiles inferred from LPMA and DOAS measurementsstly agree within
20% or better. Large differences can be found for the flightnfiKiruna in 1999 (figure 4.16 e) and
f)) where the NQ abundances are the lowest among the ensemble of ballootsflgésented here.
The LPMA profile retrieved from balloon ascent measureméiigsire 4.16 e)) is unreasonable and is
heavily impacted by the noise of the underlying SCDs (figuBeed) which is reflected by the large error
bars. The considerable effect resulting from the smootbfrtpe DOAS profile by the LPMA averaging
kernels is an indication, that the averaging kernels of tR&1/A retrieval are hardly suitable for profile
retrieval and allow for a large influence of tagriori. In solar occultation (figure 4.16 1)) the retrieved
LPMA profile is of reasonable shape and agreement with the ®@file is on the order of 50% below
20 km and better above. Systematic discrepancies followoliservations discussed in section 4.1.3.
LPMA underestimates the DOAS profiles in solar occultatiomirty the flights from Kiruna in 2001
(figures 4.17 ¢) and d)), and Leon in 1996 (figure 4.16 b)) wititererestimates the DOAS retrieval in
solar occultation at Kiruna in 1997, 1999 and 2003 (figurd§ d) and e) and figure 4.17 e)). No clear
trend is inferable.

As for the G retrieval, LPMA is not able to detect trace gas filaments m ldwer stratosphere and
hence adjusting the DOAS profiles to the altitude resolutdrPMA is important for comparison
purposes. The filaments observed by the DOAS measureme@iapain 1999 (figure 4.17 a)), and at
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Figure 4.16:Vertical profiles of NQ retrieved from LPMA (red triangles) and DOAS (black filleddas and gray
open boxes) measurements at Leon on November 23, 1996¢gdaiioon ascent (panel a)) and sunset (panel b)),
at Kiruna on February 14, 1997, during balloon ascent (pepelnd sunset (panel d)) and at Kiruna on February
10, 1999, during ballon ascent (panel €)) and sunset (ppné&dch panel consists of two sub-panels showing the
O3 concentration and the {Orolume mixing ratio on the left and on the right, respectiv@lhe gray open boxes
correspond to DOAS data retrieved on a 1-km altitude gridewttie black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitudéuteso of the LPMA measurements.
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Figure 4.17:Vertical profiles of NQ retrieved from LPMA (red triangles) and DOAS (black filledXes and
gray open boxes) measurements at Gap on June 25, 1999, datiogn descent (panel a)), at Kiruna on August
21 and 22, 2001 during balloon ascent (panel b)), sunsee{jg@nand sunrise (panel d)) and at Kiruna on March
23, 2003, during balloon ascent (panel e)) and sunset (PanEbch panel consists of two sub-panels showing the
O5 concentration and the {Orolume mixing ratio on the left and on the right, respectiv@lhe gray open boxes
correspond to DOAS data retrieved on a 1-km altitude gridenthie black filled boxes are DOAS data retrieved
on a 3-km grid and smoothed to match the coarser altitudéutéso of the LPMA measurements. The green line
indicates the priori.
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Kiruna in 2003 (figures 4.16 e) and f)), are not present in tA&A profiles. Accordingly, the smoothed
DOAS profiles are pushed towards theriori and the LPMA data.

4.3 Conclusion on the LPMA/DOAS comparison

Sections 4.1.3 and 4.2.2 presenteglddd NG, abundances inferred from LPMA/DOAS measurements
in the IR and visible spectral ranges. The datasets agraeghisowithin £10% for O; and +£20% for
NO,. This finding represents a major improvement compared tdgue comparison studies such as in
Bosch (2002). The progress is mainly due to the newly impigete LPMA multifit-retrieval (Dufour,
2005), that minimizes the correlations between the ratdevace gases and the parameters of the in-
strument function and hence significantly improves the LPDIBAS agreement. The DOAS retrieval
is complemented by an empirical correction term for the terafure dependence of the h@bsorption
cross section which adjusts the measured SCDs to the olsatv®spheric conditions. Finally, when
comparing the retrieved trace gas profiles it is found ingdrto 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 touimental and retrieval related shortcomings
of either technique. In general, the retrieval of trace gaBS$from DOAS measurements yields smaller
errors than the spectral retrieval from LPMA observatidnghe visible spectral range where the Sun'’s
intensity peaks, typical integration times for individusdectra are less than 1s, whereas in the IR it
takes about 50 s to record a single interferogram. Hencd)@®&S instruments sample the atmosphere
with a much higher rate than the LPMA FT-IR. Taking into aaaothe errors of the considered trace
gas retrievals, it is evident that altitude resolution gnf#ficantly better for the DOAS observations. In
solar occultation geometry, the smaller field-of-view ad fiT-IR (FOV~ 0.2°) partly compensates de-
ficiencies of the LPMA experiment concerning altitude sangptompared to the DOAS measurements
(effective FOV~0.53). On the other hand, the small field-of-view of the FT-IR rergdthe intensity

of the measured interferograms very sensitive to smalltpmjrerrors of the sun-tracker as the solar
irradiance is not uniform across the solar disk (Bosch, 2082cording to figures 4.7 and 4.10 LPMA
O3 and NG, SCDs tend to be low biased with respect to the correspond@4®SCDs. For both trace
gases the typical errors of individual measurements ageldahan the bias. Errors of the absorption
cross sections with respect to magnitude or pressure angketatare dependencies would directly cause
a bias. The DOAS retrieval of NOmight exhibit shortcomings when accounting for the tempeea
dependence of the NGabsorption cross section, since the interpolation is peréa linearly using four
reference temperatures, only. In the IR spectral rangerseim the spectroscopic parameters and the am-
bient temperature and pressure data propagate into the shi#ipe absorption lines causing systematic
errors of the retrieved trace gas SCDs. Correlations bettvexevarious fitting parameters considered for
the spectral retrieval are minimized but, still, might cagsnall unaccounted systematic errors in both
data sets.

Summing up the arguments, thg @d NG, stratospheric profiles inferred from DOAS measurements
appear to be more accurate and better suited for compariadies with other instruments than the
LPMA data. In particular, this is true for satellite validgat since the DOAS profiles exhibit smaller error
bars and better altitude resolution than the LPMA profilesenétheless, stratospheric FT-IR measure-
ments are indispensable since the majority of trace gasasriemt for a comprehensive understanding
of stratospheric photochemistry do not absorb in the UNtigs
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Chapter 5

Validation of SCIAMACHY O 5 and NO»
profiles

The previous chapter discussed the agreement betweenllihendaorne measurements of @nd NG,

of the LPMA and DOAS instruments and the implications foreemtl comparison studies. This chapter
compares the balloon borne profiles to observations of then8iig Imaging Absorption spectroMeter
for Atmospheric CHartographY (SCIAMACHY) instrument albddhe Envisat satellite operated by the
European Space Agency (ESA). A comparison scheme is deghhich accounts for the spatial and
temporal mismatch between the balloon and satellite bor@sarements by identifying coincident air
masses through an air mass trajectory model. The differim@jgechemical conditions are considered
by a photochemical model of the stratosphere which is rungatbe temporal history of the air masses
actually observed. Finally, the properly inferred velttimafiles are compared and discussed with respect
to accuracy and shortcomings of the satellite retrievaiguré 5.1 shows a schematic drawing of the
validation strategy.

5.1 The SCIAMACHY instrument

In March 2002, Envisat was launched into a Sun synchronobi¢ with an equator crossing time at
10:00 LT. Together with MIPAS and GOMOS, SCIAMACHY is one tf three atmospheric chemistry
instruments. A detailed description of the instrument caufidoind in Burrows et al. (1995) and Bovens-
mann (1999). Here, £and NG, stratospheric profiles are presented which are inferredyudgorithms
developed at the Institute for Environmental Physics oflinéversities of Bremen (IUP-Bremen) and
Heidelberg (IUP-Heidelberg) and at the Harvard-SmithaonCenter for Astrophysics (Harvard). No
official ESA products are available for the data considerm@ h

SCIAMACHY measures the absorption, reflection and scatgecharacteristics of the atmosphere by
monitoring the extraterrestrial solar irradiance and teelling radiance observed in different viewing
geometries, depicted in figure 5.2. In solar occultation suesment mode, SCIAMACHY measures
the direct solar irradiance during sunrise similar to thikoba borne LPMA/DOAS observations. In

addition, the moon can be used as light source to perfornr laceultation measurements. In nadir
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SCIAMACHY LPMA DOAS
UV/vis grating, (FT-IR, (UV/vis grating,
scattered sunlight direct sunlight) | direct sunlight)
- True evolution of R
to, Xg| frace gas concentration > |t X
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trace gas concentration
model

Air mass
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Figure 5.1:Schematic drawing of the presented comparison and validatrategy. SCIAMACHY observations
are conducted at time tand location . Prior to the balloon flight dedicated to SCIAMACHY validati, the

air mass trajectory model is used to optimize the timarnd location x of the LPMA/DOAS balloon borne
observations, e. g. by optimizing the launch time of thedmall After the balloon flight, the trajectory model
calculates the air mass history in order to identify sdatelheasurements which actually sampled the same air
masses as the balloon borne instruments. In a Lagrangianagpthe illumination history of the coincident air
masses is fed into a photochemical model to reproduce tHetmrmof the considered trace gases between satellite
and balloon borne observations as realistically as passitiie modeled evolution of the trace gas history is used
to appropriately scale the balloon borne data to the phetoatal conditions of the satellite measurements.

viewing geometry, SCIAMACHY observes sunlight scattergdthe Earth’s atmosphere or surface
beneath the satellite. A scanning mirror in the nadir emmgawptics provides a typical spatial resolution
of 30 km along the track of the satellite and 240 km acrossrénekt Here, data are presented which
are inferred from measurements in the limb viewing geomethere the instrument observes scattered
sunlight tangentially to the Earth’s surface in flight difen of the satellite. The limb entrance optics
scans the Earth’s atmosphere vertically in steps of apprataly 3.3 km from the ground to about
100 km tangent height. Horizontal scanning covers aboutk@6@t each tangent point. While the
nadir measurements provide mainly total columns of the reksetrace gases, the limb measurements
allow for the derivation of vertical trace gas profiles. Theasurement sequence is designed to observe
the same air column subsequently in limb and in nadir vievgagemtry. In principle, this allows to
discriminate between the total atmospheric trace gas goinferred from nadir measurements and the
total stratospheric column obtained from integrated a$ftteric profiles and yields the tropospheric
column amounts of the considered trace gases (Bovensm@a®®r, Sioris et al., 2004).

SCIAMACHY is a dispersive spectrometer which covers thdarengpectral range from 220 nm to
2380 nm in eight spectral channels. The spectral resolatidhe spectrometer varies between 0.24 nm
and 1.48 nm depending on channel number. The spectral igagjidesigned to be stable regarding
spectral shifts to within 1/50 of a detector pixel, which uiggs a temperature stability of the spec-
trometer of better than 250 mK over one orbit. The coveredtspleranges allow for the retrieval of
the atmospheric abundances of various trace gases, g, i@, NOs, BrO, OCIO, Q, SG,, H,CO,
CO, CG,, N2O and CH. In addition, the measured spectra are radiometricallipreaed to high
accuracy (2% to 4%) by on-ground and in-flight radiometritibcation procedures. Contributions of
the LPMA/DOAS instruments to the validation of the solandiance measured by SCIAMACHY are
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HADIR MEASUREMENTS LB MEASUREMENTS

Figure 5.2:Viewing geometries of SCIAMACHY adopted from Beirle (2005)CIAMACHY is able to measure
scattered or direct sun- or moonlight in nadir (upper leftgdy limb (upper right panel) and solar/lunar occultation
(lower right panel) viewing geometry. The measurement eege is designed to allow for limb/nadir matching
(lower left panel), i. e. the same air column can be obserubdejuently in limb and nadir mode.

reported elsewhere (Gurlit et al., 2005; Lindner, 2005).

O3 and NG trace gas retrievals applied to SCIAMACHY limb spectra ofitsered sunlight are by
courtesy of Christian von Savigny (IUP-Bremen), Alexei Roav (IUP-Bremen), Christopher Sioris
(Harvard), Sven Kuhl (IlUP-Heidelberg) and Janis PukiteRideidelberg). A short description of the
relevant retrieval characteristics can be found in Butd.2806).

5.2 Air mass trajectory modeling

Balloon borne measurements exhibit several inherent @ntt with respect to time and location of
the balloon launch. Balloon launches are possible at a fs around the world, only. The launching
possibility depends on the local surface weather conditard the balloon’s trajectory is determined by
the tropospheric and stratospheric wind fields. Furtheemibre LPMA/DOAS payload is supposed to
be launched at a time close to local sunset or sunrise as LBMAS performs measurements during
solar occultation. In practice, these constraints makgficdlt to get a direct temporal and spatial coin-
cidence with individual satellite measurements such a®\SIAICHY limb observations. In part, the use

of air mass trajectory models can help to overcome the shroitgys in balloon borne satellite validation

(Bacmeister et al., 1999; Lu et al., 2000; Danilin et al.,29@).

Within the framework of the Envisat/'SCIAMACHY validatioan air mass trajectory model is operated
by Katja Grunow at FU Berlin which uses operational ECMWFlgses and forecasts given every 6 h
on a2.5°x2.5° latitude/longitude grid (Langematz et al., 1987). Forwand backward trajectories are

calculated on isentropic levels from the surface up to 16@®kential temperature with interpolation

between the levels. The internal time step is 10 minutestandiabatic and climatological heating rates
are based on Newtonian cooling. The results (trajectorgtppare stored for each hour.
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Figure 5.3: Air mass trajectories modeled 18 hours backward (left paavedl 24 hours forward (right panel)
in time for the balloon ascent measurements of the LPMA/D@a$load at Kiruna on March 23, 2003. The
trajectories are color-coded according to their startitiide as indicated in the legend. A symbol is plotted every
12 hour interval. The areas covered by the tangent point€ARACHY limb observations is projected onto the
Earth’s surface and illustrated as blue rectangles. Filethngles correspond to SCIAMACHY limb observations
for which more than 10% of the calculated air masses are ic@ntwith the LPMA/DOAS measurements. The
shaded rectangles represent SCIAMACHY limb observations/hich less than 10% of the calculated air masses
are coincident with the LPMA/DOAS measurements. The tintedate of the satellite measurements is given next
to the rectangles. Figure by courtesy of Katja Grunow (FUiBer

The modeled air mass trajectories are used for pre-flightnitg of the actual date and time of the
balloon launch as well as for post-flight analysis of the a@smhistory concerning the spatial and tem-
poral mismatch between the air masses sampled by SCIAMAQhtitlze LPMA/DOAS instruments.
For that purposes, backward and forward trajectories aréest at the balloon measurement locations
which are represented by the position of the balloon fordaallascent and by the tangent points for
solar occultation. For post-flight analysis air mass ttajees are calculated for up to 10 days forward
and backward in time, but for balloon flight planning purpo#iee time range is limited by the available
ECMWEF forecasts: the latest analysis is from 12:00 UT thelufgre, forecasts are available every 6 h
and up to 72 h into the future.

The actual geolocations of Envisat/SCIAMACHY observasi@mne provided by the SCIAMACHY Op-
erational Support Team (SOST) through its webditigp(//atmos.af.op.dIr.de/projects/scops/). For each
Envisat orbit, overpass time, geolocation and detailedsomeanent specifications (e.g. swath, measure-
ment duration, ground pixel size) can be downloaded. Foathmass trajectory based matching tech-
nigue only the area covered by the tangent points of SCIAMXGishb observations is considered.
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This information is used to find satellite measurement gahdng the individual air mass trajectories
for which the spatial and temporal mismatch is as small asipleswith respect to the air masses probed
by LPMA/DOAS. The match criteria are chosen based on therequee of the 0zone Match experiment
(von der Gathen et al., 1995). The maximum mismatch in tinterden the satellite observation and the
air mass trajectories started at the balloon observationashour and the maximum mismatch in space
is 500 km with respect to the center of the SCIAMACHY limb gndupixel. In cases where no En-
visat/SCIAMACHY observations satisfy these limits, thetdnce criterion is weakened to a maximum
spatial mismatch of 1000 km.

Figure 5.3 illustrates the modeled air mass trajectoriestha corresponding SCIAMACHY observa-
tions coincident with the LPMA/DOAS measurements for thédoa flight at Kiruna in March 2003.
For the backward calculations a grouping of the trajectoiseobserved. Below 15km, coincidences
between air masses probed simultaneously by SCIAMACHY aPilA/DOAS are found for the limb
scan on March 23, 2003, at 11:10 UT. Above 20 km, the most &oferlimb scan for validation took
place on the same day at 11:07 UT. The forward calculatiotdisate that the SCIAMACHY limb scan
on March 24, 2003, at 9:01 UT is most suitable for validatiSimce the sensitivity of the SCIAMACHY
limb measurements to altitudes below 20 km is limited, tHsb scans are typically chosen for valida-
tion which exhibit many coincidences in the altitude rangeaeen 20 km and 30 km.

5.3 Photochemical modeling

The previous section discusses how to identify air massashwdre sampled by both, the satellite
and balloon borne instruments. The example in figure 5.3 shbwat for a balloon flight conducted
in the evening close to sunset typical satellite coincidsnare found in the morning before and after
the balloon launch. That means, even if identical air maasesampled, they are not probed at the
same time and hence photochemical processing can occuedietiive satellite and the balloon borne
measurements. For species which are photochemical inditn@scales of one day photochemical
processing is negligible as can be seen from the upper le#tl pd figure 5.4 where the diurnal variation
of the Q; concentration is shown as a function of altitude. The comma&an of G; is essentially constant
over one day and hence no photochemical correction is regessien SCIAMACHY performs its
measurements several hours before or after the LPMA/DOAISdpaflight. The diurnal variation of
NO, however is strong due to the photolysis of®§ during the day and its built-up from NQiluring
the night as illustrated in the lower left panel of figure S5Hence, air masses sampled in the morning
before the balloon launch undergo significant photochengpoacessing until they are probed by the
LPMA/DOAS instruments in the evening and a photochemicatemtion is necessary when validating
photochemically active species like N(Bracher et al., 2005).

A further impact of photochemistry on remote-sensing apphesc measurements is illustrated in the
upper right and lower right panel of figure 5.4 fog @nd NG, respectively. In principle, each point
on the line-of-sight from the remote-sensing instrumenth® Sun can be identified with a unique
local solar zenith angle and hence unique insolation aral [gltotochemical conditions. The observed
spectrum is a composite of all photochemical conditionsi@lthe line-of-sight. The lines-of-sight
of a balloon borne solar occultation measurement, showhenright panels of figure 5.4, cross the
altitude layers below the balloon twice and above the ballonce. By definition the tangent point
corresponds to a local SZA of 90points on the line-of-sight which are closer to the balldloan the
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Figure 5.4:Concentration of @ (upper row) and N@ (lower row) as a function of time and altitude (left column)
and as a function of SZA (pm) and altitude (right column). Toéor-code indicates the concentrations of the
respective gases as modeled by the SLIMCAT 3-D chemicaspran model (Chipperfield, 1999) for Kiruna on
March 23, 2003. Typically, SCIAMACHY measurements takecplin the morning while LPMA/DOAS balloon
flights are conducted over a 2 to 3 hour period close to sum#ie¢ievening. The lines-of-sight of the LPMA/DOAS
solar occultation measurements are shown as black lindseiupper right and lower right panel. For better
visiblilty, the lines-of-sight for measurements durindlban ascent are suppressed.

tangent point exhibit SZA 90°, points on the line-of-sight which are closer to the Sun tientangent
point exhibit SZA< 90°. For chemical species which are inert on timescales of thedwaflight, like

O3, profile retrieval is unambiguous since the concentratioreach altitude layer does not depend
on the local SZA. Profile retrieval of photochemically aetispecies, like N@ is problematic since
the concentration profile changes during the course of thesmmements and spectra recorded at the
beginning of the balloon flight sample a different concerdraprofile than at the end. In particular, this
effect is important for solar occultation measurements Of Nince its variation during sunset is strong
due to the decrease in N@hotolysis (Kerr et al., 1977; Roscoe and Pyle, 1987).

Following the above discussion, a photochemical model dgiired to correctly validate the SCIA-
MACHY limb measurements of NOby the LPMA/DOAS balloon borne observations. A combination
of the 3-D chemical transport model (CTM) SLIMCAT and the leBemistry model LABMOS is
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employed as described in section 1.3. SLIMCAT output from mhulti-annual run (# 323) is saved
every two days at 0:00 UT interpolated to the launch siteb@tialloon flights and used to initialize the
1-D chemistry model LABMOS. Here, LABMOS models stratogjph@hotochemistry on 19 potential
temperature levels betwedh = 336K (~11km) and® = 1520K (~42km). As recommended by
Dufour et al. (2005), aerosol surface area densities asntfibm balloon bornén situ measurements
of the aerosol size distribution at Laramie {#), Wyoming, conducted by Deshler et al. (2003) in
2003. The stratospheric abundance of aerosols is curranthackground levels corresponding to a
volcanically quiescent period and assumed constant foradifiation flights between 2003 and 2005.
The 1-D model is initialized at 0:00 UT with SLIMCAT output ¢fie day of the balloon flight at the
launch site. If output is not available on the actual day &f tialloon flight, we decide whether to
take output from the day before or after by comparing the oreasQ;, NO, and if available CH
and N,O profiles to the modeled ones and choosing the output whioduges the best agreement
with the measurements. While the model is run with fixed pnesand temperature for ea¢hlevel
taken from the meteorological support data of the ballooghf)i the SZA timeline is taken from
the air mass trajectory calculations to guarantee that timeophemical evolution of the modeled air
mass corresponds to the true evolution between initigdizadf the model, satellite measurement and
balloon borne observation. For simplicity, a single SZAdime for all © levels is chosen which is
representative for the altitude range where the air masseside. As recommended by Bracher et al.
(2005), the concentrations ofsONOy, NO and NOs are scaled upon initialization in a way that the
model can reproduce thes@nd NG, profiles measured in the evening. All other SLIMCAT output
parameters are left unchanged for initialization of the txddel.

All satellite measurements of NOprofiles presented here are conducted far from sunset or sun-
rise and completed within minutes. Hence, a fixed SZA is assuior the SCIAMACHY observations.
The photochemical variation between the satellite andoballborne measurements and during the
course of the balloon flight is corrected by introducing thetochemical weighting factors;,;. Given

the photochemical model data along the SZA timeline of amaiss trajectorys;; is defined through

Krj = L (5.1)

where j is the modeled N@ concentration in altitude laygrand at the SZA of the SCIAMACHY
measurement and,ais the modeled N@concentration in altitude laygrand at SZAK. When tracing
the light path through the atmosphere from the Sun to thedalborne detector, each point on the
line-of-sight can be identified through its altitude andldsal SZA. The slant path through laygr

at local SZAk is multiplied by ~;;. Hence, a photochemically corrected weighting functiortrina

K is obtained. Replacind by K in equation (3.36) and solving the inverse problem as destri

in section 3.3 yields the balloon borne trace gas profileesctd the photochemical conditions of the
satellite measurement. It has to be emphasized that thefdramation ofK to K is not a simple matrix
multiplication since the lines-of-sight of solar occuilbet measurements cross altitude layers below the
balloon twice.

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

NO,. The output of each model run is used to produce scaled Ipailome NQ profiles corresponding
to a backward and a forward satellite match in the morningrgend after the balloon flight. The root
mean square of the differences between the sensitivityandghe standard run represents our estimate
of the modeling error which is inferred separately for forvand backward calculations. This is a
very conservative estimate since the modeling error is stinated from the differences between the
photochemical weighting factors,; (Dorf, 2005) but from the differences between the modeled, NO
profiles. The tested parameters include thep@file (-33%,+50%), which is varied in a range beyond
the actual measurement errors of theofile in order to account for possible spatial gradientéctvh
are not captured by the air mass matching technigue; &fdndances are influenced by thg f@ofile
mainly through its reaction with NO, equation (R1.42). Th#umn abundance of overhead ozone
(£74%) modifies the incoming actinic flux and hence the phoislyates. The temperature for each
O-level (£7K) is varied by its typical variation along a 24-h air masgectory between 20 km and
30 km altitude. The rate constants of reaction (R1.42) add4& &20%), which directly impact N®
concentrations, are varied by the error estimates giveraml& et al. (2003). The same is true for the
~-coefficient for NOs uptake on liquid aerosol (-50%,+100%). Aerosol surfaca aensities £40%)
are varied by the precision estimates of Deshler et al. (2003

The resulting modeling error and its contributions are ghaw figure 5.5 as a function of alti-
tude. The total modeling error increases from below 10% &n3@litude to about 20% at 20 km.
Below 20 km it increases up to about 40% for the backward &tioms and up to 30% for the forward
calculations. For both scenarios, it is dominated by theiieity to the O; profile and the amount of
overhead @. The parameters influencing heteorogeneous reactionsthee coefficient for NOs
uptake on liquid aerosol and the aerosol surface densitigtath contribute less than 8% in the range
between 30 km and 20 km and at most 15% below 15 km. The setysit\the reaction of @ with NO
and to the variation of temperature amounts to about 10%eitothier stratosphere and is smaller above.
The error due to uncertainties of the photolysis rate of,Ni@@reases from less than 5% at 30 km to
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Table 5.1: Compendium of joint LPMA and DOAS;@nd NG, profile measurements and Envisat/SCIAMACHY
overpasses. BA and SO indicate balloon ascent and solaltation measurements.

Balloon flight | Location Geophysical Available datasety 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 | 67.9 N,21.1° E SZA: 71.F - 94.1° 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 | 67.9 N,21.1° E SZA:78.9 -94.7 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 I'Adour mid-lat. fall BA: DOAS 8407, Oct 9, 9:51 17-31 -6.5 738-988
15:39-17:09 | 43.7”N,0.3 W SZA:72.00 -87.8 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 | 67.9 N,21L.I°E SZA:74.5 - 95.3 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 | 5.1°S,42.9 W SZA:60.6” - 95.8° 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 addeteerror bars of the photochemically
corrected NQ@ profiles by Gaussian error propagation.

5.4 Comparison of vertical profiles of G and NO,

5.4.1 Observations

The validation study reports on five LPMA/DOAS balloon flightonducted since 2003: Three from
ESRANGE, Kiruna, in northern Sweden, one from Aire sur I'Aidén southern France and one from
Teresina in northern Brazil close the equator. For eaclodalflight a satellite coincident measurement
is identified in the morning before and after the balloon fligking the trajectory matching technique
described in section 5.2. In the following these coincidsnare referred to as backward and forward
coincidences. If trace gas profiles inferred from ballooceas and solar occultation are available the
satellite coincidences are identified separately. For éatlbon flight table 5.1 provides information
on the measurement site, the geophysical condition, the &o8e covered by the balloon borne
observations, the available data sets and some detaile@elbcted SCIAMACHY limb scans. Besides
orbit number, time and date of the satellite measuremeet,ntatching altitude, the distance with
respect to the air masses probed by the balloon borne insiisnand the time delay between satellite
overpass and balloon flight are given. Albeit the limited iemof balloon flights, the validation dataset
represents a wide range of geophysical conditions comprikigh-latitude winter, mid-latitude and
tropical scenarios.



130 CHAPTER 5. VALIDATION OF SCIAMACHY O; AND NO; PROFILES

a) O3 at Kiruna, March 23, 2003, balloon ascent
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Figure 5.6: Averaging kernels of the DOAS (gray diamonds), LPMA (redmyles) and SCIAMACHY (blue
circles) trace gas retrievals for measurements at Kirunslarch 23, 2003. Averaging kernels are shown fgr O
(panels a) and b)) and Npanels c¢) and d)) for balloon ascent (panels a) and c)) alad soculation (panels
b) and d)) viewing geometry. The DOAS and SCIAMACHY data atieved on the same altitude grid which
corresponds to a 1-km grid spacing above 10 km altitude aodasser below. The LPMA data are retrieved on a
2-km grid.

In general, we succeed in identifying satellite coincidena the altitude range from about 20 km to
30km. In some cases the characteristics of the coincidemeesot perfect for validation purposes,
e. g. for the flight from Kiruna in 2004 where the forward codent altitude range is below 20 km

and for the flight from Kiruna on March 4, 2003, where the fomlvaoincidence is restricted to a
small altitude range. Nevertheless, remembering thatc@ence criteria are somewhat artifical the
balloon and satellite borne trace gas profiles are compartiteiwhole retrieved altitude range. For the
flight from Aire sur I'’Adour on Oct. 9, 2003, the match critemi is weakened to a maximum spatial
mismatch of 1000 km, as no coincidence is found applying @8kBn criterion. Furthermore, assuming
the weakened match criterion, the satellite overpass inmtbming of Oct. 9 coincides directly with

the balloon measurement locations. Hence, the backwardlintadculations for this flight are not

performed along the SZA timeline given by air mass trajgctalculations, but are carried out along the
SZA timeline corresponding to air masses stationary at sumel’Adour. LPMA data are processed for
the two flights at Kiruna in 2003, only. DOAS data are lacking ¥arch 4, 2003, due to instrumental
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malfunction.

Figure 5.6 compares the averaging kernels of the SCIAMACHYa@d NG, retrieval with the LPMA
and DOAS averaging kernels for balloon ascent and solarltatiom measurements at Kiruna on
March 23, 2003. SCIAMACHY exhibits an altitude resolutioh3km to 5km for both gases which
is evidently coarser than for DOAS but on the order of the LPBM#tude resolution (see also section
4.2.1). Accordingly, DOAS @and NG profiles are retrieved on the same altitude grid as the gatell
profiles and smoothed to match the satellite’s coarseudétitesolution except for NOneasured during
balloon ascent below 20 km where no smoothing is applied. ARce gas profiles are generated on
a 2-km altitude grid without smoothing. In all cases, the eripprofiles are taken from the satellite
retrievals performed at the IUP-Bremen.

Before the actual trace gas profiles are compared a qualégkcbf our combined meteorological
and photochemical modeling approach can be performed byaong photochemically corrected
balloon borne profiles inferred from the balloon ascent andrsoccultation measurements of the same
balloon flight. As listed in table 5.1 for the balloon flight®in Kiruna in 2003, from Kiruna in 2004
and from Teresina in 2005 the air mass trajectory model ifilethtair mass coincidences with the same
SCIAMACHY scans for balloon ascent and solar occultatiosertations. Using the photochemical
model to scale the balloon borne N@rofiles to the same satellite observation should yieldtideh
profiles for both viewing geometries. If any discrepanciesabserved, either the trajectory model or the
photochemical model is insufficient or the profiles retreé¥em balloon ascent and solar occultation
are inconsistent. Figure 5.7 illustrates the comparisotthfe three considered balloon flights. The left
column of panels shows the;@rofiles inferred from balloon ascent and solar occultatimasurements
while the two columns on the right display the retrieved ahdtpchemically corrected NQprofiles.

The G; profiles can be used as tracer for the inhomogeneity of thgleahair masses. Since ozone is
not subject to considerable photochemical variation omadicale of hours, all discrepancies observed
between the balloon ascent and sunset observations catribatatl to spatial inhomogeneities of the
O3 concentration or to inconsistencies of the measuremerits. lafter can be considered small, since
the estimated accuracy of the DOAS @trieval is better than 5% (section 4.1.1). From figure big i
apparent that the LPMA/DOAS instruments sampled slightyomogeneous air masses below 20 km
for the high-latitude flights from Kiruna in March 2003 and020 which have been conducted close to
the polar vortex. For the tropical balloon flight no consat#e impact of horizontal trace gas variations
is detected.

The comparison of N@concentrations which are inferred from balloon ascent andet measurements
and photochemically scaled to the same SCIAMACHY obseamuat convincing for Kiruna in 2003 and
in particular for Kiruna in 2004 (figure 5.7 a) and b)). Altlghuthe applied scaling is quite substantial
in particular for the sunset data, only small discrepaneiesobserved for the former flight around
20km which might be due to unaccounted inhomogeneities roaisses, since deviations are also
seen in the comparison of the respectivepofiles. For the tropical flight from Teresina in 2005, the
photochemically corrected profiles inferred from sunsetamsistently lower than those inferred from
balloon ascent measurements. Sampling of horizontallprimdgeneous air masses seems unlikely,
since the dynamics of the tropical stratosphere does rawv &tir large gradients of trace gas abundances
on small spatial scales as observed close to the polar vortexddition to that, the corresponding; O
profiles show good agreement. A possible source of erromatigs from the actual measurements. The
optical densities of N@encountered during balloon ascent at tropical latitudessary small since the
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Figure 5.7:DOAS G; (left column) and NQ profiles (right columns) measured at Kiruna in 2003 (row aj),
Kiruna in 2004 (row b)) and at Teresina in 2005 (row c)). Thefikes inferred from balloon ascent (black boxes)
and solar occultation measurements (red triangles) atedstathe photochemical conditions of the coincident
SCIAMACHY measurements listed in table 5.1. For each ballflight the identified coincidences are identical
for balloon ascent and solar occultation measurementstoBfemical corrected NOprofiles corresponding to
backward and forward coincidences are shown.

low SZAs allow for small air mass factors, only. Further, ttegermination of the Fraunhofer offset of
the DOAS NQ SCDs is particularly difficult for the flight from Teresina 2005, because balloon float
is reached very late at SZA83° and because the N@oncentration maximum is found above ballon
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float altitude. A systematic overestimation of the DOAS Hifzafer offset would impact the balloon
ascent SCDs more seriously than the SCDs measured in soldtation since the former are one order
of magnitude smaller than the latter. Therefore, the Frafertoffset is calculated independently from
the SCIAMACHY NGO, profile above balloon float altitude and from the weightingdiions for the
pseudo-TOA spectrum used for the DOAS retrieval. It is fothat the difference between the inferred
Fraunhofer offsets cannot account for the observed diaomp. The photochemical model has proven
to yield valuable results for the mid- and high-latitudihalloon flights. Since all parameters depending
on latitude are adjusted to the tropical conditions, at thenent the reason for the observed discrepancy
remains unclear. However, in all cases the error bars ceingrthe measurement errors, the retrieval
errors and the modeling errors represent well the actualracg of our approach.

5.4.2 Discussion

The retrieved vertical trace gas profiles foy @d NG, are shown in figures 5.8, 5.10 and 5.11. Satellite
observations in the morning before and after the balloomtflaye compared to balloon borne trace
gas profiles. Smoothed (and in the case of;NfBotochemically corrected) balloon borne profiles are
presented. For reference, vertical profiles without phwtatical correction at full altitude resolution
are plotted. In the case ofsQin situ sonde data are included if available. The €dnde data are taken
from an electrochemical cell either deployed on the gondolaunched from the ground station shortly
after balloon launch. The relative deviations between #iellite and balloon borne measurements are
assessed in figure 5.9 foz@nd figure 5.12 for N@.

O3 validation study

The internal consistency of the validation data set has besenssed in depth in sections 4.1.3 and 4.2.2
where a general agreement on the order of 10% is observedl.dasas the agreement betwdarsitu
sonde and remote sensing balloon borned@ta is good. Sometimes even highly filamented structures
(e. g. figure 5.8 €)) can be observed simultaneously in the fgigolution balloon borne and thesitu
observations.

In most cases SCIAMACHY limb @profiles agree to withia: 20% with the validation data set in the
20km to 30 km altitude range. The agreement ranges from t¢toperfect as for the observations at
Kiruna on March 4, 2003 (figure 5.8 a)) to fair as in the caseqfré 5.8 d), where the agreement in the
considered altitude range is on the order of 30%, only, aagtbfile shape is rather different for satellite
and balloon borne data. The relative deviations (figuregh8jv a systematic underestimation of the bal-
loon borne by the satellite borne profiles at 24 km to 28 kntualé. The underestimation decreases and
sometimes changes to overestimation when going up to 31 Krd@wmin to 20 km. This finding is similar

to conclusions of Brinksma et al. (2006), where a zigzag shdhe deviations between a validation
data set (lidar, SAGE Il) and the IUP-Bremeg fatrieval is observed, indicating thag ©@oncentrations

at 27 km inferred from SCIAMACHY limb are low. Although diffent corrections for tangent height
errors are already included in the SCIAMACHY retrievalsréhenight be a remaining small tangent
height error causing the observed deviations. The comb#ned bars of the balloon and satellite borne

1The Fraunhofer offset inferred from the N@angley plot is(8.31 10" =+ 4.9 10**) molecules cm? while the value
inferred from the SCIAMACHY profile is8.16 10*® molecules cm?.
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Figure 5.8:Comparison of @ profiles inferred from SCIAMACHY limb observations with getative balloon
borne measurements. Panels a) to f) correspond to obsersat a) Kiruna on March 4, 2003, at Kiruna on
March 23, 2003, during b) balloon ascent and c¢) sunset, aird)siir I’Adour on October 9, 2003 and at Kiruna on
March 24, 2004, during e) balloon ascent and f) sunset. Tihare right sub-panels correspond to backward and
forward coincidences. Satellite data are shown as bluéesir&moothed DOAS data are plotted as black boxes,
LPMA data as red triangles. The gray diamonds represent DOABrofiles at full altitude resolution without
smoothing. If available, @profiles measured during balloon ascent by an electroclaoed aboard the gondola
are shown as green line. The dashed green lines corresp@dimfiles inferred from stand-alorie situ sondes
launched from the ground station shortly after balloon &urThe altitude range between the horizontal dotted
lines represents the range where coincident air massedartfied. Unfortunately, for the backward coincidence
at Kiruna on March 24, 2004, and for the flight from Teresinalane 17, 2005, no SCIAMACHY Odata are
available. For better visibility, only selected error bare shown.
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Figure 5.9:Relative deviations between satellite and balloon bornasmements of Oprofiles. Filled and open
symbols correspond to backward and forward coincidenaspectively. Observation sites and conditions are
indicated in the legend. The mean deviation of all coincidiata in the 20 km — 31 km altitude range is 4.3% with
10.8% standard deviation. The gray lines indicate the me#&0.843 and the one and two times standard deviation
boundaries with respect to the 20 km—31 km altitude range érhor bars represent the combined errors of the
satellite and balloon borne observations. Note the brokenissa.

observations are on the order of the observed standardtidev all coincident measurements in the
20 to 30 km altitude range. However, a number of data poirftsrddy more than the combined error
bars which might point to a systematic error as suggestedeabo

Below 20 km, SCIAMACHY G profiles underestimate the balloon borne data in most cagksan-
not reproduce the frequently highly filamented @rofiles observed at high-latitudes during winter (e.
g. figures 5.8 e) and f)). The balloon flights from Kiruna on da@3, 2003, and on March 24, 2004,
were conducted close to the polar vortex edge where theagtsdin Q concentration are large on small
spatial scales. When identifying coincident balloon artéls& measurements, the air mass trajectory
calculations allow for a sizeable mismatch in space and. thrapatial mismatch of up to 500 km is pos-
sible and, hence, the influence of horizontally inhomogasetir masses can be important close to the
polar vortex edge. Further, SCIAMACHY measurements raprean average over a 960 km wide hori-
zontal area, whereas the LPMA/DOAS measurements averadgmtizontal trace gas distribution along
the line-of-sight from the balloon to the Sun. Deviationsrafigures 5.8 €) and 5.8f) might originate
from the difference in horizontal averaging. Unfortungtéhere are no DOAS or LPMA data available
for the observations below 19 km at the mid-latitudinalistatdire sur I’Adour, but SCIAMACHY limb
profiles and the corresponding profiles inferred friongitu O3 sondes agree well (figure 5.8 d)). Figure
5.9 reveals that the combined error bars cannot explainkibereed discrepancies below 20 km altitude.
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a) Kiruna, March 04, 2003, sunset b) Kiruna, March 23, 2003, balloon ascent
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Figure 5.10:Comparison of N@ profiles inferred from SCIAMACHY limb observations with getative balloon
borne measurements. Panels a) to d) correspond to obsevatia) Kiruna on March 4, 2003, at Kiruna on March
23, 2003, during b) balloon ascent and c) sunset, and at &)3Air I’Adour on October 9, 2003, during balloon
ascent. The left and right sub-panels correspond to backarad forward coincidences. Satellite data inferred by
IUP-Bremen are shown as blue full circles, by Harvard as apagenta circles, by IUP-Heidelberg as green open
stars. Photochemically corrected and smoothed DOAS datplatted as black boxes, photochemically corrected
LPMA data as red triangles. The gray diamonds represertddrabborne profiles at full altitude resolution without
photochemical correction which are taken from the DOAS datapt for the flight from Kiruna on March 4, 2003,
where LPMA data are used. The altitude range between thedmdal, dotted lines represents the range where
coincident air masses are identified. For better visihitityy selected error bars are shown.

NO- validation study

The internal agreement of the balloon borne N@easurements is assessed in sections 4.1.3 and 4.2.2
and was found to be about 20%. Accordingly, the LPMA/DOASeartations in figures 5.10b) and
5.10c) mostly lie within the combined error bars. Nonetbgldor the flight from Kiruna on March 23,
2003, LPMA underestimates the DOAS profile for balloon ase@d overestimates it for sunset.

The comparison between NQrofiles inferred from the SCIAMACHY limb measurements ahd t
validation data set is presented in figures 5.10, 5.11 ar@l 5The internal agreement of the satellite
retrievals is variable. N@profiles inferred by IUP-Bremen and IUP-Heidelberg showdyagreement.
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a) Kiruna, March 24, 2004, balloon ascent b) Kiruna, March 24, 2004, sunset
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Figure 5.11:.Comparison of N@ profiles inferred from SCIAMACHY limb observations with aetative balloon
borne measurements. Panels a) to d) correspond to obsevati Kiruna on March 24, 2004, during a) balloon
ascent and b) sunset, and at Teresina on June 17, 2005, dubiajoon ascent and d) sunset. The left and right
sub-panels correspond to backward and forward coinciderfgatellite data inferred by IUP-Bremen are shown
as blue full circles, by Harvard as open magenta circles|tB8rHeidelberg as green open stars. Photochemically
corrected and smoothed DOAS data are plotted as black baxesmchemically corrected LPMA data as red trian-
gles. The gray diamonds represent DOAS profiles at fulLalétresolution without photochemical correction. The
altitude range between the horizontal, dotted lines regtsshe range where coincident air masses are identified.
For better visibility, only selected error bars are shown.

Deviations are observed for October 9, 2003, (figure 5.1@d3P0 km altitude and for March 24, 2004,
(figure 5.11 a)) below 20 km. In some cases (e. g. figures 5, 8)1) c) an d)) the Harvard NQetrieval
yields smaller trace gas concentrations than the |UP-Bneahgorithm around the Nfconcentration
maximum. In one case, the backward coincidence in figured.ahd 5.11 b), where SCIAMACHY
was operating in a non-nominal measurement mode and ppictinld not be verified, the Harvard pro-
files are offset by +2km to +3 km with respect to the other 8tgellata. Agreement is good for the
corresponding forward coincidence at Kiruna in 2004. Inftilwing, the discussion is based on the
IUP-Bremen records as the latter agree best with the balbmone data. Implications for the Harvard
and IUP-Heidelberg retrievals can be inferred analogously

For the high- and mid-latitude stratosphere between 20 k@ tan altitude the agreement between the
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Figure 5.12:Left panel: Relative deviations between satellite (IURBEN) and balloon borne measurements
of NO, profiles. Filled and open symbols correspond to backwardfarveard coincidences, respectively. Ob-
servation sites and conditions are indicated in the lege8dIAMACHY data corresponding to the backward
coincidence on March 4, 2003, at Kiruna are shifted by -2 kratalirom Teresina in 2005 are suppressed. The
mean deviation of all coincident data in the 20 km—31 kmuatiit range is 1.8% with 12.4% standard deviation.
The gray lines indicate the mean at 0.018 and the one andrves tstandard deviation boundaries with respect to
the 20 km—31km altitude range. Right panel: Same as leftlganelata from Teresina in 2005 are overlaid and
highlighted. Note the broken abscissa. The error bars septghe combined errors of the satellite and balloon
borne observations.

balloon borne N@ profiles and the satellite observations is on the order of 20% most often well
represented by the combined error bars. The latter amowitdot 1.5 to 3 times the observed standard
deviation between the two data sets for all coincident datdap in the considered altitude range. No
general trend can be observed. The backward observatidticuat on March 4, 2003, (figure 5.10 a))
reveal an altitude offset of +2km to +3 km of the SCIAMACHY titespect to the LPMA data. A
systematic underestimation is found between SCIAMACHYadatd balloon borne measurements at
Teresina in June 2005 (figures 5.11 ¢) and d)) which is paatiguobvious when looking at the relative
deviations (figure 5.12). As described in the previous sacthere might be an inconsistency within the
balloon borne data set which contributes to the observaztafiancy. The inferred deviations between
balloon and satellite borne data for tropical latitudeshim ¢ore 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 setriable. Further, as can be seen in
figure 5.11 a), the SCIAMACHY limb profiles retrieved by theRtBremen, IUP-Heidelberg and Har-
vard algorithms exhibit sizeable discrepancies below 20 Hrhis indicates that for low altitudes the
SCIAMACHY retrieval might depend on the auxiliary paranmretased in the retrieval such agriori
information. The combined relative errors shown in figurk25increase dramatically with decreasing
altitude. This can be explained because the absolute abhoeslaf NQ are very low in the correspond-
ing altitude region. The relative errors of SCIAMACHY N@®easurements below 15 km are typically
larger than 50%. Adding the rather large modeling error aacktror of the balloon borne measurements,
the combined error bars are often on the order of the obseteeidtion. Despite the large combined
error bars, a systematic underestimation of the ballooméatellite borne data is obvious.
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5.5 Conclusion on SCIAMACHY validation

This chapter presents a validation study foy &d NG, stratospheric profiles inferred from SCIA-
MACHY skylight limb observations based on balloon borne LRMOAS direct Sun measurements.
An air mass trajectory model is used to identify coincideaitdon and satellite borne measurements and
to model the meteorological history of the coincident aisses. A 1-D model of stratospheric chemistry
is run along the inferred air mass trajectories in order twant for photochemical processing between
the satellite and balloon borne observations and duringtiuese of the balloon flight. The modeled
photochemical weighting factors;; (equation (5.1)) are employed to scale the balloon borng pNG-
files to the photochemical conditions of the satellite mezrments.

The validation study covers five balloon flights at differgebphysical conditions. For both considered
gases, typical deviations between SCIAMACHY observatamd balloon borne profiles amount to 20%
in the 20 km to 30 km altitude range except for the tropicahdwt, where deviations are larger. In the
case of @, our observations support findings of a previous study (&rima et al., 2006) indicating that
the IUP-Bremen Qretrievals are systematically low between 24 km and 28 kitud#. Below 20 km
the agreement worsens for both gases due to the lower s@nsifi the satellite retrieval, unaccounted
horizontal variations of the trace gases and in the case af M©Odeling uncertainty.

Under tropical conditions, no SCIAMACHY fdata suitable for the validation study are available to
date. SCIAMACHY NG profiles underestimate the balloon borne observationsdretttire retrieved
altitude range. Parts of the observed discrepancy mightibeéaldeficiencies of the combined meteoro-
logical and photochemical modeling approach or due to asyaic error of the balloon borne profiles.
The present study provides a data set which can contributieetimprovement and the validation of
future official ESA algorithms which are currently under eimpment.
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Chapter 6

Case studies on stratospheric nitrogen and
chlorine

The quality of the LPMA/DOAS measurements is assessed iprfdous chapters by comparing the
simultaneously retrieved abundances gof @&d NG from the LPMA and DOAS instruments. The
dataset provided by the space borne SCIAMACHY instrumewnlislated. Beyond @and NG, there

is a variety of trace gases which can be retrieved from LPM2AS measurements and which allow for
developing a comprehensive picture of stratospheric ghetmical processes.

Four LPMA/DOAS balloon flights are chosen to study the phloémaistry of stratospheric nitrogen
and chlorine and its representation in the chemical tramspodel SLIMCAT and the chemical box
model LABMOS. First, some details of the spectral retrievhlthe target species are given. Then
a meteorological and dynamic analysis of the air masseslednyy the LPMA/DOAS instruments
is presented. Case studies are chosen to represent diffggephysical conditions ranging from
mid-latitude fall to high-latitude summer and winter. Thedget and partitioning of stratospheric
nitrogen is discussed with respect to latitudinal and seaseffects and the agreement with model
calculations. The chlorine budget and partitioning is stigated and interpreted regarding ozone loss
with the help of model studies constrained by the LPMA/DOASearvations.

6.1 Spectral retrieval of target species

The spectral retrieval of Qand NG, 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 thecsgal retrieval of various trace gases besides
O3 and NG, i. e. HNG;, NO, CIONG;, HCI, N5, O, CHy, HoO, CO,. A summary of the retrieved species
and corresponding retrieval characteristics is givenlitet&.1. 11 microwindows are identified which
are simultaneously used by the multifit retrieval (sectidh4. The listed microwindows represent the
maximum number of retrieval windows employed in the courfsih@ present study. Depending on the
choice of spectral filters, microwindows 1, 5, 6 and 7 are nailable for some of the LPMA/DOAS
balloon flights. Microwindows 1 to 4, which are covered by HgCdTe detector, require correction of
the sinusoidal artifact according to equation (3.34) aruti@e 3.2.4. The ILS is determined separetely

141
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Table 6.1: Microwindows, absorbing species, systematidexal errors and corresponding figures. For each
microwindow, the target species is indicated by bold fatels.

Micro- Spectral Absorbing species Systematic error | lllustration

window range / cm! (target specie} of target species / %
1 779.960-780.593 CIONO;, O3, CO; 20 figure 6.1
2 905.637-908.585 HNOs3, H20, CO; 15 figure 6.1
3 1240.387-1243.626 CH4, N2O, H20, CO; 10 figure 6.1
4 1257.005-1258.833 N20, CH4, H20, CO;, 10 figure 6.1
5 1818.095-1820.964 O3, NO, H;0, CO; 10 figure 4.3
6 1901.000-1904.978 NO, H20, CO, 10 figure 6.1
7 1933.898-1939.982 CO., O3, H20, NO, COR 10 figure 6.1
8 2914.358-2915.154 NOz, CHy, O3, H2O 10 figure 4.4
9 2925.768-2926.014 HCI, CHg4, NO 7 figure 6.1
10 2944.716-2945.103 HCI, CH, 7 figure 6.1
11 3040.039-3040.8443 O3, CHy, H20 10 figure 4.3

for microwindow 1, microwindows 2 to 4, microwindows 5 to 7damicrowindows 8 to 11. Since the
target window of CION@ (microwindow 1) is situated at the low-wavenumber end offilter bandpass,
the corresponding ILS has to be determined independentgmigles of typical ILS are shown in figure
4.2. Absorption line parameters are taken from Rothman é2@05) except for CION@where the data
set of Wagner and Birk (2003) is used. The errors of the retdeSCDs are calculated by adding the
statistical errors given by the fitting routine and the systc retrieval errors listed in table 6.1. The
latter are estimated from the errors of the absorption laemeters given by Rothman et al. (2005),
uncertainties of the ambient pressure and temperatureatataerrors due to incorrect knowledge of the
ILS as described in section 4.1.2 for thg &nd NG, retrieval. While the spectral retrievals o @nd
NO, in microwindows 5, 8 and 11 are illustrated in figures 4.3 ar] the retrieval of the remaining
target species is depicted in figure 6.1 for a spectrum recoddring the balloon flight at Kiruna on Feb.
10, 1999, at about 20 km tangent height.

In addition to the trace gases retrieved from LPMA spectichfabm spectra recorded by the ‘visible’
DOAS spectrograph, measurements of the ‘UV’ DOAS specaaigrare used to infer abundances of
BrO and OCIO. The spectral retrieval of the latter gases ifopeed according to the specifications
given in Dorf (2005) and following the same principles as dases measured by the ‘visible’ DOAS
spectrograph

Vertical profiles of the respective gases are generateddiogoto section 3.3.2 applying the MAP re-
trieval (equation (3.46)). Errors of the vertical profilag @&alculated from the errors of the SCDs and
the smoothing error through equation (3.47). Inspectiothefcorresponding averaging kernels implies
that a 3-km altitude grid is best suited for profile retriefram LPMA SCDs. In order to get profile
points each kilometer the retrieval is performed three silme altitude grids displaced by one kilometer.
Commonly, vertical trace gas profiles from DOAS data areriefit on a 1-km altitude grid. Altitude
resolution depends on the species but the analysis prédsensection 4.2.1 can be considered repre-
sentative for the LPMA and DOAS retrieval, i. e. altitudealesion of DOAS vertical profiles is in

1BrO and OCIO retrievals are performed by Marcel Dorf who istgfully acknowledged.
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Figure 6.2:Map of potential vorticity on the 475K potential temperatigvel over Europe as given by ECMWF
analyses at 12UT on Nov. 23 (left panel) and Nov. 24 (rightgharl996. Potential vorticity is color-coded
according to the scales in units of 10K m? kg~! s~! =0.1 PVU. Longitude and latitude are given in degree East
and degree North, respectively. The trajectory of the LPDIBAS balloon launched from Leon (4218, 5.7W)

at 14:45UT on Nov. 23, 1996, is shown as thick solid line.

general on the order of 1 km above 20 km, decreasing to 3 - 4 kowat altitudes while LPMA profiles
generally exhibit 3km altitude resolution above 20 km an® &m below.

6.2 Meteorological and dynamic analysis

The LPMA/DOAS balloon flights chosen for further analysisreveonducted at Leon (428, 5.7W)

on Nov. 23, 1996, and at Kiruna (6719, 21.TE) on Feb. 14, 1997, on Feb. 10, 1999 and on Aug. 21/22,
2001. The dataset is meant to represent typical case stfdigs mid-latitude stratosphere in fall and of
the high-latitude stratosphere in winter and summer. Hewdkie meteorological conditions are specific
for each balloon flight and determine to what extent the tesaferred from the presented case studies
are suited for general applicability. Hence, the meteajiokd and dynamic situation is shortly discussed
in the following section.

6.2.1 Mid-latitude fall 1996 at Leon

The balloon flight from Leon (429, 5.7W) in northern Spain was launched on Nov. 23, 1996, at
14:45 UT (SZA=73) and terminated at 16:53 UT (SZ4893°) during early solar occultation. The
meteorological analysis provided by FU Berlin shows thatAlnctic polar vortex developed strongly in
October 1996, but was split in early November due to a warreirent. A fragment above Greenland
intensified and moved eastward toward northern Spain cquainincrease of potential vorticity and
a decrease of temperature over Leon. After Nov. 11 the cenitégne polar vortex moved further
eastward and extra-vortex conditions re-established neethern Spain. Figure 6.2 illustrates the
potential vorticity at the 475K potential temperature leseer Europe on Nov. 23 and 24 at 12 UT.
The trajectory of the balloon follows the westerly wind patt starting from Leon in northern Spain.
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Figure 6.3:CH,-N,O correlation (left panel) and fD vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascepe(oblack circles) and solar occultation (filled
black boxes) at Leon on Nov. 23, 1996. SLIMCAT model outpt¢ipolated to Leon for Nov. 21 (dotted red
line) and Nov. 23 (solid red line) is shown for comparisonrtker, the standard CHN-O correlations given by
Michelsen et al. (1998b) for the tropics (blued dashed ifa) mid-latitudes (solid blue line) and for the polar
vortex (blue dotted line) are plotted. Note that the Michalgt al. (1998b) study was conducted between 1992
and 1994 and that the trend in stratospheri®©NO.8 ppt/year according to Houghton et al. (2001)) and, CH
(7.0 ppt/year according to Houghton et al. (2001)) is notsiaered.

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

A concept often used to identify the dynamic origin of air s@sis the inspection of tracer pro-
files or tracer-tracer correlations (Plumb and Ko, 1992)itaBle tracers are species such gONand
CH,4 which have no significant source in the stratosphere andevplostochemical lifetimes are longer
than or on the order of the timescales for horizontal trartspgoncentrations of these species should
decrease monotonically with altitude and are specific toglpective transport regime. Inside the polar
vortex for example subsidence of air masses is strongerahand-latitudes. Consequently, the tracer
profiles of intra-vortex air are “shifted downward” compare® mid-latitude tracer profiles (see e. g.
figure 1.2). Correlations between two tracers should be eatarying only with altitude. If at a certain
altitude level air masses of different transport regimesgengo mixing processes, tracer profiles appear
distorted, e. g. by showing filamented structures. Sincetiatochemical lifetimes of ND and CH are
controlled by inherently different photochemical pro@ssghe correlations between the two species are
specific to the large scale environment. Michelsen et aR§hY derived CH-N,O correlations from
ATMOS measurements aboard the space shuttle for a variegeahysical conditions and inferred
compact correlations for the tropics, mid-latitudes anthpeortex conditions. The correlations for the
polar vortices result from mixing between extra- and intoatex air masses which experienced different
degrees of subsidence.
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Figure 6.4: Temporal evolution of temperature at the 30 hPa pressued &bove the North pole. Data for the
winter 1996/97 are shown as black solid line while the dasinedcorresponds to the 30 year mean. Adopted from
Naujokat et al. (1997).

In figure 6.3 the standard correlations are shown togethén thie corresponding correlation in-
ferred from the LPMA/DOAS balloon flight. The LPMA/DOAS dasgatter around the mid-latitude
correlation of Michelsen et al. (1998b) but error bars atberalarge and do not allow for a clear
distinction between the three dynamic regimes. The infelNgO vertical profile (right panel of figure

6.3) reveals no intrusion of intra-vortex air. For companisSLIMCAT model data are also plotted for
Nov. 21 and Nov. 23, 1996, interpolated to Leon. The agreémiéh the measurements is good for
both days suggesting that the dynamic situation is modele@ctly.

6.2.2 High latitude winter 1996/97 at Kiruna

The LPMA/DOAS payload was launched from Kiruna at 12:15 UZAS< 82°) on Feb. 14, 1997. Bal-
loon float at 30 km altitude was reached about two hours latdrraeasurements in solar occultation
could be conducted down to 13 km tangent height (3Z%5°). During the Arctic winter 1996/97, the
polar vortex formed very late due to a warming event in lateéaber, but quickly intensified and per-
sisted into April 1997 (Coy et al., 1997). Since the vortemaéned isolated from January through the
end of March, temperatures were well below the thresholdPf€ type 1 formation. Figure 6.4 shows
the temperature as a function of time on the 30 hPa pressugidieove the North pole. There, tempera-
tures were well below the 30-year mean from January throuigimid-April.

Unfortunately, the LPMA/DOAS balloon flight was conductddse to the polar vortex edge as can be
seen from the potential vorticity plotted in figure 6.5. Tharec of the polar vortex on the 475K po-
tential temperature level was situated in the north of Siceavih and the strongest gradients occurred
between 70 and 62 latitude. That means that the LPMA/DOAS measurements guralloon ascent
and solar occultation may have probed air masses of diffehgmamic regimes. Even within a single
measurement extra-vortex as well as intra-vortex air nsasegy have been sampled which can readily
be seen in a folding of the dynamic tracer profiles and thestrracer correlations. The GHN,O cor-
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Figure 6.5:Map of potential vorticity on the 475K potential temperatlevel over Europe as given by ECMWF
analyses at 12 UT on Feb. 14 (left panel) and Feb. 15 (rigtelpat®97. Potential vorticity is color-coded accord-
ing to the scales in units of T Km2kg~!s~! =0.1 PVU. Longitude and latitude are given in degree East and
degree North, respectively. The trajectory of the LPMA/D®Balloon launched from Kiruna (67N, 21.7E)

at 12:15UT on Feb. 14, 1997, is shown as thick solid line. @etelines-of-sight during solar occultation are
represented by thin black lines.

relations shown in the left panel of figure 6.6 imply that tldldon ascent measurements predominantly
sampled intra-vortex air while the solar occultation measents probed extra-vortex air masses of mid-
latitudinal character although the scatter of the datatpaérather large. The D vertical profile plotted

in the right panel of figure 6.6 shows indeed that differemtadyic regimes were sampled during balloon
ascent and during solar occultation. The folding betweekn2hnd 26 km altitude corresponds to air
masses which experienced less subsidence than thosébatingito the profile points below 21 km.
SLIMCAT model output on Feb. 13 corresponds to the intraesolCH;-N,O correlation while model
output on Feb. 15 follows the mid-latitudinal correlatiofhe agreement with the LPMA/DOAS mea-
surements is moderate, remembering that altitude depehddrontal inhomogeneities as observed by
the remote sensing measurements cannot be reproduced rop ted.

6.2.3 High latitude winter 1998/99 at Kiruna

The LPMA/DOAS balloon flight was conducted on Feb. 10, 19¢9wWeen 11:35 UT (SZA:82.5’) and
14:55 UT (SZA=94.9). After two hours of balloon ascent to 28.5 km float altituadas occultation
measurements were performed down to tangent heights of addun. The 1998/99 winter was among
the warmest observed in the Arctic in the 1990s (EORCU, 198&hough a strong polar vortex was
well established in November with temperatures low enowgHdrmation of PSCs, a strong warming
event in mid-December caused a displacement of the poltaxtoward mid-latitudes. During January,
temperatures in the lower and middle stratosphere dedrdmgeirculation patterns remained disturbed
until the end of January, when a cold vortex re-establishezt the polar region. In the beginning of
February, at the time of the LPMA/DOAS balloon flight, temgteres around the threshold for PSC type
1 formation were observed. A further warming event in midieary caused the polar vortex to split
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Figure 6.6:CH,-N,O correlation (left panel) and fD vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascepe(oblack circles) and solar occultation (filled
black boxes) at Kiruna on Feb. 14, 1997. SLIMCAT model ouiptérpolated to Kiruna for Feb. 13 (dotted red
line) and Feb. 15 (solid red line) is shown for comparisontther, the standard CHN,O correlations given by
Michelsen et al. (1998b) for the tropics (blued dashed ifa) mid-latitudes (solid blue line) and for the polar
vortex (blue dotted line) are plotted. Please note that tieh&sen et al. (1998b) study was conducted between
1992 and 1994 and that the trend in stratosphesi© KD.8 ppt/year according to Houghton et al. (2001)) and CH
(7.0 ppt/year according to Houghton et al. (2001)) is notsiaered.

and finally led to an early springtime warming by the end ofriialby. The general evolution of polar
temperatures is shown in figure 6.7. Two distinct warmingieven December and February can clearly
be seen. In the beginning of December, PSCs could be obseveed®candinavian stations, but not for
the cold period in February albeit temperatures were ognally below 195 K. However, observations
were very sparse in February 1999.

Since the LPMA/DOAS balloon flight from Kiruna in 1999 is sted extensively in the following sec-
tions, a more detailed meteorological and dynamic anaiggjs/en than for the other flights. Figure 6.8
shows air mass trajectories calculated 10 days backwantihgtat Kiruna at 12 UT on Feb. 10, 1999.
The trajectories are shown on the 400K (15.5km), 475 K (1&B&nd 550 K (22.9 km) potential tem-
perature levels. Air masses at all altitudes traveled fromhern Canada across Greenland to northern
Scandinavia. While at lower altitudes the trajectories entlkir way from Canada to Kiruna between
60°N and 70N latitude, at higher altitudes air masses crossed pol@wnmegome days before reaching
northern Scandinavia. For the 550K level, ECMWF analysdic@te temperatures low enough for the
formation of PSCs. At that time of the year, the terminatothef polar night was at about 78orthern
latitude which implies that air masses on the 475 K and 550/4€l$eexperienced dark conditions over
4 to 6 days between Feb. 2 and Feb. 8. However, all air massesm@gred sunlight about 48 h before
arriving at Kiruna. Figure 6.9 shows the distribution ofgrtial vorticity over northern Europe for the
400K, 475 K and 550 K potential temperature levels on Feb.nthld, 1999, at 12 UT. The filamented
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Figure 6.7:Temporal evolution of temperature at the 30 hPa pressued &bove the North pole. Data for the
winter 1998/99 are shown as black solid line while the dasineccorresponds to the 30 year mean. Adopted from
Naujokat et al. (1999).

structure of the vortex is clearly visible. At 400 K an eloteghpart of the vortex was situated in the west
of the LPMA/DOAS measurements and moved in south-easteectiin. Given the potential vorticity
fields for 122 UT on Feb. 10 and 11 and that the flight was conduoter several hours after 12 UT on
Feb. 10, it is well possible that some lines-of-sight of tialdon borne instruments crossed the vortex
filament. At 475K a pronounced vortex filament occurred ckostie LPMA/DOAS measurements. In
particular, for solar occultation measurements the liofesight seem to point into the core of the vortex
while balloon ascent was conducted at the vortex edge. Amegfi high potential vorticity is found in
the north-west of the balloon borne observations on Febt #@®&50 K level. Since the filament moved
towards Kiruna, it seems likely that the remote sensingunsénts sampled air masses at the boundary
of the vortex.

The CH;-N-,O correlation (left panel of figure 6.10) supports the findinfithe meteorological analysis.
Air masses of different dynamic regimes were sampled duhadpalloon flight from Kiruna in 1999. Air
masses with MO larger than 100 ppb show mid-latitudinal tracer charésties or even slightly larger
CH, mixing ratios than expected from the mid-latitudinal stmtcorrelation. However, error bars are
rather large. Air masses witho® mixing ratios in the range of 100 ppb to 50 ppb fall in betwées
vortex and the mid-latitudinal correlation which is a hinatindeed some intra-vortex air was probed by
the lines-of-sight.

Given the coarse horizontal resolution, the SLIMCAT mods tifficulties to reproduce the complicated
dynamic situation of the considered LPMA/DOAS balloon ftigihe CH,-N,O correlations taken from
model output on Feb. 9 and Feb. 11 show vortex characterii&iic[N,O] > 120 ppb and tend toward
the mid-latitudinal correlation for [DO] < 120 ppb. The altitude profile of §fO (right panel of figure
6.10) reveals a rather unperturbed shape for the ballooenasteasurements which is slightly offset
in altitude with respect to the solar occultation profile.this latter case, similar to the observations at
Kiruna in 1997, larger than expected mixing ratio valuesveein 22 km and 26 km altitude are observed.
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Figure 6.8:10-day backward trajectories on the 400K (upper panel) Ki4{Biddle panel) and 550K (lower
panel) potential temperature level starting over Kirund2aUT on Feb. 10, 1999. Circles on the trajectories are
plotted each 24 h. Filled circles correspond to intervalemgtiemperatures low enough for PSC type 1 formation
occurred. The calculations were performed using ECMWHFyeeal and software tools provided by NILU.
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Figure 6.9: Map of potential vorticity on the 400K (upper row) (15.5km)75K (middle row) (19.8 km) and
550K (lower row) (22.9 km) potential temperature level okgirope as given by ECMWF analyses at 12 UT on
Feb. 10 (left panels) and Feb. 11 (right panels), 1999. Raterorticity is color-coded according to the scales
in units of 100" Km?kg~—!'s~!=0.1PVU. Longitude and latitude are given in degree Eastdeutee North,
respectively. The trajectory of the LPMA/DOAS balloon labed from Kiruna (67.9N, 21.7E) at 11:35UT on
Feb. 10, 1999, is shown as thick solid line. Selected lirfesight during solar occultation are represented by thin
black lines.
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Figure 6.10:CH,-N-O correlation (left panel) and D vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascepe(oblack circles) and solar occultation (filled
black boxes) at Kiruna on Feb. 10, 1999. SLIMCAT model ouiptgrpolated to Kiruna for Feb. 9 (dotted red
line) and Feb. 11 (solid red line) is shown for comparisontther, the standard CHN,O correlations given by
Michelsen et al. (1998b) for the tropics (blued dashed ifa) mid-latitudes (solid blue line) and for the polar
vortex (blue dotted line) are plotted. Please note that tieh&sen et al. (1998b) study was conducted between
1992 and 1994 and that the trend in stratosphesi© KD.8 ppt/year according to Houghton et al. (2001)) and CH
(7.0 ppt/year according to Houghton et al. (2001)) is notsiaered.

Hence, air masses of mid-latitudinal origin dominated th®MNolar occultation profile in the altitude
range between 22.0 km and 26 km while intra-vortex air doisithdelow. As already indicated by the
tracer-tracer correlations, SLIMCAT model output shovsslsubsidence above 18 km altitude.

6.2.4 High latitude summer 2001 at Kiruna

In 2001, a LPMA/DOAS balloon flight was conducted betweerB2%IT on Aug. 21 and 2:50 UT on
Aug. 22 allowing for measurements during balloon ascentA(SZ 7°pm to SZA~ 88 pm), sunset
(SZA=90.0°pm to SZA~94.5pm) and sunrise (SZA 95.1am to SZA~ 90.0’am). Balloon float
was reached at 38.5 km altitude. The dynamic conditionseérhigh-latitude summer stratosphere re-
semble those at mid-latitudes as illustrated schematidafiigure 1.1. The flight was conducted at the
time when the stratospheric circulation patterns changed summertime easterlies to wintertime west-
erlies and winds were accordingly weak. The balloon drikmvly to the east but remained close to
Kiruna which allowed for a long duration flight and sunriseamerements in the morning after balloon
launch.

The trajectory of the balloon and selected lines-of-sighstinset and sunrise measurements are depicted
in figure 6.11. A plot of potential vorticity is omitted hergsse no major gradients are encountered on
the spatial scales pertaining to the balloon flight. Linesight which exhibit a western component cor-
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Figure 6.11:Map of northern Scandinavia showing the trajectory of thIl¥DOAS balloon launched at Kiruna

on Aug. 21, 2001 (black thick line). The lines-of-sight fotar occultation measurements are plotted as thin black
lines and terminated at the tangent point. The numbershegithio the tangent points are the corresponding solar
zenith angles in degree. The branch of lines-of-sight tiebto the west corresponds to measurements during
sunset, the branch directed to the east corresponds to reesuts 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 eastepooent illustrate sunrise measurements.
The CH;-N>O correlation (left panel of figure 6.12) has no direct anaowng the set of standard cor-
relations provided by Michelsen et al. (1998b). The meab@id;-N,O correlation corresponds well to
mid-latitudes for [NO] > 125 ppb and tends to lower GHalues for [N O] < 125 ppb. This might be a
indication that polar air masses experienced more agingrthid-latitudinal ones.

SLIMCAT model output on Aug. 21, 2001, agrees well with the@lvations except for low ND where
some discrepancies are observed. Th®MlItitude profile (right panel in figure 6.12) supports the&lfin
ing that air masses are of mid-latitudinal character. Tkerdpancies observed between balloon ascent
and solar occultation profiles below 20 km are hardly undedble from dynamic considerations. In
the summer polar stratosphere, horizontal gradients oétgases due to dynamic reasons, such as ob-
served in polar winter, are not important. Discrepanciehasnes encountered here could arise if the
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Figure 6.12:CH,-N-O correlation (left panel) and D vertical profile (right panel) inferred from measurements
of the LPMA/DOAS payload conducted during balloon ascepe(oblack circles) and solar occultation (filled
black boxes) at Kiruna on Aug. 21, 2001. SLIMCAT model outjmt¢rpolated to Kiruna for Aug. 21 (solid red
line) is shown for comparison. Further, the standard, ®HO correlations given by Michelsen et al. (1998b) for
the tropics (blued dashed line), for mid-latitudes (solidebline) and for the polar vortex (blue dotted line) are
plotted. Please note that the Michelsen et al. (1998b) stayconducted between 1992 and 1994 and that the
trend in stratospheric )0 (0.8 ppt/year according to Houghton et al. (2001)) and, CHO ppt/year according to
Houghton et al. (2001)) is not considered.

pointing of the LPMA instrument to the Sun was not correctigcribed by the retrieval algorithm as dis-
cussed in section 3.2.4. Although the lines-of-sight areeabed for pointing errors, a remaining small
error can cause an erroneousNprofile at low altitudes. The impact of such a pointing eisdargest

for those species which exhibit their concentration maximin the troposphere and a sharp concentra-
tion decrease in the stratosphere, likgON(Dufour, 2005). The agreement between observations glurin
balloon ascent and SLIMCAT model data is good up to 25 km. Atitlvkm SLIMCAT underestimates
the measured ND mixing ratio.
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6.3 NO, budget and partitioning

The budget of reactive nitrogen N@nd the partitioning of its constituents is of major impada for
stratospheric photochemistry (e.g. Crutzen, 1970; Pontnea al., 1999). On the one hand, short-lived
NO and NQ species act as ozone loss catalysts which dominate ozotraalesm between 25 km and
40 km altitude, on the other hand N®lays an important role as scavenger of the,HOIO, and BrQ,
catalysts and thus hinders ozone loss due to the respeatafgtic cycles (section 1.2.3). The partition-
ing between the short- and long-lived species is of padicumhportance since it is the ratio NONO,
which determines the amount of nitrogen compounds availtdsl catalytic ozone destruction or scav-
enging of other catalysts. In the Arctic and Antarctic wirderatosphere the budget and partitioning of
NO, is difficult to assess since mixing processes of intra- arichesortex air, intra-vortex subsidence
and denitrification may lead to misinterpretation when rwtectly accounted for. Ultimately, the cor-
rect representation of the N®udget and partitioning under various geophysical comaiitin chemistry
transport models of the stratosphere is a prerequisite éolefing the past and future evolution of strato-
spheric ozone correctly.

Here, we present model-measurement comparisons for sorpe stdies performed by the
LPMA/DOAS balloon payload. In the following, the Nudget and the partitioning of its constituents
are investigated for a high-latitude winter and high-laté summer scenario. The discussion highlights
the differences between the considered scenarios and tbenagnt with the SLIMCAT chemical trans-
port model. Then, the partitioning between short- and llvesd NO, species is assessed by comparing
modeled and measured NBINO3 under mid- and high-latitude winter and summer conditidfisally,

a case study of the Arctic winter N(udget is revisited and discussed with respect to transpaxing
processes and possible denitrification.

6.3.1 NO, and its constituents

Numerous studies investigated the Niidget in the stratosphere under various geophysical tonsli
Around 1999 it was found that the understanding of the pamiitg between the N catalyst and
available nitrogen NQwas incomplete (Morris et al., 1997; Sen et al., 1998; Damitial., 1999; Drdla
et al., 1999; Gao et al., 1999; Osterman et al., 1999; Rapdeaial., 1999; Bosch, 2002). Atmospheric
models substantially underestimated the JNGD, or alternatively the Ne/HNOs ratios compared to
observations by balloon and space borne instruments. Timeliegs implied that either rate constants
as recommended by the commonly used JPL-1997 compilatieM{Pe et al., 1997) were incorrect or
some chemical reactions were missing. Subsequent labpsttalies discovered that the rate constants
of the OH + NG association reaction (R1.31) and of the OH + HN®@action (R1.36) were indeed
incorrect (Dransfield et al., 1999; Brown et al., 1999a,bQdne et al., 2001). Model-measurement
comparisons (Gao et al., 1999; Payan et al., 1999; Salawitc., 2002; Prasad, 2003) confirmed
the expected improvement when using the newly recommenakedconstants later implemented in
the updated JPL-2000 recommendation (Sander et al., 2@@0pointed out in section 1.2.3, Golden
and Smith (2000) suggested the formation of pernitrous @¢dONO) from reaction (R1.31). This
second pathway would cause a decrease of the overallsHbdi@hation rate since the HOONO isomer
is collisionally or photolytically decomposed into its etlst Since the findings on the importance of
the HOONO formation are somewhat contradictory (Dransfi¢lal., 1999; Nizkorodov and Wennberg,
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Figure 6.13:Measured (symbols) and modeled (lines) volume mixing satibNO, (black boxes), HN® (red
circles), NG (green stars), NO (blue diamonds)®§ (cyan, modeled only) and CIONCQorange triangles) for
sunset measurements conducted during the balloon flights Kiruna on Feb. 11, 1999, (upper panel) and on
Aug. 21, 2001 (lower panel). Model output is shown for Febd@tied 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 HN circles), NQ (blue diamonds),
N2Os (cyan, modeled only) and CIONQ(orange triangles) with respect to ly@or sunset measurements con-
ducted during the balloon flights from Kiruna on Feb. 11, 198@per panel) and on Aug. 21, 2001 (lower panel).
Model output is shown for Feb. 9 (dotted lines) and Feb. 1lid$oes), 1999, and for Aug. 19 (dotted lines) and
Aug. 21 (solid lines), 2001.
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2002), the latest JPL compendium on reaction constants20PP (Sander et al., 2003), recommends to
consider only HNQ@ formation from reaction (R1.31). JPL-2002 further inclsd®me minor updates
on the values of the respective rate constants. RecentlgzelVet al. (2002) and Stowasser et al. (2002)
compared their balloon borne measurements conducted Arttie winter stratosphere to output of the
CTM KASIMA and found, that in particular under dynamicallgtize conditions, the CTM still fails
to reproduce the measured partitioning of reactive nitnoga the polar summer stratosphere, Dufour
et al. (2005) found good agreement when comparing LPMA/D@#e@asurements of NOconstituents

to output of the CTM REPROBUS.

Here, the dataset of Dufour et al. (2005) obtained at KirunaAugust 2001 is revisited and sup-
plemented by the measurements conducted by the LPMA/DOASamh in the winterly Arctic
stratosphere at Kiruna in February 1999 during sunset. @tterlscenario was analyzed by Bdsch
(2002) but before the multifit retrieval was implemented.eTistrumental setup of both flights allows
for the retrieval of the NQ constituents NO, N@ HNOs and CIONQ. Here, NQ is calculated from
NO + NO, + HNO3 + CIONG, + 2 N,O5 where N Os is taken from output of the SLIMCAT CTM since
it is not directly measured. Minor abundant constituentgy.eHO,NO, and BrONQ, are neglected.
NQO, is given as the sum of NO and NOVertical profiles of the radical species NO and N&e scaled
to SZA=90 using LABMOS model output according to the method descrilmedection 5.3. The
major difference between the retrieval used in Dufour ef24105) and here, is the spectral range of the
HNO; retrieval window which was narrowed from a 25cthwide range centered about 860 chto
the interval[905.64 cn1t,908.59 cnm!]. Further, we use N®and G profiles measured by the DOAS
instead of the LPMA instrument according to the findings ictise 4. The observed trace gas profiles
are compared to SLIMCAT model output interpolated to thetdusite. SLIMCAT uses rate constants
according to the latest JPL-2002 recommendation (Sandagr, @003). Since SLIMCAT output is only
available every two days, two sets of model output are shawmedch balloon flight corresponding to
different days.

Figures 6.13 and 6.14 show the measured and modeled tracergies and their composites
NO, and NQ. retrieved from solar occultation measurements in the Arstiatosphere under winter
and summer conditions. The volume mixing ratios of the trgases are plotted in figure 6.13 while
their relative abundances with respect to N&de shown in figure 6.14.

In the lower stratosphere, Nncreases due to its release fromQland peaks with about 15 ppb in the
middle stratosphere. At higher altitudes the primary sirdcpss for NQ, i. e. the reaction of NO with
atomic nitrogen forming atomic oxygen and molecular nigmegoecomes important and ly@ecreases.
In accordance with the general circulation patterns, wipigtdict strong subsidence of air masses in
the winter hemisphere, the N®rofile appears downward shifted when comparing the wintdr the
summer observations. For the Arctic winter flight observédidd constitutes more than 95% and 85%
of NO, at 15 km and 25 km, respectively. The corresponding frastfonthe summerly stratosphere are
80% at 15 km and 60% at 25 km. The measurement of the resepaiies CIONQ indicates a broad
layer peaking with about 1.2 ppb between 15km and 25 km déitior the Kiruna 1999 flight. For
Kiruna 2001, a somewhat broader layer between 15 km and 35aking around 0.8 ppb is observed.
NO, is by one order of magnitude more abundant for the summerftrahe winter observations in the
lower stratosphere. While the fractional contribution ofmgnerly NO, to NO, increases from about
15% at 20 km to 50% at 28 km, winterly Nontributes less than 1% to N®elow 20 km and attains
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50% contribution at 30 km. Above 30 km NQlominates NQ for both scenarios. The low amounts
of NO, around and below 20 km observed for Kiruna 1999 point at déicakon, i. e. air masses in
the considered altitude layer are strongly depleted in, Dce most of NQ is converted to NOs
and subsequently to HNO This finding is a very likely scenario since air masses a8 ki (475 K)
experienced several days of darkness over the North PolebéBine reaching Kiruna as illustrated in
figure 6.8.

SLIMCAT model output is shown for two days temporally clogethe date of the balloon flight.
While for Aug. 21, 2001, model output is available on the attiay of the measurement, model data
for Kiruna 1999 correspond to one day before and one day tifeeballoon flight on Feb. 10, 1999.
The large differences between model output on Feb. 9 and1Hehl999, reveal the difficulty when
performing ad-hoc model-measurement comparisons undamaigally active conditions: Close to the
polar vortex gradients of trace gas concentrations mayrge lan small spatial scales depending on the
dynamic and photochemical history of the considered airsemsConcentration gradients may impact
the agreement in model-measurement comparisons, sindePii&/DOAS measurements represent
horizontal averages of the trace gas profiles and model bigpather a model grid point snapshot.
In the presented case, model output on Feb. 11 seems to ®nhka dynamic and photochemical
conditions encountered during the balloon flight bettenth@del output on Feb. 9. This finding is
supported by the comparison of the modeled and obserygd pofiles (figure 6.10, right panel).
Hence, the following discussion for Kiruna 1999 is based awdeh output for Feb. 11, 1999. For
Kiruna 2001 differences between the two days of model outpeitsmall as expected from the rather
unperturbed flow of polar air masses in summer.

In the Arctic winter stratosphere, SLIMCAT underestimatdserved NQ between 17 km and 24 km
and overestimates it above. Underestimation in the lowatastphere mainly comes from HN@hich

is low compared to observations. Overestimation of N€Dove 24 km originates from higher than
observed N@, NO and CIONQ concentrations. Below 24 km, the measured abundances oN®g,
and CIONQ are modeled fairly well except for a layer around 21 km alkitwhere SLIMCAT output
of the respective species is higher than the observed aboesla

Under summerly conditions, measured Ni©® captured very well by the SLIMCAT model in the entire
retrieved altitude range. Small discrepancies can be wbddretween 25 km and 35 km altitude where
the model underestimates measured HN@d accordingly the composite YO Similarly, observed
CIONG; is reproduced well by the model except for an altitude layeuad 29 km where a dip in the
trace gas profile is not captured. However, SLIMCAT overgates NO and N@and consequently
NO, by up to 30% between 15 km and 28 km altitude.

Modeled abundances ofs®; cannot be compared to measurements. However, from the roalber
lations it is evident that its abundances in the Arctic wirsied summer stratosphere are quite different.
For the winterly dataset Kiruna 1999,85 concentrations below 20 km are very low indicating that
most of the NQ converted to the night-time reservoir.@j5 is further processed to HNQCcausing
strong denoxification of the lower stratosphere. Above 25Kka0O; abundances constitute up to 3%
of NO,. In the Arctic summer stratosphere;® accounts for less than 1% of N@xhibiting a wide
layer between 15km and 25 km altitude. This is consistent e fact that during summer NQs
effectively recovered from its night-time reservois® since the sunlit fraction of the day is large.

In general, the LPMA/DOAS observations at Kiruna in wint&¥98/99 and summer 2001 corrob-
orate the picture that in winter the partitioning between Nfnstituents in the Arctic stratosphere
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is shifted toward the reservoir species compared to sumnuenhditions. For the Arctic winter
observations in 1998/99 strong denoxification was founthénldwer stratosphere. SLIMCAT describes
well the overall partitioning of NQincluding the denoxified layer observed for the Arctic wntase.
However, the case studies indicate a tendency of the modelderestimate HNOand to overestimate
NO and NQ. The latter finding is discussed in detail in the followingtsen.

6.3.2 NO,/HNOj partitioning

Unfortunately, NO and CION®cannot be inferred from LPMA spectra for some flights due ® th
choice of spectral filters which cut the respective retliggages. In addition, CION®can only be
retrieved from solar occultation measurements, since @NO, signal is too small for a retrieval
from balloon ascent measurements. Hence, retrieval of @l NQ, is often not possible from
LPMA/DOAS measurements. The ratio DBMBINO3, however, can be used in model-measurement
comparisons to estimate the agreement between modeledessiirad NQYNO,. The previous section
indicated that SLIMCAT tends to underestimate HN&nhd to overestimate NO and NOHere, we
present NQ/HNO3; measured during balloon ascent and solar occultation byPhA/DOAS payload
at Leon in 1996, at Kiruna in 1997, 1999 and 2001. The obsenstare compared to SLIMCAT model
data in figure 6.15. For the high-latitude summer obsermati@also output of the REPROBUS CTM
(Lefevre et al., 1994) is presented.

In general the N@HNO; ratio increases with altitude since photolysis of the nesierspecies
becomes more effective at high altitudes. Typically, Ndd HNQ, are equally abundant around 30 km
altitude. The finding of the previous section that the Ngartitioning is shifted toward the reservoir
species during high-latitude winter is confirmed by figurg56. During high-latitude winter at Kiruna
on Feb. 14, 1997, and Feb. 10, 1999, N&dncentrations are less than 1% of the HNf©Oncentrations

in the lower stratosphere. For Kiruna 1999, a denoxifiedrlayeund 20 km altitude is discernible in
the NG,/HNO; ratio which is also identified in the N@NO, ratio in the previous section. In contrast,
the high-latitude winter observations at Kiruna in 1997vghm signs of denoxification. Under polar
summer conditions encountered for Kiruna 2001,,Ni©the lower stratosphere amounts to about 10%
of HNOs;. The mid-latitude observations at Leon on Nov. 23, 1996, camaducted close to winter
solstice but still exhibit a larger N(BHNO;3 ratio than the polar winter measurements. Differences
between balloon ascent, sunset and sunrise measuremerishar due to sampling of air masses with
different photochemical and dynamic character (secti@) 6r due to the diurnal variation of NO
described in section 1.2.3. From the latter, Md@NO; 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 pgenally close to the balloon
flights. Balloon ascent measurements are typically comdubetween SZA =75and SZA =85 while
solar occultation observations correspond to SZA% 9Due to the night-time build-up and day-time
decomposition of the ND5 reservoir it is important to distinguish between SZA =8 for sunrise
and SZA=90pm for sunset. When comparing model output at different dagsevident that dynamic
and photochemical variability is largest in the winter padratosphere rendering model-measurement
comparisons somewhat delusive. For Kiruna 1997, SLIMCAlpouon Feb. 15 agrees reasonably
well with the measurements conducted the day before. SLIMG4tput on Feb. 13 shows a distinct
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ditions as given by the legend (BA: balloon ascent, SS: suB&& 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 meds$dO,/HNO;3 profile. For Kiruna
1999 the agreement between model and measurement is bestfat on Feb. 11, where the observed
denoxified layer is reproduced by the model below 20km. Ab20é&m modeled N@HNO; is
larger than observed. Model simulations for Feb. 9 are sterdly larger than observations. For
the mid-latitude and high-latitude summer datasets dpati@mogeneities of the trace gases are less
important. There, the model is larger than LPMA/DOAS ovex #ntire altitude range. Figure 6.15
also shows output of one grid point (&, 68°N) of the REPROBUS CTM for Kiruna 2001. The
REPROBUS data are used and refined by a temporal and spa¢igddlation scheme in the Dufour
et al. (2005) study.

Figure 6.16 summarizes the deviations between modeled/HNOD; and the corresponding
LPMA/DOAS measurements. SLIMCAT output on Nov. 23, 1996b.F&5, 1997, Feb. 11, 1999,
and Aug. 21, 2001, is chosen for comparison. The model datmtarpolated to the altitude grid of the
measured trace gas profiles and subsequently referendeel baltoon borne data. Although the scatter
is large, a clear overestimation of the observations by thdahis obvious. Above 25km the bias is
less pronounced than below where the mean difference amooirabout 50%. Interpretation of the
differences between model and measurement with respetiotoghemistry is difficult since dynamic
effects might hinder the comparison in particular for thghhlatitude winter data sets in the lower
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stratosphere. However, nearly all data points indepenafesgason and latitude reveal a high-bias of the
model with respect to the balloon borne WNBINO3 observations which is larger than the measurement
errors. A low-bias is only observed for single data pointhie REPROBUS dataset for Kiruna 2001
seems to be less high-biased than the corresponding SLIMIaAT

Somewhat in contradiction to these findings, Dufour et &I08) showed that the LPMA/DOAS Kiruna
2001 dataset is in good agreement with the REPROBUS CTM. ataset presented by Dufour et al.
(2005) for Kiruna 2001 is not directly comparable to the dsttawn here, since here NGs taken
from DOAS observations which are found to be more accurate tiPMA NO, measurements (section
4). The internal agreement of LPMA and DOAS bl@rofiles for Kiruna 2001 is shown in figures 4.9
and 4.16 where LPMA is found to underestimate the DOAS databmut 10% - 30% above 25 km.
Furthermore, at altitudes lower than 20 lknpriori information impacts the LPMA retrieval more than
the DOAS retrieval (figure 4.12). Hence, using Ni@ferred from LPMA measurements would produce
even larger differences between measured and modeledHW®s;. However, Dufour et al. (2005)
concluded on good model-measurement agreement afteraionmsg REPROBUS to measured @nd
NO, and using aerosol surface area densities measured by Deshle (2003). These constraints are
not applied to the SLIMCAT model, here.

In the considered altitude range production and loss of KIN® essentially governed by reac-
tions (R1.31), (R1.57), (R1.36), (R1.56) and (R1.123), ithe production of HN@ through OH and
NO,, the loss of HNQ@ through photolysis and reaction with OH, and the heterogesi€onversion of
N>O5 and BrONQ to HNO;. Assuming photochemical steady state for HN&bd balancing the loss
and production mechanisms yields

[NOo] JHNOs + krnos+on [OH]
[HNOs]

[BTONOQ} : (61)

~ 2
knoy+om [OH] + 2kn,05(¢)+H20(s) % + KBrONOs(9)+H:0(5) —NO3]

When assuming photochemical steady state, a caveat appl@sthe considered trace gas concentra-
tions and the photolysis frequendy;no, exhibit diurnal variations. Equation (6.1), however, sdou
be approximately valid for 24-h averaged quantities (Raiydeet al., 1999). Besides, equation (6.1)
is not meant as an exact relation but rather serves as angtgmint for an estimate of the relative
importance of errors and uncertainties which might be nasite for the observed model-measurement
discrepancy.

The terms of equation (6.1) are plotted in figure 6.17 as &¥edirst order rate constants and relative
contributions to numerator and denominator. The Kiruna9188d 2001 case studies representing
high-latitude winter and summer are chosen for illustrati€oncentrations are taken from SLIMCAT
model output on Feb. 11, 1999, and Aug. 21, 2001, and averaged?4 hours. The rate coefficients
are calculated from the JPL-2002 (Sander et al., 2003) rewmmdation using ECMWF temperature and
pressure profiles of the respective dates while the 24-lageeof.J yo, is taken from the LABMOS
calculation scheme for photolysis frequencies (secti@®). 1Aerosol surface area densities originate
from the SLIMCAT aerosol climatology based on SAGE |l measuents.

Photolysis of HNQ is the dominant loss term during high-latitude summer anateviabove about
25km. In summetg o, governs HNQ loss also below 25 km while in winter the reaction of HNO
with OH becomes important. Similarly, production of HhN@rough OH + NQ is most important
above 25km for both seasons but is exceeded by the hetemgempeocesses below 25km for the
winter scenario. The overwhelming contribution of the BION+ H,O(s) reaction below 20 km for
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Figure 6.17 Effective first order rate coefficients (left column) andatile contributions to production and loss of
HNO; (right column) for the high-latitude winter scenario Kimuth999 (upper row) and the high-latitude summer
scenario Kiruna 2001 (lower row). All data shown are 24hraged quantities. Black lines correspond to loss
terms of HNQ represented by the numerator of equation (6.1) while resslzorrespond to production terms of
HNO; in the denominator of equation (6.1). The relative contidns (right column) are calculated with respect
to the numerator and the denominator of equation (6.1),theesum of all black/red lines is equal to one. Since
at Kiruna in 2001 the tropopause was located around 12 kia@dtj no data are shown below that altitude. See
legend for further details.

high-latitude winter comes from denoxification in the redpe altitude range (figure 6.13). There,
NO, abundances are particularly small and hence, the k@fﬁ%ﬂ becomes large whil% plays

a minor role since BO5 concentrations are low, too. It has to be pointed out thaKinena 1999 case

is neither typical of an intra-vortex nor an extra-vorteghiatitude winter scenario due to the complex
dynamic and meteorological situation. Heterogeneousgssis on PSCs are not considered for the
steady-state estimate. The Kiruna 2001 scenario seemddedambiguous and typical of high-latitude
summer conditions.

The photolysis frequency of HNQs of major importance for the partitioning between Nand HNG;.

The uncertainty factor of/ o, IS stated as 1.3 by Sander et al. (2003). Dividingno, by 1.3
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Figure 6.18:Relative sensitivity of calculated NCHNOs to errors and uncertainties of several parameters for the
Kiruna 1999 (left panel) and Kiruna 2001 (right panel) scena/arious test-calculations where a single parameter
is changed are referenced to the standard calculationideddn the text. Negative sensitivities indicate that the
modeled NQ/HNO; ratio would be shifted toward the measured one. For detaddeggend and accompanying
text.

shifts the NQ/HNO; ratio toward HNQ. Hence, ifJgyo, Was lowered by its uncertainty factor, the
agreement between SLIMCAT and LPMA/DOAS measurements dvimaprove. Jx o, IS calculated
according to equation (1.7) from the absorption cross @ecthe quantum yield and the actinic flux.
The uncertainty factor refers to the product of the absonptiross section and the quantum yield.
Additionally, erroneous calculation of the actinic flux,ge by erroneously modeled ozone abundances,
could impact modeled/gzyo,. Figure 6.18 shows the relative sensitivity of NBINO; calculated
according to equation (6.1) to changes of several parametarJyyo,. Under summerly conditions
where photolysis of HN@is the major loss process a decrease/gfvo, by its uncertainty factor
almost linearly maps into a decrease of calculated,/MO3 by about 20%. For the high-latitude
winter case the sensitivity tdy o, decreases at lower altitudes where the reaction of OH witlOkIN
becomes the dominant loss process of nitric acid. The wingrtfactor of the latter loss process is
1.2 (Sander et al., 2003). Corresponding to its relativeoit@mce, the impact on NZHNO; is largest
for low altitudes during winter. In addition, this secondsaerm depends on the concentration of OH,
which is also involved in the production of HNGhrough the N@ + OH reaction. Increasing the
concentration of OH by 20% causes a net decrease ofNXID3; above 25 km for both seasons while
below 25 km the decrease gets smaller for summer conditiods@en becomes a net increase for the
Kiruna 1999 scenario. The uncertainty factor of the OH +N€action is 1.3 at room temperature and
increases with decreasing temperature. Its impact op/NRO; is largest above 25 km where OH +
NO, is the dominant production process of HNO

The uncertainties of the heterogeneous processes areoltamhtby the uncertainties of the uptake
coefficients of NO5; and BrONQ and the aerosol surface area density. Sander et al. (20@8jneends
0.05 < yn,05 < 0.2 with the most probable valugy,o, = 0.1. Increasingyn,o, to its upper limit
causes the NGHNO;5 ratio to decrease by up to 30% in the altitude range whex®@sNydrolysis is
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Figure 6.19: Aerosol surface area density taken from the SAGE Il clinegglused for SLIMCAT input (left
panel) and relative differences (right panel) between lineatological andn situ data measured by Deshler et al.
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measurements (40%). The monthly zonal mean climatolodatal are presented for the two latitude bands closest
to the considered LPMA/DOAS balloon flight$n situ data are selected as temporally close as possible to the
LPMA/DOAS observations.

an important HNQ@ production process. For BrONQhe uptake coefficient depends on sulfuric acid
concentrations and is set to its upper limit, here. Henas® HNG; production through BrON®+
H,0O(s) is most likely smaller than indicated.

The aerosol surface area density (SAD) is a model input patermwvhich is usually not very well known
since measurements are sparse and exhibit large error Deshlér et al., 2003). SLIMCAT uses a
composite climatology of surface area densities of stpdtesc sulfate aerosol based on the satellite
borne instrument SAGE Il (Russell and McCormick, 1989; Theon et al., 1997) with contributions
from SAGE | (Stratospheric Stratospheric Aerosol and GaseErment), SAM Il (Stratospheric Aerosol
Measurement, (McCormick et al., 1979)), and SME (Solar Mpbkere Explorer, (Eparvier et al.,
1994)). The climatological zonal mean data are used as nyoSIHMCAT input and converted to
H>SO, volume mixing ratios from the zonal mean pressure, temperand water abundance. Over
the course of one month,,80, is advected as inert species and SAD is re-calculated fre8CH at
each model grid point and timestep using local pressurepaesture and KO. Deshler et al. (2003)
showed that their balloon borne situ measurements of aerosol SAD above Laramie, USA)(4re

on average 40% larger than SAGE Il data under backgroundsaleconditions. Figure 6.19 shows
a comparison between the SAGE Il climatological data cpoeding to the dates and locations of
the LPMA/DOAS measurements afal situ measurements conducted by Deshler et al. (2003). The
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Figure 6.20:Measured (boxes) and modeled (lines) @lume mixing ratios (left panel) and NO/NQatios
(right panel) for sunset measurements conducted durinpahteon flights from Kiruna on Aug. 21, 2001. Model
output is shown for Aug. 19 (dotted blue line) and Aug. 21itsdd line) and in the right panel for a photochemical
steady state approximation (dotted red line) using the ored<3 profile.

comparison can only be of illustrative nature, sinceithaitu data are measured at mid-latitudes and
the LPMA/DOAS balloon flights are conducted at high-latéadexcept for the flight at Leon in 1996.
Moreover, during high-latitude winter formation of PSCsgirti alter the actually encountered and
modeled SAD. However, figure 6.19 confirms the findings of Dersdt al. (2003) that the climatological
data tend to underestimate timesitu data. If there was a low-bias of the aerosol SAD used by SLIMCA
heterogeneous reactions would proceed less efficientlggmiodel than in the true atmosphere. The
impact of a 40% error of aerosol SAD used by SLIMCAT on the ned& O,/HNOs ratio is estimated
from equation (6.1) and illustrated in figure 6.18. Cleathe impact is largest (20% to 30%) below
25 km and under winter conditions where heterogeneous ggesglay an important role. Above 25 km,
the impact of erroneous aerosol abundances is srdlD@o).

The above sensitivity estimates used 24h-averaged geantitA quantity which is not included
in equation (6.1) is the partitioning between N&nd NO which attains equilibrium on timescales of
minutes in the sunlit atmosphere. The modeled,MDIO; ratio could easily be wrong if the partitioning
between NO and NOwas modeled incorrectly. Since photochemistry is ratheigdttforward in the
high-latitude summer stratosphere, the Kiruna 2001 diaiasshosen to illustrate that point. During
high-latitude summer the NO/NQratio is controlled by photolysis of NQand reaction of NO with
ozone according to (R1.42) and (R1.44). Hence, incorratibdeled @ could be responsible for
erroneous NO/N@ Figure 6.20 shows measured and modeled NGQ/Id@ G; for sunset measure-
ments at Kiruna in 2001. SLIMCAT underestimates the gpofile above 32 km and overestimates it
below 18 km. Measured NO/NQs overestimated by the model above 33 km altitude, but isecty
reproduced below. Neglecting the NO© NO, cycling reactions (R1.43) and (R1.45) through (R1.48)
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and assuming photochemical steady state, NQ/N@iven as a function of Q

[NO] ~ JNOQ
[NO2] ~ kno+os (O3]

Again the assumption of photochemical steady state is igmedtie in particular for the LPMA/DOAS
solar occultation measurements. The typical lifetimes &f&hd NG at SZA =90 in the stratosphere

is in the order of several minutes which in turn is not negligiwith respect to the considered
timescales. Remembering this drawback and the correspptidiited value of a photochemical steady
state approximation, NO/NQis calculated from the measured; @rofile using equation (6.2) where
JNo, /kno+o IS calculated from the modeled NO/N@atio and the modeled £Oconcentration. The
dotted red line in the left panel of figure 6.20 shows that fiffereénces between modeled and measured
O3 could account for the observed discrepancy in NOsMBove 33 km but changes in the lower strato-
sphere are small. Moreover, using the measurgav@uld shift the NO/NQ partitioning toward NQ
which in turn would render the modeled NBINO3 even larger and worsen the model-measurement
comparison. Inspection of the modelegd @ofiles for the remaining datasets gives no hint on the rrigi
of the systematic model bias for NBINO;.

(6.2)

Summing up the above findings on the sensitivity of the,BHINO5 ratio on various parameters,
it is evident that the combined uncertainty of measuremerirg reaction kinetics, aerosol up-
take coefficients, trace gas concentrations and aerosaidabues can account for the observed
model-measurement discrepancies. As pointed out befbeerdate coefficients of the OH + NO
and HNQ + OH reactions were subject of various studies includinghstii@at concluded on good
model-measurement agreement. Hence, a major error in Hutioe kinetics is unlikely although
the recommended uncertainties are large. Photolysis of Hi@n important loss process of HYO
Thus small errors iV yo, could impact the modeled NEHNO; ratio in particular at high altitudes.
The systematic low-bias between SLIMCAT and LPMA/DOAS meaments for winter as well as
summer is inconsistent with a large error .6 yo, which should be more significant under summer
conditions. OH concentrations modeled by SLIMCAT are difiti¢o validate and hence the actual error
of NOo/HNO3 due to erroneous OH is hard to quantify but might be limitee@ ttuthe cancellation
effect of the reactions OH + HNOand OH + NQ. Aerosol surface area densities and aerosol uptake
coefficients are important sources of uncertainty in theelostratosphere. Comparison of two aerosol
data sets revealed that aerosols used by SLIMCAT are systathalow. The NO/NG ratio seems

to be modeled fairly well by SLIMCAT and cannot account foe thbserved high-bias of modeled
NOy/HNO;.

From the magnitude and altitude dependence of the modedumeraent discrepancies and the above
sensitivity estimates it is evident that none of the ingzded processes alone can account for the
observed disagreement. In the lower stratosphere aerbsoldances might be underestimated by
SLIMCAT and hence heterogeneous production of HNKunderestimated.

6.3.3 Denitrification versus subsidence and isentropic mirg in the Arctic winter

Denitrification is a process occurring in the winterly polartex which permanently removes O
from the stratosphere by sedimentation of HNEntaining particles (section 1.2.5). As a consequence
the abundance of NOgenerated from HN@during spring is too low to effectively scavenge the ClIO
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and BrQ, catalysts which are activated from their reservoirs by fogieneous reactions on PSCs.
Hence, ozone loss periods can be enhanced significantly fiyrifieation. While denitrification is

a common process in the Antarctic (e.g. Toon et al., 1989¢g¥a al., 1990), denitrification in the
Arctic is only observed for very cold winters (e.g. Rex et 4B97; Arnold et al., 1998; Wetzel et al.,
2002; WMO, 2003; Davies et al., 2005). The degree of demistiibn is commonly estimated through
the comparison of the measured N®,O correlation with a standard correlation that corresponds
to unperturbed conditions. In the lower stratosphere, taedard NQ-N,O correlation, e. g. under
mid-latitude conditions, shows an almost linear incredd¢®, with decreasing BO since the latter is
the only source of NQand no sink processes exist. At higher altitudes loss of M@ugh the reaction
of NO with atomic nitrogen forming atomic oxygen and moleguhitrogen becomes important and
the NQ,-N,O correlation is highly non-linear. Hence, apart from lo$N®@, through denitrification,
the NO,-N,O correlation can also be altered by mixing of air masses hvharrespond to different
points on the non-linear correlation curve e. g. since theesenced different degrees of subsidence.
The lower panel of figure 6.21 shows the N8O correlation measured during sunset at Kiruna
in February 1999 and the standard mid-latitude NGO correlations inferred by Michelsen et al.
(1998a) and Sugita et al. (1998) from mid-latitude and extndex ATMOS measurements aboard the
space shuttle. In the following, NQgiven by the standard correlation is referred to as;NObserved
NO, is slightly smaller than N for 50 ppb< [N2O] <100 ppb and hence the sampled air masses
must have undergone mixing or denitrification. Since thetevii998/99 was an exceptionally warm
winter and PSC formation occurred only occasionally, d#igiation can be excluded (Stowasser et al.,
2002). Albeit NQ, being systematically lower than NOit has to be noted that the differences between
measured NQand NQ, are hardly larger than the error bars and hence could alsod®dnstrumental
and retrieval related shortcomings. Nonetheless, the-N§D correlation is further analyzed for
possible mixing processes.

The degree of mixing can be estimated by examining the-8kD correlation. Since the correlation
between these long-lived tracers cannot be changed by chkmi reversible transport processes,
the intra-vortex ChH-N,O correlation should be identical to the extra-vortex datien as long as no
irreversible mixing of air masses occurred (Waugh et al971®Rex et al., 1998). The upper panel
of figure 6.21 shows that the measured &¥,O correlation lies below the mid-latitude standard
correlation of Michelsen et al. (1998b) for 50 pglN2O] < 100 ppb. Thus, mixing of air masses of
different dynamic origin indeed must have happened. An uppegt of the impact of mixing on the
NO,-N2O correlation can be inferred by assuming a single isentropking event between intra- and
extra-vortex air after subsidence occurred throughoutvilrger. This extreme case is exemplified
for the measurement at the 495K potential temperature letith corresponds to 20.5km altitude
(green point in figure 6.21) following an approach suggesteiichelsen et al. (1998a), Kondo et al.
(1999) and Rex et al. (1998). If mixing occurred isentrolbycafter subsidence of intra-vortex air,
the 495 K measurement is a composite of extra-vortex and-imtrtex air on the 495K level. The
CH4-N5O characteristic of the extra-vortex air parcel is given oy standard CIHN-,O correlation at
the 495K level and corresponds, in our example, toQIN=210 ppb. The intra-vortex mixing member
can be identified by drawing a line through the extra-vortéximy member and the observed ¢GiNI,O
relation at 495 K. The intersection between the extrapdlatéxing line and the extra-vortex standard
correlation yields the intra-vortex mixing member whichdar case corresponds to air masses with
[NoO]=17.3 ppb. The fractional contribution from intra- andraxvortex air can be inferred from the
relative position of the measurement along the mixing liidae N,O values of the mixing members



170 CHAPTER 6. CASE STUDIES ON STRATOSPHERIC NITROGEN AND CHL(DHE

T T T T T T T T T T T T T T
1.6 o/ A LPMA/DOAS sunset 1
J Mid-latitude (Michelsen et al. 1998) J

14 Mixing line 495 K (about 20.5 km)

1.2 -
£ - -
Q.

ﬁ\l 1.0 -
= 210 ppbv N.O -
€ 17.3 ppbv N,O PPV,

>, 0.8 4
I

) - -

0.6 -

0.4 -

0.2 T T T T T T T T T T T T T T

-50 0 50 100 150 200 250 300
N,O vmr / ppb
T T T T T T T T T T T
18 . o /A& LPMA/DOAS sunset -
. AR —— Mid-latitude (Michelsen et al. 1998)
16d 7 TR Extra-vortex (Sugita et al. 1998)
| —— SLIMCAT, Feb. 11, 1999 |
------ SLIMCAT, Feb. 9, 1999
144 Mixing line for 495 K (about 20.5 km) |
o 124 -
Q i -
< 10
!é 17.3 ppbv N,O )
> g _
g -
6 - .
4 -
210 ppbv N,O
2 4
0 T T T T T T T T T T T
0 50 100 150 200 250 300
N,O vmr/ ppb

Figure 6.21.CH,-N-O (upper panel) and NON-O (lower panel) correlation for solar occultation measieats

of the LPMA/DOAS payload at Kiruna on Feb. 10, 1999. Measwaets are shown as symbols: Boxes and
triangles correspond to altitudes below 22 km and above 22&spectively. The green box is the data point on
the 495K potential temperature level (20.5km altitude)ueBlines are standard mid-latitude and extra-vortex
correlations given by Michelsen et al. (1998a,b) (solidebine) and Sugita et al. (1998) (dotted blue line). The
green line is the “mixing line" for the 495K level as expladria the text. SLIMCAT output of NQ-N-O is given

for Feb. 9 (dotted red line) and Feb. 11 (solid red line).
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are transferred to the NEN,O correlation and connected by a further mixing line. Anyssmple

at the 495K level which experienced a single event of is@ntraixing after intra-vortex subsidence
should lie on the 495 K mixing line. If additionally denitdftion occurred before the mixing event the
measurement should lie below the mixing line. Obviouslg LFPMA/DOAS measurement at 495K lies
above the mixing line which indicates that denitrificatidd dot occurr and that the assumed model of
the mixing process is not appropriate in our case. Plumb. €2@00) showed that continuous mixing
between intra- and extra-vortex air or several mixing everan alter the N(3N,O correlation in a
way that quantification of the degree of mixing is difficult dur example, mixing events could have
occurred in early winter 1998/99, most likely during the arajarming event in December 1998 and
January 1999 (figure 6.7).

Additional complications in the interpretation of the Acctwinter balloon flight from Kiruna in
February 1999 arise from the complex meteorological camtit e. g. illustrated by the JO vertical
profile in figure 6.10. The balloon flight was conducted p#ytimside, and partially outside a vortex
filament and lines-of-sight sampled extra- and intra-vo@ at the same time. Typically, several
spectra and several lines-of-sight contribute to theevedti of a single profile point which might be a
composite of extra- and intra-vortex observations. Suclaréificial mixing process could produce a
distortion of the NQ-N»O correlation similar to the physical mixing process ddxsamtiabove.

Figure 6.21 distinguishes between LPMA/DOAS measuremuagitav 22 km (boxes) and above 22 km
altitude (triangles) since the simultaneously measurg® Nrofile suggests that intra-vortex air is
sampled below 22 km and extra-vortex air above. Howevercaneparison of measured N@ith NO;,
remains inconclusive with respect to the question whetier different regimes of air masses were
indeed observed.

For completeness SLIMCAT model output is also shown in figh/&l. The agreement with the
measurements is reasonable although the dip in modeled fdfQLOO ppb< [N2O] < 200 ppb is not
observed. The dip corresponds to low HN@nd low NQ, in figure 6.13 between 17 km and 24 km
altitude.

6.3.4 Conclusion on the budget and partitioning of NQ

The LPMA/DOAS observations at high-latitudes in winter 88® show that in the Arctic winterly
stratosphere the reservoir species HNM@d CIONQ are the dominant NQconstituents below 25 km.
Strong denoxification is found in the lower stratosphere im&v 1998/99. Under summerly conditions
probed in 2001, HN@and NQ, are the most abundant species. Above 30 km most of NSides in
NO, for both seasons. The general findings are corroborated bgunements of NQand HNG; at
mid- and high-latitudes during fall 1996 and winter 1996/97

The observations during the polar winter of 1998/99 areyaea with respect to denitrification and
mixing processes between extra- and intra-vortex air nsags®m the measurements and the tempera-
ture record it is clear that denitrification did not occur.eldbserved air masses must have experienced
continuous mixing or several mixing events before the LPBIBAS balloon flight. Besides, large mea-
surement errors and a rather complex meteorological anandignsituation contribute to an ambiguous
identification of air mass history.

The chemical transport model SLIMCAT reproduces the gewmbiaracteristics of the observed budget of
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NO, fairly well. Further investigation of the agreement betwéige measured and modeled NBNO;
ratio reveals that SLIMCAT N@HNOs is high-biased with respect to LPMA/DOAS measurements.
Since the observational data set is rather small and dyneaniability impacts the comparison, it is
found difficult to draw firm conclusions on magnitude and wrigf the observed bias which is ob-
servable in all presented datasets independent of seaddatdnde. The impact of several modeling
parameters on modeled MBINO; is tested by photochemical steady state estimates anditriglfthat

an error in the assumed aerosol abundances could be rdspdiosithe observed discrepancies in the
lower stratosphere.
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6.4 Cl, budget and partitioning

The budget of stratospheric inorganic chIoFirtely is subject to considerable human influence. Long-
lived organic chlorine compounds such as CFCs are traresptorthe stratosphere and subsequently pho-
tolyzed yielding inorganic chlorine containing speciesichhparticipate in catalytic ozone destruction
(section 1.2.4). The partitioning between long- and sheetd chlorine species determines the efficiency
of chlorine involving catalytic ozone loss cycles and maigmificantly altered through heterogeneous
processes occurring on PSCs formed in the polar winteroesti The understanding of winterly polar
ozone destruction is still incomplete since stratosphehiEmistry models tend to underestimate the ob-
served loss (WMO, 2003; Rex et al., 2003). Recent studigsdtalthat the kinetics of some reactions
involved in the CIO-CIO cycle and CIO-BrO cycle (section.b)2might have to be revised (Stimpfle
et al., 2004; Canty et al., 2005; von Hobe et al., 2005; Béghal., 2005).

Here, we present two case studies of thg killdget and partitioning based on simultaneous measure-
ments of HCl and CION®in the Arctic winter and summer stratosphere. The obs@mwatare compared
with output of the chemical transport model SLIMCAT. For thectic winter observations the unique
setup of the LPMA/DOAS payload combining IR and UV/visibleestroscopy provides a comprehen-
sive set of trace gases which can be used to put tight camistran the reaction kinetics of the BrO
and CIO involving ozone loss cycle. The stratospheric ckegsnmodel LABMOS is used to test recent
suggestions on updates of the involved reaction kinetids@amfer implications for ozone loss.

6.4.1 Cl, and its constituents

A series of studies indicates that the inorganic chlorindget is in good agreement with estimates
based on the decomposition of organic halocarbons tratespto the stratosphere. Hence, organic
chlorocarbons, CG| are the dominant source of inorganic chlorine, (Engel et al., 1997; Sen et al.,
1999; Bonne et al., 2000; Rinsland et al., 2003; WMO, 2003yli& observations of measured,Cl
being on average about 40% lower thar) @ferred from CC] (Webster et al., 1994) are most probably
due to systematic errors of HCI measurements (Bonne ef0dlQ)2Very short-lived substances (VSLS)
are not a major source of stratospherig GWMO, 2003).

The partitioning of CJ in the high- and mid-latitude stratosphere under non-oZwsle conditions

is governed by HCIl and CIONO Some dedicated model studies report on very good to reblsona
agreement between observations of HCI and/or CIQN®en et al., 1999; Randeniya et al., 1999;
Stimpfle et al., 1999) while sizeable model-measuremenmtrelgncies are observed for some aircraft
in situ measurements (Voss et al., 2001). The latter studiglades that measurements of the ratio
CIONO,/HCI are 55% to 60% lower than model data. A recent model-oreasent comparison based
on mid-latitude balloon bornm situ measurements of ClO indicates good model-measuremerg-agre
ment (Vogel et al., 2005). In the winter polar stratosphefdorine activation through heterogeneous
reactions on PSCs (section 1.2.5) converts reservoir apégimore active species and Gl@ecomes
an important constituent of (2l The temporal evolution of the Clpartitioning during polar winter
and early spring has been extensively studied in the Argtit ia the Antarctic stratosphere (Payan
et al., 1998; Michelsen et al., 1999; WMO, 2003; Dufour et 2006). Models reproduce fairly well
the timing and extent of chlorine activation in the southerimter hemisphere fairly well and can

2Cl, =HCI + CIONO, + HOCI + ClO + 2- Cl;0, + Cl+ OCIO + BrCl + 2- Cl,
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Figure 6.22:Cl, (filled boxes) and CGl (open boxes) as a function of,®. The measurements are conducted
by the cryogenic whole air sampler operated by the Univeddifrankfurt (A. Engel) on Feb. 6, 1999, during a
stratospheric balloon flight from Kiruna. The solid bluedimdicates the fitted standard correlation. The green
mixing line is transferred from figure 6.21.

simulate Antarctic ozone loss in a quantitative mannerd®oh et al., 2000, 2002; WMO, 2003). In
the Arctic, the year-to-year variability of polar vortex teerology (and the corresponding chlorine
activation and ozone loss) is considerably larger than itaftica (Wagner et al., 2001). Models have
difficulties to account for the observed chlorine activateEnd ozone loss in warm (WMO, 2003) as
well as cold Arctic winters (Rex et al., 2003). For wintersesd Arctic temperatures are close to the
threshold for the formation of PSCs part of the discrepannight be due to errors in the temperature
records and nucleation schemes used in the models (WMO).2B@2ctions involved in the CIO-CIO
and CIO-BrO ozone loss cycles are also subject to considedaibate and are discussed in section 6.4.2.

Since the LPMA/DOAS payload measures CION@nd HCI but not directly Gl or CCl,, the
amount of inorganic chlorine has to be determined with thp bé in situ measurements of organic
halocarbons conducted by a balloon borne cryogenic wholesanpler. The cryogenic whole air
sampler is operated by the University of Frankfurt (Engedlet1997) and measures the most abundant
chlorine containing source gases such as@J; CFCk, C;F3Cl3, CCly, CH3Cl, CH3CCl3 and several
tracer species (CHCO,, N2O, SF;). The sum of all organic source gases yields L Che total amount

of organic and inorganic chlorine, i. e. GCt+ Cl,, can be calculated from the tropospheric chlorine
burden taking into account the age of air at different altisi of the stratosphere (Engel et al., 2002).
The age of air can be inferred from trace gases such asas@@Sk which exhibit a continuous increase
in the troposphere but have no significant sources and sintei stratosphere. The concept relies on
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Figure 6.23:Partitioning of CIQ =CI; - HCI- CIONO, as modeled by the SLIMCAT CTM for two days during
high-latitude winter (left panel) and high-latitude sumr(regght panel). See text for further details.

the fact that the C®and Sk mixing ratios observed in the stratosphere can be relateuximg ratios
that occurred some years earlier in the troposphere. Frentrtipospheric C@and Sk record the
year of stratospheric entry and hence the age of the air massktheir total chlorine content can be
inferred. The actual derivation of the age of air is far mareplicated since a stratospheric air mass is
a composite of air parcels which experienced differentsppant pathways and timescales (Engel et al.,
2002). Given the organic chlorine budget and the amounttaf thlorine in the stratosphere, inorganic
stratospheric chlorine, Glis given by the difference between the total chlorine amdatiyanic chlorine
burden. Figure 6.22 shows Cand CCJ, inferred from cryogenic whole air sampler measurements at
Kiruna on Feb. 6., 1999, during a stratospheric balloon fligine decrease of CChnd simultaneous
increase of GJ with increasing altitude, i. e. decreasing® is clearly visible. Fitting the inferred I
data according to Engel et al. (1997), yields a standaralzation of C|, with N,O,

CI [ppt] = —0.0151 N2O*'*" [ppb] + 3357 [ppt], (6.3)

where the asterisk indicates that the correspondingv@lue is calculated from a standard correlation
and does not correspond to an actual measurement.

The standard correlation inferred from measurements atadufour days before the LPMA/DOAS
balloon flight at Kiruna on Feb. 10, 1999, is used to estimd{ef@ the LPMA/DOAS observations
by inserting LPMA/DOAS measurements of® into equation (6.3). Since the &N,O correlation is
non-linear a similar caveat applies as in the case of thg-NgD correlation where mixing processes
between air masses of different dynamic origin can causwrtien of the standard tracer-tracer
correlation. Significant distortions would be expectediifraasses inside the Arctic vortex experienced
much more subsidence than extra-vortex air masses andgniddtween these differently subsided
air masses occurred. Section 6.3.3 showed that thg-NKD correlation is only slightly distorted for
the LPMA/DOAS observations at Kiruna in 1999 compared tmddad correlations and that mixing
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of extra- and intra-vortex air masses must have occurretinuausly or during several events. Since
the Cl,-N2O correlation is “less non-linear” than the ly,O correlation the effect of mixing on the
Cl,-N2O correlation should be even smaller. For illustration,488 K mixing line calculated in section
6.3.3 from the CH-N>O correlation is shown in figure 6.22. The hypothetical sjromixing event at
495 K potential temperature would have less significant chpa the C}-N,O correlation than on the
NO,-N2O correlation (figure 6.21). The LPMA/DOAS measurementselien significantly above the
mixing line in the NQ-N»O plot and thus can be expected to lie in a similar manner atiwvenixing
line in the C|-N,O plot, i. e. close to the standard correlation. Hence, ther @issociated with the
calculation of CJ from a standard correlation is considered small and is negdehere. Due to lack
of an updated dataset, equation (6.3) is also used to cadcGla for the LPMA/DOAS observations
at Kiruna on Aug. 21, 2001. The trend of the stratospheriorai burden between 1999 and 2001 is
negligible.

Given Ctg and the LPMA/DOAS measurements of the reservoirs HClI andNC§) the abun-
dance of the more active chlorine species can be estimatetl@s= CIZ-HCI-CIONOQ. In the
following, the composite species CJ@s used as defined here, which is different from the more ateur
definition in section 1.2.4 where C|Ois limited to the species actively participating in ozoneslo
cycles. The above more general definition additionally caseg species which are not directly involved
in catalytic cycles and which can be regarded as temporasrvreir species. Among these, HOCI
contributes indeed about 10% to Gl®etween 20 km and 40 km and becomes more important in the
lower stratosphere somewhat depending on season asaiedin figure 6.23. The largest contribution
between 15km and 40 km comes from CIO for polar winter andrpglanmer. In Arctic winter the
ClO-dimer, C}0O,, plays an important role around 20 km. For our purposes tfiaitien of CIO, is
only a matter of convention as long as model-measuremenpaasons compare like with like.

Vertical profiles of C;j, HCI, CIONG, and CIQ, inferred from LPMA/DOAS measurements during
sunset at Kiruna on Feb. 10, 1999, and Aug. 21, 2001, are aeahpa SLIMCAT output. Figures 6.24
and 6.25 show the measured and modeled trace gas profilesodhehspecies. The volume mixing
ratios of the trace gases are plotted in figure 6.24 while tetative abundances with respect tq, @te
shown in figure 6.25. For clarity, figure 6.24 is split in sefiarpanels for Kiruna 1999. The scales in
each panel are the same in order to allow for inter-panel eoisym. SLIMCAT data are plotted for two
days temporally close to the respective balloon flight.

For the Arctic winter observations, Clpeaks with about 3.35ppb around 20km altitude. There,
0.15 ppb chlorine resides in CCIThe effect of transport on the vertical profile ofjGlan readily be
seen from the comparison with the Kiruna 2001 summer datekete Cj attains its maximum at
significantly higher altitudes, around 30 km. The small aigCi; for Kiruna 1999 between 22 km and
26 km altitude is consistent with the observation of air witfd-latitudinal character indicated by the
N2O profile (figure 6.10), from which Clis actually calculated. HCl is the most abundant inorganic
chlorine species between 15 km and 40 km for the winter anduh@mer high-latitude scenarios. For
Kiruna 2001 the fraction of inorganic chlorine residing ittHanges between 60% and 90%. Above
22 km the same is true for Kiruna 1999 but below 22 km the foaeti contribution of HCI is as low
as 40%. CIONG@ peaks around 1.25 ppb for Kiruna 1999 and is less abundandifona 2001. The
fractional contribution of CION@to Cl, ranges from 20% to 30% in a broad altitude layer which is
shifted to lower altitudes during the winterly observatioithe composite ClQspecies representing the
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Figure 6.24:Measured (symbols) and modeled (lines) volume mixing satioCl, or Cl;, (orange boxes), HCI

(black circles), CION@ (red triangles) and CIg= Cl, - HCI - CIONO, (blue diamonds) for sunset measurements
conducted during the balloon flights at Kiruna on Feb. 109198pper four panels) and on Aug. 21, 2001 (lower

panel). For Kiruna 1999, C¢lderived from a similar relation as given by equation (6.3)lctted as open orange

boxes. Model output is shown for Feb. 9 (dotted lines) and E&l{solid lines), 1999, and for Aug. 19 (dotted

lines) and Aug. 21 (solid lines), 2001.



178 CHAPTER 6. CASE STUDIES ON STRATOSPHERIC NITROGEN AND CHL(DHE

High-latitude winter: Kiruna, Feb. 10, 1999
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chemically active chlorine speciesF show a very complitat&ttern for Kiruna 1999: Between 15 km
and 22 km a layer of high ClDpeaking at 1.17 ppb contributes 20% to 40% tg.Erom figure 6.25 it
is evident that the layer of enhanced GlEbincides with a layer of relatively low HCI. Between 22 km
and 26 km a layer of low CIQ coincides with high CION® and observation of mid-latitudinal air.
Above 26 km an increase of ClCand simultaneous decrease of CION$diggests the continuation of
the high CIQ. layer in the lower stratosphere. For Kiruna 2001 the findiaxgsrather straight forward:
Below 33km CIQ. is zero within the error bars which become very large belokr2Gnd render the
derivation of CIQ. from CI, HCI and CIONG very uncertain. Clearly, the fractional contribution of
0.5 to C|, by CIO, around 15 km altitude in the summer high-latitude stratesplis not realistic but
has to be considered as an artifact of small absolute ckelatimindances. Above 33 km Cl@creases
to 0.65 ppb.

As discussed in section 6.3.1, SLIMCAT output reveals aersible day-to-day variability for the high-
latitude winter observations while variability is low inremer. In general, SLIMCAT overestimates the
peak amount of inorganic chlorine in the stratosphere coetpt our derivation by roughly 300 ppt.
For Kiruna 1999, HCl is reproduced quite well by both days afdel output. On Feb. 11, SLIMCAT
shows a very distinct layer of low HCI which is also observedie observations, but not to the same
extent. CIONQ is overestimated in both, absolute numbers and relativiitipaing. The observed
layer of high CIQ. between 15km and 22 km altitude is reproduced reasonablly byeSLIMCAT
output on Feb. 11 but clearly underestimated on Feb. 9, whem chlorine activation is modeled.
Albeit missing the observed vertical extent of the Clyer, the relative partitioning of ClOand HCI
(figure 6.25) modeled for Feb. 11 shows nicely the simultasedrop of HCI and rise of CIQ The
modeled relative partitioning on Feb. 9 can be considerptesentative for the non-activated case. For
Kiruna 2001, observed HCI is overestimated by the model al@3km which can be attributed to an
overestimation of Gl since the relative partitioning HCl/Cfigure 6.25) is reproduced very well. The
model underestimates HCI around 27 km altitude where Cl@M®@verestimated. This layer of high
CIONO, and low HCI coincides with a layer of low modeled,® in comparison to the observations
(figure 6.12) and, thus, indicates a transport problem. \Belod above that layer, CIONGs modeled
very well. The same is true for the observed increase of.Glive 33 km.

The above findings support the general conclusion that tHdA/POAS measurements at Kiruna in
February 1999 sampled air masses which are characterizgdhp 1O, and relatively low HCI between
16 km and 22 km altitude indicating that heterogeneous ggirg of the respective air masses has led
to chlorine activation. This conclusion is corroborateddsntification of a coinciding denoxified layer
(section 6.3.1, figures 6.13 and 6.14) which could be pradidigeheterogeneous processing ofQy

to HNOs; and which prevents scavenging of Gl®y NO,. Above 22 km altitude, mid-latitudinal air
dominates the probed air masses and correspondingly 8l€¥fectively scavenged by available N@
form CIONG,. The LPMA/DOAS measurements from Kiruna in August 2001 seebe rather typical

of high-latitude summer conditions where most of inorgachtorine resides in HCI and a smaller
fraction in CIONG. Above 33 km altitude, photolysis of CIONGnd HCI produces significant levels
of ClO,..

SLIMCAT succeeds in modeling the general partitioning of, @r the considered high-latitude
winter and summer case while the peak amount gfi€loverestimated. For the winter scenario the
observed layer of high ClQand low HCI in the lower stratosphere is qualitatively reproed. Some
discrepancies remain when quantitatively comparing nemtlahd measured trace gas abundances.
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6.4.2 Constrained modeling of CIQ and ozone loss in the Arctic winter

The previous section discussed the chlorine budget andi@airtg for a high-latitude summer and
winter scenario. For the latter, a layer of enhanced ,CBundances is identified in the lower
stratosphere which could be responsible for catalytic eZoss. For this high-latitude winter case
simultaneous DOAS measurements of BrO and OCIO are avaitaid are used here to test the current
understanding of polar ozone loss due to the dominating C®-and CIO-BrO catalytic cycles by
means of constrained model simulations.

Recalling reactions (R1.126) through (R1.129), the CI@-€ycle is given by

ClO+ClIO+M < ClbOy+M (R6.1)
ClyOy + hv — Cl + ClOy (R6.2)
ClOg+M — Cl+02+M (R6.3)

2 x (Cl+03 — ClO +02) (R6.4)

net : 203 — 30,. (R6.5)

Recently, there has been considerable debate on the formatekc;ocio of the CIO-dimer, its pho-
tolysis frequency/cy,0, as well as its thermal decomposition rate,o,+ s and the associated equilib-
rium constant,, = % Stimpfle et al. (2004) published the first simultaneous megsents of
the CIO monomer and dimer conducted in the Arctic winter 200 situ instrumentation deployed on
the ER-2 NASA aircraft. The comparison of the observatiofith wiodel simulations showed that the
current recommendations of the JPL-2002 compendium ($atdd., 2003) regardingc;o-cio and
Joi,0, are inconsistent with daytime measurements. Moreovehttimge measurements indicated that
the recommended’., was too high. The latter finding is corroborated by labosasiudies of Plenge
et al. (2005) as well as atmospheric measurements by von etodle (2005) who showed that situ
measurements of ClIO and ), performed by the HALOX instrument aboard the Geophysiceraifi
deployed from Kiruna in January 2003 cannot be reconciletth thie JPL-2002 recommendations of
K., at stratospheric temperatures. They suggested a modifigoetature dependence of the equilib-
rium constant. A similar conclusion is found by Berthet e{2005) who used measurements of CIO by
a microwave instrument on the Odin satellite to infer that, most probably lies in-between the recent
recommendation of von Hobe et al. (2005) and the earlier wb@ox and Hayman (1988), but definitely
below the JPL-2002 value. Frieler et al. (2006) investigdle impact of the new kinetics on ozone loss
in the polar winter stratosphere and concluded that coriagl¢he findings of Stimpfle et al. (2004) and
von Hobe et al. (2005) significantly improves the agreemehwben measured and modeled ozone loss
in polar winter which previously was significantly undenestted by model simulations using JPL-2002
(e.g. Rex et al., 2003). While the suggested changés@fcio and Joi,0, lead to increased ozone
loss due to the CIO-CIO cycle, the proposed reductioA gfyields larger CIO mixing ratios under dark
and twilight conditions and, therefore, enhances the itapoe of the CIO-BrO cycle which can proceed
under sunlit and dark conditions.

Frieler et al. (2006) concluded on the best agreement batweasured and modeled ozone loss when
using the mentioned suggestions on reaction kinetics a@. Bbundances constrained to BrO mea-
surements of the DOAS instrument (Dorf, 2005). EmployingABIneasurements of stratospheric BrO
further enhances the importance of the CIO-BrO cycle sinosd observations yield significantly higher
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BrO than inferred from the abundances of the Bifdecursors CkBr and halons alone. The CIO-BrO
cycle is given by reactions (R1.131) through (R1.136),gié¥il here,

ClIO +BrO — BrCl+ 0O ™% (R6.6)
— ClOg + Br 34% (R6.7)

[— OCIO + Br 59%] (R6.8)

ClOs+M — Cl4+05+M (R6.9)
BrCl+hy — Br+Cl (R6.10)
Cl+03 — CIO + 09 (R6.11)
Br+03 — BrO + Oy (R6.12)

net : 205 — 30,. (R6.13)

Percentage yields are given for T=195 K. Since reaction§R6.followed by photolysis of OCIO to
CIO and O, it is not part of the catalytic CIO-BrO ozone lossleyand is written in parentheses. OCIO
measurements can be used to test the efficiency of the inl@stalytic cycle as reaction (R6.8) is
virtually the only formation mechanism of OCIO in the polainter stratosphere. Canty et al. (2005)
showed that balloon borne measurements of nighttime OCIGhbySALOMON lunar occultation
instrument are significantly smaller than model simulatiorf the model is constrained with BfO
inferred from DOAS BrO measurements and if the branching ratt reaction (R6.6) is adjusted to
11% at the expense of the OCIO yield, model and measuremesd agll. Simultaneous observations
of nightime NG, and OCIO in the Arctic winter stratosphere by the SALOMON akMON lunar
and stellar occultation instruments indicated that matieled measured NOand OCIO cannot be
reconciled with standard photochemistry (Riviere et @003. Riviére et al. (2004) suggested that
model-measurement agreement could be significantly ingakaf scavenging of CIO and BrO by
NO, was hindered by formation of the highly unstable species@NQ and BrOONO instead of
the longer-lived isomers CIONQand BrONG. CIOONO and BrOONO would rapidly dissociate to
reproduce CIlO, BrO and NOHowever, no laboratory studies confirmed the latter sugmeso far.

In contrast to the uncertainties of chlorine and brominalgaed ozone loss in the polar winter strato-
sphere, mid-latitudinal chemistry involving CIO seems &oviell understood as shown by Vogel et al.
(2005) by model-measurement comparisons using balloomebn situ CIO observations. A modeling
study by Vogel et al. (2006) investigated the impact of Cl@dical-molecule complexes such as
CIO-0,, CIO-H,0, OCIOH;0 on polar stratospheric ozone loss. Such CiéOmplexes could enhance
the formation of the CIO-dimer and, thus, could influencelydic ozone loss cycles. Considering gas
phase chemistry, only, the impact of Gl@adical-molecule complexes on ozone loss was found to be
small but could be enhanced if heterogeneous processesmogant. Further, the formation of such
complexes could possibly explain some of the discreparioigsd between laboratory and field studies
on the equilibrium constari,,.

The LPMA/DOAS solar occultation measurements on Feb. 1@919rovide abundances of HCI,
CIONQO,, OCIO and BrO and hence are well suited to investigate thgesigd modifications of the
reaction kinetics of the chlorine and bromine involving oeoloss cycles, in particular regarding
the CIO-BrO cycle. HCI and CION©®are inferred from LPMA spectra and are used to calculate
ClO, =CI} - HCI- CIONO, from the standard correlation of Clwith N2O (equation (6.3)) derived
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from measurements four days before the LPMA/DOAS obsamati OCIO and BrO are retrieved
from DOAS measurements probing the same air masses as thé loRMsurements. In addition to
the halogen bearing compounds simultaneous measurenfédts HNO3, NO, and NO are available.
Similar to the approach presented in section 5.3 the phetoidal model LABMOS is initialized in
a way that it can reproduce the LPMA/DOAS observations. Tloglehis run over a 1.5 day period
on isentropes stationary above Kiruna. The modeled abawedaof OCIO are then compared to the
measured ones.

Initialization of the model

The LABMOS chemistry model is initialized at 0:05 UT (SZA =82 on Feb. 10, 1999, with SLIMCAT
output (run 336) from the following day since output on theuatday of measurement is not available.
Upon initialization the initial volume mixing ratios of QNO,, HNOs, CIONG;, HCI, Cl, and By, are
scaled in a way that the model can reproduce the measureofédsNOy, NO, HNG;, CIONG,, HCI,
BrO and CIQ. conducted 14 h to 15 h later between 14:00 UT and 14:50 UT gdértna. The initial
volume mixing ratios of these species are determined irouartest runs and listed in table 6.2. The
volume mixing ratio of CIQ is initialized as ClIQ=Cl, -HCI-CIONG, and the partitioning among
its constituents ClO, GD,, HOCI and OCIO is taken from SLIMCAT. The same is true for thitial
partitioning of the By constituents. The remaining species are left unchangdudrespect to SLIMCAT
output.

The most important scaling parameter is the initial abundasf NO, (= NO, at night) since it controls
the amounts of BrQ and CIQ, which are scavenged to CIONG@nd BrONQ. The total amount of
inorganic chlorine is initialized as inferred from the;@l‘{lgo standard correlation except for altitudes
below 16 km where BO-profile information from the LPMA measurements is veryited (see figures
4.11 and 4.12) and calculating;Ghvolves large errors. There, Ok initialized such that the agreement
of measured and modeled N@nd CIONQ is optimal. The total amount of inorganic bromine is kept
at Br, =19.5 ppt above 20 km as suggested by Dorf (2005). Below 2(apjs initialized such that
modeled BrO agrees best with measured BrO when simultalyeseading NG..

Figure 6.26 shows the measured and modeled abundances refesthnt species as a function of
tangent height or altitude. For all species which are meakhy the LPMA/DOAS payload, SCDs are
plotted for model-measurement comparison. Modeled SC®salculated from LABMOS and SLIM-
CAT model output by integrating the modeled trace gas canaions along the lines-of-sight. Figure
5.4 illustrates the LPMA/DOAS lines-of-sight during sotarcultation and the corresponding trace gas
concentrations for @and NG, Lines-of-sight and trace gas concentrations are givewmandinates of
altitude and SZA (or time). In analogy to figure 5.4, the LABM@odel yields concentrations of all
relevant trace gases which can be integrated along thedirgight in altitude-SZA-space resulting in
modeled SCDs. In-between the modeled altitude layers #ue tgas concentrations are interpolated
linearly. Comparing SCDs instead of vertical profiles has the adgerttzat further errors due to profile
inversion are avoided, and that the photochemical variadioshort-lived species such as BNONO,
BrO and OCIO does not need to be corrected but is implicitiyoanted for. Since Gland CIO, are
not directly measured but inferred from trace gas profiles aC}-N2O standard correlation, vertical

3Altitude interpolation is performed linearly in log-press coordinates.
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Figure 6.26:Measured (symbols) and modeled (lines) SCDs gfXl0,, NO, HNO;, CIONO,, HCl and BrO as

a function of tangent height and measured (symbols) and leddknes) volume mixing ratios of ¢land CIO,

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

© /K | alitude /km | Os/ppm | NO2 /ppb | HNO; / ppb | CIONO, / ppb | HCI/ ppb | Cl, / ppb | Br, /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 2971 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 reprodhed PMA/DOAS measurements of all
considered species mostly within the error bars if scalipgnuinitialization is carried out as described
above. The inferred non-zero Cl@bundances at about 26 km altitude cannot be reconciledtheth
LABMOS model calculations. At 26 km NOmixing ratios are on the order of 1ppb causing rapid
scavenging of CIQ to form CIONG,. Given the constraints of measured N@IONG, and HCI and
inferred CJ; there is no way to reproduce sizeable amounts of ,GiOthat altitude. In contrast, the
activated layer of CIQ between 16 km and 22 km altitude is reproduced very well byntbdel, given
the very low amounts of N@in the respective altitude range. BrO, which controls thenfation of
OCIO through reaction (R6.8), is also modeled very well liysbaled model run. Model-measurement
agreement is worse for pure SLIMCAT output. Nonetheless,lalger of activated CIQin the lower
stratosphere is reproduced qualitatively and BrO aburetaace only slightly overestimated.

Stacked versus air mass trajectory based modeling

All LABMOS model calculations shown here are performed irtacked manner, i. e. the modeled air
masses are assumed stationary above Kiruna. Hence, tbheyhitair masses between initialization
of the model at 0:05 UT and the LPMA/DOAS measurements in tieereoon is parameterized by fixed
temperatures and pressures and by the SZA-timeline fof §7 2. E. The Lagrangian-type approach,
which was introduced in section 5.2, uses an air mass histigh is explicitly calculated from a
meteorological model run. Test runs are performed usingrtjectories shown in figure 6.8 which
are calculated for air masses arriving at Kiruna at 12 UTc&itme LPMA/DOAS measurements are
conducted between 14 and 15 UT and lines-of-sight duringy smlcultation (figure 6.9) point somewhat
in the south-west direction, those trajectories do noytrepresent the short-term history of the observed
air masses and moreover fall short by 2 h to 3 h hours. Unfatély) a dedicated model run that uses the
LPMA/DOAS measurements as starting/ending points foettayy calculations is not available so far.
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Model results applying thad hoc trajectory calculations until 12 UT and a stacked time grdieen

12 UT and 15 UT produce results indistinguishable from theralv stacked model run as can be seen in
figure 6.28.

As far as the production and loss of OCIO and BrO are concer@edty et al. (2005) showed that
the air mass history is of particular importance if the mimimSZA during the 12 hours before the
observations is larger thanQ2ue to the wavelength dependence of OCIO and BrCl pho®I@CIO is
photolyzed more effectively than BrCl for 92 SZA < 95°. Consequently, air masses that experienced a
minimum SZA between 92and 95 could have lost OCIO through photolysis while only littletiwation

of BrO after BrCl photolysis occurred. Production of OCl®@aiigh BrO + CIO would be small and the
air masses could be depleted in OCIO, even after sunset. Zor-®5° neither OCIO nor BrCl are
photolyzed and OCIO which built up during previous days ismemoved. For SZA< 92° both, OCIO
and BrCl, are readily photolyzed. Here, the minimum SZA obse during the last 12 hours before
the LPMA/DOAS observations was 8#hich is well below the critical range and which causes almos
complete removal of OCIO during the day (see also figure @R8)its build-up from CIO + BrO during
sunset.

Moreover, the scaling of the initial trace gas abundancesidgitly considers air mass history since
small meteorological mis-representations can be balabgadodified initial parameters in the attempt
to match the observations. Hence, the error due to an emusn@presentation of air mass history is
considered small and in the following only stacked modetdations are performed.

Model-measurement comparison for OCIO

The LABMOS model is initialized as detailed above and runrdvé& days. The modeled temporal
evolution of OCIO during sunset at Kiruna on Feb. 10, 1999sisd to calculate modeled SCDs which
can be compared to the measured ones. Figure 6.27 shows tled-measurement comparison for
OCIO SCDs as a function of tangent height. The layer of high,Gletween 16 km and 22 km altitude
is highlighted although it has to be remembered that SCDadt tangent height exhibit contributions
from all altitude layers above and from some layers belowciwesidered tangent heights. At 20 km
tangent height the diameter of the solar disk at the tangeint 5 about 3 km for the LPMA/DOAS
solar occultation viewing geometry. Below 15km tangentgheiobservations and some modeling
constraints (GJ, CIONG; etc.) get uncertain as emphasized above. Thus, discudsiuridsfocus on
tangent heights above 15 km. Comparison of SCDs is favoredammparison of vertical profiles since
the rapid photochemical build-up of OCIO during sunset doetsallow for profile retrieval without
considerable photochemical corrections.

The agreement of the measured OCIO SCDs with the modeled iofexsed from the standard
LABMOS run using JPL-2002 reaction kinetics is good in thdirenrange of considered tangent
heights. Errors of the measurements are larger than thevelosdiscrepancies. Despite the good
model-measurement agreement, the model yields OCIO SChchvane roughly 5% smaller than
the observations. SLIMCAT also relies on JPL-2002 reackimetics but underestimates OCIO for
the Kiruna 1999 observations which is mostly due to ovarestion of NG, (figure 6.26). Starting
from the LABMOS run using JPL-2002 kinetics, various kineptiarameters are modified according
to recently published recommendations. Unless statedwises for each model run it is ensured
that model-measurement agreement fgr ®O,, NO, HNG;, CIONG;, HCI, BrO, Cl, and CIQ, is
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Figure 6.27:Measured (boxes) and modeled (lines) OCIO SCDs as functiamgent height for solar occultation
measurements at Kiruna on Feb. 10, 1999. The small inselighghthe altitude range of the ClQayer between
16 km and 22 km altitude. The various model runs indicatetiéneégend are discussed in detail in the text.

comparable to figure 6.26 by scaling the respective tracalgasdances upon initialization.

The model run denoted by von Hobe et al. (2005) uses the p&edpation for the equilibrium
constantK,, given by the respective studyK., = 5.4710725 cm®molecules™* (7'/300K)~22.
-exp (6969 K/T"). The inferred equilibrium constant is smaller than the 202 recommendation for
stratospheric temperatures and hence, the equilibriunvelset C,O, and CIO is shifted toward the
monomer. Since more CIlO is available for the formation of O@rough reaction (R6.8), modeled
OCIO SCDs are slightly larger than those using JPL-2002macendations. The effect is not as large
as might be expected since the production of OCIO is limitethe abundances of BrO. Around 20 km
altitude, about 1.2 ppb ClQand 15 ppt BrO are available. Under such conditions, it has lshown
that an increase of ClOabundances has only little effect on OCIO (figure 2 in Canil.g2005)).

Plenge et al. (2005) found a £,/CIO equilibrium constant in-between the JPL-2002 and von
Hobe et al. (2005) recommendations for temperatures baetd86 K and 230 K. Accordingly, their
equilibrium constantK,, = 1.921072" cm® molecules™! exp (8430 K/T), produces OCIO SCDs
in-between the von Hobe et al. (2005) and JPL-2002 model run.

Besides an overestimation ff,, by JPL-2002, Stimpfle et al. (2004) concluded that their mesaments
are in good agreement with a model run either if the rate @effi of CLO, production &cio-rc10) IS
lowered or if the photolysis rate of 8D, (J¢1,0,) iS increased with respect to JPL-2002. The former hy-
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pothesis is tested by setting the low and high pressuresliofithe CIO + CIO association reaction to the
values recommended by JPL-2000,.,, cio+cio = 2.21073% cm® molecules=2 s~ (T'/300 K) =3
and kpigh cio+cio = 3.4107'2 cm3 molecules ™' s™! (T/300K) 1. Lowering the production rate of
Cl,O, shifts the equilibrium between dimer and monomer toward &@ hence, has a similar effect
as loweringK,,. The inferred OCIO SCDs, denoted by Stimpfle et al. (2004) fg larger than the
model run using JPL-2002 kinetics and show an improved aggaewith the measurements, although
differences are small with respect to the observationargrrThe alternative possibility proposed by
Stimpfle et al. (2004) is an increase &f;,0, with respect to JPL-2002 recommendations by using
the absorption cross section of Burkholder et al. (1990) extchpolating it from 410 nm to 450 nm.
Figures 2b) and c) of the study by Stimpfle et al. (2004) itetst ratios of.J¢;,0, inferred from the
Burkholder et al. (1990) data with respect to JPL-2002 asnation of SZA. Those ratios are used
to scale the photolysis frequency of,Ck, implemented in LABMOS. The corresponding test run is
denoted Stimpfle et al. (2004) (2). Increasifg;,o, renders the production of Cl atoms from the
ClO-dimer more effective and, thus, enhances the cyclifigieficy of the CIO-CIO catalytic cycle.
OCIO abundances are larger than the JPL-2002 run by aboutrilfé altitude range of activated CJO
Accordingly, modeled OCIO SCDs are slightly larger than rineasured SCDs but fall well within the
error bars of the measurements.

A study by Canty et al. (2005) found that a night-time obstowaof OCIO can only be reconciled with
modeled abundances if the branching ratio of the CIO + Br@tima s altered such that 11% instead of
the recommended 7% of the reaction processes yield BrClalydb6% instead of 59% yield OCIO (at
195 K). The respective rate constants are altered accdydisguming that the altered branching ratio is
applicable in the entire observed temperature range. Bgiog the yield for OCIO production directly
impacts the build-up of OCIO during sunset and hence yiahsller modeled SCDs. In the altitude
range of the activated ClCayer, modeled SCDs fall within the lower boundaries of therbars, but
model-measurement agreement is less good than for the d@2_s2enario.

Riviere et al. (2004) suggested to introduce highly unstabbmers of CION@ and BrONQ to
improve model agreement with their night-time measuremeftNO, and OCIO. They suggested a
branching ratio of 1/3 for the formation of CIONGnd BrONQ. Accordingly, 2/3 of the reactions
ClO + NG, and BrO + NQ would yield unstable isomers and rapidly reproduce CIO, Br@ NG
This scenario is tested by reducing the rate coefficigpis o, andkp,o+no, to 1/3 of their values
recommended by JPL-2002. The explicit formation of the aipist isomers CIOONO and BrOONO
with a finite lifetime is not considered. Rather it is assuntieat both isomers are instantaneously
photolyzed or collisionally decomposed to their educts.cantrast to all other presented test runs of
the model, it is not possible to scale the initial trace gamdhances in a way that model-measurement
agreement is similar to that shown in figure 6.26. Reduciedgdmmation rate of CION@and BrONGQ
either yields NQ considerably larger than the observations or CIQNOnsiderably smaller than the
observations depending on whether model-measuremergragne is optimized for N@or CIONG,.
BrO is less impacted since BrON@bundances during the day are small compared to BrO. Oungjndi
is in contradiction to Riviére et al. (2004) who speculatedtoe formation of CIOONO and BrOONO
since they could not reconcile simultaneous night-timesusaments of NQand OCIO with JPL-2002
reaction kinetics. The modeled OCIO SCDs plotted in figuB¥ @&re calculated for a model run where
NO, was scaled such that the measurements are reproduced vduilad CIONQ is lower than the
measured abundances and even lower than the lower bourfdaey @rror bars. Given the initialization
constrained to observed NQOthe Riviére et al. (2004) scenario produces larger OCIO $&ian all
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Figure 6.28:Temporal evolution of the most important nitrogen, chlerand bromine species on the 475km
(19.78km) potential temperature surface as modeled by LABMnitialized at 0:05UT on Feb. 10, 1999, at
Kiruna. The black lines correspond to the standard modebrua stacked time grid. Red lines illustrate the same
model run along an air mass trajectory arriving at KirunaZayT. After 12 UT the calculation is continued on a
stacked time grid. Blue lines show a model run where JPL-20888tion kinetics are updated by the recommenda-
tions of Stimpfle et al. (2004) (2), von Hobe et al. (2005) amai@ et al. (2005) discussed in the text. The shaded
area represents the time frame of the LPMA/DOAS solar oatiah observations.
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other scenarios.

A composite run using the recommendations of Stimpfle e2@04) (2), von Hobe et al. (2005) and
Canty et al. (2005) foUcs,0,, Keq and the CIO + BrO branching ratio yields modeled OCIO SCDs
similar to those inferred from JPL-2002 kinetics. The rextuidractional yield of OCIO from the
reaction CIO + BrO is canceled by more available CIO due to eeneffective C}O, photolysis and a
shift of the CIO-monomer/dimer equilibrium to the monom&lthough the test run using the combined
kinetic updates yields similar good agreement between unedsand modeled OCIO as when using the
JPL-2002 recommendations, the implications fgri@ss are somewhat different as discussed below.

Figure 6.28 shows the temporal evolution of selected speoie the 475K (19.78 km) potential
temperature level which represents the altitude layer evtiee peak of CIQ is observed. Besides the
standard JPL-2002 model run, model runs are shown whichefermed along air mass trajectories
arriving at Kiruna at 12 UT and which use the aforementiotedd recommended kinetic updates. The
general pattern shows day-time formation of small amouhtdé@, from HNOs; and to a small degree
from N,Os;. Most of NQ, is converted to CION@through the reaction with CIO which is generated
from its dimer through photolysis upon sunrise. OCIO isdbpphotolyzed during the day and reveals
day-time abundances on the order of 5 ppt while at night rgixatios are on the order of several ten
ppt. BrO is the most abundant daytime bromine species bidlyagacts to BrCl during sunset when
photolysis fades out.

The trajectory based run yields results which are nearlysiimjjuishable from the standard run in
the time frame of the LPMA/DOAS observations. When using ¢benbined kinetic updates, the
partitioning between CIO and gD, is shifted toward the monomer as explained above. The loildf
OCIO during sunset is slower and consequently the night-tamundance of OCIO is smaller than for
the JPL-2002 scenario. In turn, production of BrCl is mofedaive if the CIO + BrO branching ratio is
set to 11% BrCl yield and consequently night-time abundsiuddBrCl are larger than for the standard
run.

Figure 6.28 also reveals the shortcomings of our approactrin® the time when LPMA/DOAS
observations are performed, the OCIO abundances modelé¢gebstandard run and by the run with
updated kinetics are nearly indistinguishable while atnidifferences are large. Hence, night-time
measurements would be better suited to test OCIO reactieti&s.

In summary, the presented approach which constrains alaet nitrogen, chlorine and bromine
species to their observed abundances during sunset ssciteetbdeling the observed OCIO abun-
dances very well using JPL-2002 reaction kinetics. Recenbmmendations on kinetic updates
by Stimpfle et al. (2004), Plenge et al. (2005), von Hobe e{2005) and Canty et al. (2005) or
combinations of them, concerning,0,, kcio+cio, Keq and the CIO + BrO branching ratio, yield
modeled OCIO SCDs within the errors of the measurement andasly good model-measurement
agreement as observed for JPL-2002 kinetics. Given thenadigmal error bars, the LPMA/DOAS
solar occultation measurements do not allow for judging dretiwer the recommended updates or
combinations of them ultimately lead to an improved desiaiipof the CIO-CIO and CIO-BrO ozone
loss cycles. The formation of unstable isomers of CIGN@d BrONG as proposed by Riviére et al.
(2004) cannot be reconciled with the simultaneous LPMA/B3servations of the relevant nitrogen
and chlorine species.
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Figure 6.29:Loss of odd oxygen (left panel) and relative contributioright panel) integrated over 24 hours
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Ozone loss

Given the good model-measurement agreement for OCIO disdug the previous section, the LAB-
MOS model which is constrained to the LPMA/DOAS observaian all relevant nitrogen, chlorine
and bromine bearing species seems to reproduce well theghteshical processes occurring in the
stratosphere in February 1999. Therefore, the model carsée 10 quantitatively infer odd oxygen
loss and to test the impact of recently published kineticatgsl As pointed out above, the LABMOS
model is initialized at 0:05UT on Feb. 10 and run over 1.5dsys way that the LPMA/DOAS
measurements between 14 UT and 15UT are reproduced. Oderotgss is inferred by summing
up the net instantaneous loss of atomic oxygen and ozonechhraadel time step between 10:50 UT
on Feb. 10 and 10:50UT on Feb. 11. Simultaneously, the velabntributions from all relevant O
loss and production processes are logged. The starting ragidgepoints of the integration period
correspond to the instances where the modeled air massesesqed the minimum SZA (=823
The corresponding sunlit fraction of the day is 8 h 50 min. Tritegration period is chosen sufficiently
far from initialization and sunrise, such that the partitig of short-lived species and the loss of odd
oxygen are not impacted by initialization effects (see &dsoporal evolution of the relevant species in
figure 6.28).

Figure 6.29 shows the net odd oxygen loss and its primaryibokibns as a function of altitude. Odd
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oxygen loss peaks with about 20 ppb to 25 ppb in the altitudge@f the activated ClQOlayer between
16 km and 22 km. There, the dominating (@ss processes are the reactions Brgta@®d Cl + Q which
are part of the CIO-CIO and CIO-BrO catalytic cycles. Attalties above 22 km, the importance of the
bromine involving reactions decreases angdl@ss due to NO + @ dominates. Thus, the secondary
increase of net Qloss above 25 km mostly originates from loss processesvimghitrogen species.
Various model runs are performed testing the aforemerdiammdates of the reaction kinetics. The
model run using the GO,/CIO equilibrium constant inferred by von Hobe et al. (208bjfts the
partitioning between monomer and dimer toward ClO and cazobeidered illustrative for the findings
of Plenge et al. (2005) and Stimpfle et al. (2004) (1), whiclplyma similar conclusion. Lowering
K., according to von Hobe et al. (2005) results in slightly lar@g loss between 16 km and 22 km
altitude than inferred from JPL-2002 kinetics. The efficigof the CIO-BrO cycle is enhanced while
the CIO-CIO cycle is less important. Due to these cancelffegs the net impact on £Qloss is smaller
than 5% or smaller than 1 ppb.

In contrast, increasing the photolysis rate of the ClIO-diamzording to Stimpfle et al. (2004) (2) has a
large effect on odd oxygen loss which can be as large as 15%jmiv 8ompared to JPL-2002 kinetics.
Since an increase af¢;,0, €nhances the cycling efficiency of the CIO-CIO cycle, morea©ms are
available for ozone destruction per unit time. Hence, thpartance of Q loss due to Cl + @ is
enhanced compared to the standard run.

The findings of Canty et al. (2005) foster the importance ef @O-BrO cycle since more BrCl is
formed by CIO + BrO than recommended by JPL-2002. Accorglii@y 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) anty et al. (2005) and von Hobe
et al. (2005) are considered, odd oxygen loss in the activaliude layer is significantly increased
compared to the JPL-2002 model run. Peakl@s is larger by 20% to 25% or 4 ppb to 4.5 ppb. The
main contribution comes from the enhanced efficiency of th€®¢photolysis and thus from a larger
importance of the CIO-CIO cycle. Above about 22 km altitudfecences in Q loss between the
various model runs are small as can be expected from the dtimgrrole of the NQ catalyst.

The above findings on the impact of the new reaction kinetitdOp loss are similar to those in-
ferred by Frieler et al. (2006). They conclude on up to 20%dased maximum possible;Mss when
using the recommendations of Stimpfle et al. (2004) (2), axdhobe et al. (2005) in their modeling
study for the Arctic winter 1999/2000. During the stratompd winter 1998/1999, which is considered
here, the polar vortex was very disturbed and the amountlofink activation and ozone loss inferred
from the LPMA/DOAS observations cannot be regarded as &ypitthis Arctic winter. Several studies
indicate that total ozone loss during the winter 1998/1988 wn the order of 5% and barely significant
in the entire lower and middle stratosphere (WMO (2003),,Réx(personal communication)). Hence
the inferred loss rate cannot be extrapolated to concludmtah O; loss during the winter but rather
has to be considered as a snapshot of catalytic ozone destrudich was limited in space and time.
Unfortunately, a comprehensive observational set of et chlorine, nitrogen and bromine species,
as for the Kiruna 1999 case, is not available for other wingerch as 1999/2000 where ozone loss was
more severe and persistent.



192 CHAPTER 6. CASE STUDIES ON STRATOSPHERIC NITROGEN AND CHL(DHE

6.4.3 Conclusions on the budget and partitioning of G|

LPMA/DOAS observations of HCl and CIONfare used together wifim situ measurements of organic
chlorine species to infer total inorganic chlorine {lCand the sum of the shorter-lived species (GO
for the Kiruna 1999 high-latitude winter scenario and theuka 2001 high-latitude summer case. It was
found that for high-latitude summer CION@nd HCI are the major constituents of,@hroughout the
lower and middle stratosphere. For the high-latitude wih898/1999 a layer of enhanced Glé@nd low
HCl is observed between 16 km and 22 km altitude which coegidith a layer of strong denoxification
and which points at heterogeneous activation of chloriregibg catalysts.

The winter observations for Kiruna 1999 are further ingzgitd by constraining the chemical model
LABMOS to simultaneous observations of all important rgga (NG, NO, HNG;), chlorine (HCI,
CIONG;, CI;) and bromine (BrO) species. After constraining the modeiuttaneously observed OCIO
abundances during twilight are modeled very well using thadard JPL-2002 reaction kinetics. Test-
runs show that recent suggestions on updates of the redqtietics fall within the observational error
bars and that a composite scenario which simultaneouslyiders the most important updates yields
similarly good model-measurement agreement as the JP2-@88k. However, formation of highly un-
stable isomers of CIONOand BrONG cannot be reconciled with the LPMA/DOAS observations. In-
ferred 24 h odd-oxygen loss amounts to 20 ppb to 25 ppb in thedd range of activated ClCbetween
16 km and 22 km. The various model runs reveal that the prapkisetic updates imply substantially
increased @ loss due to the CIO-CIO and CIO-BrO cycles when comparedatadstrd kinetics, albeit
yielding comparable results for twilight OCIO abundances.

The SLIMCAT chemical transport model is able to reprodueeabundances of HCl and CION@airly
well for the high-latitude summer and the high-latitude t@irscenario. In the latter case, even the layer
of activated CIQ in the lower stratosphere is modeled qualitatively. OClQratances are underesti-
mated with respect to LPMA/DOAS measurements which mainlyirmates from NQ being overesti-
mated as already observed in section 6.3.



Chapter 7

lodine in the upper troposphere and
stratosphere

Section 1.2 pointed out that the transport of very small amswf iodine containing species to the
stratosphere could have a significant impact on the striatogpozone layer. However, there are only a
few studies investigating the stratospheric iodine budgeat. Wennberg et al. (1997), Pundt et al. (1998),
Wittrock et al. (2000), Berthet et al. (2003), Bosch et alq@), where the latter one gives the currently
best estimates on upper limits of stratospheric 10 and Ol@igh- and mid-latitudes. The ground-
based measurements of Wittrock et al. (2000) are the onlgreations which report on concentrations
of stratospheric 10 above the detection limit. Our efforttead the study of Bdsch et al. (2003) to the
years between 2001 and 2005 and, for the first time, investigapical latitudes, which are of particular
importance due to their crucial role in transporting trq@uesic air to the stratosphere.

An overview of the spectral retrieval of 10 and OIO from DOASestra is given. Then, upper limits
of stratospheric 10 and OIO inferred from measurements énetktra-tropics are presented. Since the
observations in tropical latitudes are somewhat ambigumaedicated section discusses particularities
and gives a conservative estimate of upper limits of IO an@ @Ithe tropical upper troposphere and
stratosphere. Finally, some thoughts on the impact orosphtric photochemistry are presented.

7.1 10 and OIO retrieval

The spectral retrieval of IO and OIO SCDs from DOAS spectrth@visible wavelength range relies
on the correct removal of the strong absorbegsa@d NG, in order to detect the underlying, weakly
absorbing iodine species. Small deficiencies in the reptaen of the strong absorbers can generate
systematic residual features which can mask the underlygak absorbers or, even worse, induce fake
detection. Therefore, it is of major importance to usgadd NG absorption cross sections measured
by the DOAS spectrograph in the laboratory (Dorf, 2005). oEsrdue to the wavelength dependence
of the slit function or due to convolution of high resolutioross sections are avoided. Here, two sets
of lab-measured cross sections are used which have beadedda our laboratory in 1997 and 2002.
Two sets of cross sections are necessary since the optioal lsgs been changed in 2002 (Dorf, 2005)
resulting in a significant change of the instrument functi@rminor instrumental upgrade in 2004 and

193
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Figure 7.1:Spectral retrieval of 10 in the visible spectral range fopacrum measured at Kiruna on February
14,1997, (left panel) and on March 23, 2003 (right panele Gipper most panels show the pseudo TOA spectrum
(black line) and the measured spectrum (red line). The pdrebw illustrate the retrieved trace gas absorptions
of Oz, NO,, O4, OCIO (Kiruna 1997 only) and 10 as well as the CLD correctidine lowest panels show the
remaining residuals of the fitting procedure. The red limeidate the spectral absorption and the black lines the
sum of spectral absorption and residual.

its impact on the 10 and OIO retrieval are discussed in sedtiB.1.

7.1.1 10 retrieval

The spectral retrieval of IO SCDs is performed in the wavglemange between 425 nm and 465 nm as
recommended by Bosch et al. (2003). The IO absorption cexdfoa measured by Honninger (1999)
is scaled to the 10 spectrum of Bloss et al. (2001) and sgcatigned to the NQ absorption cross
section of Harder et al. (1997). Honninger (1999) recorded® absorption cross section at a spectral
resolution of 0.09 nm and found a peak cross section of 2.5 of the 4—0 vibrational band of
the AIT —X?2I1 electronic transition at 427.2 nm. Recent studies at a combpmspectral resolution in-
dicate that the 10 absorption cross section at 427.2 nm &rgs hs (3.50.3) 10" '"cn? (Gomez Martin

et al., 2005; Spietz et al., 2005) or (3:56.35) 10 '"cm? (Dillon et al., 2005). Accordingly, the SCDs
and upper limits of 10 retrieved using the Honninger (199B83a@ption cross section are somewhat
larger than those inferred using the Gomez Martin et al. $208pietz et al. (2005) or Dillon et al.
(2005) data. In order to sustain continuity and internalséstency with the Bosch et al. (2003) study,
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Figure 7.2:10 evaluation for all spectra measured at Kiruna on Febridri997, (left panel) and on March 23,
2003 (right panel). The upper most panels show the root mgaers, i. e./x2 — 1. The panels below illustrate
the retrieved SCDs of 10, N9 Os, O,4, OCIO (Kiruna 1997 only) and the CLD correction.

the 10 absorption cross section of Honninger (1999) is fadaver the more recent measurements.

O3 and NG are the strongest absorbers in the 10 retrieval range. Tigoo$@bsorption cross sections
are used to account for the absorption of both gases. Thes@af all flights before 2002 is performed
by simultaneously fitting absorption cross sections 980T =233 K, Q at T=253 K, NQ at T=203 K
and NG at T=228 K. After 2002, aset of £at T=200K, Q at T=220K, NG at T=200K and N@

at T=238K is used. All @ and NG, absorption cross sections are recorded by the DOAS speaptog

in the laboratory and are spectrally aligned to the;N€ference of Harder et al. (1997). In general, the
absorption cross section corresponding to the higher teahpe is numerically orthogonalized to the
one at lower temperature. The collisional pair absorptimss section of Qis taken from Hermans
et al. (1999). For the high-latitude winter flight at Kirumali997 the absorption of OCIO is accounted
for by a lab-measured absorption cross section which is@tigo Wahner et al. (1987). Broadband
extinction is considered through a 3rd order polynomiakagight is corrected according to equation
(3.20) by a first order polynomial. The relative wavelendtranent between absorption cross sections
and the pseudo-TOA reference spectra is determined inugatist runs and kept fixed for the final
evaluation, where only the measured spectrum is allowethifoand stretch. As identified by Bésch
et al. (2003), it is of major importance to include a centelitnb-darkening correction in the model
function used for spectral retrieval. Neglecting the CLiize generates systematic residual structures
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which can be misinterpreted as absorption of 10.

The impact of the CLD effect on the measured spectra is gleddible from figure 7.1 where
the spectral retrieval of 10 from two spectra recorded inpdeaar occultation during the balloon flights
from Kiruna in 1997 and 2003 is shown. The former balloon tlighe-analyzed although it has already
been analyzed by Bdsch et al. (2003) in order to demonstiateapability to perform retrievals of
similar quality as Bosch et al. (2003). While the CLD correctterm is clearly detected, essentially no
IO absorption is found in both spectra. The residual showsaheing systematic features in particular
in the proximity of the solar Fraunhofer line at about 432 Arhis might be due to interpolation errors
or errors of the relative wavelength alignment between ¢s€lOA and measured spectrum. The
residuals observed for the flight from Kiruna in 2003 arehliglarger and more systematic than those
observed for the flight in 1997 which is caused by the use démiht sets of @ and NG absorption
cross sections. The theoretical noise levels of about 1.9 40d 2.510% at 440 nm for the flights in
1997 and 2003, respectively, are only slightly smaller tttem observed root-mean-square (3.040
for Kiruna 1997 and 3.18 10 for Kiruna 2003) which indicates that the retrieval opesattose to
its theoretical limit. Figure 7.2 shows the fitting resulfsatl spectra recorded during the two balloon
flights. 10 SCDs are in all cases below the detection limitjolvHis commonly defined as twice the
SCD error (Stutz and Platt, 1996; Bosch et al., 2003). Thenitiefa of the detection limit is discussed
in section 7.2. @and NG, SCDs show the typical pattern of a trace gas with a concémrataximum

in the stratosphere. While the;@oncentration decreases rapidly with altitude, OCIO Isuilg in the
lower stratosphere during sunset and is only detectablimgltine flight from Kiruna in 1997. The
CLD-correction is negligible for balloon ascent and floatasirements where the shift of the brightness
center of the Sun due to Rayleigh scattering is small, bubines more important as the lines-of-sight
penetrate deeper the Earth’s atmosphere during sunset.

Further evidence for the importance of the CLD effect wheatiguming direct Sun DOAS measurements
can be found in Bosch (2002) where measurements during the exdipse on August 11, 1999, are
analyzed. Reichl (2005) found that a CLD correction is alsoessary for ground based direct Sun
DOAS measurements where the Sun is partially obscured hyctbuds. A partial cloud cover shifts
the brightness center of the Sun toward the less coveredn®gif 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 usiagatisorption cross section reported by
Rowley et al. (2001) and Bloss et al. (2001) which has a vafu@ .@9+0.22) 10 '7cn? at 1.13nm
spectral resolution at the peak of the vibrational band &t@&Am. This is in good agreement with the
data of Gomez Martin et al. (2005) and Spietz et al. (2005)revtige OIO cross section at 548.6 nm is
found to be (1.3:0.3) 10~ '"cn? at a spectral resolution of 0.35 nm. Ingham et al. (2000)iatevalues
up to 3.5107cm?. Hence, the absolute scaling of the OIO absorption crog®ses uncertain. The
scaling used here is at the lower limit of the reported rangaying that the presented SCDs and upper
limits could be somewhat smaller if a different scaling @& tblO cross section had been used.

The absorptions of @and NG, are fitted by the same reference sets as in the case of theiyaktThe
respective cross sections, however, are spectrally aligméhe data of Voigt et al. (2001, 2002). Cross
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Figure 7.3:Spectral retrieval of OIO in the visible spectral range fepactrum measured at Kiruna on February
14,1997, (left panel) and on March 23, 2003 (right panele Gipper most panels show the pseudo TOA spectrum
(black line) and the measured spectrum (red line). The pdrebw illustrate the retrieved trace gas absorptions
of O3, NO,, O4, HoO and OIO. The lowest panels show the remaining residualseofitting procedure. The red
lines indicate the spectral absorption and the black lihestim of spectral absorption and residual.

sections at high temperatures are orthogonalized witheptdp cross sections at low temperatures. As
usual, Q absorption is considered through the reference set of Heratal. (1999) and $O is ac-
counted for by convolving a $D absorption cross section generated from line parameterssponding

to T=213 K and p =80 mbar given by Rothman et al. (2005). Treixel wavelength alignment between
the package of absorption cross sections, the pseudo-T@&ram and the measured spectra is handled
in the same way as for the 10 retrieval. Broadband extincéind straylight correction are represented
by 3rd and 1st order polynomials, respectively. The cetmtdimb darkening effect is found negligible
for the considered wavelength range.

A sample OIO retrieval for two spectra recorded at Kiruna994 and 2003 is shown in figure 7.3. In
both cases, OIO is not found by the fitting routine. The p@agédak residual structures are smaller than
those for the 10 retrieval illustrated in figure 7.1, since IO retrieval is performed at longer wave-
lengths where the signal decreases less strongly in sataitation and the signal-to-noise is better than
in the 10 retrieval range. Systematic residual structuresnat as prominent as for the 10 retrieval but
still exist most likely due to deficiencies of the absorptavass sections of £and NG,. The theoretical
noise at 550 nm is 1.1 1d and 1.7 10 for the flights in 1997 and 2003, respectively. Again, thett00
mean-square of the residual is in the range of the theokditisi& for both flights. Figure 7.4 illustrates
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Figure 7.4:010 evaluation for all spectra measured at Kiruna on Felyridy 1997, (left panel) and on March 23,
2003 (right panel). The upper most panels show the root mgaars, i. e./x? — 1. The panels below illustrate
the retrieved SCDs of OIO, NQ O3, O4 and H,0.

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

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

Based on the details described in the previous section #arspretrieval of 10 and OIO is performed
for the balloon flights from Kiruna in 1997, 2001, 2003 and 2@hd from Aire sur I'’Adour in 2003.
Since the meteorological situation corresponding to tfieréint flights is described extensively by Bdsch
(2002), Dorf (2005) and section 6.2, a detailed investigais omitted here. The flights from the high-
latitudinal station Kiruna (679 21.1°E) probed the border of the northern polar vortex in February
1997, the winterly extra-vortex stratosphere in March 2808 2004 and the summerly stratosphere in
August 2001. The balloon flight from Aire-sur-I'Adour (43N, 0.25W) in October 2003 investigated
the mid-latitudinal stratosphere. In all cases neither ®©®@IO can be detected since the retrieved SCDs
are below the detection limit.
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Figure 7.5:10 (upper panel) and OIO (lower panel) SCDs (black lines \eittor bars) and statistical detection
limits (red line) as a function of tangent height. The datarfrAire sur I'’Adour in 2003 originate from balloon
ascent measurements (tangent height equal to detectadaltiwhile solar occultation measurements are shown
for the balloon flights from Kiruna. Observations at KirurmaAug. 21, 2001, are conducted during sunset, those
on Aug. 22, 2001, during sunrise.
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Detection limit

As mentioned above the detection limit applied here comedp to twice the SCD retrieval error (Stutz
and Platt, 1996; Bosch et al., 2003), i. e. SCDs are congldiifierent from zero if their errors are less
than 50%. The criterion is a good estimate of the actual tetetimit as long as the errors attributed to
the SCDs are reasonable. However, section 3.2.1 pointethaithis is only true if the residual consists
of statistical noise. Corrections for the inter-dependeEnof neighbouring pixels can be applied (Stutz
and Platt, 1996), but the impact of systematic residuaksiras caused by deficiencies of the fitted
absorption cross sections or by unaccounted absorberstcharestimated easily. In fact, a detailed
treatment of the impact of systematic residuals on theesetd SCDs would require the knowledge of
the effects which cause the observed pattern. Systemaiitued structures can be misinterpreted as
trace gas absorption and generate absorber SCDs largeththaletection limit although the absorber
is not present. An illustrative example is the effect of tHeDGorrection investigated by Bésch (2002)
and Bosch et al. (2003). If the DOAS model function is insigfit in a way that it does not include a
correction for the CLD effect, systematic residual streesuremain which induce fake detection of 10
with SCDs larger than twice the SCD error. Accounting for @ieD effect by a correction term based
on the physical properties of the Sun removes these systefeatures and yields 10 SCDs clearly
below the detection limit. Briefly, absorber SCDs which arerelarger than twice the SCD error can
be retrieval artifacts if the residual of the spectral estai does not consist of pure noise. Hence, the
detection limit defined by twice the SCD error will further be called statistical detection limit in order
to emphasize the statistical nature of its derivation. dately, for all flights presented in this section
virtually all retrieved SCDs are smaller than the statédtaetection limit. Hence, we are confident that
the statistical detection limit is indeed a good estimattheftrue detection limit.

Upper limits of IO and OIO

Figure 7.5 illustrates the retrieved SCDs and correspgndiatistical detection limits of IO and OIO
for all considered flights. If available, SCDs inferred fraolar occultation measurements are shown
since detection limits are commonly smaller for solar otidn than for balloon ascent. For Kiruna
in 2001 and 2003, 10 and OIO SCDs can be retrieved down to abbkin. In 1997 and 2003, the
pointing toward the Sun was lost early by the sun-trackerthadowest tangent heights correspond to
about 14 km. The balloon ascent measurements at Aire suoliAth 2003 started late at about 17 km
altitude due to problems with the stabilization of the gdaddJnfortunately, we missed the sunset in
Aire sur I'Adour.

Virtually all inferred 10 and OIO SCDs are below the deteotlonit and mostly consistent with a zero
value within the error bars. The only IO SCD slightly above tketection limit is observed for the
sunset measurements at Kiruna in 2001 at about 12 km tangighithGiven the somewhat controversy
definition of the detection limit discussed above, this obtion cannot be interpreted as detection of
10. Moreover no systematic increase spanning severalrspisatbservable. It has to be emphasized that
none of the presented balloon flights sampled tropospherinasses except for the flight from Kiruna
in 2001 where the thermal tropopause corresponds to 12 kimdalt There, the observed increase of
the retrieved 1O SCDs for tangent heights below 15km mightlbe to a contribution of light that
sampled the upper troposphere and introduced systematituad structures which are mis-interpreted
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Figure 7.6: Upper limits of the 10 (left panel) and OIO (right panel) vna a function of altitude. Data from
Kiruna are inferred from solar occultation measurementewdata from Aire sur I’Adour originate from balloon
ascent. Observations at Kiruna on Aug. 21, 2001, are coadwhiring sunset, those on Aug. 22, 2001, during
sunrise.

as 10 absorption.

The inferred statistical detection limits for the IO and GBQDs are inverted to vertical profiles using the
SVD profile retrieval algorithm described in section 3.3Ilgure 7.6 shows the corresponding vertical
profiles which can be regarded as upper limits of the 10 and @ixing ratios as a function of altitude.
Due to the shorter light path through the atmosphere, haksuent measurements, e. g. those from Aire
sur I'’Adour, yield upper limits which are up to 10 times largiean those inferred from solar occultation
measurements and hence are omitted if solar occultatiosureraents are available. The upper limits of
10 and OIO inferred from the statistical detection limiteaily fall into the same range as those reported
by Bdsch (2002) and Bdsch et al. (2003). In the lower strdtesn between 10 km and 20 km altitude
the upper limits range between about 0.05 ppt and 0.11 ppOfand between 0.01 ppt and 0.11 ppt for
OIO. For higher altitudes the upper limits increase mainlg do the decrease in air density. Inferred
upper limits are somewhat larger for the mid-latitudinaitisin Aire sur I'’Adour since solar occultation
measurements are not available.

7.3 10 and OIO in the tropical upper troposphere and stratosphere

The LPMA/DOAS payload has been launched for the first timenfatropical site, close to the city
of Teresina in northern Brazil (42.38/, 5.38S) on June 17, 2005. Due to clear sky conditions and
a very smooth launch it was possible to record spectra frdowb2 km up to balloon float altitude of
about 33km. Solar occultation measurements could be peeibetween SZA=900at 20:47 UT
and SZA=95.8 at about 21:10 UT. Due to the rapid sunset at low-latitudal; 64 spectra could be
recorded in solar occultation geometry. Temperature dsegkfrom about 310K at the ground to 194 K
at 16.5 km altitude. The high tropopause altitude estimétmd the temperature minimum at 16.5 km
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Figure 7.7: Spectral retrieval of 10 (left panel) OIO (right panel) inetiisible spectral range for a spectrum
measured at Teresina on June 17, 2005. The upper most phoeldshe pseudo TOA spectrum (black line) and
the measured spectrum (red line). The panels below illiesttee retrieved trace gas absorptions gf @O,

Oy, H2O, CLD and IO (left panel) and £ NO,, O, H,O and OIO (right panel). The lowest panels show the
remaining residuals of the fitting procedure. The red limeidate 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 togpheric air masses even in solar occultation
geometry with the lowest tangent height being 10.5 km. A numtailed meteorological discussion can
be found in Dorf (2005).

7.3.1 Particularities of the 10 and OIO retrieval in the trop ics

The retrieval of 10 and OIO from spectra recorded at Terewir2005 follows the same specifications
as given in section 7.1. The IO retrieval is supplemented yHaO cross section corresponding
to T=213K and p=80mbar taken from Rothman et al. (2003) simaéer absorption is clearly
detectable for spectra sampling tropospheric air massarstheé OIO retrieval, it proves worthwhile to
include a second $D absorption cross section corresponding to T=253 K and @+#tar which is
orthogonalized to the standard water absorption crosgosect

Figure 7.7 illustrates the spectral retrieval of 10 and Oldcomparison to previous flights, e. g. those
shown in figure 7.1, the residual of the IO retrieval exhittitsyer systematic residual structures. In
particular, the 10 retrieval is hindered by a strongly datihg systematic feature between 430 nm and
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Figure 7.8:10 (left panel) and OIO (right panel) evaluation for all spagneasured at Teresina on June 17, 2005.
The upper most panels show the root mean squareyi.\€. — 1. The panels below illustrate the retrieved SCDs
of 10, NO,, O3, O4, H,O and CLD (left row) and OIO, N O3, O, and H,O (right row).

435 nm which is also observable to a lesser degree for thedlghKiruna in 2003 and 2004. As a
consequence, the prominent CLD structure at about 434 nratifitted as clearly as for the previous
flights. The retrieved IO absorption is non-zero althoughilygperceivable by eye. The theoretical noise
level at 440 nm is 2.0 10", which is 57% of the observed root-mean-square (3.48)L0For the flight
from Kiruna in 2003 (figure 7.1) the ratio of theoretical rigvel at 440 nm to the root-mean-square
of the 10 retrieval was better (79%). The same is true for the @trieval. The theoretical noise level
at 550 nm for the spectrum shown in figure 7.7 is 0.8°1@mounting to about 62% of the observed
root-mean-square (1.3 1) while for Kiruna in 2003 the respective ratio is 77%. Howewtkere is no
obvious correlation between the residual structures amdethieved parameters of the OIO retrieval.
The 10 and OIO spectral retrieval from all spectra recordedng the balloon flight from Teresina on
June 17, 2005, is illustrated in figure 7.8. As already olextim figure 7.7, the spectral retrieval yields
non-zero amounts of 10 for solar occultation measuremeht® inferred |10 SCDs are approximately
one order of magnitude larger than those observed for thegue flights and for some of the spectra
well above the statistical detection limit. Whether the 1zeno 10 absorption found by the spectral
retrieval is real or an artifact of the systematic residualcures is discussed below. Simultaneously,
the retrieved fitting parameters of the CLD correction temmdt show a monotonic decreasing pattern
with setting Sun as observed for the previous flights butakseme oscillations. Between 20:00 UT
and 20:45 UT, two periods can be identified where severainpeters, most prominently thesGSCD
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retrieved from the 10 spectral range, exhibit discontiesiin their temporal evolution. Although hardly
visible in figure 7.8, the observed discontinuities go alavith an increase of the root-mean-square
residual of the fitting procedure and can be attributed tonatruimental problem as discussed below.
The OIO retrieval yields OlIO SCDs which are consistent wiloawithin their error bars except for the
very first spectra recorded during balloon ascent wherertteered OlIO SCDs are slightly larger than
the attributed error. However, all OO SCDs retrieved fréma tropical balloon flight are well below the
statistical detection limit.

It is evident from the examination of figures 7.7 and 7.8 tha tetrieval of IO from spectra
recorded at Teresina in 2005 needs further investigatiorpaiticular it is necessary to perform a
careful analysis of instrumental performance and rettiegkated issues which are specific to the
tropical balloon flight and which could lead to fake detestaf 10. In the following several arguments
are discussed in order to facilitate a decision on whetheisl@etected or not: (1) A shift of the
wavelength-pixel mapping is observed due to the instruatemigrade before the Teresina 2005 balloon
flight. (2) The discontinuities in the temporal evolutionwafrious fitting parameters can be ascribed
to a hardware problem which might also impact the retrie¥dlQo (3) There are some hints for an
aerosol layer in the lower tropical stratosphere which @dmipact the CLD-correction and hence the 10
retrieval by partly obscuring the Sun. (4) Sensitivity s&sdare performed in order to test the stability
of the 10 spectral retrieval. (5) Spectra which yield nonezkd SCDs are inspected by eye.

Shift of wavelength-pixel mapping

Section 3.1.2 pointed out that prior to the tropical balleampaign in 2005 the DOAS instrument was
upgraded by new connectors on the top of the instrument hgusiorder to thermally decouple the
jacks and connectors form thé® cold housing and to avoid condensation of water on therelgict
adaptors. The instrument housing had to be removed to feszhtfies through the housing. Although no
change of the optical setup was carried out and care was taleoid any impact on the optical compo-
nents, a shift of the wavelength-pixel mapping of the ‘isiIlDOAS spectrograph by (1.63.05) pixel
(0.252 nmt0.013 nm) is observed. The shift is illustrated in figure W8gere two emission lines of a
mercury lamp in the 10 and OIO retrieval ranges are shown. Wparison of the spectral position of
the emission lines recorded before and after the instrumhapgrade shows that the shift is detectable in
both retrieval ranges. An additional stretch is not obsen/e shift of the wavelength-pixel mapping is
considered as parameter in the DOAS spectral retrieval aad dot directly impact the inferred SCDs.
However, the lab-measured absorption cross sectiong ah@® NG, are recorded some years ago by an
instrument function which is displaced with respect to therent one. Hence, the wavelength depen-
dence of the instrument function or differing sensitivifittoe detector pixels might introduce systematic
deficiencies into the DOAS model function. Interpolatioroes are of principle concern when shifts and
stretches of the wavelength-pixel mapping are observade sither the set of absorption cross sections
or the spectra have to be interpolated. Here, interpolaioors should be negligible since the inferred
shift corresponds almost exactly to one pixel. Interpolatrrors 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 aftixck) the instrumental upgrade in 2004.
The intensity is normalized to an arbitrary value and carfmetompared between the two data sets, since the
emission lamp is not radiometrically stable with time. Thevelength 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 aliginiuities in the temporal evolution of var-
ious retrieval parameters. The discontinuities cannotttribated to real effects in the atmosphere but
must be of instrumental origin. The upper panel of figure BAOws the peak intensity as a function
of recording time for all spectra measured by the ‘visibl®©AS instrument during the considered bal-
loon flight. The overall strong decrease after 20:30 UT is tduless incoming radiation during sunset.
Discontinuities are observed at the same instances asdaethieval parameters. The small variations
between 20:20 UT and 20:30 UT can be attributed to test-ritesun-tracker where the primary mirror
is defocused from the Sun’s center in order to check the i@ of the sun-tracker optics. The drop in
intensity observed between 20:05 UT and 20:15 UT and bet®@e39 UT and 20:40 UT is of question-
able origin. Erroneous integration times of the spectrapsnted in previous studies (Hirsekorn, 2003)
can be excluded since all programming errors were removéteisourse of the absolute calibration of
the instrument (Lindner, 2005; Gurlit et al., 2005). Thetfeas cannot be observed for spectra recorded
by the spectrograph sensitive to the UV which points to alprolof the mechanical or optical setup of
the ‘visible’ spectrograph. The lower panel of figure 7.10strates two successively recorded spectra
which are measured by the ‘visible’ DOAS spectrograph $hdwfore and during the sudden drop in
intensity at about 20:05 UT. The spectra shown are compdsEsl ap-added spectra and exhibit at total
integration time of 4.000s. The ratio of the two spectra shthat the intensity drop occurred while
the spectrum was recorded and happened on the timescale dati-out time of 10 pixels i. e. about
0.5ms. This leads us to speculate that an optical componentaedispersion plate inside the entrance
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Figure 7.10:Upper panel: peak intensity in binary units as a functionegbrding time for all spectra measured
by the ‘visible’ DOAS spectrograph during the balloon flightm Teresina in 2005. The inset highlights the
interval between 20:00UT and 20:40 UT where discontinsiitiethe measured intensity are observed. Lower
panel: Subsequent spectra recorded shortly before anagdilné 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 10 retrieval for two specteorded shortly before and shortly after
the sudden intensity drop at about 20:05 UT.

telescope or a glass fiber partially broke or degraded. Hewyélwe process causing the intensity drop
must be instable and even reversible since intensity is whiefluctuating and not continuously low.
Further evidence for the above hypothesis comes from theuasof the 10 spectral retrieval. Figure
7.11 depicts the residual optical density of the 10 retliématwo spectra recorded 25 s apart at the time
of the first intensity drop. A change in the residual struetbetween 430 nm and 435 nm is obvious.
After the intensity drop, the peak-to-peak residual is ahtmubled and its pattern is highly systematic
close to the solar Fraunhofer line at 432 nm. The spectralifeds observable during the two periods of
low intensity identified above and cannot be detected foothkkr spectra. Dorf (2005) reported a simi-
lar pattern for spectra recorded by the ‘UV’ DOAS spectrpgrauring the test-runs of the sun-tracker
where a change of the light path through the sun-tracker eleddope optics induces changes of the
residual structures of the BrO retrieval. Clearly, opticamponents which have a transfer function that
depends on the incidence angle or the spatial distributidiumination could cause systematic residual
structures if the light path through the instrument is altieby any effect. Post-flight examination of the
optical components which are accessible without removiegnstrument housing yielded no conclusive
result on the origin of the observation. In order to avoidtfar changes of the instrument function and
in the view of an upcoming measurement campaign, we decidetbropen the instrument housing or
to change any components moreover since the retrieval dfdabhe gases Qand NG is not hindered.
Nonetheless, as soon as the schedule of measurement camakigvs for it, an in-depth investigation
of the observed degradation and a subsequent re-chazatitami of the instrument which includes the
measurement of Qand NG, absorption cross sections in the laboratory is necessasgsiements dur-
ing solar occultation, which are most important for the I@iexal, show no obvious drop in intensity.
However, a further period of low intensity could be maskedH®yoverall decrease of incoming radiation
during sunset. Inspection of the residual optical derssiBenconclusive since the typical residuals of
solar occultation retrievals are larger than the systenpeatitern observed in figure 7.11.
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Figure 7.12:Left panel: Logarithm of the incoming intensity measuredtiy ‘visible’ DOAS spectrograph at
540 nm (solid lines) and 640 nm (dashed lines) inferred frdmseovations at Kiruna in 2004 (red) and Teresina
in 2005 (black). The thin lines show the logarithms of the sugad intensity while the thick lines show the
logarithmic intensity corrected for gaseous absorptio®gf NO, and HO and for Rayleigh scattering. The
data are slightly offset for clarity. Middle panel: Deriieg of the corrected, logarithmic intensity with respect
to tangent height at 540 nm (solid lines) and 640 nm (dasined)ifor Kiruna in 2004 (red) and Teresina in 2005
(black). Right panel: Fit coefficient of the CLD correctia@rm 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-shapecpatif the measured peak intensity between
21:02UT and 21:07 UT which corresponds to tangent heightwdmn 23.5km and 16.5km altitude
and which cannot be attributed to the instrumental problésoudsed above. The intensity dip is not
only observable in the peak intensity but also in the avenaigmsity measured by the ‘visible’ DOAS
spectrograph and the intensity at single wavelengths, d4gnm, 540 nm and 640 nm. At small
wavelengths, however, the overall intensity decrease alkayleigh scattering masks the pattern. The
dip is not observable in spectra measured by the ‘UV’ DOASBpgraph since the measured intensity
at 350 nm is almost zero at 20 km tangent height.

In principle, the interplay of Rayleigh scattering and tatlie dependent gaseous absorption could
generate a pattern similar to that observed. However, theresome arguments that extinction by
aerosols or cloud particles may contribute. Figure 7.12stigates this hypothesis in detail. It displays
the logarithm of the measured intensities at 540 nm and 648sim function of tangent height. The
pair of wavelengths is chosen since molecular absorptiosmiall and intensity is sufficiently high
throughout solar occultation. The measured intensitiecarrected for the absorption of(NO, and
H,0 using the respective SCDs retrieved as described in settiol. Rayleigh scattering is corrected
by calculating the optical density using the correspondirtgs section according to equation (2.10) and
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the air column along the lines-of-sight. From the left paofdigure 7.12 it is evident that the intensity
dip around 20 km tangent height is present in the correcteduacorrected data gathered during the
tropical balloon flight, but not observable for the ballooight from Kiruna in 2004 which is shown
for reference. Since gaseous absorption and Rayleighesogttis already considered, an additional
extinction process such as extinction by particles muse lmeeurred. The process must originate from
a layered structure in the lower stratosphere. The latteclasion is highlighted by the middle panel
of figure 7.12 where the derivative of the corrected intgngiith respect to tangent height is plotted.
A similar approach using the color index method is employgd/din Savigny et al. (2005) in order
to identify polar stratospheric clouds from satellite &yt limb measurements. While for Kiruna in
2004 the derivative shows a continuous increase to lowituddis where aerosols get more and more
abundant (figure 6.19), the derivative increases sharplifdcesina in 2005 at about 23.5 km followed
by on oscillation at lower altitudes. Further independernitience that extinction by particles might
have played a role for the tropical LPMA/DOAS measurementaeas from the fit coefficient of the
CLD correction term depicted in the right panel of figure 7.A2 anticipated by the model defining the
CLD correction term (section 3.2.2), the CLD fit coefficient the DOAS measurements during solar
occultation should decrease continuously as the linesgbit penetrate deeper the atmosphere since the
brightness center of the Sun shifts more and more upwardeoedlar disk. This is clearly true for the
measurements at Kiruna in 2004 where an almost monotoniease is observed down to about 13 km
tangent height. Below 13 km, only few measurements areablailand the error bars increase due to
the overall decrease of incoming radiation. For Teresinaeler, the CLD fit coefficient shows strong
oscillations with tangent height starting below 25km whimbincides nicely with the low-intensity
observations in the left and middle panel of figure 7.12. Aetag structure of particles contributing
to the extinction could cause the observed oscillationshef@LD fit coefficient since the brightness
center of the Sun would be shifted upward or downward depgndin how the lines-of-sight cross the
respective altitude layers. Reichl (2005) showed by grelesbd direct Sun measurements that a CLD
correction is indispensable when the Sun is covered by tloinds causing spatial fluctuations of the
Sun’s brightness center.

Stability of the spectral retrieval

In the discussion above, some instrumental deficits and s@mtieularities of the ambient atmosphere
are identified which are encountered during the balloon tflighm Teresina in 2005 and which com-
plicate the retrieval of IO SCDs. In order to test the stapitif the retrieval, sensitivity studies are
performed. Starting from the standard run which correspdodhe specifications given in section 7.1
several retrieval parameters which could influence théeketd IO SCDs are varied within a reasonable
range. Table 7.1 lists the tested parameters and the respetddifications with respect to the stan-
dard setup. Figure 7.13 shows the results. The gray lindsatadthe results for the set of sensitivity
runs. Above about 13 km tangent height the retrieval is stdbk. the retrieved 10 SCDs typically fall
within the error bars of the standard retrieval or are zetbiwitheir error bars. This is not true for two
sensitivity runs which yield non-zero 10 SCDs between 33 krd 20 km altitude. There, the inferred
IO SCDs are significantly larger than the SCDs retrieved fthenstandard run. However, these sensi-
tivity runs correspond to reduced retrieval ranges ([433 482 nm] and [433 nm, 465 nm]) where the
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Table 7.1: Sensitivity studies of the IO retrieval for théidan 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 nn2 4/];
[433 nm, 465 nm]; [425 nm, 465 nm] with gap [430 nm, 435 nm]
Absorbing species no NGO, (T=238K); no G(T=220K); no H:O; additional OCIO;

NO.(T=217 K) and NQ(T=230 K) from Harder et al. (1997);
03(T=223 K) and Q(T=246 K) from Voigt et al. (2001);
simultaneously N@from Harder et al. (1997) andsdrom Voigt et al. (2001);

Retrieval corrections no CLD correction; no straylight correction; additionahBieffect;
CLD correction prescribed by fit coefficients retrieved fromeasurements at Kiruna in 2004;
Polynomial degree 2; degree 4; degree 5;
Spectral alignment O3 shifted by+0.5 pixels; Q stretched byt0.002 pixels; NQ shifted by+0.1 pixels;
pseudo-TOA spectrun replaced by V0428979 corresponding to 22 km tangent height

strongest 10 absorption band«D) is not included in the fitting process and the correspaneirror
bars are large. Below 13 km, the sensitivity of the I0 SCDstoretrieval parameters is large and the
errors increase rapidly. Remarkable stability is obseimetie altitude range of the upper troposphere
and lower stratosphere between 13 km and 20 km altitude.eTdderetrievals show non-zero 10 SCDs
which are in the order of twice the statistical detectionitlind sensitivity run of special importance is
highlighted by blue triangles in figure 7.13. The fit coeffitief the CLD correction term is prescribed
by the values inferred from the balloon flight at Kiruna in 200 he fit coefficients are assigned to the
individual spectra according to the air mass integratedgatbe respective lines-of-sight. Since Bdsch
et al. (2003) pointed out that the accurate representafitimedCLD effect is crucial for the retrieval of
IO SCDs and our retrieval for spectra recorded at Teresi2@0% shows unexpected values of the CLD
fit coefficient (figures 7.7 and 7.8), we consider this a stirigest for the inferred 10 SCDs. How-
ever, as argued above the unexpected values of the CLD ffiadeef might be real and due to a layer
of particles in the lower stratosphere. Unfortunately, ¢hmparison between the standard and the test
run remains inconclusive as there are sizeable discregmbetween 16 km and 18 km but agreement is
within the error bars outside that altitude range. Also #wsgivity study where the CLD fit coefficients
are prescribed yields IO SCDs clearly larger than the $izdisdetection limit in the upper troposphere
and lower stratosphere.

Figure 7.13 further shows the ratio of the mean tropospheribe mean stratospheric air mass factor
which is a measure of the portion of the observed direct ghintraveled through the troposphere. The
presented data are calculated assuming tropopause alétyehl to 16.5 km and an effective field-of-
view of 0.53 corresponding to the size of solar disk. All spectra withgemt heights below about 19 km
have a contribution from tropospheric air. The increasiagtigbution from the troposphere coincides
with the increase in IO SCDs although the latter seems to ataaititudes slightly above 19 km. This
might either indicate that - if detected - 10 resides in thaptisphere or the transition layer between
the troposphere and stratosphere or that - if IO is not dedectropospheric absorbers deteriorate the
retrieval quality and induce fake detection of 10. Samplifigropospheric air masses indeed introduces
systematic residual structures which originate from we@dcaounted absorbers or unknown absorption
features of highly abundant tropospheric absorbers, e;@. Hihis is of particular importance if purely
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Figure 7.13:10 SCD as a function of tangent height retrieved from sevisitiuns. The standard run corresponds
to open black boxes. A variety of sensitvity runs is shown &g/ dines. The sensitvity run where the CLD
correction is prescribed by values inferred from the bailffight at Kiruna in 2004 is highlighted by blue triangles.
The statistical detection limits (1x and 2x) are shown adirezb. In addition the dotted black line (top abscissa)
shows the ratio of the mean tropospheric to the mean stitaoispair mass factor in order to illustrate that below
19 km tangent height tropospheric air masses contributeetonteasured spectra.

stratospheric spectra are referenced to spectra with spbguic contribution as in our case. Ground
based measurements by Reichl (2005) using the DOAS spemptogonfirm this observation. There,
the use of a pseudo-TOA spectrum recorded during a straasgballoon flight at high altitude results

in residuals which are larger by as much as one order of madgmit

Inspection by eye

Finally, inspection by eye might yield further insight on ether the inferred 10 abundances are real or
a retrieval artifact. Figure 7.14 depicts the detected |@capdensity, the residual structures and the
theoretical optical density of IO assuming 0.5 ppt 10 betw@&m and 20 km altitude. Three spectra are
chosen from solar occultation measurements of the tropiaon flight at tangent heights of 20 km,
16.8km and 13.8 km. Data inferred from the balloon flight atulka in 1997 corresponding to 13.8 km
tangent height are shown for comparison. The latter ob8envaorresponds to figure 3 in Bésch et al.
(2003). During the tropical balloon flight, the spectrumareted at 20 km tangent height sampled purely
stratospheric air masses while the spectrum recorded&kdbtangent height sampled stratospheric and
tropospheric air in the tropopause region and the spectasorded at 13.8 km tangent height sampled
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Figure 7.14:10 optical density (red line) inferred from solar occultatimeasurements at Kiruna on Feb. 14,
1997, at 13.8km tangent height (upper panel) and at Teresirkune 17, 2005, at 20 km, 16.8km and 13.8km
tangent height (TH) (three lower panels). 10 absorptionstdwal is shown as black line. The blue line illustrates
the theoretical optical density of IO assuming 0.5 ppt IGueetn 0 km and 20 km altitude.

mostly tropospheric air. Although recorded at the samedanbeight as the latter tropical spectrum,
the spectrum taken from the high-latitude observations8a& Km tangent height sampled purely strato-
spheric air due to the low tropopause in high-latitudes. ifbeease of the residual structures for lower
tangent heights is obvious for the tropical dataset. Comgahe high- and low-latitudinal residuals
at 13.8 km tangent height reveals that the high-latitudietdeval is superior to the low-latitudinal one
by a factor of 3 when looking at the peak-to-peak residuals.efphasized in the previous paragraph,
sampling of tropospheric air during the tropical balloogtitimight partially explain this finding. In all
cases the optical density calculated from 0.5 ppt 10 betviden and 20 km is clearly larger than the
detected 10 absorption. The inferred 10 absorption at 16&kd 13.8 km tangent height corresponds
roughly to 0.2 ppt 10 and is about twice as large as the stalsdetection limit. Stutz and Platt (1996)
derived from Monte-Carlo simulations that detection ot#&ragyas absorption which is not identifiable
by eye is indeed possible using the DOAS retrieval providhed the residual structures consist of pure

noise. Since in our case the residuals are highly systemvatidoubt that IO is truely detected in figure
7.14.
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Figure 7.15:Upper limits of 10 (red) and OIO (blue). Solid and dotted brare upper limits inferred from solar
occultation and balloon ascent measurements, respactivet 10, upper limits retrieved from solar occultation
correspond to twice the statistical detection limit of tmelarlying SCDs.

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

The retrieval of IO and OIO SCDs from spectra recorded atstieagn 2005 is discussed in the previous
section. For the first time, IO abundances above the staidfietection limit are inferred. However,
due to instrumental and retrieval related problems theiegdplity of the statistical detection limit
as criterion whether 10 is truly detected or not is questibné'he previous section highlights the
problems which could impact the retrieved 10 SCDs or coulddsponsible for fake detection of 10.
Despite our efforts to characterize the particularitiesthaf tropical balloon flight, we cannot come
to a firm conclusion whether 10 abundances in the tropicaklostratosphere and upper troposphere
are on the order of twice the statistical detection limit leé DOAS spectrograph or if fake detection
of 10 is caused by systematic residual structures. Hencegestect ourselves to give a conservative
estimate of an upper limit of the tropical 10 abundance whgchn agreement with our measurements.
Upper limits of OIO can be inferred from the statistical dgiten limits since the OIO retrieval
is less impacted by the problems discussed above. An IO dppi#rwhich is in accordance with
the LPMA/DOAS measurements can be estimated from figuret@.tiffice the statistical detection limit.

Vertical profiles of IO and OIO upper limits are inferred frotime SCD detection limits using the
SVD profile retrieval algorithm (figure 7.15). The upper lirof the 10 volume mixing ratio correspond-
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Table 7.2: Upper limits of 10 and OIO inferred from LPMA/DOASBeasurements. Adopted and complemented
from Bdsch et al. (2003).

Date Location 10 upper limit / ppt OIO upper limit / ppt remarks
20km 15km 12.5km| 20km 15km 12.5km
Nov. 23,1996 | Leon (42.6N,5.7°W) 0.11 - - 0.18 - - mid-lat. fall, sunset
Feb. 14,1997 | Kiruna (67.9N,21.1°E) 0.10 0.07 0.06 0.13 0.07 0.06 high-lat. winter, sunsét®
Jun. 20, 1997 Gap (44.0N,6.1°E) 0.13 0.08 0.06 0.13 0.07 0.05 mid-lat. summer, sunrie

Mar. 19,1998 | Leon (42.6N,5.7°W) 0.16 0.08 0.08 0.13 0.06 0.05 mid-lat. spring, sunsét
Aug. 19, 1998 | Kiruna (67.9N,21.1°E) 0.16 0.08 0.08 0.19 0.09 0.07 high-lat. summer, sunset
Aug. 20, 1998 | Kiruna (67.9N,21.1°E) 0.14 0.08 0.06 0.10 0.06 0.04 | high-lat. summer, sunrie
Feb. 10, 1999 | Kiruna (67.9N,21.1°E) 0.14 0.08 0.06 0.19 0.10 0.07 high-lat. winter, sunsét
Jun. 25, 1999 Gap (44.0N,6.1°E) 0.17 - - 0.23 - - mid-lat. summer, sunrie
Feb. 18,2000 | Kiruna (67.9N,21.1°E) 0.25 0.14 0.10 0.14 0.08 0.06 high-lat. winter, sunsét
Aug. 21,2001 | Kiruna (67.9N,21.1°E) 0.13 0.06 0.06 0.09 0.02 0.05 high-lat. summer, sunget

Aug. 22,2001 | Kiruna (67.9N,21.1°E) 0.11 0.06 - 0.09 0.05 - high-lat. summer, sunget
Mar. 23, 2003 | Kiruna (67.9N,21.1°E) 0.08 0.07 0.09 0.17 0.05 0.03 high-lat. winter, sunsét
Oct. 09, 2003 Aire (43.8°N,0.3°W) 0.8 - - 1.4 - - mid-lat. fall, ascerft
Mar. 24,2004 | Kiruna (67.9N,21.1°E) 0.09 0.09 0.08 0.17 0.10 0.07 high-lat. winter, sunsét
Jun. 17,2005 | Teresina (5.4S,42.4W) 0.15 0.18 0.24 0.05 0.02 0.04 low-lat., sunsét

2Analyzed by H. Bosch, see Bosch et al. (2003).
bAnalyzed in the course of the presented study.

ing to twice the statistical detection limit is about 0.2 petween 15 km and 25 km altitude and larger
below and above that altitude range. Upper limits of 10, egponding to once the statistical detection
limit, inferred from balloon ascent measurements are fatiggn those inferred from solar occultation
except for altitudes below 16 km where they are on the ordé.Dbppt. The relatively low upper limit
inferred from balloon ascent measurements can be explaydoe fact that measurements at Teresina
started right after balloon launch at about 2 km altitudec8ithe weighting functions for balloon ascent
measurements are not strongly peaked all spectra recomled fa certain altitude level contribute
information to the considered level, e. g. all spectra r@edrbelow 15 km contribute to the inferred
upper limit at 15km. Despite the low upper limit of 0.1 ppt &bat 15 km, IO cannot be detected in
the spectra recorded during balloon ascent although tlae sotultation measurements suggest 0.2 ppt
10 in that altitude range. The latter finding is a further himt the 10 abundances inferred from solar
occultation are actually fake detection. However, it habeaemembered that different air masses are
sampled during balloon ascent and solar occultation.

For OIO, the upper limits inferred from solar occultatioe aonsistently lower than those inferred from
balloon ascent. Between 10 km and 20 km the OIO upper liméss than 0.1 ppt attaining its minimum
of 0.01 ppt at the tropopause. Above 20 km the OIO upper lingitéases 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 volumimg ratios inferred according to the
discussions in the previous sections. The list is supplésadoy data which have been analyzed by Bésch
et al. (2003) using the same approach as in the presented Wadble 7.2 puts the tightest constraints on
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the stratospheric iodine budget to date.

The presented upper limits are inferred from detectiontsirof the DOAS spectrograph and thus depend
on the absorption cross section used for spectral retridgbointed out in section 7.1 the use of recently
measured absorption cross sections of 10, which are langarthe one used here, would further diminish
the stated 10 upper limits. If the spectral retrieval wasdgample performed with the absorption cross
section given by Spietz et al. (2005), 10 upper limits woudddwer by 20% to 25%.

Implications for total stratospheric iodine

Bosch et al. (2003) used their upper limits of stratosphibia@and OIO to infer upper limits of total
gaseous stratospheric ioding, for high- and mid-latitudes. They implemented the chetmeactions
governing stratospheric iodine chemistry (section 1.th4he LABMOS chemistry model and showed
that 10 and OIO account for more than 90% gfih the lower stratosphere during daytime. During
night, 10 decreases since it is converted to its nighttineemairs IONQ and OIO. Given the upper
limits listed in table 7.2 for the years between 1996 and 2006y concluded on lower stratospheric
(< 20km) [I,] < (0.10 £ 0.02) ppt and [},] < (0.07 £ 0.01) ppt when allowing for and omitting OIO
photolysis, respectively. It is important to distinguishtiseen scenarios allowing for and omitting
OIO photolysis since 10 can be recycled from OIO more eftetyi if photolysis occurs. Hence, the
partitioning 10/0OI10 and thus 10/l and OIO/|, depend on the chosen scenario for OIO photolysis.
When allowing for OIO photolysis it was assumed that the ¢uraryield for the products | + @and 10

+ O was 15% and 0.7%, respectively, corresponding to therdppis given by Ingham et al. (2000).
The most recent compendiums on rate constants such as IRL(3a@nder et al., 2003) and IUPAC
(Atkinson et al., 2006) give no recommendation on OIO phaisl

The LPMA/DOAS observations in the high-latitude stratasghbetween 2001 and 2004 largely confirm
the findings of Bosch et al. (2003) on upper limits of 10 and OH&nce, the stated upper limits of |
inferred from the high- and mid-latitudinal observatioredvieeen 1996 and 2000 are directly applicable
to the updated dataset.

The LABMOS model calculations performed by Bdsch et al. @0@r high- and mid-latitudes
are not applicable for low-latitudes. Here, the model of &st al. (2003) is adapted to the geophysical
conditions encountered during the Teresina 2005 balloghtfliBesides the standard LABMOS setup,
the chemical scheme comprises the iodine species 10, OIONQ-, HOI and HI which are linked
through the photochemical reactions listed in table 2 ofdBdt al. (2003). Species such as INO, INO
ICI, IBr and |, are neglected since no large built-up is expected in theosphere. The photolysis rates
of 10, OIO, IONG,, HOI and HI which have been calculated by Bésch et al. (2008nh albedo of
0.3 are extrapolated to SZAs encountered at low-latitudé® model is initialized with 0.2 ppt, land
run stacked for ten days corresponding to the conditionswaniered on June 17, 2005, &5 43W.
Typically, after ten days the modeled abundances of th@@slpecies are in photochemical equilibrium
and essentially independent of the initial partitioningll dther species except for NCand G are
initialized with SLIMCAT output for 58S, 43W. NOy and G, are scaled to match the LPMA/DOAS
observations in a similar way as described in section 5.3.dé¥louns are performed omitting and
allowing for OIO photolysis as suggested by Bdsch et al. 8200n the latter case OIO photolysis
produces | + @ and 10 + O with a fractional yield of 15% and 0.7%, respecyivel
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Figure 7.16:Temporal evolution of the most important constituents aftsspheric § modeled by LABMOS for
June 17 at S, 43W. Model output is shown on three potential temperaturd$éeagindicated by the legend. The
left column of panels corresponds to a model run allowingdt® photolysis while the right column shows the
results when omitting OIO photolysis. The shaded box in {iygen 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 iparting between J constituents on the tenth
day of the model run for three potential temperature levBlaring night the reservoirs ION OIO
are the most abundant species while during daytime 10 andnirdde iodine partitioning. Close to
the tropical tropopause on the 400 K potential temperatwrel I0; abundances are very small making
conversion of | to 10 less effective. Accordingly, | is the st@bundant iodine species between 17 km
and 20 km altitude for both scenarios of OIO photolysis. l@nsimportant constituent throughout the
stratosphere and becomes the most important species abéwe. Day-time OIO plays a minor role
if the photolysis of OIO is allowed but constitutes up to 30%4 pin the middle tropical stratosphere
if OIO photolysis is omitted. The iodine partitioning dugisunset is of particular importance for the
LPMA/DOAS observations, since |10 and OIO upper limits arteired from measurements around
SZA=90. At sunset | is converted to IO which makes the latter the rabshdant species at SZA =90
under all modeled conditions. At slightly larger SZA, ICeilisis scavenged by N©Oor halogen radicals
forming the night-time reservoirs IONr OIO.

The LABMOS model runs can be used to calculate modeled 10 a@ &LDs which should have



7.4. IMPLICATIONS FOR STRATOSPHERIC IODINE AND OZONE 217

wy /ybrey jusbue |

Tangent height / km

Tropopause altitude

Tropopause altitude

{—— Modeled 10 SCD assuming ] |——Modeled OIO SCD assuming
multiples of 0.1 ppt Iy multiples of 0.1 ppt Iy
104 Same as but omitting OIO photolysis | |- Same as but omitting OIO photolysis 10
Measured 10 upper limit Measured OIO upper limit
T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3
10 SCD / (10" molecules cm™) 0lO SCD / (10" molecules cm™)

Figure 7.17:Measured upper limits (red lines) of 10 (left panel) and OHglft panel) SCDs as a function of
tangent height. Modeled 10 and OIO SCDs are shown for scematiowing for (black solid lines) and omitting
(dotted lines) OIO photolysis. Modeled SCDs are plotted/éoious stratospheric iodine loadings: 0.1 ppt, 0.2 ppt,
0.3ppt,... I, in steps of 0.1 ppt. Upper limits of,Ican be inferred from the intercepts of the measured 10 and
OIO upper limits with the modeled 10 and OIO SCDs. Model otfigLcut off below tropopause altitude (gray
horizontal line) since LABMOS is not suited for modelingpaspheric chemistry.

been observed by the LPMA/DOAS instruments given the madmporal evolution of 10 and OIO
abundances. Modeled SCDs are obtained by integrating thieleoh trace gas concentrations along
the LPMA/DOAS lines-of-sight. A similar approach is pretshin section 6.4.2 where measured and
modeled SCDs of OCIO in the winterly polar stratosphere arepared. Figure 7.17 shows modeled
SCDs as a function of tangent height. Below the tropopausteiresults are cut off since the chemical
scheme of LABMOS does not include tropospheric processkes.miodel runs are performed assuming
0.2 ppt |, throughout the stratosphere. Modeled 10 and OIO SCDs quoreling to multiples of 0.1 ppt
I, are calculated by scaling the standard run since 10 and OtDlgtreact linearly on variations of
I, given the overall small abundances. As above, model reatdtshown for two scenarios of OIO
photolysis. Upper limits of J can be inferred by comparing the measured upper limits ofi@@IO
SCDs to the modeled SCDs. At each tangent height the inteotebe measured upper limit with the
modeled SCD yields the upper limit of tonsistent with the observations.

If OlO photolysis is allowed, the measured upper limit of IO[3s coincides with the modeled SCD for
roughly 0.32 ppt J between the tropopause and 22 km altitude. At 25km the meadd@ SCDs can
be reconciled with the model for 0.50 ppt IThe observed upper limits of OIO constrajprhuch less
than the upper limits of 1O. If OIO photolysis is omitteg,Upper limits inferred from both, 10 and OIO
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upper limits, increase from 0.38 ppt at the tropopause t@itat 22 km. Above 22 km, lupper limits
increase further.

Bosch et al. (2003) discussed errors of the reaction kimetsed for the photochemical modeling of
iodine chemistry in great detail. Since the same photoctensicheme is employed here, the error
analysis for the tropical upper limit of, lis performed by sensitivity studies as recommended by Bdsch
et al. (2003). Model runs are performed where various paen:ignportant for the 10/l and OIO/|,
partitioning are varied by their estimated errors. The plysis rate of 10 is varied by=30% which
corresponds to the estimated accuracy of the radiativefganalculations and the 10 absorption cross
section. According to (Sander et al., 2003), the rate caéeffidor the IO + NQ association reaction
is uncertain by a factor of 2 at stratospheric temperatundspaessures. The uncertainty of the IONO
photolysis rate is estimated to 50% from the radiative fieansalculations and the accuracy of the data
taken from Méssinger et al. (2002). The reaction rate for I1zH€considered uncertain by a factor of
3. The impact of the uncertainty of the interhalogen reastitD + CIO and |0 + BrO is found very
small compared to the uncertainty of the | § @action which is the “bottleneck” (Bdsch et al., 2003)
in recycling atomic iodine into 10. For each sensitivity nmodeled 10 and OIO SCDs are inferred and
compared to the model run using standard photochemistiy.differences between each sensitivity run
and the standard run yields an estimate of the error of theetaddO and OIO SCDs and hence, the
error of the inferred upper limit of, 1

Thus, upper limits of total gaseous iodine in the lower tcapistratosphere are given by
[1,]< (0.32 £ 0.11) ppt and [|,] < (0.38 £ 0.10) ppt if allowing for and omitting OIO photoly-
sis, respectively. The stated upper limits pfrely on model calculations and hence depend on rate
coefficients and model assumptions while 10 and OIO uppeitdirre directly observed. Further, it
has to be pointed out that tropospheric air masses cordrtouBCDs for tangent heights below 19 km
(figure 7.13) and that upper limits of are inferred from a purely stratospheric chemistry scheme.

The stated upper limits of total gaseous inorganic iodinethie high-, mid-, and low-latitude
stratosphere give rise to some thoughts on the fate of argadine species emitted at the Earth’s
surface. Davis et al. (1996) report on 0.1 ppt to 1 ppt of3Cid the tropical and subtropical upper
troposphere. These findings are in broad agreement withnfieeréd upper limits of stratospheric
I, and with the inferred upper limits of 10 and OIO in the tropic@per troposphere assuming that
stratospheric,J is generated from upward-transported organic source &g} i. e. predominantly
CHsl, or inorganic product gases (PG) of SG decomposition ssctDaand OIO. Given the sizeable
though highly variable abundances of gth the marine boundary layer (up to 1830 ppt (Peters et al.,
2005)) and its intermediate lifetimeds,; ~ 5days), itis surprising that the sum of observed SG and
PG concentrations in the upper troposphere and lower splatoe are as small as the measurements
suggest € 1ppt). The observations could be misleading in two ways: sf{iatospheric and upper
tropospheric iodine is present in other forms than adddebgehe measurements, or (2) this and other
studies fortuitously missed to probe iodine-rich air masse

Concerning possibility (1), Bosch et al. (2003) pointed tiait the major gas-phase reactions involving
iodine bearing species are reasonably well understoodr wpger tropospheric and lower stratospheric
conditions such that the partitioning among thebnstituents is not a source of major uncertainty. The
amount of iodine incorporated in aerosols, however, is oy well known. The formation of higher
iodine oxides }O, and iodine clusters, which can be taken up by existing atsaswsubject of ongoing
research (O’'Dowd and Hoffmann, 2005). Murphy et al. (1998) 8Murphy and Thompson (2000)
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indeed detected iodine tied to the upper tropospheric amerlstratospheric aerosol. Clearly, if most of
iodine was present in particulate form, the observatiorsgmted here could not detect it.

Possibility (2) implies that,J is very inhomogeneously mixed in the lower and middle stgiere.
Given the 13 LPMA/DOAS balloon flights in high- and mid-latites during all seasons (table 7.2) it
seems very unlikely that 10 and OIO abundances are largertti@inferred upper limits and are not
- at least occasionally - detected by our measurements. réjoical latitudes, however, the data set
comprises one observation, only, which is carried out atebts in June. At that time of the year the
local dry season does not provide ideal conditions for fasvective uplift of tropospheric air masses to
the upper troposphere and, possibly, lower stratosphepevatdl convective transport is more effective
during the rainy season and, hence, it is well possible tattion of iodine bearing SG and PG into the
tropical upper troposphere and lower stratosphere ocecuas @vent-by-event basis and that our tropical
observations missed such events. Schwarzle (2005) olosap/éo 12 ppt CHI and (0.82+0.31) 10

in the course of their near-surface measurements duringrbieer 2004 and January 2005 at Sao Luis,
northern Brazil, which lies about 400 km in the north-westtloé launch site of the LPMA/DOAS
payload. Surface air masses exhibiting such;ICihd 1O abundances could be transported to the upper
troposphere on short timescales by deep convection. Thuhef measurements in tropical upper
troposphere and lower stratosphere for different seagensegded to strengthen the data base.

Implications for stratospheric ozone

Bosch et al. (2003) used model simulations of a 2-D derieativthe 3-D SLIMCAT chemical transport
model to show that 0.1 ppt of, llead to small changes of the zonal mean ozone distributiaterun
non-ozone hole conditions. ,JI=0.1 ppt corresponds to the upper limit for high- and mitiklaes
inferred by Bosch et al. (2003) and the presented study.esafg, loss of 1% occurs in fall in the lower
mid- and high-latitudinal stratosphere if OlIO photolysislgting | + O, and subsequent ozone loss due
to | + O3 is considered. If OlO photolysis is omitted, ozone loss ialEn and amounts to at most 0.6%
in high-latitude fall.

Bdsch et al. (2003) also discussed,lidduced ozone loss for low-latitudes. Assuming] 0.1 ppt,
modeled Q is decreased by about 0.8% just above the tropical tropepadswever, the upper limit
of I, inferred here for low-latitudes is larger by a factor of 3 tth4n assumed in the model. Simple
scaling results in an upper limit of 2% to 3% J@hduced ozone loss for the lower tropical stratosphere.

Figure 7.18 shows the modeled fractional contribution @& thO,., NO,, CIO,, BrO, and IO,
catalytic cycles to odd oxygen loss for spring-time midtlates. The total iodine loading is assumed to
be [I,]=0.1 ppt and two scenarios for the total inorganic brominedbn are discussed. The scenario
illustrated in the left panel assumes supply of Biom CHz;Br and halons, only, while the scenario
shown in the right panel additionally assumes 4 ppt Bom very short-lived species as suggested for
example by Dorf (2005). Further, two scenarios of I€hemistry are considered.,“Fast” uses the rate
constant for 10 + BrO given by Rowley et al. (2001) and assuthatall products of this reaction lead
to catalytic loss of ozone implying that photolysis of Olis | + G,. The “l, Slow” scenario uses
JPL-2002 kinetics for 10 + BrO and assumes that productio®I@f results in no net odd oxygen loss,
i. e. OlO photolysis yields IO + O.

The largest contribution to odd oxygen loss from,I® observed below 20 km altitude for the, Fast”
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Figure 7.18:Modeled fractional contribution to odd oxygen loss by cgtalcycles involving nitrogen (NQ),
hydrogen (HQ), chlorine (CIQ,), bromine (BrQ), and iodine (IQ) radicals for a mid-latitudinal station at 3%.
Total stratospheric iodine is set to 0.1 ppt. Theg Hast” scenario uses the rate constant for 10 + BrO given by
Rowley et al. (2001) and assumes that all products of thiticralead to catalytic loss of ozone. In particular, the
photolysis of OIO is assumed to yield | +,0The “I, Slow” scenario uses JPL-2002 kinetics for IO + BrO and
assumes that production of OlO results in no net odd oxyges) loe. OlO photolysis yields 10 + O. For the left
hand panel stratospheric Bis inferred from the abundances of gBt and halons. For the right hand panel, 4 ppt
Br, from very short-lived bromocarbons is added. Figure by tsyrof R. Salawitch (JPL, Pasadena).

scenario and amounts to at most 10%. As expected, the ditersaenario “), Slow” implies less odd
oxygen loss and contributes at most 3%. Assuming a conwibwf very short-lived bromocarbons to
Br, enhances the importances of the Bri@volving odd oxygen loss cycles and also slightly increase
the relative contribution from IQif the 10 + BrO reaction rate is assumed to be fast. If |O + BrOuws
according to JPL-2002 kinetics increasing, Besults in decreased importance of,I0The model
calculations are strictly valid only for mid-latitudes. Wever, assuming that the fractional contributions
of the various catalysts to odd oxygen loss are similar inldlaelatitude stratosphere, the upper limit
of fractional 10, contribution to tropical odd oxygen loss could easily extd6% given the upper
limit of tropical [l,,] < (0.32+0.11) pptor [I,] < (0.38+0.10) ppt for altitudes just above the tropopause.

The implications for ozone inferred from the upper limits I6f, OIO and |, indicate that the up-
per limit of IO, induced ozone loss close to the tropopause at high- andatiideles is barely relevant.
The current level of agreement between measured and mo@gléakss at high- and mid-latitudes is
worse than the possible impact of iodine involving cheryigsee for example figure 1.4).

Since for low-latitudes inferred upper limits of JOnduced Q and Q. loss are by a factor of 3 to 4
larger than for mid- and high-latitudes, J@ould play a role in the tropical lower stratosphere. Hence,
further measurements are necessary to minimize uppeslohgtratospheric lat low-latitudes.
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7.5 Conclusions on upper tropospheric and stratospheric ine

Upper limits of 10 and OIO in the high-, mid- and low-latitud&atosphere are reported. The findings
for high- and mid-latitudes extend the database presentdgbbbch et al. (2003) and confirm that up-
per limits between 10 km and 20 km altitude range between@p0and 0.11 ppt for IO and between
0.01 ppt and 0.11 ppt for OIO. Photochemical modeling by Béscal. (2003) constrains total gaseous
stratospheric iodine to J] < (0.10+0.02) ppt and [}] < (0.07-0.01) ppt allowing for and omitting OIO
photolysis, respectively.

The retrieval of IO from spectra recorded at low-latitudadds 10 SCDs twice as large as the detection
limit during solar occultation. The retrieved SCDs, howegannot be considered trustworthy since the
spectral retrieval is complicated by systematic residimattures which originate from several instrumen-
tal deficiencies and possibly an aerosol layer in the lovogical stratosphere. Hence, upper limits of IO
are estimated in a way consistent with the LPMA/DOAS obd@ma even if 10 is truly detected. In the
upper tropical troposphere and lower stratosphere ther@tfaupper limits range between 0.15 ppt and
0.24 ppt for 10 and between 0.01 ppt and 0.1 ppt for OIO. Acdepthe photochemical model of Bésch
et al. (2003) to low-latitudes, constrainsih the lower tropical stratosphere tq]I< (0.32 + 0.11) ppt
and [l,] < (0.38 £ 0.10) ppt allowing for and omitting OIO photolysis, respectivel@iven the upper
limits for 1,, 10 and OIO in the tropical lower stratosphere and upperasppere and the rather large
emissions of iodine source gases at the surface, one carewibs@ynificant amounts of iodine enter the
stratosphere in particulate form or if troposphere-taisgphere transport of source and product gases
occurs occasionally through convective events which assed by our measurements.

Upper limits of |, for the high- and mid-latitudinal stratosphere imply th@t, induced ozone loss does
not play a significant role in the respective latitudes. Fov-latitudes the stated upper limits qgf, |
however, allow for IQ being a minor contributor to lower stratospheric photocisétn Hence, further
measurements in the tropical upper troposphere and lovatosphere are necessary either to redyce |
upper limits or to unambiguously quantify Abundances. Future measurements based on the approach
presented here should be carried out under different geogaiyconditions and focus on minimizing
systematic residual structures impacting the 10 speattakval.
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Conclusion

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

Solar absorption spectra in the UV/visible and IR spectaasiges recorded by the LPMA and the
DOAS instruments during several stratospheric balloorhtigoetween 1996 and 2005 are analyzed
for trace gas abundances. Four of the more recent ballodnidligere conducted within the scope of
this study including a tropical balloon flight in northerna&il where the newly implemented DOAS
electronics was successfully deployed for the first timec&instrumentation and retrieval algorithms
for DOAS and LPMA are inherently different while the obsdioa geometry is essentially the same,
comparison of simultaneously retrieved parameters djrgatlds an estimate of systematic errors due
to instrumental, retrieval-related or spectroscopicaffe The LPMA/DOAS agreement found between
inferred abundances of ;Cand NG amounts to+10% and+20%, respectively. In comparison to
previous studies this finding represents a major improvémiich is mainly due to implementation
of the multi-fit algorithm in the LPMA retrieval by Dufour (83) and due to a new temperature
correction scheme for the DOAS NQ@etrieval. An in-depth analysis of the profile retrievalrfrdoth
datasets reveals that the DOAS setup exhibits betterdstitesolution and larger sensitivity to the lower
stratosphere than LPMA.

When comparing the LPMA/DOAS measurements with obsematioy other sensors such as the
satellite borne SCIAMACHY instrument, the probed air masde not coincide in time and space. In
this work, an air mass trajectory model is used to model agatmstory and to identify measurements
most suitable for comparison. For photochemical shoedigpecies such as NGhe photochemical
evolution is modeled along these air mass trajectoriesgusistratospheric chemistry model. Scaling
factors are calculated which adjust the LPMA/DOAS obséowat to the photochemical conditions
of the satellite measurements. Employing the combined ongltgical and photochemical modeling
approach, @and NG vertical profiles in high- and mid-latitudes inferred fror@ BMACHY skylight
limb spectra and LPMA/DOAS measurements agree within 208b&th gases in the target altitude
range between 20 km and 30 km. Below 20 km agreement is worsgyntlae to the low sensitivity of
the satellite retrieval and large uncertainties of the orelegical and photochemical models. For the
tropical observations SCIAMACHY N@underestimates the balloon borne measurements in the entir
altitude range. The validation study shows that the SCIAMACNnstrument allows for a reasonable
retrieval of @ and NG, vertical profiles in the middle stratosphere in high- and -atttudes. In
the tropics discrepancies between the balloon borne aetliteaborne datasets remain. In the lower
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stratosphere, the quality of the satellite data is quealiten

The nitrogen budget in the Arctic stratosphere is addresgedimultaneous observations of NO
NO, HNG; and CIONQ in summer 2001 and winter 1998/1999. For both seasons HidGhe
most abundant nitrogen compound below about 30 km altitié{@, is the dominant NQ constituent
above 30 km and makes up more than 10% of, NiOthe lower summer stratosphere. For the winter
scenario, strong denoxification is found in the lower ssph®re but no signs of denitrification are
inferred from the NQ-N»O correlation in accordance with the temperature recoré. gémeral findings
are corroborated by measurements of Nfdd HNG; in mid-latitudinal fall 1996 and Arctic winter
1996/1997.

Comparison of the observations with model simulations ey $iLIMCAT chemical transport model
shows that the model is able to reproduce the,NOdget and partitioning qualitatively well. Even the
denoxified layer observed in the Arctic winter 1998/1999 deled by SLIMCAT. However, the ratio
NO,/HNO; is overestimated by the model for all considered cases arnigmt of season and latitude.
Sensitivity studies based on photochemical steady sttiteages show that the employed climatological
aerosol surface area densities, which are low comparedeéntreneasurements, could be responsible for
the observed model-measurement discrepancies in the kivegosphere. In the middle stratosphere,
loss of HNG; through photolysis and production of HNGhrough reaction of N@with OH are the
factors controlling NG/HNOs. Errors in the kinetics of the respective reactions or indhileulation of
the HNG; photolysis rate could combine to produce the observed higé-of modeled NQJHNOs.

Based on measurements of ClION@nd HCI and inferred (;l case studies of the Llbudget
and partitioning in the Arctic summer 2001 and winter 19984 show that most of Clresides in
HCIl and CIONQ for both seasons. In February 1999, a layer of high C#0d low HCI is observed
in the lower stratosphere. The layer coincides with thdualé range of denoxification and indicates
heterogeneous chlorine activation.

The stratospheric chemistry model LABMOS is constraineditnultaneous observations of all relevant
nitrogen (NQ, NO, HNG;), chlorine (CIONQ, HCI, CI}) and bromine (BrO) species and is used to
compare modeled and measured OCIO at twilight and to inftaimaneous ozone loss rates. Using the
standard JPL-2002 recommendations results in very googihmedasurement agreement for OCIO and
a 24-hour ozone loss of about 20 ppb around 20 km altitudeefR@ecommendations by Stimpfle et al.
(2004), Plenge et al. (2005), Canty et al. (2005) and von Holaé (2005) on the reaction kinetics of the
CIO-CIO and CIO-BrO ozone loss cycles produce modeled OQthimthe errors of the measurements.
A model run with the combined updates also yields very gooeemgent for OCIO but indicates
significantly enhanced ozone loss which is as large as 25p@b2d hours. The formation of unstable
isomers of CIONG@ and BrONQ as recommended by Riviére et al. (2004) cannot be reconwiiéd
the LPMA/DOAS observations.

Measurements of 10 and OIO in the high- and mid-latitudintbtesphere corroborate findings
of Bosch et al. (2003) that upper limits range between 0.0%pg 0.11 ppt for 10 an 0.01 ppt and
0.11 ppt for OIO in the lower stratosphere. For the first tinmereupper limits of the iodine budget
in the tropical lower stratosphere and upper tropospherénderred from observations which indicate
[10] <0.15ppt to 0.24 ppt and [OIG] 0.01 ppt to 0.1 ppt. The corresponding upper limits of total
gaseous iodine in the lower tropical stratosphere infefredn photochemical modeling suggest
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[1,]< (0.32 & 0.11) ppt and [|] < (0.38 £ 0.10) ppt depending on whether OIO photolysis is
considered or omitted. The low upper limits gf 10 and OIO in the lower stratosphere and tropical
upper troposphere are contrasted by rather large emissfangline source gases at the surface. One
can wonder if significant amounts of iodine enter the stpgtese in particulate form or if tropical
troposphere-to-stratosphere transport of source gaskgraduct gases occurs occasionally through
convective events which are missed by our measurements. leVehihigh- and mid-latitudes the
estimated upper limits constrain stratospheric iodinevébey to a minor agent for ozone loss, upper
limits inferred for tropical latitudes are not yet low enduig discard a significant contribution of iodine
compounds to upper tropospheric and lower stratosphedtophemistry.

Outlook

Given the current level of understanding, future invesiiye of stratospheric photochemistry based on
balloon borne observations by the LPMA/DOAS payload mustifoon dedicated scenarios under un-
ambiguous geophysical conditions where a comprehensivd sace gases is measured simultaneously.
When discussing the budget and partitioning of trace gadiéanit is of major importance to perform
observations such that conclusions are not weakened byngralr masses of different dynamic ori-
gin. Observations of ozone loss due to the CIO-CIO and CIO-8ycles in the Arctic polar vortex for
example require measurements well inside a vortex whergtatiial chlorine activation occurred. In-
strumental configurations (e. g. filters, beamsplittersstnine chosen in a way that the retrieval of all
relevant species such as HN@nd CIONQ is possible. For sure, the ability to perform lunar obser-
vations at night would extend the scope of the LPMA/DOAS eixpent and improve its excellence in
investigating stratospheric photochemistry, althougljomastrumental upgrades would be required.
When it comes to detecting minor abundant species such aad@#O by the DOAS spectrographs,
future work should focus on improving the instrumental parfance for example by replacing degraded
optical components and measuring a new set of absorpti@s sexctions of @ NO,, BrO and if fea-
sible 10 and OIO in the lab-owned absorption cell. Given aprioved instrument performance, future
observations will be able to further lower the upper limiis ihorganic iodine bearing species or to un-
ambiguously detect |0 and/or OIO in the tropical upper tepdere and lower stratosphere.

So far, the retrieval of aerosol abundances from DOAS spéctihe UV/visible spectral range received
only minor attention because of instrumental shortcomimgeh, however, were removed in the course
of recent studies and as a result of the presented work. é-gtudies could investigate if and how the
center-to-limb darkening effect, which was presented affact disturbing trace gas retrievals, can con-
tribute to infer information on aerosol layers in particulathe tropical lower stratosphere.

The LPMA/DOAS instruments are restricted to observatidrdirect sunlight and, hence, can only pro-
vide trace gas profiles for balloon ascent, sunset and sunlnservations. This principle constrained can
be overcome by instrumentation which observes scatterdigisksuch as the versatile instrument devel-
oped by Weidner et al. (2005). Time dependent observatibtiaae gas profiles can be used to validate
satellite borne instruments through direct coincidencdisout requiring meteorological and photochem-
ical modeling. Time dependent photochemical processds asithe diurnal variation of NQor ozone
loss by the BrO and CIO involving catalytic cycles during tiay could then be directly investigated.
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Appendix
List of Fraunhofer offsets for O3 and NO, SCDs inferred from DOAS ob-
servations

Table 8.1: Q SCDs contained in the pseudo TOA spectra (Fraunhofer dffEee 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. cmm? | molec. cm?
Leon, Nov. 23, 1996 V0126901 V0133273 1.9110° 1.86 107
Kiruna, Feb. 14, 1997 V0129955 V0133273 3.4510° 1.95 107
Gap, June 19, 1997 V0133273 V0133273 1.46 108 1.67 147
Leon, March 19, 1998 V0150898 V0133273 5.82 108 1.68 107
Kiruna, Aug. 19, 1998 V0182016 V0133273 5.22 108 1.67 167
Kiruna, Aug. 20, 1998 V0183436 V0133273 2.1310° 1.72 187
Kiruna, Feb. 10, 1999 V0196501 V0133273 1.21 10° 1.68 107
Gap, June 25, 1999 V0203349 V0133273 5.16 13°® 1.68 107
Kiruna, Feb. 18, 2000 V0212534 V0133273 2.99 10° 2.75 107
Kiruna, Aug. 21, 2001 V0246866 V0133273 8.41 108 1.74 1067
Kiruna, March 23, 2003 V0285253 V0328298 2.60 10° 3.54 107
Aire s. I'A., Oct. 9, 2003|| V0328298 V0328298 6.65 10° 3.40 107
Kiruna, March 24, 2004 V0346180 V0328298 9.84 108 3.47 107
Teresina, June 17, 2005|| V0428324 V0328298 9.33 108 4.87 107
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Table 8.2: N@ SCDs contained in the pseudo-TOA spectra (Fraunhofertpfffae names of the spectra follow
the internal numbering of the DOAS balloon group.

Mesasurement site NO2(T=217K) | NOy(T=217K) error | NO2(T=230K) | NO2(T=230K) error
and date molec. cnt? molec. cm? molec. cn 2 molec. cnr?
Leon, Nov. 23, 1996 1.33 10°¢ 5.32 10° 1.48 10°¢ 5.85 10°
Kiruna, Feb. 14, 1997 1.59 14°¢ 3.66 103 1.77 10°¢ 4.05 103
Gap, June 19, 1997 7.04 104 4.06 103 7.86 104 450103
Leon, March 19, 1998 2.09 10° 4.09 103 2.3310° 452103
Kiruna, Aug. 19, 1998 2.2110° 4.06 103 2.4310° 452103
Kiruna, Aug. 20, 1998 1.42 10° 1.22 16* 1.57 10° 1.76 16*
Kiruna, Feb. 10, 1999 3.77 10° 4.44 103 4.22 105 453103
Gap, June 25, 1999 8.97 10 4.06 103 1.05 10° 450103
Kiruna, Feb. 18, 2000 1.53 10¢ 452 10° 1.70 10¢ 7.50 103
Kiruna, Aug. 21, 2001 3.19 10° 4.06 103 3.5410° 4.66 10°
Kiruna, March 23, 2003 1.60 10° 3.3110* 1.77 106° 3.6310*
Aire s. I'A., Oct. 9, 2003 4.80 10° 3.30 10* 5.32 105 3.60 10
Kiruna, March 24, 2004 4.89 10° 3.30 10* 5.42 10° 3.60 10
Teresina, June 17, 2005 6.98 10° 4.15104 7.79 105 4.62 104
Mesasurement site NO2(T=238K) | NO3(T=238K) error | NO2(T=294K) | NO2(T=294 K) error
and date molec. cnr? molec. cm? molec. cn 2 molec. cnr?
Leon, Nov. 23, 1996 1.58 10°¢ 6.23 10° 1.72 10°¢ 6.85 103
Kiruna, Feb. 14, 1997 1.89 14°¢ 4.66 103 2.04 10°¢ 4.99 103
Gap, June 19, 1997 8.42 104 4.83103 9.14 104 5.24 103
Leon, March 19, 1998 2.50 16° 4.8510° 2.69 10° 5.26 163
Kiruna, Aug. 19, 1998 2.6110° 4.85103 2.80 10° 5.26 10°
Kiruna, Aug. 20, 1998 1.69 10°¢ 2.02 10* 1.83 10°¢ 2.08 104
Kiruna, Feb. 10, 1999 4.53 105 4.88 103 4.9310° 5.30 103
Gap, June 25, 1999 1.16 10° 4.83103 1.28 10° 5.24 103
Kiruna, Feb. 18, 2000 1.82 10° 6.27 103 1.97 10° 6.59 103
Kiruna, Aug. 21, 2001 3.77 10° 5.03 10° 4.04 10° 5.45 103
Kiruna, March 23, 2003 1.89 1d°¢ 3.8510* 2.05 10°¢ 4.28 10*
Aire s. I'A., Oct. 9, 2003 5.67 10° 3.80 10* 6.16 10° 4.20 104
Kiruna, March 24, 2004 5.78 16° 3.80 10* 6.28 10° 4.20 104
Teresina, June 17, 2005 8.30 10° 4.92104 9.02 105 5.35 10




A schematic representation of stratospheric photochemisy

0, + hv - 20
0+0,+M>0;+M
O;+hv—>0,+0
0+0+M—> 0, +M
0+0; - 20,

OH + 0; —» HO, + O,
HO, + O, —» OH + 20,
20; - 30,

X+0; > X0 +0,
X0+0->X+0,
0;+0 - 20,

(X =0H, NO, CL, Br, 1)

H+0,-0,+0H

CX,ClL

X+0; > X0 +0,
Y+0;>Y0+0,
X0+YO 5> X+Y+0,
20, 30,

([X, Y] = [OH, Cl], [OH, Br], [Br, Cl])

X=H,CL F

CX,CL+ O('D) - CX, + ClO

CX,CL+ 0('D) - CX,0 + CL
CX,CL + hv (2200m) - CX, + CL
CX;H + OH - CX, + H,0

CCly+ 0, + M— CCLO, + M
€C1L0, + NO — CCLLO + NO,
CCLO + M—> CCLO + CL+ M
CCLO +hv —» CClO + CL
CClO+M—>CO+CLEM

-

€, 0, +hv>2Cl+0,

ClO+ClO+M—Cl,0,+M

Cl,0,+M—ClO+ClO+M
1,0, +hv - ClO +ClO

CH,

—

H+0,+M > HO, + M CCly + 0, +NO + hy —> €O + NO, + 3CL
w v
CH, +0('D) > CH, + OH

Cl+0;5Cl0+0,
. 0+0-Cl+0, -
v €O +NO — CL+ NO,

ClO + OH — Cl + HO,
CO+hv»>Cl+0

ClO + NO, + M — CIONO, + M

OH+0 0, +H
OH +C0 - €O, + H

0('D) + H,0 - 20H -
—> <

OH + HO;NO, > H,0 + NO, + O,

OH + H,0, > H,0 + HO, M

OH + HO, - 0, + H,0

OH + OH - H,0 + O
OH + HNO, - H,0 + NO,

> ClONO,

CIONO, + hv — ClO +NO,

OH +0; - HO, + 0, A

H,0, + OH - H,0 + HO,

HO, + NO —> OH + NO,

HO, + 0, > 20, + OH 4
HO, +0 > 0, + OH

Cl+ CH, — CH; + HCL
Cl+H, - H+ Hel
ClL+HO, - 0, + HCl
CL+H,0, — HO, + HCL
CL+ HNO, — NO, + HCl
Cl+ CH,0 — HCO + HCL

HO, + NO, + M - HO,NO, + M

BrCl + hv — Br + Cl

BrCl

H,0 HO,NO,

HO,NO, + hv - HO, + NO,

0OClO + hv — ClO + 0 OC[O

BrO + ClO — Br + OClO

HClL

HCL+ OH - H,0 + CL
HCL+0 > OH + CL
HCL+ hy - H+ CL

H,0, + OH - H,0 + HO, ||HO, + HO, - H,0, + 0,

€lO + HO, - HOCL + O,

HOCL + hv - CL + OH

v
HOCL CIONO, (g) + H,0 (5) > HOCL (g) + HNO, (5)

H,0, + hv — 20H

H,0,

CX;Br BrCl

VSLS

OH +NO, + M —> HNO, + M | | HNO; + hv — OH + NO, c;(lsxav?cx,’sr
=H,CLF)

(
(see CX,Cl)

BrCl + hv (540nm) — Br +Cl

BrO + ClO — BrCL + 0,
BrO + NO, + M — BrONO, + M
T BrONO, + hv > Br0 + NO,

BrO + HO, — HOBr + 0,

OH + HNO; - H,0 + NO,

HNO,

OH + H,0, > H,0 + HO, Br+0, - Br0 +0,

. D BrO + NO - Br + NO, BrONOZ
BrO+0>Br+0,
BrO + ClO - Br + OCIO
BrO + ClO —> Br + CL+ 0,
BrO + BrO —» 2Br + 0,

BrO + hv - Br+ 0

OH + HO,NO, > H,0 + NO, + O,

NO, + HO, + M —> HO,NO, + M
NO+N —N,+0 HOZNO2

HO,NO, + M —> HO, + NO, + M

Br + HO, — O, + HBr
HONO, + OH — H,0 + NO +0,

Br + H,0, —> HO, + HBr !

Br + H,CO - HCO + HBr
HOBr <

N,0 + 0('D) > 2 NO

BrONO, (g) + H,0 (5) —> HOBr (g) + HNO (5

NO, + BrO + M —> BrONO, + M HOBr + hv — Br + OH

4 BrONO, + hv — BrO + NO,
BrONO, + hv — Br + NO;

BrONO, HBr

HBr + OH — H,0 + Br

HBr + 0 — OH + Br
NO +BrO — NO, + Br

NO +ClO - NO, + Cl

NO +0; > NO, + 0,

NO + HO, - NO, + OH

NO + RO, - NO, + RO (R = CH;)

NO, + ClO + M —> CIONO, + M

CH,l
VSLS

(0](0)

010 + NO - 10 + NO,
010 +hv 10 +0
0I0 + OH — HOI + 0,

NO, + 0 > NO + 0,
NO, + hv - NO + 0,

ClONO,

e —— CHyl + hy — CHy + 1
CIONO, + hv — ClO + NO,
CIONO, + hv — CL+NO; 10+10 010 +1

10 +Cl0 - 010 + Cl

10 + BrO — 01O + Br
v

10 + HO, - HOI + O,

010 +hv > 1+0,

NO, + OH + M —> HNO, + M

g HNO3

1+0,510+0, 10 + NO, + M —> IONO, + M

HNO, + OH — NO, + H,0
HNO, + hv - NO, + H,0

I 10 +NO — 1 + NO,

" 10+ OH > | + HO,

0+hy>1+0
104ClO—>1+Cl+0,
10+ClO - 1+ 0ClO

10 +Br0 - 1+Br+0,
10+10 > 1+0I0

N,0; + hv — NO; + NO, v

N,O; + M — NO; + NO 14 HO, 0, + HI
N,05 HI HOI

IONO,

IONO, + hv - 10 + NO,

NO, + 05 > NO; + 0, | | NO; + hv - NO, + O

N,05 () + H,0 (s) - 2HNO, (s)

v

N03 2:

NO, + hv > NO + 0,

HOI + hv — |+ OH

HI+OH > H,0 + 1

NO, +NO, + M —> N,O; + M W o

Figure 8.1: Schematic representation of stratospheric photochgniistolving the most important oxygen, hydrogen, nitrogehlorine, bromine and iodine
bearing compounds. The scheme is compiled from BrasseuSalmmon (1986), Zellner (1999) and Sander et al. (2003) amibt meant to be complete.
Green shaded species represent source gases, while bilezl speecies tentatively correspond to reservoirs althbfefimes among the blue shaded species vary
considerably. Red shading indicates short-lived radiwélich are commonly attributed to the HONO,., CIO,, BrO, and IO, composites. Reaction rates can be
looked up in Sander et al. (2003).
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