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Abstract

In this dissertation, the distribution of chlorinated and brominated substances in the upper
troposphere and lower stratosphere is investigated. These substances contribute signifi-
cantly to the catalytic decomposition of ozone and are involved in the recurrent formation
of the polar ozone hole in the Antarctic winter and spring. The Montreal Protocol, a multilat-
eral environmental treaty to protect the ozone layer, has successfully reduced emissions of
long-lived chlorine- and bromine-containing substances. Short-lived chlorinated and bromi-
nated substances, some of which are natural and anthropogenic in origin, are not regulated
by the Montreal Protocol and it can be assumed that their relative contribution to the strato-
spheric halogen budget will increase, while the contribution of long-lived compounds will
steadily decrease. The distribution of long- and short-lived halogenated substances are part
of current research. For the upper troposphere and lower stratosphere, the very short-lived
substances are particularly important. The lower stratosphere needs special investigation in
this respect, since its composition is influenced by different transport processes. The influ-
ences on ozone trends in the lower stratosphere are subject to great uncertainties. Especially
in the Southern Hemisphere, the number of observations is very limited.

In this work, the GhOST (Gas chromatograph for Observational Studies using Tracers)
instrument was used during the SouthTRAC measurement campaign on the German HALO
(High Altitude and LOng range) research aircraft, providing observations of halogenated
hydrocarbons in Antarctic late winter to early spring 2019, a generally poorly sampled re-
gion. The polar vortex was, compared to previous years, significantly weaker and shifted
towards the eastern South Pacific and South America. From the airborne measurements of
chlorinated source gases, inorganic chlorine (the sum of active chlorine and reservoir gases;
Cly) could be inferred with the result that Cly within the vortex increased up to 1687 + 19 ppt
at 385 K potential temperature, accounting for about 50 % of the total chlorine within the vor-
tex and only 15 % of the total chlorine in the southern mid-latitudes. A comparison with the
Northern Hemisphere could be made using the PGS measurement campaign in the Arctic
winter 2015/2016. Under comparable conditions (season and distance from the tropopause),
only 40 % of the total chlorine was in the inorganic form within the Arctic polar vortex and
about 20 % was found in the mid-latitudes of the Northern Hemisphere. In addition, about
540 ppt more Cly was present in the Antarctic vortex than in the Arctic vortex, exceeding the
annual variations previously reported for Antarctica.

The mean age of air plays an essential role in the derivation of Cly via the organic source
gases, as was done in this work. A new method for determining the mean age of air from
observational data has been introduced that accounts for extra-tropical input to the strato-
sphere in addition to tropical input. This new method was compared with the previously
used method, which considered only the tropical input. The new method shows more realis-
tic values especially near the tropopause. On average, the air of the lower stratosphere in the
Northern Hemisphere was older than in the Southern Hemisphere by about 0.5+ 0.3 years.
About 65K above the tropopause, the pattern changed with older air in the mid-latitudes
of the Northern Hemisphere, but older air in high latitudes of the Southern Hemisphere,
which implies differences in the strength and isolation of the respective polar vortex as well
as the wave forcing in the shallow branch of the Brewer-Dobson circulation of the respective
hemisphere. This is in good agreement with the distribution of Cly. The difference in the
lower stratosphere was not clearly evident with the old method and it can be assumed that
investigations of the differences in Cly of Northern and Southern Hemisphere will benefit
from the new method.

Finally, the global and seasonal distribution of the two most important representatives
of the short-lived brominated substances, CH,Br, and CHBr3, was investigated. For this
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purpose, two additional HALO measurement campaigns have been used, the 2012 TACTS
measurement campaign and the 2017 WISE measurement campaign, as well as the HIAPER
Pole-to-Pole Observations (HIPPO) and Atmospheric Tomography (ATom) measurement
campaigns. Observations of CH,Br, show a pronounced seasonality in the free and upper
troposphere of both hemispheres with slightly larger values in the Northern Hemisphere.
CHBr;, on the other hand, shows a generally higher variability and lower seasonality with
larger mixing ratios at mid and high latitudes in the northern hemispheric winter and au-
tumn. A comparison of the lower stratosphere is limited to autumn and spring of both hemi-
spheres due to the limited data basis of the observations. The distributions in each spring are
similar (less than 0.1 ppt differences for e.g., CH,Br,). In hemispheric autumn, larger differ-
ences are evident with substantially smaller mixing ratios in the southern hemispheric lower
stratosphere. This suggests that the transport processes of the two hemispheres may be dif-
ferent and implies that the input of tropospheric air (flushing) to the Northern Hemisphere
lowest stratosphere is more efficient than in the Southern Hemisphere. Vertical profiles of
CH,Br; and CHBrj in the mid-latitudes of both hemispheres and resulting vertical gradi-
ents support this conjecture. However, the Southern Hemisphere data set is insufficient to
quantify this difference and further measurements are needed.

Observational data were compared with model results from the TOMCAT (Toulouse Off-
line Model of Chemistry And Transport) and CAM-Chem (Community Atmosphere Model
with Chemistry, version 4) model, both using the Ordoéfiez et al. (2012) emission scenario.
Seasonality in CH,Br; in the Southern Hemisphere was not reproduced by the models. In
contrast, the models show a pronounced seasonality of CHBrj3 in both hemispheres, which
could not be confirmed by observations. Both models show a good agreement with the
distribution of both substances in the lower stratosphere. Only the southern hemispheric
autumn, with substantially smaller mixing ratios in the observations, was not reflected by
the models. In contrast to the observations, the models show a comparable flushing of the
lower stratosphere in both hemispheres.



Kurzzusammenfassung

In dieser Dissertation wird die Verteilung von Chlor- und Bromverbindungen in der
oberen Troposphére und unteren Stratosphére untersucht. Diese Verbindungen haben einen
wesentlichen Anteil am katalytischen Abbau von Ozon und sind mafigeblich beteiligt an der
wiederkehrenden Enstehung des polaren Ozonlochs im antarktischem Winter und Friihjahr.
Durch das Montreal Protokoll, einem multilateralen Umweltabkommen zum Schutze der
Ozonschicht, sind erfolgreich die Emissionen langlebiger chlor- und bromhaltigen Verbin-
dung reduziert worden. Kurzlebige Chlor- und Bromverbindungen, die teils nattirlichen,
teils anthropogenen Ursprungs sind, werden nicht durch das Montreal Protokoll reguliert,
und es kann angenommen werden, dass ihr relativer Anteil am stratosphérischen Halogen-
Budget zunehmen wird, bei stetig sinkendem Beitrag der langlebigen Verbindungen. Die
Verteilungen der lang- und kurzlebigen halogenierten Substanzen sind Bestandteil aktueller
Forschung. Fiir die obere Troposphére und untere Stratosphére sind die kurzlebigen haloge-
nierten Substanzen besonders wichtig. In der unteren Stratosphére bedarf es diesbeziiglich
besonderer Untersuchung, da ihre Zusammensetzung durch unterschiedliche Transportpro-
zesse beeinflusst wird. Die Einfliisse auf Ozontrends in der unteren Stratosphére sind mit
groflen Unsicherheiten behaftet. Gerade in der stidlichen Hemisphdre ist die Anzahl an
Beobachtungen stark limitiert.

Im Rahmen dieser Arbeit wurde das GhOST (Gas chromatograph for Observational Stu-
dies using Tracers) Instrument wéihrend der SouthTRAC-Messkampagne auf dem deut-
schen Forschungsflugzeug HALO (High Altitude and LOng range research aircraft) ver-
wendet und bietet damit Beobachtungen von halogenierten Kohlenwasserstoffen im ant-
arktischen spédten Winter und Friihjahres 2019, einem bisher wenig beprobten Gebiet. Der
Polarwirbel war, im Vergleich zu vorherigen Jahren, deutlich schwécher und in Richtung
des ostlichen Stidpazifiks und Stidamerika verlagert. Aus den flugzeuggetragenen Messun-
gen der chlorierten Quellgase konnte anorganisches Chlor (die Summe aus aktivem Chlor
und Reservoir-Gasen; Cly) hergeleitet werden mit dem Ergebnis, dass Cly innerhalb des
Wirbels auf bis zu 1687 + 19 ppt bei 385 K potentieller Temperatur ansteigt und damit etwa
50 % des Gesamtchlors innerhalb des Wirbels ausmacht und lediglich 15 % des gesamten
Chlors in den stidlichen mittleren Breiten. Ein Vergleich mit der Nordhemisphéare konnte
mithilfe der PGS-Messkampagne im arktischen Winter 2015/2016 durchgefiihrt werden. Bei
vergleichbaren Bedingungen (Saison und Abstand zur Tropopause) war lediglich 40 % des
Gesamtchlors in der anorganischen Form innerhalb des arktischen Polarwirbels und etwa
20 % in den mittleren Breiten der Nordhemisphire zu finden. Zusétzlich war etwa 540 ppt
mehr Cly im antarktischen Wirbel als im arktischen Wirbel vorhanden, was die jahrlichen
Schwankungen, die bisher fiir die Antarktis berichtet wurden, tibersteigt.

Das mittlere Alter der Luft (mean age of air) spielt fiir die Herleitung von Cly iiber die
organischen Quellgase, wie es in dieser Arbeit durchgefiihrt wurde, eine wesentliche Rolle.
Eine neue Methode zur Bestimmung des mittleren Alters der Luft aus Beobachtungsdaten
wurde eingefiihrt, die zusétzlich zum tropischen Eintrag auch den extratropischen Eintrag
in die Stratosphére berticksichtigt. Diese neue Methode wurde mit der zuvor genutzten
Methode, die lediglich den tropischen Eintrag berticksichtigt, verglichen. Die neue Me-
thode zeigt vor allem nahe der Tropopause realistischere Werte. Im Durchschnitt war die
Luft der unteren Stratosphédre der Nordhemisphére um etwa 0.5+ 0.3 Jahre &lter als in der
Stidhemisphére. Etwa 65K oberhalb der Tropopause dnderte sich das Muster mit &lterer
Luft in den mittleren Breiten der Nordhemisphére, jedoch dltere Luft in hohen Breiten der
Siidhemisphére, was Unterschiede in der Starke und Isolation des jeweiligen Polarwirbels
sowie den Wellenantrieb im flachen Ast der Brewer-Dobson-Zirkulaition der jeweiligen He-
misphére impliziert. Dies steht in guter Ubereinstimmung mit der Verteilung von Cly. Die
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Differenz in der unteren Stratosphére war mit der alten Methode nicht klar ersichtlich und
es kann angenommen werden, dass Untersuchungen der Differenzen in Cly von Nord- und
Stidhemisphére von der neuen Methode profitieren werden.

Zum Schluss wurde die globale und saisonale Verteilung der beiden wichtigsten Vertre-
ter der kurzlebigen bromierten Substanzen, CH,Br, und CHBr;, betrachtet. Dazu sind zu-
sdtzlich zwei weitere HALO-Messkampagnen verwendet worden, die TACTS-Messkampag-
ne 2012 und die WISE-Messkampagne 2017 sowie die HIAPER Pole-to-Pole Observations
(HIPPO) und die Atmospheric Tomography (ATom) Messkampagne. Beobachtungen von
CH,Br, zeigen eine ausgepragte Saisonalitdt in der freien und oberen Tropophére beider
Hemisphéren mit leicht hoheren Werten auf der Nordhemisphdre. CHBr; hingegen weist
eine generell hohere Variabilitidt und geringere Saisonalitdt auf mit hoheren Mischungsver-
héltnisse in mittleren und hohen Breiten im nordhemisphérischen Winter und Herbst. Ein
Vergleich der unteren Stratosphére ist nur begrenzt moglich, aufgrund der begrenzten Da-
tengundlage der Beobachtungen auf Herbst und Friithjahr beider Hemisphdren. Die Ver-
teilungen im jeweiligen Friihjahr sind dhnlich (weniger als 0.1 ppt Differenzen fiir CH,Br,).
Im hemisphdarischen Herbst sind groflere Unterschiede zu erkennen mit deutlich geringe-
ren Mischungsverhiltnissen in der siidhemisphéarischen unteren Stratosphére. Dies deutet
darauf hin, dass die Transportprozesse beider Hemisphéren unterschiedlich sind und im-
pliziert, dass der Eintrag troposphérischer Luft (Spiilung bzw. Flushing) in die unterste
Stratosphidre der Nordhemisphire effizienter ist als in der Siidhemisphére. Vertikalprofile
von CH,Br, und CHBrj; in den mittleren Breiten beider Hemisphéren und resultierende Ver-
tikalgradienten unterstiitzen diese Vermutung. Die Datengrundlage der Stidhemisphaére ist
jedoch nicht ausreichend, um diesen Unterschied zu quantifizieren und weitere Messungen
sind notwendig.

Verglichen wurden die Beobachtungsdaten mit Modellergebnissen des TOMCAT (Tou-
louse Off-line Model of Chemistry And Transport) und CAM-Chem (Community Atmos-
phere Model with Chemistry, version 4) Model, beide mit der Nutzung des Ordéfiez u. a.
(2012) Emissionszenarios. Die Saisonalitidt in CH,Br, in der Stidhemisphire wurde von den
Modellen nicht wiedergegeben. Beide Modelle zeigen eine ausgepragte Saisonalitdt von
CHBrj in beiden Hemisphéren, was durch Beobachtungen nicht bestitigt werden konnte.
Beide Modelle zeigen eine gute Ubereinstimmung mit der Verteilung beider Substanzen in
der unteren Stratosphére. Lediglich der stidhemisphérische Herbst, mit deutlich geringeren
Mischungsverhéltnissen in den Beobachtungen, wurden von den Modellen nicht widerge-
spiegelt, sondern eine vergleichbare Spiilung der unteren Stratosphére auf beiden Hemi-
sphéaren.
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Deutsche Zusammenfassung

Die Ozonschicht in der Stratosphédre, der zweituntersten Schicht der Erdatmosphdre, ist
ein wichtiger Bestandteil der Atmosphire, die das gesamte Leben auf der Erde schiitzt.
In den 1980er haben Farman, Gardiner und Shanklin (1985) einen aufiergewohnlich star-
ken Riickgang des polaren Ozons feststellen konnen. Die Ursache dieses wiederkehrenden
Ereignisses, auch bekannt als antarktisches Ozonloch, sind synthetisch hergestellte Fluor-
chlorkohlenwasserstoffen (FCKWs). Auch wenn die Substanzen in der Atmosphére nur in
sehr geringen Mengen vorkommen, so kénnen die Chlor und Brom, die beim Abbau die-
ser Substanzen freigesetzt werden, effektiv Ozon zerstoren. Um die Ozonschicht zu schiit-
zen, wurde das Montreal Protokoll Ende der 1980er verabschiedet. Dieses multilaterale
Umweltabkommen reglementiert die Reduzierung und Abschaffung der ozonzerstérenden
Subtanzen, was zu einer langsamen Erholung der Ozonschicht fithrt. Zusatzlich zu den
Substanzen, welche durch das Montreal Protokoll kontrolliert werden, gibt es kurzlebige
halogenierte Substanzen mit atmosphérischen Lebenszeiten von weniger als 6 Monaten, die
sowohl anthropogenen als auch natiirlichen Ursprungs sind und deren Beitrag zur strato-
sphérischen Halogenbelastung zunimmt (Hossaini u. a., 2017; Laube und Tegtmeier, 2022).
Eine fortlaufende Uberwachung und Untersuchung der FCKWs, deren synthetische Ersatz-
substanzen sowie der kurzlebigen halogenierten Substanzen ist Bestandteil aktueller For-
schung zur Uberwachung des stratosphérischen Zustands hinsichtlich Ozon.

In der Stratosphére sind In-situ-Beobachtungen bis zu einer Hohe von etwa 50 km be-
grenzt. Fiir die In-situ-Analyse von Spurengasen in der Stratosphére stehen sowohl Flug-
zeugmessungen, die bis in die untere Stratosphére reichen, als auch Ballonaufstiege zur
Sammlung von Luftproben bis tief in die Stratosphdre zur Verfiigung. Dariiber hinaus
liefern Fernerkundungsinstrumente Daten fiir Spurengase. Unterstiitzung fiir umfassende
Analysen der Stratosphére bieten modernste Chemie-Klima- und Chemie-Transport-Model-
le. Diese Modelle erfordern einen realistischen Abschdtzung von Emissionen, was eine
enge Zusammenarbeit der experimentellen und theoretischen Forschung benétigt, um Mi-
schungsverhdltnisse in der Troposphdre und Stratosphére zu simulieren. Aktuelle Emissi-
onsszenarien, so zum Beispiel von kurzlebigen halogenierten Substanzen, weisen erhebliche
Schwankungen auf und sind Thema aktueller Forschung (Hossaini u. a., 2013).

Das Hauptaugenmerk dieser Arbeit liegt auf der Region um die Tropopause, auch obere
Troposphdre und untere Stratosphédre genannt (upper troposphere and lower stratosphere,
UTLS). Sie wird daher sowohl von stratosphérischer als auch von der troposphérischer Luft
durch Transportprozesse in der Stratosphére sowie durch den Austausch zwischen Strato-
sphire und Troposphdre tiber die Tropopause beeinflusst. Die extratropische obere Tropo-
sphére und untere Stratosphére ist grob gesagt die Region polwérts des subtropischen Jets
zwischen etwa 8 und 20km Hohe (z.B. Gettelman u.a., 2011). Der Transport in der Stra-
tosphére ist allgemein durch eine globale meridionale Zirkulation von den Tropen zu den
Polen gekennzeichnet, auch Brewer-Dobson-Zirkulation genannt. Im Allgemeinen gibt es
zwei Hauptwege fiir den Transport in die extratropische obere Troposphére und untere Stra-
tosphdre. Zum Einen die zur Brewer-Dobson-Zirkulation zugehorige Residualzirkulation
mit ihren beiden Haupttransportpfaden und eine bidirektionale Mischung entlang isentro-
pischer Flachen (z.B. Plumb, 2007; Birner und Bonisch, 2011). Die Haupttransportpfade der
Residualzirkulation sind der flache Ast mit dem Transport knapp oberhalb der tropischen
Tropopause und direkt in die mittleren Breiten beider Hemisphdren und der tiefe Ast mit
Transport von den Tropen tief in die Stratosphére und sogar Mesosphére beider Hemispha-
ren und ein Absinken in den hohen Breiten, verstiarkt jedoch auf der Winterhemisphére.
Zum Anderen gibt es bidirektionale Mischung tiber die Tropopause hinweg (stratospheric-
tropospheric exchange, STE) (z.B. Holton u.a., 1995; Stohl u.a., 2003). In der Polarregion
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reicht im hemisphérischen Winter der Polarwirbel bis in die untere Stratosphére hinein. Der
Polarwirbel zeichnet sich durch ein hochreichendes Tief aus, eingeschlossen von starken
Westwinden (Polarjet). Der Wirbel kann als eine isolierte Region betrachtet werden, die
durch den Polarjet als Transportbarriere zur Stratosphédre der mittleren Breiten getrennt ist.
Es kommt zu einem starken Gradienten vieler Spurengase tiber die Transportbarriere des
Wirbels zur Stratosphére der mittleren Breiten mit dem Transport in den Polarwirbel tiber
den tiefen Ast der Residualzirkulation sowie diabatisches Absinken kalter Luftmassen (z.B.
Hartmann u. a., 1989; Schoeberl und Hartmann, 1991; Schoeberl u. a., 1992; Butchart, 2014).

Eine hdufig angewendete Grofie zur Quantifizierung des Transportes ist das sogenann-
te mittlere Alter der Luft (mean Age of Air, AoA). Diese Grofie gibt die durchschnittliche
Zeit an, die ein Luftpaket fiir den Transport von einem Bezugspunkt zu einem bestimm-
ten Ort in der Stratosphére bendtigt hat. Der Bezugspunkt ist in der Regel der Erdboden
oder die tropische Tropopause. Da jedoch Luftmassen, die in die Stratosphére eingetragen
werden, wiahrend des Transportes vermischt werden, besteht jedes Luftpaket in der Strato-
sphére aus einer Anzahl von Luftpaketen mit unterschiedlichen Transitzeiten (z.B. Hall und
Prather, 1993; Hall und Plumb, 1994). Das Altersspektrum stellt eine Wahrscheinlichkeits-
dichtefunktion aller Transitzeiten eines Luftpakets dar, mit dem mittleren Alter als erstem
Moment dieser Verteilung. Chemisch dufierst stabile Spurengase konnen genutzt werden,
um das mittlere Alter der Luft zu bestimmen. Dazu gehoren SF; und CO, (z.B. Volk u.a.,
1997; Engel u. a., 2002; Bonisch u. a., 2009).

In dieser Dissertation wird die Verteilung von Chlor- und Bromverbindungen in der
oberen Troposphdre und unteren Stratosphdre auf der Grundlage von flugzeuggestiitzen
Beobachtungen untersucht. Diese Verbindungen sind mafigeblich am katalytischen Abbau
von Ozon und damit an der wiederkehrenden Entstehung des polaren Ozonlochs beteiligt.
Beziiglich der chlorierten Substanzen liegt der Fokus auf den wichtigsten Stellvertretern
der FCKWs, der teilhalogenierten FCKWs und der Chlorkohlenwasserstoffe, im folgenden
Quellgase genannt. Chlor wird hauptséchlich in Form von organischen Quellgasen (CCly)
in die Stratosphére transportiert, wo diese durch Photodissoziation und in Reaktion mit
Radikalen langsam zersetzt werden. Das freigesetzte Chlor liegt anschlieffend in chemisch
aktiven Vebindungen (Cl, Cl,, CIO und Cl,O,, zusammengefasst zu ClOy) vor oder wird
in verhéltnismaflig stabile Verbindungen {tiberfiihrt, auch Reservoirgase (HCl und CIONO;)
genannt. Aktive Verbindungen und Reservoirgase stellen anorganisches Chlor (Cly) dar.
Von grofier Bedeutung ist Cly in den Polarregionen. Sowohl die Menge an Cly innerhalb
des Polarwirbels, als auch die stratosphérischen Temperaturen und Dynamik haben einen
Einfluss auf die Groie des Ozonlochs (Newman, Kawa und Nash, 2004). So variiert die
Grofse des antarktischen Ozonlochs von Jahr zu Jahr.

Neben Chlor ist Brom eines der wichtigsten Halogene, die das stratosphédrische Ozon
beeinflussen. Trotz der geringeren Menge von Brom in der Stratosphdre ist die relative Effi-
zienz in Bezug auf den Ozonabbau 60-65 mal hoher als von Chlor (z.B. Sinnhuber u. a., 2009;
World Meteorological Organization, Atmospheric Administration und Space Administrati-
on, 2018). Eine neuere Studie berichtet sogar von einer bis zu 74 mal hoheren Effizienz von
Brom im Vergleich zu Chlor (Klobas u. a., 2020). Die hohere Effizienz ist bedingt durch die
weniger stabilen Reservoirgase fiir Brom und damit einem hoheren Vorkommen von reak-
tiven Brom (z.B. Wofsy, McElroy und Yung, 1975; Spencer und Rowland, 1978). Der Fokus
bei den Bromverbindungen liegt auf den kurzlebigen bromierten Verbindungen. Diese sind
tiberwiegend natiirlichen Ursprungs, etwa aus den Ozeanen, und nehmen einen wesentli-
chen Anteil von etwa 25 % aller Bromverbindungen ein. Ihre Verteilung in der Stratosphire
hiangt in hohem Mafse von lokalen Quellen, Transportwegen und chemischem Abbau wéh-
rend des Transportes ab. Aufgrund ihrer kurzen Lebensdauer konnen enthaltene Halogene
schnell in der unteren Stratosphire freigesetzt werden und mit Ozon reagieren. Die bei-
den wichtigsten Vertreter der kurzlebigen bromierten Substanzen, die in dieser Dissertation
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untersucht werden, sind Dibrommethan (CH,Br,) und Bromoform (CHBr3).

Der Hauptteil der Dissertation ist in drei Teile gegliedert. Nach einer kurzen Einfiih-
rung in die letzte Flugzeugmesskampagne und der Vorstellung des Messgerites, auf dem
ein Grofiteil der prasentierten Ergebnisse beruht, geht der erste Teil auf die Bestimmung von
Cly sowie auf die Methode zur Einteilung von Beobachtungen in die Bereiche Polarwirbel,
Wirbel-Grenzregion und mittleren Breiten ein, den Aspekten von Jesswein u. a. (2021) fol-
gend. Der zweite Teil beschiftigt sich mit dem Vergleich von Cly in der Nordhemisphére
und Siidhemisphére auf Grundlage zweier Messkampagnen mit dem HALO Forschungs-
flugzeug (High Altitude and LOng Range Research Aircraft), welche zu dhnlichen Zeiten
auf der jeweiligen Hemisphére stattfanden. Zusatzlich wird eine verbesserte Methode zur
Bestimmung des mittleren Alters prasentiert, die die Bestimmung von Cly verbessert. Der
interhemisphirische Vergleich und die verbesserte Methode zur Bestimmung des mittleren
Alters sind in Jesswein u. a. (2021) und Wagenhduser u. a. (2022) publiziert. Der dritte Teil
beschiftigt sich mit der globalen und saisonalen Verteilung der beiden kurzlebigen bromier-
ten Substanzen CH,Br, und CHBr;. Dazu werden Messdaten von insgesamt vier HALO
Messkampagnen verwendet. Zusitzlich wird die Datengrundlage mit Hilfe zweier weite-
ren Messkampagnen, der HIPPO und ATom Mission, erweitert. Dies ist in Jesswein u. a.
(2022) als dritte Publikation aufgefiihrt.

Ausgangspunkt der Dissertation ist die Begleitung der HALO Messkampagne South-
TRAC (Southern Hemisphere Transport, Dynamics, and Chemistry) (Rapp u.a., 2020) im
spaten Winter und frithen Friihling der Stidhemisphére im Jahr 2019. Ziel war die Untersu-
chung der Dynamik und chemischen Zusammensetzung der antarktischen oberen Tropo-
sphére und unteren Stratosphére, einem bisher wenig beprobten Gebiet. Mit dem GhOST
(Gas chromatograph for Observational Studies using Tracers) Messinstrument, welches auf
HALO eingesetzt wird, konnten In-Situ-Messungen von Spurengasen durchgefiihrt wer-
den. GhOST ist ein zwei-kanaliger Gaschromatograph (GC). Der erste Kanal koppelt einen
isotherm betriebenen GC mit einem Elektroneneinfangdetektor (electron capture detector,
ECD) zur Messung von SFg und CFC-12 mit einer Zeitauflosung von etwa 1 Minute. Der
zweite Kanal ist ein temperaturprogrammierter GC, welcher mit einem Quadrupol-Massen-
spektrometer (QP-MS) gekoppelt ist, mit dem ein breites Spektrum and halogenierten Koh-
lenwasserstoffe mit einer Zeitauflosung von 4 bis 6 Minuten gemessen wird.

Aus den flugzeuggetragenen Messungen der chlorierten Quellgase ist es moglich Cly
zu bestimmen. Dazu bedarf es neben CCly aus den Quellgasen auch die Gesamtmenge an
stratosphérischem Chlor (Clyy,1). Die Differenz von Clyy, und CCly ergibt Cly. Fiir die Ge-
samtmenge an Chlor werden das mittlere Alter der Luft sowie troposphérische Zeitreihen
der chlorierten Quellgase benotigt. Ersteres wird aus SFg Messungen hergeleitet und letzte-
res aus Bodenstationsdaten des AGAGE (Advanced Global Atmospheric Gases Experiment)
Netzwerkes erhalten (Prinn u.a., 2018). Die Cly-Bestimmung auf diesem Weg wird im Fol-
genden semi-direkte Methode genannt. Fiir den Fall, dass nicht ausreichend Messungen
von chlorierten Quellgasen vorliegen, kann CCly aus vergangenen Messungen herangezo-
gen werden. Dazu werden Beobachtungen zweier Ballonaufstiege in den Jahren 2009 und
2011 herangezogen (Engel u.a., 2002). Zusitzlich benotigt man eine Referenzsubstanz, in
dieser Dissertation CFC-12. Die Korrelationen der chlorierten Quellgase zur Referenzsub-
stanz aus den Ballonbeobachtungen werden auf den Zeitraum der Messkampagne skaliert
und CCly als Funktion von CFC-12 dargestellt. Cly; kann dann erneut aus der Differenz von
Cliota1 und CCly bestimmt werden. Im Folgenden wird dies die indirekte Methode genannt.
Ein Vergleich der semi-direkten und indirekten Methode fiir die Bestimmung von Cly ist mit
den Messungen wihrend der SouthTRAC méglich. Cly beider Methoden unterscheidet sich
geringfiigig mit einer maximalen Differenz von 65 ppt bei etwa 5 Jahren mittleren Alters mit
Cly oberhalb von etwa 1500 ppt.

Mit der Messkampagne im stidhemisphérischen Winter und Friithjahr wurden wéhrend
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einiger Fliige Luftmassen innerhalb und aufSerhalb des Polarwirbels beprobt. Es ist somit
moglich die Luftmassen entsprechend ihrer Herkunft zu klassifizieren. Dazu wird die Me-
thodik von Greenblatt u. a. (2002) zur Wirbelidentifikation erweitert. Diese auf Spurengas-
messungen basierende Wirbelidentifikation nutzt die kompakte Korrelation von N,O und
potenzieller Temperatur innerhalb des Wirbels fiir die Bestimmung der Wirbelkante. Zu-
satzlich kann ein mittleres N,O-Profil fiir die mittleren Breiten erstellt werden. Damit ist
die Einteilung von Luftproben zum Polarwirbel, dem Wirbelgrenzbereich und den mittle-
ren Breiten moglich. Mit einer iterativen Filterprozedur werden die N,O-Beobachtungen
der SouthTRAC Kampagne herausgefiltert, die fiir das Erstellen des Wirbelprofiles und des
der mittleren Breiten benotigt werden. Fiir jeden Flug wird im Anschluss zu jeder N,O-
Beobachtung ein Wert laut Wirbelprofil (N2Oyor) und ein Wert laut mittleren Breiten-Profil
(N2Omiq) erstellt und die relative Lage der N,O-Beobachtung zu diesen beiden untersucht.
Die parallel zu den N,O durchgefiihrten Spurengasmessungen konnen dementsprechend
ebenfalls zugeteilt werden. Mit Hilfe der Luftmassenklassifikation ist die Einteilung von
Cly in die entsprechenden Regionen moglich. Cl steigt wihrend SouthTRAC innerhalb des
Wirbels auf bis zu 1687 + 19 ppt bei 385 K potentieller Temperatur an und macht damit etwa
50 % des Gesamtchlors innerhalb des Wirbels aus. In den mittleren Breiten steigt Cly auf
etwa 446 + 124 ppt zwischen 380 and 400 K und macht lediglich 15 % des gesamten Chlors
in den stidlichen mittleren Breiten aus. Die Methodik und Ergebnisse sind in Jesswein u. a.
(2021) publiziert.

Das GhOST-Instrument wurde bereits auf vorherigen Messkampagnen eingesetzt. Dazu
gehort auch die PGS (POLSTRACC/GW-LCYCLE /SALSA) Kampagne im nordhemispha-
rischen Winter 2015 bis in das Friihjahr 2016 (Oelhaf u. a., 2019). Damit ist ein Vergleich von
Cly im jeweiligen Winter und Friihjahr der Nord- und Siidhemisphére auf Grundlage der
SouthTRAC und PGS Kampagne moglich. Da der Messmodus des MS-Kanals wiahrend der
PGS Kampagne so gewdhlt wurde, dass der Fokus auf den bromierten Quellgasen lag, ist
die Verwendung der indirekten Methode zur Bestimmung von Cly notwendig. Basierend
auf diesen beiden Kampagnen ergibt sich eine geringfiigig unterschiedliche Verteilung des
Gesamtchlors in der jeweiligen Hemisphdre. Wurde im antarktischen Wirbel bis zu etwa
50 % des Chlors in der anorganischen Form gefunden, so lag der Anteil im arktischen Wir-
bel bei vergleichbarem Abstand zur Tropopause nur bei etwa 40 % des Gesamtchlors. In
der Stratosphére der mittleren Breiten sind die Cly-Mischungsverhéltnisse in der Nordhe-
misphére hoher als in der Stidhemisphére.

Das mittlere Alter der Luft spielt fiir die Herleitung von Cly {iber die organischen Quell-
gase, wie sie in dieser Dissertation durchgefiihrt wurde, eine wesentliche Rolle. Die bisheri-
ge Methode zur Bestimmung des mittleren Alters der Luft aus Beobachtungsdaten bertick-
sichtigt lediglich den tropischen Eintrag von Luft in die Stratosphére. Eine neue Methode
wird eingefiihrt, die zusatzlich zum tropischen Eintrag auch den extratropischen Eintrag
in die Stratosphére berticksichtigt. Beide Methoden werden zur Bestimmung des mittleren
Alters wahrend der PGS und SouthTRAC Kampagne genutzt und verglichen. Die grofiten
Unterschiede der beiden Methoden liegen kurz oberhalb der Tropopause und bei Werten
des mittleren Alters unterhalb von etwa 1.2 Jahren. Der maximale Unterschied liegt bei
etwa 0.31 Jahren in der Nordhemisphére und 0.42 Jahren in der Stidhemisphére. Die Me-
thode mit lediglich tropischem Eintrag gibt nahe der Tropopause ein negatives Alter von
bis zu -0.54 Jahren an. Die neue Methode mit extratropischem Eintrag verringert die An-
zahl negativer Werte nahe der Tropopause und erscheint somit physikalisch plausibler. Wie
bei der Analyse von Cly kann auch das mittlere Alter der Luft in der Nord- und Stidhemi-
sphére verglichen werden. Die Luft der unteren Stratosphédre war im Durchschnitt um etwa
0.5+0.3]Jahre dlter in der Nordhemisphére als in der Stidhemisphére. Etwa 65K oberhalb
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der Tropopause dndert sich das Muster mit dlterer Luft in den mittleren Breiten der Nord-
hemisphiére, jedoch &ltere Luft in hohen Breiten der Siidhemisphére. Das impliziert Unter-
schiede in der Starke und Isolation des jeweiligen Polarwirbels sowie den Wellenantrieb im
flachen Ast der Brewer-Dobson-Zirkulation der jeweiligen Hemisphdre. Diese Ergebnisse
stehen allgemein in guter Ubereinstimmung mit der Verteilung von Cly. Die Differenz in
der unteren Stratosphdre war mit der alten Methode jedoch nicht klar ersichtlich und es
kann angenommen werden, dass Untersuchungen der Differenzen in Cly von Nord- und
Siidhemisphére von der neuen Methode profitieren werden. Diese Aspekte sind in ausfiihr-
licher Form in Jesswein u. a. (2021) und Wagenhéuser u. a. (2022) publiziert.

Der finale Teil der Dissertation beschiftigt sich mit der globalen und saisonalen Ver-
teilung der zwei kurzlebigen bromierten Substanzen CH,Br, und CHBr;. Neben den be-
reits verwendeten zwei HALO Messkampagnen PGS und SouthTRAC wird die Datenbasis
durch die TACTS (Transport and Composition in the Upper Troposphere/Lowermost Stra-
tosphere) Kampagne 2012 und die WISE (Wave- driven ISentropic Exchange) Kampagne
2017 erweitert, ebenfalls mit dem GhOST Instrument auf dem HALO Forschungsflugzeug.
Zusétzlich sind zwei global-skalige Missionen, die HIPPO (HIAPER-Pole-to-Pole) Mission
von 2009 bis 2011 und die ATom (Atmospheric Tomography) Mission 2016 bis 2018 fiir die
Analyse mit aufgenommen worden. Beobachtungen von CH,Br, und CHBr; wurden hier
mit verschiedenen Probensammlern sowie einem In-situ-Instrument getatigt. Somit stehen
fiir die Stidhemisphére und Nordhemisphdre ausreichend Daten zur Verfiigung, um das
saisonale Verhalten der beiden Substanzen zu analysieren.

Die Beobachtungen von CH,Br, zeigen eine ausgeprégte Saisonalitét in der freien und
oberen Troposphére beider Hemisphédren. In der Nordhemisphére sind die Mischungsver-
héltnisse leicht hoher als auf der Stidhemisphéare, moglicherweise durch mehr Kiistengebie-
te und damit mehr Quellregionen. CHBr; weist eine generell hohere Variabilitdt und gerin-
gere Saisonalitdt auf mit hoheren Mischungsverhiltnisse in mittleren und hohen Breiten im
nordhemisphérischen Winter und Herbst.

Ein Vergleich der unteren Stratosphére ist nur begrenzt moglich. Die Datengrundlage
im Sommer und Winter ist, vor allem in der Stidhemisphire, deutlich geringer und nicht
ausreichend fiir einen Vergleich. Die Analyse der unteren Stratosphére ist somit auf Herbst
und Friithjahr beider Hemispharen begrenzt. Die Verteilungen im jeweiligen Friihjahr sind
dhnlich mit weniger als 0.1 ppt Differenzen fiir CH,Br,. Im hemisphérischen Herbst sind
groflere Unterschiede zu erkennen mit deutlich geringeren Mischungsverhiltnissen in der
stidhemisphérischen unteren Stratosphire. Dies deutet darauf hin, dass die Transportpro-
zesse beider Hemisphéaren unterschiedlich sind und impliziert, dass der Eintrag tropospha-
rischer Luft (Spiilung bzw. Flushing) in die unterste Stratosphére der Nordhemisphire ef-
fizienter ist als in der Siidhemisphéare. Vertikalprofile von CH,Br, und CHBrj bis in die
untere Stratosphére der mittleren Breiten in Siid- und Nordhemisphére unterstiitzen die-
se Vermutung. Sie zeigen gerade in der Siidhemisphére einen stiarken negativen Gradien-
ten der Mischungsverhéltnisseder beiden kurzlebigen Substanzen. Die Datengrundlage der
Siidhemisphire, gerade im siidhemisphérischen Herbst, ist jedoch nicht ausreichend, um
diesen Unterschied zu quantifizieren.

Fiir einen Vergleich mit den Beobachtungsdaten werden Ergebnisse des TOMCAT (Tou-
louse Off-line Model of Chemistry And Transport) und CAM-Chem (Community Atmos-
phere Model with Chemistry, version 4) Models, beide mit der Nutzung des Ordéfiez u. a.
(2012) Emissionszenarios, verwendet. Die Saisonalitdt von CH,Br, in der Stidhemispha-
re wurde von den Modellen nicht wiedergegeben. Beide Modelle zeigen eine ausgepragte
Saisonalitdt von CHBr; in beiden Hemisphéren, was durch Beobachtungen nicht bestatigt
werden konnte. Die Verteilung beider Substanzen in der unteren Stratosphdre wird durch
die Modelle gut erfasst. Lediglich der stidhemisphéarische Herbst, mit deutlich geringeren
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Mischungsverhéltnissen in den Beobachtungen, wurden von den Modellen nicht wieder-
gespiegelt, sondern eine vergleichbare Spiilung der unteren Stratosphire auf beiden Hemi-
sphdren. Alle genannten Aspekte sind in ausfiihrlicher Form in Jesswein u. a. (2022) publi-
ziert.

Aus Beobachtungen abgeleitete Schiatzungen von Cly innerhalb des jeweiligen Wirbels,
wie sie in dieser Dissertation vorgenommen wurden, sollten Bestandteil der Forschung blei-
ben, um die Auswirkungen und die Einhaltung des Montreal Protokolls zu tiberwachen.
Dazu wird das mittlere Alter der Luft ben6tigt, wobei zukiinftige Berechnungen von Cly
von der verbesserten Methode zu Bestimmung des mittleren Alters mit Beriicksichtigung
des extratropischen Eintrags profitieren wiirden. Mit dem Riickgang der langlebigen Sub-
stanzen gewinnen unregulierte kurzlebige halogenierte Substanzen an Bedeutung fiir den
Ozonabbau. Die Zahl der Beobachtungen, auf die sich diese Dissertation sttitzt, ist auf der
Stidhemisphére noch wesentlich geringer als auf der Nordhemisphére. Die Unterschiede,
die sich in der unteren Stratosphdre im hemisphdrischen Herbst gezeigt haben, bediirfen
zur Bestdtigung weiterer Untersuchungen. Zuséitzlichen profitieren auch Chemie-Klima-
und Chemie-Transport-Modelle von mehr Beobachtungsdaten. Sei es fiir einen Vergleich
oder fiir die Erstellung verbesserter Emissionsszenarien.



Introduction

Atmospheric science is a relatively new applied discipline. The main concerns are meteorol-
ogy and atmospheric dynamics, physics and chemistry of the atmosphere, as well as climate
sciences, all based on theoretical principles, observational data and modelling data. An un-
expected discovery was made in the 1980s by Farman, Gardiner, and Shanklin (1985) who
observed a decline in polar ozone far larger than anticipated, known as the Antarctic "ozone
hole". The ozone destruction was found to be caused by synthetically produced gases called
chlorofluorocarbons (CFCs), used for refrigeration and industrial purpose. These substances
make up only a small fraction of the chemical composition of the Earth’s atmosphere and
are therefore classified as trace gases. Nonetheless, although small in quantity, their effect is
drastic. When decomposing, halogens from these substances are released, which effectively
destroy ozone. A reduction in ozone has biological consequences due to the increased in-
tensity of UV-B radiation (280-315nm) that can reach the ground with harmful effects on
human beings, plants, and animals (e.g. human skin cancer). Further, ozone effects the ra-
diative balance of the atmosphere-Earth system through absorption of radiation (ultraviolet,
visible and infrared spectral regions), depending on the altitude at which absorption takes
place. The lower stratosphere, right above the tropopause, which separates the stratosphere
from the troposphere, is a region of great importance for ozone changes. A loss of ozone
in this region increases transmission of ultraviolet light towards the troposphere, leading to
a warming effect of the climate. Furthermore, ozone absorbs and emits infrared radiation.
Less ozone and thus cooling of the lower stratosphere results in reduced emission of in-
frared radiation from the stratosphere to the troposphere and to a cooling effect (Holloway
and Wayne, 2010). The net effect of ozone depletion is believed to be cooling the climate.
Ozone depletion has shown effect to climate change in the Southern Hemisphere. In the
Northern Hemisphere, there may be similar but smaller effects of ozone depletion on cli-
mate. Unfortunately, there are no reports for the Northern Hemisphere yet regarding the
effect of ozone depletion on climate (e.g. Barnes et al., 2019). To protect the stratospheric
ozone layer, the Montreal Protocol regulates the phase out of ozone depleting substances
(ODS) since its inception in 1987 in a step-wise manner, with different timetables for devel-
oped and developing countries. In contrast to controlled long-lived halogenated substances,
chlorinated and brominated very short-lived substances (VSLS) appear to have an increas-
ing relative contribution to stratospheric halogen loading (e.g. Hossaini et al., 2017; Hossaini
et al., 2019; Engel and Rigby, 2018; Laube and Tegtmeier, 2022). Continued monitoring and
investigation is important to provide reliable reports on the current state and future changes
in the stratosphere with respect to the amount of CFCs, there substitutes, and uncontrolled
substances.

Atmospheric in situ observations in the troposphere are generally well feasible with mul-
tiple ground stations distributed globally, equipped with modern technological instruments.
In the stratosphere, in situ observations are limited, due to the remoteness and vertical ex-
tent up to about 50 km altitude. For in situ trace gas analysis of the stratosphere, these
include aircraft measurements that can reach into the lower stratosphere, as well as balloon
ascents to collect air samples deep into the stratosphere. Both, however, provide data for
spatially and temporally limited domains. Particularly the Southern Hemisphere is consid-
erably less covered by in situ observations. In addition, remote sensing instruments provide



data for trace gases, e.g. from satellites, whereas these data have to be properly calibrated
pre-launch as well as re-calibrated with ground-based observations throughout the lifetime
of the satellite sensors. In addition, for a comprehensive analysis, studies using state-of-the-
art chemistry-climate and chemistry-transport models are a mandatory part of stratospheric
research. These models require realistic treatments of emissions in order to simulate reason-
able mixing ratios in the troposphere and stratosphere with current emission inventories,
e.g. of short-lived brominated substances, showing significant variations (Hossaini et al.,
2013).

The scientific objective of this cumulative dissertation is to investigate the global distri-
bution of chlorinated and brominated substances based on in situ aircraft measurements to
have an insight into possible differences in the lowermost stratospheric composition and
transport pathways. The focus is on the upper troposphere and lower stratosphere (UTLS)
of both hemispheres. The following research questions are addressed in this thesis:

¢ Are calculations of inorganic chlorine from a scaled correlation and one measured ref-
erence substance comparable to inorganic chlorine from in situ long-lived chlorinated
substances?

* How does the distribution of inorganic chlorine differ inside and outside the polar
vortex of the respective hemisphere, based on in situ aircraft observations in the Arctic
winter of 2015/2016 and in the Antarctic winter of 2019?

* What is the observational based global seasonal distribution of the two major bromi-
nated VSLSs CH,Br, and CHBrj3, and are there hemispheric differences?

* To what extent are the atmospheric models able to reproduce the seasonal distribution
of the two Br-VSLSs?

This thesis starts with scientific background and relevant state of knowledge regarding
the fields of atmospheric dynamics and chemistry, which are the focus of this work (Chap-
terl). Chapter 2 connects and summarizes the three publications to outline the guiding
thread through the main findings of this thesis. After a brief introduction to the instrument I
worked with and the most recent campaign in which I participated with the working group
(section 2.1 and 2.2), the first publication is Jesswein et al. (2021) with the focus on inorganic
chlorine (Cly) within the Arctic and Antarctic polar vortex. Methods for derivation of Cly
and air mass classification based on in situ observations are presented to finally investigate
the Cly distribution in southern hemispheric late winter and early spring 2019, summarized
in section 2.3. Further results of Jesswein et al. (2021) and Wagenhéuser et al. (2022) are
summarized in section 2.3. Observational data from the Northern Hemisphere and South-
ern Hemisphere are used to investigate inter-hemispheric differences in Cly. Furthermore,
an improved method to derive mean age of age is presented, a parameter that is important
for an accurate determination of Cly with the methods mentioned. The final publication
is Jesswein et al. (2022) in which the focus moved on to the short-lived brominated sub-
stances (Br-VSLSs) and the global seasonal distribution of the two major Br-VSLSs CH,Br,
and CHBr3. The substances, which are mainly of natural origin and not controlled under
the Montreal Protocol, are expected to play an increasing role if long-lead substances con-
tinue to decline. Main findings are summarizes in section 2.5. Chapter 3 presents a general
summary and an outlook. All three publication are attached to this thesis.



Chapter 1

Scientific background and state of
knowledge

The following section gives a brief introduction to the scientific background of the atmo-
spheric tracer research that was conducted in the course of this work. Besides a brief de-
scription of the upper troposphere and lower stratosphere, the region of major interest of
this thesis in section 1.1, section 1.2 summarises main aspects of stratospheric dynamics and
section 1.3 provides bundled information of atmospheric halogen chemistry and its rele-
vance in stratospheric ozone loss.

1.1 The upper troposphere and lower stratosphere

The upper troposphere and lower stratosphere (UTLS) is a finite region around the tropo-
pause, which is the boundary between the troposphere and the stratosphere. Thus, it is
affected by both stratospheric and tropospheric air through transport processes in the strato-
sphere as well as stratosphere-troposphere exchange (STE) across the tropopause (more on
this in section 1.2). As the tropopause lies within the UTLS, it is worth saying a few words
about it. The tropopause or its position can be defined in different ways. The two most com-
mon ways are the thermal and dynamical tropopause definitions. The thermal tropopause
is defined as the lowest level at which the temperature lapse rate decreases to 2 K/km and
does not exceed in the 2km above (WMO, 1957). The thermal tropopause is usually called
WMO tropopause. The second tropopause definition is motivated by the large potential
vorticity (PV) gradient across the tropopause. PV is proportional to the static stability (N?)
and as there is a jump in static stability at the tropopause, PV fits well for tropopause defi-
nition (Gettelman et al., 2011). A specific PV contour is selected to indicate the height of the
tropopause with a commonly used value of 2 potential vorticity units (1 PVU =1-107°K
m?kg~1s1) outside the tropics, whereas inside the tropics, a potential temperature of @ =
380K or the cold point is used.

In this thesis, the focus is more on the extratropical UTLS (Ex-UTLS). It is, roughly speak-
ing, the region poleward of the subtropical jet between around 8 to 20 km. In the polar re-
gion, the polar vortex can reach down into the Ex-UTLS (Gettelman et al. (2011) and Fig. 1.1,
dark and light shaded region). Its upper boundary can also be defined by an isentropic sur-
face, e.g. level of constant potential temperature of around 400 to 440 K, whereas the lower
boundary can be defined around 5km below the mean tropopause (Gettelman et al., 2011).
The Ex-UTLS can be further subdivided, for instance with the use of the potential temper-
ature for height allocation. Thus, the lowermost stratosphere (LMS) is generally defined
from the tropopause up to a potential temperature level of ©® = 380K (Holton et al., 1995),
approximately the isentropic surface which does not intersect with the tropical tropopause.
An extratropical transition layer (ExTL) exists in the lowermost stratosphere and has charac-
teristics of both stratosphere and troposphere (Fig. 1.1, dark shaded region), first mentioned



4 Chapter 1. Scientific background and state of knowledge

UTLS Schematic 60°W, Feb 15, 2006
25 T T T T T
E ,,,,,,,,
X 20 -
Q o —-—..-_”':/
g L B IR S == W AN ;—.490.... ) Polar Vortex
e
= 15 1% s o D =
< TTL -
@ - " == - 350 Tropopause Inversion
— - Layer (TIL)
o | B~ - e e 9 —'350 =
o 10 o330~
m —_—
)]
=4
o | i ¥
g’ S ~ “Convection Cirrus clouds . )
- o o s ¥ ExTL, 'mixing layer'
, . .
0l- - -~ -300. - , baroclinic waves, fronts |
0 15 30 45 60 76 90

Latitude (°N)

FIGURE 1.1: This figure from Gettelman et al. (2011) illustrates a schematic
of transport and mixing processes in the northern hemispheric UTLS. Closed
black contours show zonal wind (subtropical jet and polar jet), dashed black
lines show potential temperature surfaces, red dots show thermal tropopause
and the blue solid line shows the 2 PVU dynamical tropopause. In addition,
the Ex-UTLS is illustrated in dark and light blue shading and the ExTL in
dark blue shading, clouds and fronts are shown in gray shading, static sta-
bility contours on the TIL in green shading, quasi-isentropic exchange in red
wavy arrows, cross-isentropic exchange orange wavy arrows, and the Brewer-
Dobson Circulation in large red arrows with solid arrows for the deep branch
and dotted arrows for the shallow branch.

in WMO (2003). It can be considered a transition region with strong gradients of tropo-
spheric and stratospheric tracers respectively.

The UTLS is a region of high interest and plays an important role in terms of the radia-
tive balance of the atmosphere. For instance, changes in the structure and chemical com-
position of the UTLS result in large changes in radiative forcings of the atmosphere, which
affect the surface climate (Riese et al., 2012). Further, although the Montreal Protocol and
its subsequent amendments successfully led to the reduction of long-lived ozone-depleting
substances and already visible ozone recovery in the upper stratosphere, ozone in the lower
stratosphere continued to show a decline between 1998 and 2016, more pronounced in the
Northern Hemisphere (Ball et al., 2018; Ball et al., 2019; Ball et al., 2020). Suggestions for the
explanation of these ozone trends are, on the one hand, a change in atmospheric transport
and dynamical variations, although the causes are not determined yet (e.g. Chipperfield et
al., 2018; Ball et al., 2020). On the other hand, anthropogenic and natural very short-lived
substances (VSLSs) can contribute to lower stratospheric ozone changes (e.g. Hossaini et al.,
2015; Ball et al., 2018). These substances are not controlled under the Montreal Protocol and
preferentially release reactive halogens into the lower stratosphere (e.g. Ball et al., 2018).
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1.2 Dynamics of the stratosphere

The study of (lower) stratospheric tracer distributions also requires consideration of strato-
spheric dynamics. This is characterized by the global-scale mean meridional circulation,
primarily the transport of air from the tropics to the poles. The hypothesis of such a cir-
culation originated from its namesakes Dobson and Brewer, based on ozone, water vapor,
and helium measurements and thus is referred to as the Brewer-Dobson circulation (BDC)
(Dobson, Harrison, and Lawrence, 1929; Brewer, 1949).

The underlying drivers for the residual mean circulation are tropospheric Rossby waves.
These planetary and synoptic-scale waves propagate upward into the stratosphere and re-
lease their momentum into the middle and upper stratosphere of the mid-latitudes as they
break and dissipate, a region also called "surf zone" (McIntyre and Palmer, 1983; McIntyre
and Palmer, 1984). The zonal mean background flow in the middle and upper stratosphere
can be described approximately by the geostrophic balance and the resulting geostrophic
wind. There is a pressure gradient from the summer to the winter pole. With the Coriolis
force rightward in the NH and a leftward in the SH, there is an eastward flow on the winter
hemisphere and a westward flow on the summer hemisphere. Propagation of the waves is
only possible with an eastward background flow (e.g. Charney and Drazin, 1961) and thus
only on the winter hemisphere. The released momentum of these waves causes a westward
force, opposite to the mean flow. This results in a weakening of the background flow and
a poleward force leading to a mean poleward mass flux. This wave-induced force is also
called an "extratropical pump" or "Rossby-wave pump" (Holton et al., 1995; Plumb, 2002).

The mean residual circulation can be further divided into two major branches with dis-
tinct characteristics. The deep branch is more associated with planetary wave breaking in
the middle to the upper stratosphere with transport times of several years. Transport is more
from the latitudes close to the equator up into the stratosphere and back down in the mid
and high latitudes of the winter hemisphere (e.g. Birner and Bonisch, 2011). The shallow
branch is more associated with synoptic and planetary-scale waves breaking in the subtrop-
ical lower stratosphere and the transport time is about one year or less into the extratropical
lowermost stratosphere (Birner and Bonisch, 2011). Further, the shallow branch can be ob-
served on both hemispheres throughout the year (e.g. Plumb, 2002; Butchart, 2014). Figure
1.1 displays the Brewer-Dobson circulation with solid red arrows for the deep branch and
the dotted arrow for the shallow branch.

The mean stratospheric tracer transport can be described by the mean residual circula-
tion, and a two-way mixing along isentropic surfaces (e.g. Plumb, 2007). Drivers for the
two-way mixing are, as with the mean residual circulation, wave breaking and dissipation.
Mixing by planetary waves occurs predominantly in winter and results in the mid-latitude
"surf zone" (e.g. McIntyre and Palmer, 1983) bracketed by transport barriers at the edge of
the winter polar vortex and the edge of the tropics with much weaker mixing than in the
"surf zone (e.g. Plumb, 2007; Birner and Bonisch, 2011). Mixing by synoptic-scale waves
occurs in the subtropical lower stratosphere throughout the year (e.g. Butchart, 2014). The
two-way isentropic mixing or quasi-isentropic mixing in the lower stratosphere is illustrated
in Fig 1.1 by red wavy arrows.

1.2.1 Transport in the Ex-UTLS

Since the results of this work essentially relate to the Ex-UTLS, it is worth taking a somewhat
closer look at the transport processes of the lower stratosphere and the EXTL. In general,
there are two major paths for air into the Ex-UTLS. One is the mean stratospheric mass
transport mentioned above with the two branches of the mean residual circulation and the
two-way isentropic mixing. The second one is a two-way exchange across the tropopause
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(orange wavy arrows in Fig. 1.1), also called stratospheric-tropospheric exchange (STE) (e.g.
Holton et al., 1995; Stohl et al., 2003).

The ExTL and its depth can be studied using tracer-tracer correlations (Gettelman et al.,
2011). For instance, the vertical extent of the EXTL can be characterized by using substances
with sharp gradients across the tropopause. These include O3, CO, and H,O. O3 has a strong
stratospheric source and tropospheric sink, and vice versa to those of CO and H,O. Hoor et
al. (2004) and Hoor, Fischer, and Lelieveld (2005) used CO measurements from aircraft cam-
paigns in the Northern Hemisphere to identify a mixing layer around the local tropopause
extending to around 20-25K in potential temperature. To have a global view of the EXTL,
Hegglin et al. (2009) derived the thickness of the EXTL for the NH and SH from measure-
ments of O3, CO, and H,O from the Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) on Canadas’s SCISAT-1 satellite. Major findings were a shallower
mixing layer in the SH with weaker troposphere-stratosphere-transport (TST) compared to
the NH and an overall weak seasonality.

The Ex-UTLS above the ExTL is less influenced by extratropical tropospheric air and
more by tropical air, e.g. by isentropic mixing. A seasonal change in the fraction of tro-
pospheric air in the Ex-UTLS was identified based on observations. Based on in situ CO
measurements, Hoor, Fischer, and Lelieveld (2005) infer a tropospheric fraction of 35 % in
the chemical composition in the winter and spring LMS over Europe, whereas this fraction
increased to about 55 % in summer and autumn. Bonisch et al. (2009) confirm this seasonal-
ity based on in situ observations of SF; and CO,, with somewhat more extreme fraction of
below 20 % in April and greater than 80 % in October. These results suggest a "flushing" of
the LMS from summer to mid-autumn by strong quasi-horizontal mixing across the weak
subtropical jet. Observations from the ACE-FTS showed, that this "flushing" of the LMS is
most evident in the NH and much weaker in the SH (Hegglin and Shepherd, 2007), which
is also confirmed by CO results from Hegglin et al. (2009).

1.2.2 The isolated stratospheric polar vortex

In the polar regions, the stratospheric polar vortex can reach down into the Ex-UTLS (Get-
telman et al., 2011, and references therein). The stratospheric polar vortex is an area of low
geopotential height above the polar region, enclosed by strong westerly winds. It is formed
in hemispheric autumn when, with the onset of the polar night, there is no more solar ra-
diation in the polar region. Due to the temperature difference and consequently a pressure
gradient between polar and mid-latitude, these strong westerly winds are established in the
stratosphere (polar night jet) (e.g. Schoeberl and Hartmann, 1991). The vortex can be con-
sidered as an isolated region, separated by the jet as a transport barrier to the stratosphere
of the mid-latitudes. This leads to strong gradients in potential vorticity and long-lived trac-
ers such as N,O over the jet, and furthermore to different concentrations of tracers within
the vortex compared to those in the mid-latitude stratosphere (e.g. Hartmann et al., 1989;
Schoeberl et al., 1992). Differences in tracer concentrations are further enhanced by diabatic
descent inside the vortex as a result of diabatic cooling as well as downwelling of air within
the vortex from the deep branch of the BDC (Schoeberl and Hartmann, 1991; Schoeberl et al.,
1992; Butchart, 2014).

The polar vortices in the northern and southern hemispheres differ in some aspects.
Significantly more surface structure of the NH, due to more land masses, generates more
upward propagating waves than in the SH. This results in a weaker and more disturbed
stratospheric vortex in the NH, which is smaller and less symmetrical in shape than the SH
stratospheric vortex (e.g. Waugh and Randel, 1999). The greater disturbance of the NH po-
lar vortex also leads to frequent events of sudden stratospheric warmings (SSW) where the
stratospheric temperature suddenly increases and the vortex breaks down in mid-winter.
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These SSWs can be further divided into major SSWs, where westerlies reverse to easter-
lies, and minor SSWs, where the polar temperature gradient reverses but not the circulation
(Butler et al., 2017). Major SSWs occur roughly six times per decade in the NH (Charlton
and Polvani, 2007). Occurrence in SH is much lower due to less wave forcing with only one
observed major SSW in September 2002 (e.g. Kriiger, Naujokat, and Labitzke, 2005) and one
minor SSW from mid-August to early September 2019 (Safieddine et al., 2020; Wargan et al.,
2020) since observations began in the 1940s.

At the end of the polar winter, the vortex weakens and the winter westerlies reverse
to summer easterlies in the wake of final stratospheric warming (FSW). Compared to SSWs,
the FSW events are driven by a combination of wave-induced and radiation processes (Salby
and Callaghan, 2007). Consequently, the Arctic vortex collapses earlier than the Antarctic
vortex with a lifespan around a month shorter (Waugh and Randel, 1999). With the return
of the sunlight in SH spring, a rapid ozone depletion takes place in the vortex with further
cooling and thus prolongs the stability of the vortex, which is linked to long-term trends in
FSW events (Butler and Domeisen, 2021, and references therein). In the NH, the variabil-
ity of the persistence of the polar vortex is tied to the variability of wave forcings rather
than ozone depletion, since temperatures within the vortex go less deep than in the SH vor-
tex, limiting the chemical depletion of ozone (Butler and Domeisen, 2021, and references
therein).

1.2.3 Quantification of transport

A conceptual tool to analyze transport and mixing in the stratosphere is the mean age of air
(AoA; Hall and Plumb, 1994). Simplified, the age of air is the average time it takes for a par-
cel of air to travel from a reference point to a specific point in the stratosphere. The reference
is typically set to the Earth’s surface or the tropical tropopause as the transport happens
predominantly via the tropical tropopause. However, an air parcel in the stratosphere is not
characterized by a simple transit time. Rather, air injected into the stratosphere is quickly
dispersed and irreversibly mixed. Thus, every air parcel in the stratosphere consists of a
subset of air parcels with different transit times to the location of interest(Hall and Prather,
1993; Hall and Plumb, 1994). Kida (1983) introduced the term age spectrum for the statistical
distribution of the transit times of an air parcel, e.g. a probability density function (PDF) of
the transit times from the reference point to the location of the air parcel, mathematically
described by the Green’s function. The first moment of the age spectrum is the mean age
of air I' (AoA) and the second moment is the width of the age spectrum A (see Hall and
Plumb, 1994, and Appendix A.2). Mean AoA, however, cannot be observed directly in the
atmosphere.

Passive tracers can be used to derive mean AoA (e.g. Hall and Plumb, 1994; Strunk et al.,
2000; Engel et al., 2002). Mixing ratios of a suitable passive (age) tracer at a specific location
(¥) and time (t) can be derived using the age spectrum by the following equation

X(Zt) = /O (b= )G(E 1, 1)dY, (1.1)

with xo(t — t') the mixing ratio time series at the reference surface, x(¥,t) the mixing
ratio at a specific location and time, ' the transit time, and G(%, ¢, t') the age spectrum. Con-
versely, on this concept also the mean AoA can be determined from observed stratospheric
tracer mixing ratios and time series at the reference point (Hall and Plumb, 1994; Volk et al.,
1997; Engel et al., 2002). An ideal tracer to determine the mean AoA is conserved in the
stratosphere with no sources and sinks and exhibits a linear tropospheric growth rate. Two
substances, which come close to these conditions, are SFq and (deseasonalized) CO, (e.g.
Volk et al., 1997; Engel et al., 2002; Bonisch et al., 2009). For instance, SFq shows only a very
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small non-linearity by having a second-order growth rate. The temporal mixing ratio trend
can thus be approximated by a second-order fit. The nonlinearity can be addressed by a
correction term if the width of the age spectrum A is parameterized (Hall and Plumb, 1994;
Volk et al., 1997). Hall and Plumb (1994) revealed that the width of A is related to T, so that
the ratio of A?/T (ratio of moments; rom) is nearly constant in the stratosphere. This ap-
proximation can be used to derive mean AoA. Another well-used approach to derive mean
AoA is the use of the inverse Gaussian function for the shape of G(X, t,t'). As for the second-
order growing tracer, a parameterization of A is needed. A range of age spectra G(X, t,t') by
a set of mean AoA (e.g. from 0 to 10 years) can be calculated. Fictitious mixing ratios from
the age spectra are compared with the observed mixing ratios so that the best match then
corresponds to the age of the air (e.g. Ray et al., 2017; Leedham Elvidge et al., 2018).

Mean AoA is an appropriate metric for inert tracers. For tracers that undergo chemical
degradation during transport into and through the stratosphere, the mean AoA assumption
no longer applies (Plumb, Vohralik, and Ryan, 1999). Chemical loss during transport would
reduce the tail of an age spectrum, as molecules with long arrival times have, on average,
spent more time exposed to chemical losses. Plumb, Vohralik, and Ryan (1999) introduced
a modified age spectrum G* accounting for that with the mean arrival time I'* as the first
moment (see Fig 1.2). Further, I'* of relevant chlorinated and brominated substances can be
parameterized in terms of their stratospheric lifetimes T and mean AoA by the following

I'*(x) = al(x) exp(—bI'(x)/T), (1.2)

with respective coefficients a and b for the respective substance (which can be taken
from Plumb, Vohralik, and Ryan, 1999). A useful application of I'* is the consideration
of correlations of substance with different atmospheric lifetimes. The correlations of these
substances, which undergo chemical degradation in the stratosphere, can change over time.
In order to make a generalized conclusion about their relationship, the mean arrival time
can be used to normalize this correlation or even to scale a correlation to a certain point in
time.
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FIGURE 1.2: This figure from Plumb, Vohralik, and Ryan (1999) illustrates a

schematic representation of model response to a delta pulse emission at the

ground with and without chemical loss processes included. I'* indicates the
mean arrival time and I' the mean age.
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1.3 Atmospheric halogen chemistry

The gases nitrogen (78.084 %), oxygen (20.942 %), and argon (0.934 %) are the main compo-
nents of the atmosphere. Substances that make up much less than 1 % are called trace gases.
The amount of these substances is usually given in parts per million (ppm) and even parts
per trillion (ppt), which is the ratio of the molar amount of the substance in a given volume
to the total molar amount of all constituents in that volume, referred as mixing ratio. Halo-
genated substances, which are the focus of this work, belong to the trace gases (Seinfeld and
Pandis, 2016). A classification can be as follows (e.g. Seinfeld and Pandis, 2016):

¢ Chlorofluorocarbons (CFCs) — Fully halogenated with chlorine and fluorine
¢ Hydrochlorofluorocarbons (HCFCs) — Partly halogenated with chlorine and fluorine
* Hydrofluorocarbons (HFCs) — Party halogenated with fluorine

* Halons — Party or fully halogenated with bromine, chlorine and/or fluorine. They
contain at least one atom of bromine

¢ Perfluorocarbons (PFCs) — Fully halogenated with fluorine

¢ Bromo-, Chloro- and Iodocarbons — Halogenated with a single type of halogen except
for fluorine

¢ Natural, mixed halogenated hydrocarbons — Mostly natural in origin and a short at-
mospheric lifetime < 6 month. Also referred to as very short-lived substances (VSLS).

CFCs were first synthesized in the late 1920s to replace toxic gases like ammonia (NHj;),
methyl chloride (CH3Cl), or sulfur dioxide (SO,) which were used as refrigerant agents up to
this time. In addition, they have been used as propellants, blowing agents, and solvents (Se-
infeld and Pandis, 2016). The chemical stability of CFCs allows them to easily disperse and
propagate up to the stratosphere. Molina and Rowland (1974) and Rowland and Molina
(1975) first proposed that the photo-dissociation of CFCs in the stratosphere produces a
significant amount of chlorine atoms, which induce a catalytic cycle that leads to the de-
struction of stratospheric ozone. Besides leading to stratospheric ozone depletion, CFCs are
strong greenhouse gases (Seinfeld and Pandis, 2016).

As replacements for the CFCs in e.g. refrigeration units, air conditioning, and foam-
blowing applications, HCFCs and HFC were introduced. These substances contain carbon-
hydrogen bonds and thus are prone to be decomposed by hydroxyl (OH) radicals in the
lower atmosphere (Wallington et al., 1994). This means additionally that they have shorter
lifetimes compared to CFCs (Carpenter et al., 2014). While HCFCs still contain chlorine
atoms, HFCs are free of chlorine and do not directly contribute to the destruction of ozone.
However, both HCFCs and HFCs are still strong greenhouse gases.

Halons have been introduced into the atmosphere mainly through their use as fire extin-
guishing agents. In contrast to the previously mentioned substances, they contain bromine
and some contain both bromine and chlorine atoms. Like chlorine, bromine induces a cat-
alytic cycle that leads to a rapid ozone depletion (Wofsy, McElroy, and Yung, 1975). In fact,
bromine has an up to 74 times higher efficiency in destroying stratospheric ozone compared
to chlorine (further information in section 1.3.2 and Klobas et al., 2020). Thus, although the
mixing ratios of bromine-containing substances in the atmosphere are much smaller, they
play an important role in stratospheric ozone depletion.

Like HFCs, PFCs do not contribute to ozone depletion. PFCs are extremely stable com-
pounds and are efficient absorbers of infrared radiation and therefore are potent greenhouse
gases.
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The aforementioned substances are almost exclusively synthetic products of anthro-
pogenic origin and have either a high ozone depletion potential (ODP) and/or a high global
warming potential (GWP). Bromo-, chloro-, and iodocarbons are mostly of biogenic origin
with methyl chloride (CH;Cl) and methyl bromide (CH3Br) as the major natural contribu-
tors. Furthermore, mostly natural very short-lived substances (VSLS) with lifetimes shorter
than six months can contribute to ozone loss in the stratosphere. Due to their relatively short
lifetimes, they can quickly release chlorine and bromine to climate-sensitive altitudes (e.g.
the lower stratosphere) (Hossaini et al., 2015).

Following the discovery of catalytic ozone depletion by synthetically produced sub-
stances, 24 states and the European Union initially signed the Montreal Protocol and com-
mitted to reduction steps in the production and consumption of ozone-depleting substances
(ODSs). It entered into force in 1989 and has been amended in the following years to further
phase down and phase out CFCs, HCFCs, HFCs, carbon tetrachloride, methyl chloroform,
methyl bromide, and halons (UNEP, 2023). The protocol is to date the only UN treaty ever
that has been ratified by every country on Earth (UNEP, 2023).

1.3.1 Relevant trace gas species

The substances, which are the focus of this thesis are listed in table 1.1 together with their
ODPs relative to CFC-11 as a reference and their GWP relative to CO, on a time scale of 100
years. All values are taken from table A-5 in Burkholder and Hodnebrog (2022).

TABLE 1.1: Trace gas species within the scope of this thesis. For each sub-
stance, the ODP relative to CFC-11 as well as the GWP relative to CO, is given.

Group Chemical Formula | Name ODP | GWP (100-yr)
CFCs CFCl, CFC-11 1 6410
CF,Cl, CFC-12 0.75 | 10500
CFCl1,CF,Cl CFC-113 0.82 | 6530
HCFCs CHEF,C1 HCFC-22 0.038 | 1910
CH;CF,C1 HCFC-142b 0.057 | 2190
CH;CFECl, HCFC-141b 0.102 | 808
Chlorocarbons | CCly Tretrachloromethane | 0.87 | 2150
CH;Cl Methyl chloride 0.015 | 6
CH;CCl, Methyl chloroform 0.12 | 164
Br-VSLS CH,Br, Dibromomethane 3-4 1
CHBr3 Bromoform 1-5 <1
Others SF¢ Sulfur hexafluoride | - 24700
N,O Nitrous oxide 0.017 | 2273

With regard to chlorinated substances, the focus is on the major contributors to strato-
spheric chlorine loading. As a result of varying emissions and regulations, as well as dif-
ferent lifetimes, halogenated substances have distinct trends in the atmosphere. At present,
there are two global measurement networks that monitor the mixing ratios of halogenated
substances long term. The station network of the Global Monitoring Laboratory (GML) of
the National Oceanic and Atmospheric Administration (NOAA) and the network of the Ad-
vanced Global Atmospheric Gases Experiment (AGAGE). Figure 1.3 displays the results of
the GML NOAA network for the chlorinated substances of interest and N,O. In addition,
halons and CH;Br are displayed but are not further discussed in this work.

CFCs have been produced since the late 1920s. Tetrachloromethane production began
around two decades earlier (Walker, Weiss, and Salameh, 2000). The total lifetimes are very
long with 52 years for CFC-11, 102 years for CFC-12, 93 years for CFC-113, and 32 years
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for CCly (see table A-5 in Burkholder and Hodnebrog (2022)). The heavy usage of these
substances led to an initial exponential increase, followed by a near linear growth of their
atmospheric mixing ratios (see Fig. 1.3 and Walker, Weiss, and Salameh (2000)). With the
beginning of the regulations from the Montreal Protocol and the accompanying reduction
of CFCs and CCly, the atmospheric mixing ratios of CFCs and CCly leveled off and slightly
began to decrease.

HCEFCs were introduced as temporary alternatives to CFCs. They have shorter atmo-
spheric lifetimes, e.g. 11.9 years for HCFC-22, 9.4 years for HCFC-141b, and 18 years for
HCFC-142b (table A-1 in the appendix of World Meteorological Organization, Atmospheric
Administration, and Space Administration (2018)) and deliver less reactive chlorine to the
stratosphere. Compared to CFCs, the restriction on use is less drastic, so consumption in
developed countries was not reduced by 100% until the beginning of 2020 and in develop-
ing countries until 2030 (UNEP, 2019). Thus, atmospheric mixing ratios have continued to
increase and are slowly beginning to plateau.

CH3CCl;, formerly used as e.g. a solvent in the electronics industry, has a total lifetime
of 5 years (see table A-5 in Burkholder and Hodnebrog (2022)). After its production and
usage have been phased out due to the regulations of the Montreal Protocol, atmospheric
mixing ratios dropped rapidly and its influence on climate and ozone depletion is now very
small (Engel and Rigby, 2018).

CH;(l is the only chlorine substance mentioned here, which is not controlled under the
Montreal Protocol. Major sources are tropical and subtropical plants, biomass burning, the
ocean, salt marshes, and fungi (Engel and Rigby, 2018), whereas the major anthropogenic
source is thought to be coal combustion (McCulloch et al., 1999). Some further studies have
investigated emissions from a range of natural and anthropogenic sources, although the im-
pacts of these on the overall budget are not yet clear (Engel and Rigby, 2018, and references
therein).
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FIGURE 1.3: Atmospheric mixing ratios of important halocarbons at twelve
samplings sited from either continuous instruments or discrete flask samples
operated by the Global Monitoring Laboratory (NOAA, 2023)
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Another part of the thesis is about short-lived brominated substances (Br-VSLS), which
have lifetimes of less than six months. The two most abundant Br-VSLS are bromoform
(CHBr3) and dibromomethane (CH,Br,) with total lifetimes of 13 days (8-23 days) and 147
days (80-890 days) (table A-5 in Burkholder and Hodnebrog (2022)). Bromine from the Br-
VSLS contributes to about a quarter to stratospheric bromine (e.g. Engel and Rigby, 2018;
Laube and Tegtmeier, 2022) and their relative contribution will continue to increase due to
the decrease in long-lived brominated substances such as the halons, which are regulated by
the Montreal Protocol. The main sources of Br-VSLS are open ocean and coastal regions via
the metabolism of marine organisms like phytoplankton and macro-algae (Carpenter and
Liss, 2000; Quack et al., 2007; Leedham et al., 2013). A further source may be winter sea ice
as suggested by Sturges et al. (1993) and Abrahamsson et al. (2018).

Two other substances, which are not the main focus of this work, but can be used for e.g.
transport and air mass classification, are nitrous oxide (N,O) and sulfur hexafluoride (SFy).

N,O is predominately emitted by biological sources in water and soil and to a lesser
extent anthropogenically by agricultural activities, biomass burning, fossil fuel combustion,
and from industrial sources (Seinfeld and Pandis, 2016). It is an important greenhouse gas
and the atmospheric concentration continues to rise (see Fig. 1.3). N,O is well mixed in
the troposphere because it has a long lifetime (123 years). When it enters the stratosphere,
it is mainly photochemically decomposed. The reaction with excited oxygen (O('D)) leads
to the formation of NO and thus represents the main input of NO in the stratosphere. NO
contributes to the catalytic ozone destruction cycle. Thus, N,O may play an even more
important role in future ozone destruction as concentrations of halogenated substance will
further decrease (e.g. Portmann, Daniel, and Ravishankara, 2012).

SF¢ has no harm to stratospheric ozone but is a very efficient greenhouse gas (see table
1.1) and is thus regulated by the Kyoto Protocol in 1997. The dominant usage is in gas-
insulated equipment for electrical transmission and distribution systems and in blanketing
or degassing of molten reactive metals such as magnesium and aluminum (e.g. Maiss and
Brenninkmeijer, 1998; Simmonds et al., 2020). A formerly stated lifetime of 3200 years (e.g.
Ravishankara et al., 1993) was recently corrected by observations in the Arctic polar vortex,
from which it has been estimated to have a global lifetime of about 850 (580-1400) years (Ray
et al., 2017). SF; is well known as a tracer for transport processes in the atmosphere, e.g. for
the determination of mean age of air (AoA). In contrast, studies show that a mesospheric
sink of SFg leads to a significant bias towards higher mean AoA derived from SF4 (Leedham
Elvidge et al., 2018; Loeffel et al., 2022) and complicates the use of SF¢ as transport tracer in
the future.

1.3.2 Stratospheric chlorine chemistry

Chlorine is primarily injected into the stratosphere in the form of long-lived organic source
gases (listed above), predominantly via the tropical tropopause layer (TTL). A small fraction
of around 3% is contributed by chlorinated VSLS with the larger portion of more than 80%
in the form of source gas injection (SGI) and the remainder in product gas injection (PGI)
(e.g. Hossaini et al., 2019). Major CI-VSLS source gases are dichloromethane (CH,Cl,), chlo-
roform (CHCly), tetrachloroethene (C,Cly), trichloroethene (C,HCl;) and 1,2-dichloroethane
(CH,CICH,Cl) and product gases are phosgene (COCl,) and hydrogen chloride (HCI) (e.g.
Engel and Rigby, 2018). CI-VSLS and their product gases, however, are not the focus of this
thesis.
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Chlorine catalytic cycles and reservoir species

The organic source gases including CFCs, HCFCs, and CI-VSLS have an important sink in
the stratosphere, which is photo-dissociation and the release of atomic chlorine. The atomic
chlorine can participate in catalytic chain reactions which destroy ozone (e.g. Molina and
Rowland, 1974; Seinfeld and Pandis, 2016). After the reaction of atomic chlorine with ozone

Cl+0; — ClO +0,, (1.3)

ClO can also react with either O or NO to re-release atomic chlorine:

ClIO+0 — Cl+ O, (1.4)

ClO + NO — Cl + NO.. (1.5)

These reactions are most efficient in the upper stratosphere (at around 40 km). At lower
altitudes, where the O concentration is significantly lower, the reaction via HO, gains in
importance to release atomic chlorine, again followed by reaction (1.3).

ClO + HO, — HOCI + O, (1.6)

HOCI + v — OH + Cl (1.7)

In addition, the reaction of two CIO to form the ClO dimer (Cl,O,) becomes more impor-
tant in the polar lower stratosphere at larger pressure, lower temperature, and in conditions
with low NOx (NO and NO,) (Molina and Molina, 1987). Furthermore, during the polar
night, there is essentially no photo-dissociation of O, and thus no production of atomic oxy-
gen, which is needed for one of the catalytic cycles (Eq. 1.4).

ClO+ClIO+M — Cl,0, + M (1.8)
Cl,0, + hv — ClOO + Cl (1.9)
ClIOO+M — Cl+ 0, +M (1.10)

M represents a collision partner (e.g. N, or O,). In fact, the catalytic cycle including
Cl,0, is the primary process for the ozone removal in the ozone hole (75%) (e.g. Molina and
Molina, 1987; Solomon, 1999).

Also worth mentioning is the reaction of ClO and BrO, which can participate in polar
ozone destruction, presented by the following equation, disregarded intermediate steps:

ClO + BrO — Cl + Br + O,. (1.11)

Neither the reaction including Cl,O, nor the reaction including ClO and BrO requires
atomic oxygen but produces two reactive halogen atoms, able to destroy ozone (Seinfeld
and Pandis, 2016). The chlorine substances Cl, Cl,, ClO, and Cl,0, can be summarized as
ClOx.

Without any disturbance, the catalytic cycles would repeat continuously, resulting in a
severe loss of ozone. However, active chlorine can be quickly converted to relatively stable
species, predominantly via methane (CH,) and nitrogen dioxide (NO,) (Eq. 1.12 and 1.13).
These substances are called reservoir species with HCl and CIONO, being the dominant
reservoir species. CIONQO; is not only a reservoir for chlorine but also for nitrogen.
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ClO + NO, + M —= CIONO, + M (1.12)

Cl+ CH, — HCl + CH, (1.13)

Re-activation of chlorine, for instance from CIONO,, can happen via photodissociation
or gas-phase reactions with e.g. O, OH, or Cl (e.g. Clarmann and Johansson, 2018). In the
polar winter stratosphere, however, the most important re-activation of chlorine happens
in the presence of heterogeneous reaction partners. These reaction partners in the polar
lower stratosphere are polar stratospheric clouds (PSCs). PSCs play an important role in
stratospheric ozone depletion. The most important heterogeneous reaction on PSC surfaces
are:

CIONO, + HCl(s) — HNO4(s) + CL (1.14)

CIONO, + H,0(s) — HNO4(s) + HOCI (1.15)

The label (s) shows the reactant in the solid phase as opposed to the gas phase. HOCl
from reaction equation (1.13) can react further with HCI(s) to form Cl,, especially when con-
centrations of CIONO, are low, or can be rapidly photolyzed into active chlorine when sun-
light returns after the winter solstice. Produced Cl, is ready for photodissociation when sun-
light returns to subsequently undergo catalytic reactions with ozone while H,O and HNO;
remain in the condensed phase and thus even prolong ozone depletion by delaying chlorine
deactivation (Tritscher et al., 2021, and reference therein).

Partitioning of stratospheric chlorine

The chemically active species (ClOy), together with the reservoir species HCl and CIONO,,
form total inorganic chlorine (Cly), also called available chlorine. The sum of all chlorine
from the source gases, as thus not yet available chlorine, results in the organic chlorine
(CCly). Finally, Cly and CCly together represent total chlorine (Clioga)-

The total amount of chlorine in the stratosphere is controlled by input from the tro-
posphere and by transport and mixing processes. Thus, total chlorine at any altitude is a
representation (e.g. by using mean AoA) of total tropospheric chlorine delayed by about 3
to 5 years (e.g. Montzka et al., 1996; Engel et al., 2002). Figure 1.4 shows the evolution of
mid-latitude total stratospheric chlorine in the time period of 1975 to 2013, where the max-
imum was reached between 1996-1997 below around 20 km and started to decline around
the year 2000, whereas the maximum was reached slightly later at higher altitudes. The rate
of stratospheric chlorine decline is expected to be altitude-dependent.

The partitioning of Clyy,; into Cly and CCly plays a major role since only chlorine in inor-
ganic form can contribute to ozone destruction. Chlorine is transported into the stratosphere
primarily in organic source gases (source gas injection, SGI) where they are slowly decom-
posed by photo-dissociation and reaction with radicals (e.g. OH), leading to the formation
of Cly. With rising altitude, CCly decreases and Cly increases. The vertical distribution of
Cly and CCly changes not only with altitude but also with latitude. The amount of organic
chlorine in the lower and middle stratosphere is higher in the tropics compared to mid-
latitudes and vice versa for inorganic chlorine due to transport of Cly from the tropics and
in situ production (e.g. Daniel et al., 1996; Patra et al., 2000).

Of great importance is Cly in the polar regions. For instance, the size of the Antarctic
ozone hole varies and is mainly controlled by the amount of Cly and stratospheric temper-
ature and dynamics (Newman, Kawa, and Nash, 2004). Cly in the polar region shows high
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FIGURE 1.4: Evolution of total stratospheric chlorine (ppt) for mid-latitudes,

calculated based on tropospheric data from NOAA. Typical profiles of the

mean age of air in the stratosphere (derived from observations of SFyq and

CO,) and a parameterization of the age spectrum are used for the calculation

of the effects of mixing and transport in the stratosphere (updated from Engel
et al., 2002) (Carpenter et al., 2014)

year-to-year variability. Strahan et al. (2014) inferred a 2 ¢ variability of 196 ppt, which is
ten times the annual decline rate of 20-22 ppt/year due to regulations of the Montreal Pro-
tocol, and implies the need for a roughly ten-year recording of Cly for determination of a
significant trend in polar regions. The main source of this inter-annual variability is the
quasi-biennial oscillation (QBO) with its pattern of alternating easterly and westerly zonal
winds in the lower and middle stratosphere of the tropics, which affect the polar lower
stratosphere with a delay of about one year (Strahan et al., 2015). A dependence of ozone
hole area and Cly could only be found before 1992, a time period of rapidly increasing Cly
(Strahan et al., 2014). From the time Cly slowly decreases, dynamically driven temperature
variations dominate the ozone hole area variation (Newman, Kawa, and Nash, 2004; Strahan
etal., 2014). A clear dependence of ozone hole area and Cly can only be found for outstand-
ing cold temperature in the polar regions, e.g. temperatures 10 below the 35-year mean in
the near vortex edge region at levels between 30-100 hPa (Strahan et al., 2014; Strahan and
Douglass, 2018).

1.3.3 Stratospheric bromine chemistry

Besides chlorine, bromine is one of the major halogenated components affecting strato-
spheric ozone (e.g. Engel and Rigby, 2018) with its importance first described by Wofsy,
McElroy, and Yung (1975). Bromine has a much smaller abundance in the stratosphere com-
pared to chlorine. Laube and Tegtmeier (2022) provide an estimate of Br loading of the
stratosphere of 18.9 ppt in 2020. The major contributors to stratospheric bromine are the
halons with around 39 % from purely anthropogenic sources, and methyl bromide (CH;Br)
with around 35 %, both with anthropogenic and natural sources. Compared to chlorine, the



16 Chapter 1. Scientific background and state of knowledge

contribution of very short-lived substance is much higher with around 26 % (see Fig. 1.5 and
Laube and Tegtmeier, 2022).

Despite the smaller abundance of bromine, the relative efficiency of bromine in terms
of ozone depletion is 60-65 times higher than that of chlorine (e.g. Sinnhuber et al., 2009;
World Meteorological Organization, Atmospheric Administration, and Space Administra-
tion, 2018). A more recent study reports an even 74 times higher efficiency of bromine
(Klobas et al., 2020). This is because bromine reservoir species are significantly less stable
leading to an enhanced abundance of reactive bromine (Wofsy, McElroy, and Yung, 1975;
Spencer and Rowland, 1978). It also affects the length of the catalytic cycles, e.g., the num-
ber of catalytic cycles performed before the radical is removed, which is much greater for
bromine than for chlorine (Lary, 1997).

Bromine catalytic cycles and reservoir species

Wofsy, McElroy, and Yung (1975) and Yung et al. (1980) first described the comprehensive
catalytic chain reaction for bromine which destroy ozone. Similar to chlorine, bromine reacts
with ozone as followed

Br + 03 - BrO + Oz. (116)

The reaction of BrO with O, NO, and HO, play the same roles as their chlorine analogs
(see Yung et al., 1980, and reaction equations 1.4 to 1.6). In addition and as already described,
BrO can interact with ClO. This is described by equation 1.11, leaving aside all intermediate
steps. The substances Br, Br,, and BrO can be summarized as BrOy.

HOBEr, as one of the possible products of the reaction of BrO and HO,, is quickly photol-
ysed to Br and OH and does not act as a significant reservoir (Yung et al., 1980). Br can be
also converted to HBr by reaction with HO, (Wofsy, McElroy, and Yung, 1975; Spencer and
Rowland, 1978; Yung et al., 1980):

Br + HO, — HBr + O,. (1.17)

Br does not react with either CH, or H,, which are the typical reactions of formation of
e.g. HCI, because these reactions are endothermic (e.g., Wofsy, McElroy, and Yung, 1975;
Spencer and Rowland, 1978). The importance of HBr, however, is very limited in the strato-
sphere. The amount of HO, in the stratosphere is very small and HBr has a great reactiv-
ity towards OH to re-release Br (e.g. Yung et al., 1980). For instance, Johnson et al. (1995)
showed that the production of HBr with HO, has a yield of less than 5 %.

The most important reservoir species of Br is BrONO,, which can make up 10-20 % of to-
tal inorganic bromine (e.g. Spencer and Rowland, 1978). It is formed by the reaction between
BrO and NO, with a collision partner M

BrO + NO, + M — BrONO, + M. (1.18)

During the day, the relatively long photolysis wavelength allows very efficient photodis-
sociation of BrONO, throughout the stratosphere (Burkholder et al., 2019).

BrONO, + hv  — BrO + NO,
— Br + NO; (1.19)
— BrO + NO + O(’P)
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BrONO, can further be destroyed by heterogeneous reaction via hydrolysis in sulfu-
ric acid aerosols or in combination with halogens at surfaces (e.g. Burkholder et al., 2019;
Tritscher et al., 2021).

BrONO, + H,0(s) — HOBr + HNO4(s) (1.20)

BrONO, + HCl(s) — BrCl + HNOj(s) (1.21)

HOBr can further react with HCI(s) to from BrCl. BrOy together with the reservoir
species BrONO, and HBr form total inorganic bromine (Bry). During sunlight, around half
of Bry is present in the form of BrO.

Brominated very short-lived substances

Part of this thesis is addressed to the brominated very short-lived substances (Br-VSLS).
VSLSs contribute to stratospheric ozone depletion, but have very small radiative forcings
due to their short lifetimes (e.g. Engel and Rigby, 2018). Further, VSLSs show a much higher
variability compared to long-lived substances. Their distribution in the stratosphere is to a
large extent dependent on localized sources, transport pathways, and chemical degradation
during transport. Due to their short lifetime, contained halogens can be rapidly released
into the lowest stratosphere and react with ozone. As mentioned in section 1.1, changes
in chemical composition in the UTLS region have a relatively large impact on the surface
climate.

In this work, the two major Br VSLS CH,Br, and CHBrj are considered (details can be
found in Sec. 1.3.1). These two Br-VSLSs contribute to a large extent (about 85 %) to ozone
depletion in the lower stratosphere (Hossaini et al., 2015). They also account for about 80 %
of the total VSLS organic bromine in the UTLS, whereas the remaining 20 % are contributed
by the mixed bromochlorocarbons CH,BrCl, CHBrCl,, and CHBr,Cl (e.g. Keber et al., 2020).

The contribution of short-lived substances to stratospheric bromine is nearly constant
(see Fig. 1.5). However, Tegtmeier et al. (2020) speculated a relatively weak positive trend
in tropical mean Br from VSLSs of 0.017+0.012 ppt per decade for 1979-2013. As the anthro-
pogenic substances will further decrease due to the regulations of the Montreal Protocol, the
relative contribution of the Br-VSLS will increase. Total bromine from the Br-VSLS amounts
to around 5 (3-7) ppt, partly injected in the organic form (source gas injection; SGI) with
2.1 (0.5-4.4) ppt Br and partly in inorganic form (product gas injection; PGI) with 2.8 (1.8
4.2) ppt Br (Laube and Tegtmeier, 2022). Observational-based distributions of the organic
source gases are rather rare and predominantly focus on the tropics and the Northern Hemi-
sphere. Best estimates can be found in Laube and Tegtmeier, 2022. For instance, CH,Br, and
CHBrj at the tropical tropopause ranging from 0.81 (0.49-1.08) ppt to 0.59 (0.17-0.89) ppt
from the level of zero clear-sky radiative heating (LZRH) to the tropical tropopause (TTP)
and 0.45 (0.05-1.60) ppt to 0.18 (0.01-0.54)ppt from LZRH to TTD, respectively (Wofsy, 2011;
Brinckmann et al., 2012; Sala et al., 2014; Navarro et al., 2015; Pan et al., 2017). Keber et al.
(2020) investigated the distribution of Br-VSLS in the UTLS of the NH. They found system-
atically higher mixing ratios of CHBrj at the extratropical tropopause than those at the TTP.
A similar but less pronounced feature was found for CH,Br,».
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Chapter 2

Global distribution of halogenated
trace gases in the UTLS

The cumulative dissertation on hand focuses on the global distribution of halogenated sub-
stances on basis of observation within the UTLS. Airborne measurements were carried out
in the Southern Hemisphere, which extends the already existing database, which is pre-
dominantly located in the tropics and the Northern Hemisphere. The idea is to be able to
compare the distribution of both hemispheres on the basis of highly accurate in-situ observa-
tions and further get insights into the possible differences in the distribution for long-lived
substances (focus on Cly) and short-lived substances (focus on Br-VSLS). After introducing
the basic concepts of UTLS, transport, and halogenated substances in the previous section,
in the following section, the measurements of the last years are discussed as well as con-
cepts for the analysis and interpretation of the observations with key findings, which are
collected in contributed publications. The thesis follows the content and logical structure of
the publications and disregards their different chronological order.

As I personally participated at the SouthTRAC campaign in 2019, the results start with a
brief overview of this campaign in Section 2.1. Further, the results are based to a large extent
on measurements of the GhOST (Gas chromatograph for Observational Studies using Trac-
ers) instrument, which has been involved in several campaigns by the German of the High
Altitude and LOng Range Research Aircraft (HALO). For this reason, Section 2.2 presents a
description of the instrument.

2.1 The SouthTRAC campaign

The Southern Hemisphere Transport, Dynamics, and Chemistry (SouthTRAC) campaign
took place in the SH late winter and early spring 2019. On the one hand, dynamical and
chemical composition aspects should be investigated in the Antarctic UTLS, for instance,
the impact of the polar vortex on the UTLS (see objectives at DLR, 2022a). On the other
hand, gravity wave (GW) activity should be investigated, where GW may propagate into
the upper mesosphere (Rapp et al., 2020).

For this, flights were performed with the HALO aircraft, which is capable of reaching
an altitude of around 14.5km, corresponding to around 420K potential temperature out-
side the tropics. The Basic HALO Measurements and Sensor System (BAHAMAS) is part of
HALO. BAHAMAS is installed permanently and provides meteorological and aircraft pa-
rameters along the flight tracks (DLR, 2022b), besides the campaign-related instruments. In
addition, local tropopause information along the flight tracks as well as equivalent latitude
were derived using the Chemical Lagrangian Model of the Stratosphere (CLaMS) (Groof3
et al., 2014). The underlying meteorological fields are from ERA-5 reanalysis of the ECMWF
(Hersbach et al., 2020). The aircraft was based in Rio Grande, Argentina (RGA, 53°S, 67° W)
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FIGURE 2.1: The HALO aircraft on the taxiway in Rio Grande (Argentina)
during the SouthTRAC campaign 2019.

with the hot spot of gravity waves breaking (southern Atlantic and eastern Pacific) as well
as Antarctica in a reachable distance for the aircraft.

The campaign consisted of two phases. The first phase took place from September 6 to
October 9, 2019 and the second phase from November 2 to 15, 2019. In between, HALO
returned to Germany. This results in 23 scientific flights with a total of 183 hours of mea-
surement time, of which nine flights were transfer flights from Oberpfaffenhofen (EDMO),
Germany, to Rio Grande (RGA), Argentina, and back via Sal (SID), Cabo Verde, and Buenos
Aires (EZE), Argentina (see Fig. 2.2a) and one local flight operated from SID. The remaining
13 flights were local flights from RGA (see Fig. 2.2b) with 10 in the first phase and 3 in the
second phase. Due to a technical problem with the aircraft, the second phase was terminated
earlier than planned. With the local flights, a region between 36° to 70°S and 32 to 84°W
could be sampled, up to a maximum potential temperature of around 410 K.

2.2 Instrument details

A substantial part of the results of this work is based on measurements performed with the
GhOST (Gas chromatograph for Observational Studies using Tracers) instrument, which is
deployed regularly on board the HALO aircraft.

GhOST is a two-channel gas chromatograph instrument. The first channel couples an
isothermally operated gas chromatograph (GC) with an electron capture detector (ECD) and
is thus referred to as GhOST-ECD. With a time resolution of around 1 min, measurements
of SF; and CFC-12 are performed. A similar setup was used during the SPURT campaign
(Bonisch et al., 2009; Engel et al., 2006). The second channel is temperature-programmed
GC coupled with a quadrupole mass spectrometer (QP-MS) and is referred to as GhOST-
MS. For the MS channel, air samples are dried before entering the analysis system using
magnesium perchlorate (Mg(ClOy),). Subsequently, because of the very small mole fraction
of the halogenated species, a cryogenic pre-concentration system is installed prior to the GC.
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FIGURE 2.2: Flight tracks of HALO of (a) the transfers from and to Oberpfaf-

fenhofen, Germany (48° N, 11°E) and (b) during the two phases with the base

in Rio Grande, Argentina (53°S, 67° W). The figure is taken from (Jesswein et
al., 2021).

A sample loop filled with HayeSepD adsorbent material is cooled to -80°C with a Stirling
cooler to trap the compounds. For analysis, the sample loop is then heated to about 200°C
and purged with helium towards the GC-MS (Obersteiner et al., 2016; Sala et al., 2014). This
measurement setup allows air samples to be taken with a temporal resolution of four to six
minutes, depending on the ionization mode.

The MS is operated either in electron impact ionization mode (EI) or in negative chemical
ionization (NCI) mode. In EI, high-energy electrons are emitted from a cathode (called a
filament). These electrons collide with the sample molecules, generating positively charged
ions. Each substance fragments into a characteristic spectrum of ions with different mass-to-
charge ratios, making it easy to identify each substance. To keep the chromatography time as
short as possible, for each substance one fragment is selected for which the chromatographic
peak is not disturbed by other substances. This results in a time resolution of around 6 min
per measurement cycle. With NCI, an additional reactant gas is required. An argon-methane
mixture (around 5 % methane) has proven to be suitable for the investigation of halogenated
substances. In the reaction chamber, the reactant gas collides with the high-energy electrons
emitted by the filament and secondary electrons (thermal electrons) with significantly lower
energy are formed. The thermal electrons react with the sample molecules. In the case
of the halocarbons studied here, a halogen anion is formed. These can be tracked on the
masses of their main isotopes. For chlorinated substances, these are 35Cl and %Cl, whereas,
for brominated substances, these are 7°Br and 8!Br, since all bromine and chlorine species,
respectively, yield the same fragments in the MS. NCI and thus the observation of the main
isotopes requires that the substances are well separated by the GC and thus clean peaks of
the substances can be detected, which works on the GhOST for the brominated substances
quite well, but less for the chlorinated substances of which there are many more. A good
separation of the brominated substance was achieved with a time resolution of around 4 min
per measurement cycle. The substances for further analysis within the NCI mode are listed
in table 2.1a, whereas the list of substances using the EI mode includes chlorinated and
brominated substances as can be seen in table 2.1b. The extended spectrum of substances in
EI mode is at the expense of reproducibility, limit of detection, and time resolution.
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TABLE 2.1: Reproducibilities and detection limits of the GhOST-MS in (a) NCI

mode and (b) EI mode. The values were taken before the most recent use of

the corresponding mode during laboratory conditions, which was just before
the WISE campaign for NCI and SouthTRAC campaign for EL

(b) EI mode
Substance | Reprod. | Det. Lim
[%] | [ppt]

COSs 0.40 0.96
CFC-11 0.20 0.36
CFC-12 0.30 0.47
CFC-113 0.64 0.18
(a) NCI mode Halon 1301 | 3.83 0.93
Substance | Reprod. | Det. Lim Halon 1211 | 2.78 0.25
[%] [ppt] Halon 2402 | 5.79 0.09
Halon 1301 | 1.0 0.05 HCFC-22 0.41 1.31
Halon 1211 | 0.5 0.006 HCFC-141b | 0.82 0.39
Halon 1202 | 7.6 0.006 HCFC-142b | 0.84 0.50
Halon 2402 | 1.5 0.007 HFC-125 0.79 0.62
CH;Br - - HFC-134a 0.49 3.51
CH,Br, 0.7 0.01 HFC-143a | 1.67 1.86
CH,BrCl 9.2 0.13 CH,Cl 0.39 0.76
CHBr,Cl 22 0.002 CH,Cl, 0.78 0.46
CHBrCl, 3.4 0.002 CHCl 0.95 0.66
CHBr3 22 0.085 CCly 0.44 0.22
C,Cl, 131 0.11
CH3CCl; 8.67 0.53
CH;Br 1.69 0.31
CH,Br, 2.59 0.11
CHBr,Cl 8.91 0.75
CHBr3 2.82 0.24
CH3l 6.75 0.08

2.3 Stratospheric chlorine - deriving Cl, and air mass classification

The following sections summarize the concepts, methods, data, and key results that are
published in detail in:

Jesswein, M., Bozem, H., Lachnitt, H.-C., Hoor, P, Wagenhéuser, T., Keber, T., Schuck, T., and
Engel, A.: Comparison of inorganic chlorine in the Antarctic and Arctic lowermost stratosphere by
separate late winter aircraft measurements, Atmos. Chem. Phys., 21, 17225-17241, 2021, DOL:
https://doi.org/10.5194/acp-21-17225-2021

2.3.1 Inferring inorganic chlorine

Although the size of the ozone hole is strongly influenced by dynamic aspects, it is impor-
tant to measure the amount of Cly in the stratosphere, for instance to understand possible
changes in the relationship between Cly and ozone hole area as chlorine levels decrease.
There are different methods to derive Cly whereby some methods required certain atmo-
spheric conditions. In the best case, the inorganic chlorinated substances are measured di-
rectly. This was done, for instance, in Wetzel et al. (2015) using balloon measurements with
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two instruments, the MIPAS-B (Michelson Interferometer for Passive Atmospheric Sound-
ing) and TELIS (TErahertz and submillimeter LImb Sounder). Only for Cl,O,, which could
only be partly measured, they used a ClIO-Cl,O, relation which relied on model data. In
addition, Cly can be obtained solely from the reservoir species. In the upper stratosphere,
HCI represents nearly all Cly (e.g. Anderson et al., 2000; Froidevaux et al., 2006; Wetzel et
al., 2015). Under certain conditions in the lower polar stratosphere, Cly is present almost
completely in the form of the reservoir gas HCIl. The pre-requisite is a strong polar vortex,
severe ozone depletion, and denitrification. The catalytic ozone depletion ceased and Cl
reacted with CH, to form HCI. In addition, the ratio of NO/NO, increases and NO reacts
with ClO to form Cl, followed by the production of HCI (Strahan and Douglass, 2018, and
reference therein). Thus, for these conditions, measurements of the reservoir species are
sufficient.

A different approach is the calculation of Cly as the difference between Cly,; and CCly,
which was done in the course of this work. Cly,, can be derived from mean AoA and tropo-
spheric time trends of the organic source gases. Age spectra are generated by using a width
parameterization (rom of 1.25 years). These spectra together with tropospheric time trends
of the chlorinated substances are used to calculate the stratosphere mixing ratios, consider-
ing no chemical degradation (Clioty)). If measurements of all relevant chlorinated substances
are available, Cly is simply derived by subtracting CCly from Cliy, (hereafter referred to
as semi-direct Cly). If there are no or only limited measurements of chlorinated substances,
CCly can be calculated indirectly based on correlations from measurements taken at a differ-
ent time and place, for instance, a previous measurement campaign. These correlations of
the chlorinated substances to a reference substance, for instance, CFC-12 or N,O (e.g. Wet-
zel et al., 2015; Marsing et al., 2019), have to be adapted to account for tropospheric trends
which can be done with a modified method described in Plumb, Vohralik, and Ryan (1999)
using I' and G* (see section 1.2.3). The correlations scaled in this way to the time period of
interest can be used, to determine CCly from the reference substance alone. Clyy, is again
derived from mean AoA and tropospheric time trends of the organic source gases. Cly is
then determined via the difference of Clyy, and CCly from scaled correlations (hereafter
referred to as indirect Cly).

During the SouthTRAC campaign, we were able to measure all major long-lived chlo-
rinated substances with the GhOST-MS as well as SF with the GhOST-ECD. Thus, it was
possible to compare the semi-direct and indirect determination of Cly. This is an important
aspect in the context of this work, because it allows us to compare Cly from different ob-
servations. Not all relevant long-lived chlorinated substances are always measured, but e.g.
only one representative. Tropospheric time trends for the entry mixing ratios and mean AoA
were taken from the AGAGE (Advanced Global Atmospheric Gases Experiment) Network
(Prinn et al., 2018). For the indirect method, observations from two balloon flights inside the
Arctic polar vortex in 2009 and 2011 from a cryogenic whole-air sampler (Engel et al., 2002)
were used.

CFC-12 was chosen as the reference substance for the indirect method. The scaled cor-
relations from the balloon observations and correlations from observations during South-
TRAC for the chlorinated substances against CFC-12 agree well. Figure 2.3 shows exemplary
correlations of CFC-11, CH3Cl, and HCFC-142b against CFC-12, with scaled balloon obser-
vations in red and observations during SouthTRAC in black. This method demonstrates the
comparability of observations that are not only about 10 years apart, but also from the polar
region of the NH and scaled to the polar region of the SH. Based on this good agreement,
we were able to provide a correlation function for the determination of Cly using CFC-12 for
the period of the SouthTRAC campaign.

Xcly = Co + C1)Xcre—12 + 2 (Xcre-12)? (2.1)
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The correlation coefficients on the basis of the balloon observations are ¢y = 2965.27 ppt,
c1 = -2.807, and c; = -6.06944 x 107 pptl. Further correlation coefficients regarding N,O as
the reference substance as well as coefficients based on SouthTRAC observations can be
found in (Jesswein et al., 2021). A comparison of semi-direct and indirect derived Cly for the
SouthTRAC campaign is part of sect. 2.3.3.

2.3.2 Air mass classification

Observational studies in the winter polar region introduce the difficulty of separating air
masses inside and outside the polar vortex with different compositions. High concentrations
of the reactive halogenated substances can be maintained inside the polar vortex as there is
less mixing with the surroundings due to the separation by the polar night jet. Aircraft-
based observations can sample these different air masses along the flight paths, making it
necessary to classify them in terms of their origin.

To find the vortex edge, the maximum gradient of PV restricted by the proximity of a rel-
atively strong polar jet is widely used and known as the Nash criterion (Nash et al., 1996).
This method relies on meteorological reanalysis which may not resolve small-scale features
like vortex filaments. These filaments, however, may differ from the chemical composition
of the surrounding atmosphere. A tracer-based vortex definition was introduced by Green-
blatt et al. (2002), which uses the tight correlation of N,O and potential temperature inside
the vortex for the determination of the vortex edge. Some key points of the inner vortex N,O
profiles are a large vertical gradient with much lower values than at mid-latitudes at com-
parable isentropic levels due to diabatic descent and low variability on isentropic surfaces
(about 6 ppb; Greenblatt et al., 2002) as the long isolation leads to well-mixed air masses. In
comparison, the profile at mid-latitudes shows a weaker gradient and a much larger vari-
ability as it can be influenced by both tropical and polar air (e.g. Krause et al., 2018; Marsing
et al.,, 2019). In between, there is a transition region (vortex boundary region), which is
influenced by the vortex as well as by mid-latitudes.

In this work, we expanded the vortex identification by Greenblatt et al. (2002). Besides
only distinguishing between vortex and non-vortex measurements, we would like to al-
locate measurements to the vortex, vortex boundary region, and mid-latitudes. For this,
we use observations of several flights to create a reference profile for the vortex and mid-
latitudes. This was done using two vertical coordinates, potential temperature (®) and po-
tential temperature relative to the local tropopause (A®) and observations of N,O. Here and
in the following, the dynamic PV-based tropopause is used (see sect. 1.1). The vortex profile
was generated by taking only the flights, which probably had contact with the vortex. Data
were further pre-filtered by taking only observations pole-wards of 60° equivalent latitude
and 20K above the local tropopause (e.g. above the ExTL). For the mid-latitude profile, all
flights were taken, focusing only on measurements between 40° and 60° equivalent latitude
and 20K above the local tropopause. An iterative filter procedure is then used to obtain the
lower envelope for the vortex profile and the upper envelope for the mid-latitude profile.
Exemplary the filter procedure for the SouthTRAC data is shown in Fig. 2.4 (the flowchart
is displayed in the Appendix B in Fig. B.1). As an intermediate step, the remaining ob-
servations were binned in 5K intervals. The means of these bins were used to generate a
polynomial fit functions for the profiles.

For every flight, a reference N,O data set for the vortex (N,Oyor) and mid-latitudes
(N2Oniq) is calculated using the fit functions and the observed ® and A®. Every N,O mea-
surement point is then compared to the respective N,Oyor and NyOp,ig value. The following
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envelope. The figures are taken from Jesswein et al. (2022).

then applies for each N,O measurement:

N,O < N,Oyor + vortex cutoff = assigned to the vortex.

N7O > N,Opig - mid-latitude variability = assigned to the mid-latitudes.

N,Oyor + vortex cutoff < N,O < NyOp,iq - mid-latitude variability = assigned to vortex
boundary region

N,Oyor + vortex cutoff > NyO > NyOpig - mid-latitude variability = overlap and not
classified

The allocation of the measured chlorinated source gas observations is done by the re-
spective N,O data point allocation. For the prescribed cutoff, a value of 20 ppb was used,
proposed by Greenblatt et al. (2002). The associated variability of the mid-latitude profile
was set to 15 ppb, matching the variability in N,O in the mid-latitudes of roughly 10 % (Stra-
han, Loewenstein, and Podolske, 1999).

2.3.3 Evaluation of Cly calculations and in-situ air mass classification

The spectrum of substances measured during the SoutTRAC campaign can be used to com-
pare the semi-direct and indirect determination of Cly. Calculated Cly from both methods
was mapped for the SouthTRAC campaign against mean AoA in Fig 2.5. Research in recent
years indicates that the SFg lifetime is shorter than the previous assumptions due to the pres-
ence of important loss mechanisms in the mesosphere, leading to a biased mean AoA (e.g.
Ray et al., 2017). For this, Fig. 2.5 includes a corrected mean AoA. The used correction func-
tion is based on the comparison of SF¢-derived mean AoA to a combined mean AoA based
on five alternative tracers (Leedham Elvidge et al., 2018). Cly, by the semi-direct and indirect
method differ only slightly with a maximum difference of about 65 ppt at 5 years of mean
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AoA. Between 1 and 4 years, the difference is well below about 30 ppt. The good compara-
bility of these two methods offers the possibility to compare Cly from different measurement
campaigns, although they may differ in terms of measured chlorinated substances.
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FIGURE 2.5: Indirectly (green) determined Cly based on balloon observations

in 2009 and 2011 and semi-directly (black) determined Cly as a function of the

age of air (bottom axis) and corrected age of air (top). The figure is taken from
Jesswein et al. (2021).

For the air mass classification, N,O measurements of the University of Mainz Airborne
Quantum Cascade Laser-spectrometer (UMAQS) were used. The instrument is based on di-
rect absorption spectroscopy using a continuous-wave quantum cascade laser with a sweep
rate of 2kHz (Miiller et al., 2015). N,O measurements showed an overall uncertainty of
0.6 ppb. Using the iterative process presented in sect. 2.3.2, a vortex and mid-latitude refer-
ence profile in ® was created (See Fig. 2.6; reference profiles in A® are shown in Jesswein
et al. (2021)).

In general, it can not be assumed to have a single N,O vortex profile throughout the
winter. Subsidence of vortex air due to radiative cooling leads to changes in the N,O profile
during winter. However, N,O data from the SouthTRAC campaign did not reveal a strong
diabatic descent within the time period of measurements. Thus, only one vortex profile was
generated and used for all observations.

The air mass classification during the flights can be exemplarily demonstrated by flight
ST14 on September 26, 2019 in Fig. 2.7. Displayed are original and up-sampled measure-
ments of CFC-11 (see Appendix B or Jesswein et al. (2021) for more information about up-
sampling measurements). The background colors show the regions the samples can be as-
signed to. The measurements follow well the air mass classification with smaller values
within the vortex and vortex boundary region. For instance, vortex filaments are typically
assigned to the vortex boundary region, as these filaments are decaying and are mixed with
the background air. The up-sampled measurements show even better agreement with the
classification with sharp gradients at the transitions, e.g. at 4:10 and 5:50 UTC.

Taking the up-sampled observations with the air mass classification, chlorine partition-
ing into inorganic and organic chlorine in the Antarctic lower stratosphere during South-
TRAC was investigated. Only measurements polewards of 40° equivalent latitude were
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taken into account. Measurements have been binned in 5K potential temperature bins be-
tween 270 (e.g. 20K above the mean tropopause) and 420 K. Bins including less than five
data points are not included (see Fig. 2.8). The uncertainty in each bin is represented by the
10 standard deviations of the mean. Below the potential temperature level, for which air
mass classification was possible, Cly is given for all measurements. Above, Cly is estimated
separately for each region. Measurements, which are within the overlap are included in
both, vortex and mid-latitudes.

Tropospheric Cly is close to zero. In the troposphere, chlorine is almost exclusively in
organic form, and observations of total chlorine during SouthTRAC are in good agreement
with the total chlorine, derived from ground-based AGAGE measurements. From the height
at which the division into regions is possible, the vortex, vortex boundary region, and mid-
latitude profiles of Cly show different gradients. The mid-latitude profile shows only a weak
gradient with mixing ratios reaching 446 + 124 ppt between 380 and 400K. In the vortex
boundary region, mean mixing ratios reach a maximum of 1090 + 377 ppt at the © level of
395K. The profile variability increases with height, due to the air mass classification. At
the highest levels in the vortex boundary region, Cly decreases, probably influenced by the
lower number of observations at this altitude range which are more towards mid-latitudes.
Between 330 and 385 K, observations of Cly could be derived for the polar vortex. A signif-
icant increase up to a value of 1687 + 19 ppt could be observed. Thus, up to half of the total
chlorine could be found in inorganic form below a value of 400K. As mentioned in sect.
1.3.2, the relation of ozone hole area and Cly is masked by dynamically driven temperature
variations. The ozone hole area in 2019 was about 10x 10° km? in size and thus only 20 % of
that of mid-September in 2018 (Wargan et al., 2020) as a result of a minor SSW event with an
early chlorine deactivation.
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2.4 Stratospheric chlorine - inter-hemispheric difference of lower-
most stratospheric Cly

The following sections summarize the concepts, methods, data, and key results that are pub-
lished in detail in:

Jesswein, M., Bozem, H., Lachnitt, H.-C., Hoor, P., Wagenhéuser, T., Keber, T., Schuck, T., and
Engel, A.: Comparison of inorganic chlorine in the Antarctic and Arctic lowermost stratosphere by
separate late winter aircraft measurements, Atmos. Chem. Phys., 21, 17225-17241, 2021, DOI:
https://doi.org/10.5194/acp-21-17225-2021

and
Wagenhauser, T., Jesswein, M., Keber, T., Schuck, T., and Engel, A.: Mean age from observations

in the lowermost stratosphere: an improved method and inter-hemispheric differences, EGUsphere,
1-26, 2022, DOI: https://doi.org/10.5194/egusphere-2022-1197

2.4.1 Seasonally overlapping data from NH and SH

The GhOST instrument was installed on several HALO campaigns before, mostly focusing
on the NH. One of the campaigns, which took place at a similar season as the SouthTRAC
campaign but on the NH, is the PGS campaign. The PGS campaign, which consisted of three
partial missions POLSTRACC (Polar Stratosphere in a Changing Climate), GW-LCYCLE (In-
vestigation of the Life cycle of gravity waves), and SALSA (Seasonality of Air mass transport
and origin in the Lowermost Stratosphere) conducted flights in the Arctic winter from De-
cember 17, 2015 to March 18, 2016 (Oelhaf et al., 2019). The campaign was split into two
phases. The second phase from February 26 to March 18, 2016 took place during a compa-
rable period to the SouthTRAC campaign (late winter/early spring). Flights of the second
phase are displayed in Fig. 2.9. These observations were taken for a comparison of the
distribution of Cly in the lowermost stratosphere in respective late winter. As during the
SouthTRAC campaign, meteorological data have been recorded by the on-board instrument
BAHAMAS and A® as well as equivalent latitude have been derived via the CLaMS model
using ERA-5 reanalyses.
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Unlike during the SouthTRAC campaign, the GhOST-MS was operated in NCI mode
with a focus on the brominated substances (see table 2.1a). Nonetheless, CFC-12 was mea-
sured with the GhOST-ECD channel. Cly for the PGS campaign was thus determined via
the indirect method, which has been shown to deliver comparable results to the semi-direct
method. As for SouthTRAC, the scaled correlations from observations of the cryogenic
whole-air sampling from two balloon flights inside the Arctic polar vortex in 2009 and 2011
were used, resulting in a correlation function for Cly (eq. 2.1) with the coefficients ¢y =
3011.05ppt, ¢; = -2.774, and c; = -5.88360x 107 ppt! when using CFC-12 as the reference
substance.

Observations of Cly; were separated into the vortex, vortex boundary region, and mid-
latitudes with the method previously introduced in sect. 2.3.2. N,O was measured aboard
HALO during PGS by the TRIHOP instrument (Krause et al., 2018). The TRIHOP instrument
is an infrared absorption quantum cascade laser-spectrometer operated by the University of
Mainz, similar to the UMAQS instrument during SouthTRAC.

2.4.2 Hemispheric comparison of lower stratospheric inorganic chlorine

On the basis of the SouthTRAC and PGS campaigns, we compared the amount of Cly inside
the respective vortex. Vertical profiles Cli, and Cly inside the Antarctic and Arctic vortex
were analyzed using © and A® as the vertical coordinate. The Cly observations assigned to
the vortex were binned into 5K intervals of ® and A®. Likewise, this binning was done for
Cliotal. The profiles as well as the mean PV-based tropopause are displayed in Fig. 2.10.
Mean tropopause heights were comparable for the two campaigns (at 306 K during PGS
and at 308 K during SouthTRAC). Regarding Cl;, there is a difference of about 60 + 9.6 ppt
between PGS (2015/2016) and SouthTRAC (2019). The trend of the controlled chlorinated
substances was stated to be around -12 + 0.9 ppt/yr (Engel and Rigby, 2018), which, based on
the period between these two campaigns, would account for about 45 ppt of the difference.
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FIGURE 2.9: Flight tracks of HALO during the second phase of the PGS cam-
paign with the base in Kiruna, Sweden.

The remaining difference of about 15 ppt may be due to larger chlorine input from the NH.
The overall picture of the vortex profiles in ® and A® is similar. SouthTRAC polar vortex
Cly values are larger than the PGS polar vortex values at comparable distance to the local
tropopause. In ® coordinates (Fig. 2.10a), differences reach a maximum of around 444 ppt
at around 385K. The maximum difference is even larger in A® coordinates with 540 ppt
at 65K, although the difference becomes smaller at higher A® levels (Fig. 2.10b). Based
on these two campaigns, a slightly different partitioning of the total chlorine within the
respective hemispheric vortex is obtained. Within the Antarctic vortex, up to around 50 %
was found in the inorganic form. In the Arctic vortex, only around 40 % of total chlorine
was found in the inorganic form at a comparable distance to the tropopause.

For the inter-hemispheric difference of Cly (Fig. 2.11), observations of the two cam-
paigns were represented in an altitude-latitude cross-section. As the horizontal coordinate,
we have chosen geographical latitude for tropospheric values and equivalent latitude for
stratospheric values hereafter referred to as equivalent latitude”. For the vertical coordinate,
A® was used, as tropopause height is slightly different for the campaigns, and a tropopause
relative coordinate accounts for tropopause variability and allows for a better comparison
of Cly. Observations have been binned into 5° latitude and 5K of A®, with bins containing
at least five data points taken into account for the analysis. The difference was then calcu-
lated by subtracting each southern hemispheric altitude-latitude bin from the corresponding
northern hemispheric bin if present.

There is hardly any overlapping data in the troposphere with only two bins showing
only little difference between the two hemispheres. Furthermore, in the lowermost strato-
sphere up to around 20K above the local tropopause, differences are still small with some
exceptions between 0 and 5K of A® and 30 to 35° equivalent latitude and between 10 and
15K of A® and 45 to 50° equivalent latitude. Both bins have around 200 ppt more Cly during
PGS than during SouthTRAC.

In the lower stratosphere, a separation into two areas can be seen. The higher latitudes
show overall higher mixing ratios during SouthTRAC. Two bins show outstandingly high
differences of about 900 ppt more Cly in the SH. These differences are much larger than the
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differences from the vertical profiles inside the respective vortex in Fig. 2.10. Due to dif-
ferences in Arctic and Antarctic vortex size, strength, and stability, it is very likely that ob-
servations of different regions, e.g., from the vortex core and vortex boundary region, have
been compared, since the coordinates used are not relative to the vortex edge. A possible
reason for the differences at high-latitudes is a difference in transport in both hemispheres.
For instance, Konopka et al., 2015 used model simulations with meteorological reanalysis
data to show that mean AoA is always younger polewards of 60° in the NH compared to
the corresponding season in the SH. Older air, e.g. with longer transit times is associated
with larger amounts of Cly as more Clyy, is already converted to inorganic form. The mid-
latitude stratosphere shows consistently higher Cly mixing ratios during PGS with differ-
ences reaching up to 315 ppt. The amount of Cliy, declined between the time of the PGS
campaign and the SouthTRAC campaign and arguably would mask the inter-hemispheric
difference in Cly. But the maximum difference of Cly, between 2015/2016 and 2019 of
60 +9.6 ppt would not change the overall picture, as it would only account if it was com-
pletely converted to the inorganic form. Further, the observed differences are clearly larger
than the temporal difference on Cliot,. Explanations of the differences in the mid-latitude
stratosphere are somewhat limited. Results compiled in Engel and Rigby, 2018 show up-
dates to mid-latitude stratospheric Cly trends, based on chlorine reservoir species. South-
ern hemispheric trends are overall negative, whereas northern hemispheric trends are non-
significantly negative or even slightly positive (Mahieu et al., 2014; Froidevaux et al., 2015;
Froidevaux et al., 2019). But although these trends differ hemispherically, they do not ex-
plain the differences of around 200 ppt and more, based on observations from the PGS and
SouthTRAC campaign. Observational-based results show, however, that mean AoA in the
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FIGURE 2.11: Difference of the latitude-altitude cross section of Cly from PGS

and SouthTRAC. Data are binned using equivalent latitude” and A@. The
figure is taken from Jesswein et al. (2021).

NH lowermost stratosphere undergoes a seasonal cycle where mean AoA increases from
October to April, and the distribution is driven by the strength of the downward transport
and isolation from the troposphere (Bonisch et al., 2009). However, such an observational-
based analysis is lacking for the SH.

2.4.3 Improved method for deriving mean age - towards more accurate inorganic
chlorine

Mean AoA, used for the estimation of Cliy, in the previous section, was derived with the
common assumption, that all air passes through the tropical tropopause into the strato-
sphere. This assumption works well for the stratosphere above about 380 K of ®. In the low-
ermost stratosphere, however, transport mechanisms across the extratropical tropopause
gain importance and can influence the composition of the lowermost stratosphere. This also
has implications on deriving age spectra and mean AoA from mixing ratios of trace gases
(Hauck et al., 2019; Hauck et al., 2020). The method to derive mean AoA must be expanded
to account for the input from the extratropical tropopause.

An extended approach accounts for input into the stratosphere from 7 individual source
regions with individual time series yx;(t'). The origin fractions f;(¥, t) introduced by Hauck
et al. (2020) can then be used to describe the percentage of air at a point in the stratosphere
that has tropospheric section i as origin, thus the weight of each x;(X, t) of the total mixing
ratio. Equation 1.1, e.g. the mixing ratio of a suitable age tracer at a specific location in the
stratosphere can be extended as followed

n—1

x(&0) = LAE D« [ xoilt = )Gt ¢)dr) (2.2)
0

i=
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This is only valid, if the sum of all origin fractions is 1 (C/ f;(¥,t) := 1). Following
Hauck et al., 2020, entry regions are defined as a northern (90-30° N), tropical (30°S-30°S),
and southern (90-30°S) section. As there are no long-term time series at the tropopause for
mean AoA calculation available, in the course of the work in Wagenhéuser et al. (2022), the
tropical ground time series was used, shifted by an individual constant (t,;) for every entry
region (derived time shifts for NH extratropical, tropical, and SH extratropical entry region
are listed in Wagenhduser et al., 2022). By extending the equations by Volk et al. (1997) for a
quadratically increasing tracer, mean AoA with multiple entry regions can be expressed as
followed

T(E, 1a = t— A+ bn (% 0) + %i

. - 23)
JuHm(z,t) N

i=0

with the weighted mean time shift t,,(¥,t) = Y/ (fi(¥, t) * t,;) and A represents the ra-
tio of moments. This method is hereafter referred to as the exTR-TR-method (extra-tropical
and tropical method) whereas the method using only tropical input hereafter is referred to
as TR-only method.

The methods are compared using observational data of SF4 from different measurement
campaigns. Further, results were corrected for mesospheric loss with a correction func-
tion given in Leedham Elvidge et al. (2018). Maximum absolute differences between the
mean AoA derived from the exXTR-TR and TR-only methods were about 0.31 years in the
NH and 0.42 years in the SH with the largest difference at mid- to high-latitudes close to the
tropopause. The TR-only method derived negative mean AoA value near the tropopause
down to about -0.54 years. The exTR-TR method has reduced the amount of negative mean
Ao0A values near the tropopause. Mean AoA derived using our new exITR-TR method thus
appears physically reasonable even close to the tropopause.

As with the Cly comparison, we can also compare the mean AoA in the NH and SH
based on both campaigns PGS and SouthTRAC. For this purpose, observations from the first
phase of SouthTRAC and the second phase of PGS were used, which have a high seasonal
overlap. Mean AoA results of both hemispheres were binned into A® — equivalent latitude
bins (5K — 5°), considering only bins with at least five data points. Figure 2.12 and 2.13
show the distribution of mean AoA using the exTR-TR method and the old TR-only method
for both campaigns and the difference between them, respectively. With the new exTR-
TR method (Fig. 2.12), the NH mid-latitude lowermost stratosphere reveals overall higher
mean AoA values than in the SH up to around 60 to 65K of A® with, on average 0.5+0.3
years older air in the NH than in the SH. A® levels above show a different pattern with
older air in NH mid-latitudes up to 55° (around 0.7 + 0.4 years difference), but older air in
the SH polewards of 55° (reaching values of 2.1 years difference). These findings indicate a
more confined air mass which descends inside the SH vortex with a strong gradient towards
the mid-latitudes. In the NH, however, descending old air is mixed with younger air from
the lowermost stratosphere of the mid-latitudes. Using the old TR-only method (Fig. 2.13),
the pattern in the lower stratosphere above around 60 to 65K is quite similar. However,
a less clear picture is obtained below these levels with bins slightly positive or negative in
mean AoA. The TR-only method disregards the inter-hemispheric gradient in SFg mixing
ratios. As a result, mean AoA values are young biased in the NH and old biased in the SH.
These biases mask inter-hemispheric differences in mean AoA in the lowermost stratosphere
detected by the new exTR-TR method.

Comparing inter-hemispheric differences of mean AoA using the exTR-TR method (Fig.
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FIGURE 2.12: Comparison of exITR-TR method derived mean AoA latitude-
altitude distributions during SouthTRAC phase 1 (a) and PGS phase 2 (b).
The hemispheric difference based on these two campaign phases is shown in
panel (c). Altitude is given in A®. Horizontally, data are sorted by eq. lat. The
figure is taken from Wagenhduser et al. (2022)
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FIGURE 2.13: Same as Fig. 2.12 but using the TR-only method. The figure is
taken from Wagenhduser et al. (2022).

2.12 (c)) and the TR-only method 2.13 (c)) with the inter-hemispheric difference of Cly (Fig.
2.11), a greater similarity between the TR-only method based inter-hemispheric difference
and the inter-hemispheric difference in Cly can be found. Similar to the differences in mean
AoA below around 60 to 65K of A®, differences in Cly are only marginal with slightly pos-
itive and negative values of Cly. The connection is in the determination of Cli,;, which is
needed for the calculation of Cly via the methods used here (see section 2.3.1 for the semi-
direct and indirect determination of Cly). The determination of Cly, in the stratosphere
depends on tropospheric time trends of the chlorinated substances and on calculated mean
AO0A to estimate the stratospheric mixing ratios without any chemical degradation. Thus,
Cly from the difference of Cli,,; and CCly benefits indirectly from more accurate mean AoA
values. Mean AoA derived from the EXTR-TR method show a clear pattern below about
60K of A® with older air in the NH. It can be assumed that the inter-hemispheric difference
is more pronounced below about 60 K of A® than is assumed in Jesswein et al. (2021), where
Cly (section 2.3.3 and 2.4.2) was derived using mean AoA with the TR-only method. In fu-
ture analyses of the distribution of Cly, the new method with consideration of the tropical
as well as the extra-tropical transport should be considered.
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2.5 Stratospheric bromine - global seasonal distribution of Br-VSLS

The following sections summarize the concepts, methods, data, and key results that are pub-
lished in detail in:

Jesswein, M., Fernandez, R. P, Bernd, L., Saiz-Lopez, A., Groof, J.-U., Hossaini, R., Apel, E.
C., Hornbrook, R. S., Atlas, E. L., Blake, D. R., Montzka, S., Keber, T., Schuck, T., Wagen-
héuser, T., and Engel, A.: Global seasonal distribution of CH,Br, and CHBr3 in the upper tropo-
sphere and lower stratosphere, Atmos. Chem. Phys., Atmos. Chem. Phys., 22, 15049-15070,
2022, DOLI: https://doi.org/10.5194/acp-22-15049-2022

2.5.1 Expansion of the data

The idea to investigate the global distribution of the two largest representatives of the short-
lived brominated substances CH,Br, and CHBr; was initiated by a previous publication
from our working group. In the work of Keber et al. (2020), aircraft measurements of
Br-VSLSs with the GhOST-MS at the tropopause and lowermost stratosphere in NH mid-
latitudes to high-latitudes during winter and late summer to early autumn were analyzed.
Mixing ratios of CHBr; were systematically higher at the extratropical tropopause than those
at the tropical tropopause. CH,Br, exhibited a similar but less pronounced seasonality. In
addition, the increase was more pronounced in winter with increased lifetimes at higher
latitudes. The question of how the distributions are in the other seasons and on the SH
remained open. The SouthTRAC campaign further expands the data basis of the GhOST-
MS measurements towards the SH, but still leaves some large gaps in seasonality. These
seasonal gaps were filled with additional measurements from other aircraft campaigns. All
missions and their flight tracks are displayed in Figure 2.14, with the already mentioned
mission PGS (purple flight tracks) and SouthTRAC (orange flight tracks). In the following,
we go into the additional measurements.

90 Flight tracks HALO missions, HIPPO mission and ATom mission

PGS

WISE
TACTS
SouthTRAC
ATom

Latitude [°]

Longitude [°]

FIGURE 2.14: Flight tracks of the HALO missions TACTS (blue), WISE (green),

PGS (purple), and SouthTRAC (orange) as well as flight tracks of the HIPPO

mission (black) and ATom mission (red). The figure is taken from Jesswein
et al. (2022).
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Further HALO missions, which are included here, are the TACTS (Transport and Com-
position in the Upper Troposphere/Lowermost Stratosphere) mission and the WISE (Wave-
driven ISentropic Exchange) mission. TACTS was conducted in August and September 2012
with flights covering an area from Cabo Verde islands to the Norwegian archipelago (Fig
2.14, blue flight tracks). The base of the mission was Oberpfaffenhofen (Germany). Flights
of the WISE campaign were between September and October 2017, mainly conducted from
Shannon (Ireland). Observations from WISE are from the Atlantic Ocean and western Eu-
rope (Fig. 2.14 green flight tracks). The GhOST-MS was operated in NCI mode during both
campaigns similar as it was done during the PGS campaign. Local tropopause information
for both campaigns was derived using the CLaMS model with underlying meteorological
fields from ERA-Interim reanalysis of ECMWFEF (Dee et al., 2011).

In addition to the HALO missions, another two missions were added. The HIPPO (HI-
APER Pole-to-Pole) mission and the ATom (Atmospheric Tomography) mission, both with
flights in a broad latitudinal range in the NH and SH. The HIPPO mission was split into sea-
sonal segments, which took place in January 2009 (HIPPO-1), October to November 2009
(HIPPO-2), March to April 2010 (HIPPO-3), June to July 2011 (HIPPO—4), and August to
September 2011 (HIPPO-5), with a repeated flight pattern of altitude cross sections over the
Pacific Basin and North American mainland (Wofsy, 2011) (Fig. 2.14 black flight tracks).
As given in the name of the mission, the NSF/NCAR High-performance Instrumented Air-
borne Platform for Environmental Research (HIAPER) Gulfstream V (GV) aircraft was used
for the measurements. For the analysis of CH,Br, and CHBr;, data from two whole air sam-
plers (WASs) were used. The University of Miami operates the Advance Whole Air Sampler
(AWAS). Air samples were collected in stainless steel canisters (Atlas, 2016). In addition, the
NOAA Whole Air Sampler (NWAS) was installed in HIAPER, which stores air samples in
glass flasks. Subsequently, the air samples were analysed in ground-based laboratories with
GC-MS systems. Results from both laboratories were provided on scales consistent with
NOAA /ESRL ground-based station results (Hossaini et al., 2013; Hossaini et al., 2016).

The ATom mission consists of four sub-missions, conducted in July to August 2016
(ATom-1), January to February 2017 (ATom-2), September to October 2017 (ATom-3), and
April to May 2018 (ATom—4). Each sub-mission started and ended in Palmdale (California,
USA) with the route to the western Arctic, south to the South Pacific, east to the Atlantic, and
north to Greenland, returning across central North America using the NASA DC-8 aircraft,
which can reach an altitude of around 12 km (Wofsy et al., 2021; Thompson et al., 2022) (Fig.
2.14 red flight tracks). Measurements of two WAS and one in-situ instrument were used.
The University of California — Irvine (UC-Irvine) research group operated a whole air sam-
pler (hereafter referred to as WAS), storing air in stainless steel canisters. Air samples were
analysed afterwards using GC with flame ionization detection (FID), ECD, and MS (Barletta
et al., 2019). In addition, the NOAA /GML’s Programmable Flask Package Whole Air Sam-
pler (PFP) was operated using glass flasks with subsequent analysis of the samples at the
NOAA'’s Global Monitoring Division laboratory for trace gases by GC-MS. During the ATom
mission, the NCAR Trace Organic Gas Analyzer (TOGA) was operated in addition, which
is an in-situ instrument with a GC-MS system (Apel et al., 2015), similar to the GhOST-MS.
The two WAS and the TOGA instrument generally show a good correlation and consistency
in mole fractions for CH,Br, and CHBrj3, based on the data that was taken at about the same
time (Asher et al., 2019). For both, HIPPO and ATom, local tropopause information and
equivalent latitude were derived using CLaMS with underlying ERA-5 reanalyses, like for
PGS and SouthTRAC.
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2.5.2 TOMCAT and CAM-Chem model simulations

The observational distribution was compared to model simulations of two models. In col-
laboration with Ryan Hossaini (Lancaster University, Lancaster, UK), the distribution of the
two Br-VSLS was simulated using the TOMCAT (Toulouse Off-line Model of Chemistry And
Transport) model for the period of the measurement campaigns (2009 to 2019). TOMCAT is
a Eulerian offline three-dimensional chemistry transport model (CTM) (Chipperfield, 2006;
Monks et al., 2017). A hybrid vertical sigma — pressure (¢ — p) coordinate with 60 levels up
to around 60 km is used by the model and the horizontal resolution of the model was set to
2.8° x 2.8° (latitude x longitude). The necessary meteorological input fields for the simula-
tion with the TOMCAT model are taken from the ECMWF ERA-5 reanalysis (Hersbach et al.,
2020). The internal time step of the model was 30 min. Based on that, monthly means were
generated for this study. Further, the model configuration reads an offline monthly varying
climatological OH concentration field, developed for the TransCom-CH, project (Patra et al.,
2011).

The second model used in this study is the CAM-Chem (Community Atmosphere Model
with Chemistry, version 4) model, the atmospheric component of the NCAR Community
Earth System Model (CESM) (Lamarque et al., 2012), in collaboration with Rafael P. Fer-
nandez (FCEN-UNCuyo, Mendoza, Argentina). CAM-Chem is a three-dimensional chem-
istry climate model (CCM). The WACCM (Whole Atmosphere Community Climate Model)
physics module for the stratosphere is included, and it uses the chemical mechanism of
MOZART (Model for OZone and Related chemical Tracers) with different possibilities of
complexity for tropospheric and stratospheric chemistry. Further, a detailed treatment of
tropospheric Br-VSLS sources and chemistry is included (described in Fernandez et al., 2014;
Fernandez et al., 2017). The model has 56 hybrid vertical levels up to around 40 km and the
horizontal resolution was set to 0.96° x 1.25° (latitude x longitude). NASA Goddard Global
Modeling and Assimilation Office (GMAO) GEOS5-generated meteorology fields are used
for CAM-Chem. The model simulated output in 5min steps, however, monthly means of
the tracers are used for this study. Like for TOMCAT, model results are available from 2009
to 2019.

One of the main difficulties in modeling halogen chemistry in the atmosphere is describ-
ing the sources of organic source gases, whose global emission levels and distributions are
difficult to determine because of their large geographic and temporal variability. There are
several emission scenarios for Br-VSLS, either being "bottom-up" scenarios, where conclu-
sions about emissions are drawn from surface atmospheric and oceanic measurements, or
"top-down" scenarios, where emission inventory are based on parameters observed in the
atmosphere, e.g. from aircraft measurements. Keber et al. (2020) compared different emis-
sion scnearios, including the one of Warwick et al. (2006) (top-down), Liang et al. (2010)
(top-down), Ordéiiez et al. (2012) (tow-down), and Ziska et al., 2013 (bottom-up). They con-
cluded that no scenario was able to capture the tropical and extratropical values from their
observations, but with the Ordoéfiez et al. (2012) scenario showing an overall good agree-
ment, especially for CH,Br,. Thus, in this analyses, both models are using the Ordéiiez et al.
(2012) scenario.

Briefly described, the Ordénez et al. (2012) scenario used observations of different air-
craft missions. These campaigns are the same as in the Liang et al. (2010) scenario, which
are the PEM-Tropics (A and B), TRACE-P, INTEX (A and B), TC4, ARCTAS, STRAT, Pre-AVE
and AVE missions (Liang et al., 2010), but in addition, the NASA POLARIS and SOLVE mis-
sion are included (Ordoéiiez et al., 2012). In the tropics (20°5-20°N), the VSLS emissions are
weighted towards the concentration of chlorophyll-a (chl-a). Several studies found a correla-
tion of chl-a and water bromoform in open ocean water. Chl-a thus has been used as a proxy
for oceanic bio-productivity (Ordéfiez et al., 2012; Hossaini et al., 2013). A monthly-varying



2.5. Stratospheric bromine - global seasonal distribution of Br-VSLS 39

satellite chl-a climatology was used which allows some seasonality in the magnitude of the
CHBr; and CH,Br, emission fields (Hossaini et al., 2013). Outside the tropics, separated into
20°-50° and above 50°, a constant ocean sea flux was assumed with a factor of 2.5 larger in
the coastal emission to the open ocean emission (Ordoéfiez et al., 2012). As an example, Fig.
2.15 illustrates the resulting global emission field of CH,Br, in September (global emission
tield of CHBr; for September displayed in Fig. B.2 in the Appendix).

CH2Br2 emissions
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FIGURE 2.15: Global emission field (molec/(cm?s!)) of CH,Br, estimated by
Ordoéiiez et al. (2012) for September.

2.5.3 Br-VSLS seasonality in the UTLS and comparison limitations

This section presents a summary of the results of the Br-VSLS distribution based on the
before mentioned observations and model results. For a comprehensive discussion of all
the results, see Jesswein et al. (2022). For the investigation of the seasonal distribution of
the Br-VSLS, we combined the measurements from the different missions. Tegtmeier et al.,
2020 recently speculated a small positive trend in tropical Br-VSLS between 1979 and 2013
of 0.017 +£0.012 ppt Br per decade. However, in this analysis, we did not consider a trend
in Br-VSLS. The combined data set was split by season (DJF: December, January, February;
MAM: March, April, May; JJA: June, July, August; SON: September, October, November).
Likewise, this was done for the model data. Only model data for the years and month, for
which observations are available, have been taken into account for the comparison.

Altitude-latitude cross sections

On a global scale, observations and model results were analysed in an altitude-latitude cross
section for every season. Observational and model data are binned in 10° latitude intervals
from 90° S to 90° N and vertically in pressure intervals between 1000 hPa and 50 hPa. The bin
size decreases logarithmically with increasing altitude. This results in bin sizes of 180 hPa to
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8.5hPa, which corresponds to an altitude resolution of around 1.3 km. The altitude-latitude
cross section of the four seasons from observations, model results from TOMCAT and CAM-
Chem, and the difference between the respective model results and observations, are shown
in Figure 2.16 for CH,Br, and 2.17 for CHBrj3. In the following, we will discuss only some

key aspects regarding the distribution of CH,Br, and CHBrj.
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