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Abstract:

The present thesis reports on the world’s first measurements of the second most important
ozone-depleting halogen bromine at the entrance to the stratosphere (14 - 18.5 km, 0 ~
330 - 400 K) over the East and Central Pacific in late winter 2013. The measurements were
performed within the NASA-ATTREX project from aboard the unmanned aerial vehicle
Global Hawk. For the interpretation of the remote-sensing DOAS measurements of O,
NO, and BrO, use of complementary measurements of brominated source gases (SGs) and
dynamical tracers (e.g. CH;Br, halons, very short-lived species (VSLS), CH,) and model
simulations of the chemical transport model (CTM) SLIMCAT/TOMCAT, is made.

The agreement of measured and modelled CH,, O4, and NO, shows that the major dynam-
ical and photochemical processes are represented well in the CTM. Considering surface
concentrations of the brominated organic SGs of in total 20.5 ppt, the measured BrO
mixing ratios (0.5 - 9.0 ppt) are well explained. An exception are regions where the con-
tribution of the short-lived CH,Br, or the partitioning of BrONO, plays an important
role. The present observations confirm previous findings on the formation of BrONO, of
our workgroup.

Depending on the flight, a total bromine budget (Bry) in the tropical tropopause layer
(TTL) of 20.3 ppt to 22.3 ppt is inferred. For each fligh the contribution to total bromine
of the long-lived brominated SGs stays constant (CH;Br + halons = 14.6 ppt), while the
amount of VSLS and inorganic bromine varies between 5.7 ppt and 7.7 ppt. Thus, the
present observations set a tighter constraint on the role of bromine for ozone depletion in
the TTL than previous studies.

Zusammenfassung:

Die vorliegende Arbeit berichtet iber die weltweit ersten Messungen des zweitwichtigsten
Ozon-zerstorenden Halogens Brom an der Eingangstiir zur Stratosphére (14 - 18.5 km, 0 ~
330 - 400 K) iiber dem tropischen Ost-/Zentralpazifik im Spatwinter 2013. Die Messungen
fanden im Rahmen des NASA-ATTREX-Projekts an Bord des unbemannten Forschungs-
flugzeugs Global Hawk statt. Zur Interpretation der Fernerkundungs-Messungen von O,
NO, und BrO mittels der DOAS-Methode, werden weitere Messungen (CH, und organis-
che bromierte Quellgase wie CH;Br, Halone und VSLS (engl. very short-lived species)),
sowie Modellrechnungen des chemischen Transportmodells (CTM) SLIMCAT/TOMCAT
herangezogen.

Der Vergleich des gemessenen CH,, O3 und NO, und dem Modell zeigt, dass das CTM
die hauptsichlichen dynamischen und photochemischen Prozesse gut abbildet. Werden
im CTM die Bodenkonzentrationen der organischen Quellgase von in Summe 20.5 ppt
berticksichtigt, so werden die gessenen BrO-Konzentrationen (0.5 - 9.0 ppt) im allgemeinen
von dem CTM gut erklart. Eine Ausnahme bilden Regionen in denen die Konzentrationen
des kurzlebigen Quellgases CH,Br, oder die Photochemie von BrONO, eine wesentliche
Rolle spielt. Der letzte Befund zur Bildung von BrONO, bestétigt frithere Ergebnisse
unserer Arbeitsgruppe.

Aus den Beobachtungen lisst sich auf eine Gesamtmenge von Brom (Br, ) in der tropischen
Tropopausen-Schicht (engl. TTL) im Bereich zwischen 20.3 ppt und 22.3 ppt, je nach Flug,
schlieBen. Wéhrend fiir jeden Flug der Zufluss der langlebigen Quellgase (CH;Br + Halone
= 14.6 ppt) konstant bleibt, schwankt der Zufluss der VSLS und des anorganischen Broms
zwischen 5.7 ppt und 7.7 ppt. Diese Messungen schrianken somit die Rolle des Broms fiir
den stratosphérischen Ozonabbau stéirker als bisher bekannt ein.
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1 Introduction

Today the stratosphere is perceived as an important part of the global environ-
ment (Seinfeld and Pandis, 2006). Compared to the turbulence-driven troposphere,
vertical energy transport in the stratosphere is largely dominated by transfer of
electromagnetic radiation. Near the equator, the stratosphere reaches from about
18 km, at mid-latitudes from about 10 - 12 km, and in polar regions from about 8 km
to about 50 km altitude. Its importance for the global environment is threefold: (a)
It shields the biosphere from harmful UV radiation by absorption of electromagnetic
radiation due to ozone (O,) below the threshold of the carbon to carbon dissociation
energy (E) > 3.6 eV), i.e. wavelengths A < 330 nm (Brasseur and Solomon, 1986),
(b) for imposing a radiative forcing onto the climate system which largely depends
on its ozone, water vapor, and CO, concentrations (IPCC, 2013), and (c) for its
potential to downward control some dynamical processes acting in the troposphere
(Baldwin and Dunkerton, 2001).

The first manned balloon probe of the stratosphere occurred on July 31, 1901,
when Reinhard String and Arthur Berson risked the ascent, in an open gondola, to
an altitude of 10550 m over Potsdam/Germany (Berson, A. and Siiring, R., 1901).
Their instrumentation consisted of a Mercury barometer, an aneriod-barograph (a
canister barometer), a so-called aspiration-psychrometer, and a blackbody ther-
mometer. With the help of those instruments they monitored the temperature,
pressure, and water vapor concentration during balloon ascent. Earlier unmanned
atmospheric soundings by Léon Teisserenc de Bort over France (Teisserenc de Bort,
1902) and the data collected by Reinhard String and Arthur Berson suggested in-
creasing temperatures above the tropopause. This led the befriended Léon Teis-
serenc de Bort and Richard Afmann to announce the discovery of the stratosphere
in 1902 (Afimann, 1902).

My thesis is devoted to the amount and photochemistry of bromine in the strato-
sphere. Therefore, in the following some landmark developments and discoveries in
photochemistry, rather than of the dynamical or radiative processes, relevant for the
stratosphere are briefly summarised.

Stratospheric ozone was discovered by the French physicists Charles Fabry and
Henri Buisson in 1913, when they performed the first spectroscopic measurements
of atmospheric scattered light in the UV spectral range (Fabry and Buisson, 1913).
By 1924, the British meteorologist G. M. B. Dobson had developed a simple spec-
trophotometer (the Dobsonmeter). With the aid of the Dobsonmeter F. W. P.
Gotz performed the first quantitative profile measurements of stratospheric ozone
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at Arosa/Switzerland in 1926. Today these so-called 'Umkehr’ measurements form
the world’s longest record of the amount and profile of stratospheric ozone (Dobson
et al., 1926).

In 1930 Sidney Chapman developed a theory, based on the photochemistry of
a pure oxygen atmosphere and UV radiation, to explain the existence of ozone
(Chapman, 1930). Over the next few decades Dobsonmeters were used to measure
the total column amount of ozone at an increasing number of locations. The obtained
ozone climatology showed that the amount of ozone were at a minimum at the
equator and increased towards the poles. Additionally they began exhibiting a
strong seasonal variation with a maximum in the spring and a minimum in the
late fall or early winter. This distribution of ozone was in direct conflict with the
predictions of the Chapman theory that predicted ozone to be a maximum at the
equator and decreasing towards the pole.

An answer to this puzzle was put forward in 1949 by A. W. Brewer and G. M.
B. Dobson (Brewer, 1949), when they suggested that there was a basic circulation
through the stratosphere that moved ozone around and modified the concentrations
that would be predicted by the purely photochemical Chapman theory. This cir-
culation consisted of slow upward motion into the stratosphere in the tropics; a
slow downward and poleward motion at middle latitudes, and return of air to the
troposphere at middle and high latitudes.

Even when considering the so-called HO, catalytic ozone loss cycle, which was
proposed by Nicolet and Bates in 1950 to explain mesospheric ozone (Bates and
Nicolet, 1950), chemical evidence was accumulated by the middle 1960s that the
production-loss balance in the Chapman theory of photochemistry of ozone was
quantitatively incorrect. This finding led P. Crutzen to propose the so-called NO,
catalytic ozone loss cycle (Crutzen, 1971). This was followed by a study of H.
S. Johnston (Johnston, 1971), who quantitatively calculated the change in strato-
spheric ozone due to a fleet of super-sonic aircraft that eventually would emit large
amounts of ozone destroying nitrogen monoxide (NO) into the lower stratosphere.

In 1974 Molina and Rowland proposed that man-made fluorochlorocarbons, even
though long-lived in the atmosphere, would release reactive chlorine that could ul-
timately destroy stratospheric ozone (Molina and Rowland, 1974). The idea that
the halogen chlorine may catalytically destroy stratospheric ozone was later com-
plemented by the suggestion that two other halogens, i.e. bromine and iodine may
also contribute to the global decline in stratospheric ozone (Wofsy et al. (1975) and
Solomon et al. (1994)). An ultimate proof of the theory that halogens may cause
a dramatic loss in stratospheric ozone became evident in 1985 when the ozone hole
over Antarctica was discovered. After its possible causes were intensively investi-
gated and unambiguous evidences on the role the halogens chlorine and bromine
play in its formation were found (Farman et al., 1985), a phase-out of many man-
made halogen bearing molecules was agreed to in the protocol of Montreal in 1989
and its various amendments (see http://ozone.unep.org/en/montreal protocol.php).



Mostly due to various time-scales involved in decreasing the stratospheric burden
of man-made halogens, in the 1990s global ozone was still declining and the ozone
hole continued to widen. By the mid-2000s a turning point was reached leading
to a reversal in the decline of global ozone, and a small but noticeable recovery of
the ozone hole. In effect, for the present composition of the stratosphere both phe-
nomenon are assessed to be caused 2/3 by chlorine and 1/3 by bromine mediated
ozone loss, while a prominent role of iodine in stratospheric ozone destruction could
be ruled-out, primarily due to its low concentration in the stratosphere (WMO,
2014).

Past research revealed that total stratospheric bromine (Br,) was comprised of
4 major sources, or contributions: (1) CH;Br emitted mostly by natural and an-
thropogenic sources with a contribution of presently 7 ppt to Bry, (2) the 4 major
halons (CCIBrF,, or halon-1211; CBrFy, or halon-1301; CBr,F,, or halon-1202, and
CBrF,CBrF,, or halon-2402) all emitted from anthropogenic sources with a contri-
bution of presently 8 ppt to Bry, (3) so-called very short-lived species (VSLS) and
(4) inorganic bromine of the upper troposphere. Contributions (3) and (4) together
are assessed to account for 5 (2-8) ppt of stratospheric bromine (WMO, 2014).
The agreed emission phase-out of chlorine and bromine bearing molecules in the
Montreal protocol and its amendments brought about an effect. Total stratospheric
Br, was assessed to be 20 (16-23) ppt in 2011, and had decreased at ~0.6 + 0.1%
per year between peak levels observed in 2000-2001 and 2012. This decline was
found to be consistent with the decrease in total tropospheric organic Br based on
measurements of CH;Br, and the halons (WMO, 2014).

Estimates of Br essentially rely on two methods: First, the so-called organic
(Bry™®) method, where all bromine from organic source gases (SG) found at strato-
spheric entry level is added (Wamsley et al. (1998), Pfeilsticker et al. (2000), Brinck-
mann et al. (2012), and others). Second total inorganic bromine (Briynorg) which is
inferred from atmospheric measurements (e.g., from the ground, high-flying bal-
loons or satellites of the most abundant bromine species BrO, assisted by a suitable
correction for the Briynorg partitioning inferred from photochemical modelling) (e.g.,
Pfeilsticker et al. (2000), Richter et al. (2002), Van Roozendael et al. (2002), Sioris
et al. (2005), Dorf et al. (2006), Hendrick et al. (2007), Dorf et al. (2008), Theys et al.
(2009), Theys et al. (2011), Rozanov et al. (2011), Parrella et al. (2013), Stachnik
et al. (2013), and others). While the organic method is rather precise for the mea-
sured species (accuracies are several 0.1 ppt), it suffers from the short-coming of not
accounting for any inorganic bromine (contribution 4) directly entering the strato-
sphere. However, uncertainties in the inorganic method come from uncertainties in
the measuring BrO as well as in the modelling Briynorg partitioning. The combined
error amounts to +(2.5 — 4) ppt, depending on the type of observation and probed
photochemical regime.

Further only few simultaneous measurements of Br{® and Briyn(”rg have yet been
performed at stratospheric entry level, in particular in the critical region, i.e., the
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tropics, where a tighter constraint of contributions 3 and 4 for Br, could be ex-
pected. These few simultaneous measurements included the stratospheric balloon
measurements performed over tropical Brazil (e.g., from Teresina) in 2005, and 2008
from Brinckmann et al. (2012), where a contribution of VSLS bromine to Br{™ (con-
tribution 3) of 1.25 £+ 0.16 ppt, and 2.25 + 0.24 ppt were found, and the study of
Dorf et al. (2008), who inferred that contributions 3 and 4 to Br, were 4.0 & 2.5 ppt,
and 2.5 £ 2.6 ppt, respectively. Salawitch et al. (2005) assessed the impact of VSLS
bromine to the trend of global ozone. This additional Br, (assumed constant over
time) causes more ozone depletion because associated BrO provides a reaction part-
ner for ClO, which increases due to anthropogenic sources.

Past in-situ measurements of Br{™® within the tropical tropopause layer (TTL)
over the Western Pacific, where most of the stratospheric air is predicted to origi-
nate (e.g., Fueglistaler et al. (2009), Aschmann et al. (2009), Hossaini et al. (2012b),
Ashfold et al. (2012), and others), indicated typical VSLS concentrations of 2.7 ppt
(range 1.4 - 4.6 ppt) at the level of zero radiative heating (LZRH) and 1.4 ppt (range
0.7 - 3.4 ppt) at the tropical tropopause (§ = 380K) (e.g., Schauffler et al. (1998),
Schauffler et al. (1999), Laube et al. (2008), Brinckmann et al. (2012), Tegtmeier
et al. (2012), Wisher et al. (2014), and WMO (2014)). Even though all these VSLS
measurements (contributions 3) agreed (within the error bars) with Br, assessed
from a larger suite of ground-based, balloon-borne and satellite studies (contribu-
tions 3 and 4) ranging between 3 - 8 ppt with a mean 6 ppt (e.g., Pfeilsticker et al.
(2000), Richter et al. (2002), Van Roozendael et al. (2002), Sioris et al. (2005), Dorf
et al. (2006), Hendrick et al. (2007), Dorf et al. (2008), Theys et al. (2009), Theys
et al. (2011), Rozanov et al. (2011), Parrella et al. (2013), Stachnik et al. (2013),
and others), they tend to be somehow lower, possibly indicating that some inorganic
bromine (presumably 1 - 2 ppt, contribution 4) is also directly transported from the
troposphere into stratosphere.

In a recent study, Hossaini et al. (2015) provided evidence for the efficiency of
short-lived halogens (i.e., by contribution 3) to influence climate through depletion of
stratospheric ozone. Without explicitly considering the contribution from inorganic
bromine readily transported across the tropical tropopause (contribution 4), they
concluded that natural short-lived bromine substances, when normalised by halogen
content, exert a 3.6 times larger ozone radiative effect than long-lived halo-carbons.

The present PhD thesis addresses first measurements of BrO (and of NO,, O,
and of some source gases by collaborating research groups) made during the NASA
ATTREX deployments of the NASA Global Hawk into the TTL and subtropical
lowermost stratosphere of the Eastern and Western Pacific in 2013 and 2014. From
collected NASA ATTREX data, novel and exciting information in the atmospheric
composition, in particular of the bromine bearing source (contribution 1 2 and 3)
and product gases (contribution 4) at stratospheric entry level, i.e. the TTL, and
the extra tropical lowermost stratosphere can be inferred. The focus of the present
PhD thesis is to assess and to test the amount and photochemistry of brominated



source gases, i.e. BrO, and Br™® (= Br + BrO + HBr + BrONO, + HOBr +

y
BrCl) which is inferred from photochemical modelling.

Chapter 2 provides scientific background information on the relevant aspects of
physics and chemistry of the TTL, including a basic overview of the photochemical
processes of the different trace gases that were measured in the scope of this thesis.
Chapter 3 presents the physical fundamentals of radiative transfer processes in the
atmosphere and a derivation of the radiative transfer equation which needs to be
resolved in our technique to measure trace gases. Chapter 4 introduces the NASA
ATTREX project and gives an overview of the collected data. Chapter 5 describes
the major features of the mini-DOAS instrument used during the NASA ATTREX
mission to measure O, NO,, BrO, O, and H,O. Chapter 6 deals with methods used
in the course of the data analysis: the DOAS method, radiative transfer modelling
and chemical transport modelling. Chapter 7 discusses extensively the used inver-
sion methods. Chapter 8 presents and discusses comprehensively the major results.
Chapter 9 summarises the findings and gives an outlook on open scientific issues.






2 The Tropical Tropopause Layer (TTL)

The measurements and their consequences on which the present thesis reports are
performed in the so-called tropical tropopause layer (TTL). The first section of this
chapter gives a very short introduction of the vertical structure of the atmosphere,
then second a definition of the TTL is given. The TTL acts as a gate to the
stratosphere for ozone-depleting substances (ODS), like bromine (Fueglistaler et al.
(2009)). Therefore the TTL has a unique meaning in terms of determining the
amount of stratospheric ODS, which have a direct impact on stratospheric ozone
and global climate. Despite its relevance it is one of the least understood regions
in the atmosphere. In the last section of this chapter the major photochemical
reactions regarding nitrogen, ozone and halogens are listed.

2.1 Vertical structure of the atmosphere

The section about atmospheric structure is only a very brief summary. A compre-
hensive overview can be found in various textbooks, e.g. Brasseur and Solomon

(1986), Roedel (2000), Finlayson-Pitts and Pitts Jr. (2000).

The total mass of the atmosphere is 5.148 - 10'® kg. Atmospheric pressure is a
direct result of the weight of the air. Under standard conditions (e.g. the U.S.
Standard Atmosphere) with a temperature at sea level of 288.15 K, the pressure is
po=1013 hPa := 1 atm. Subsequently the air number density at sea level is 2.5 -
10* ecm™3. The barometric height formula describes the pressure as a function of
altitude:

z

p(z) = po exp(——) (2.1)
20
with the scale height
k-T
m-g

To give a rough estimate of the pressure gradient in the atmosphere, the scale height
7o =~ 8 km is a good choice.

The atmosphere can be divided in different layers by several characteristics. Most
common is to separate the layers by the behaviour of the temperature gradient. The
altitude regions where the temperature gradient changes its sign are called pauses

11
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Figure 2.1: Vertical structure of the atmosphere and temperature profile ac-
cording to the U.S. Standard Atmosphere. (Left panel adapted from Steven
C. Wofsy, 2006, Abbott Lawrence Rotch Professor of Atmospheric and Environ-
mental Science, lecture notes. Right panel adapted from COMET® Website at
http://meted.ucar.edu/.)

while the layers in between are called spheres (see Figure 2.1). The right panel
shows that the tropopause height changes strongly with latitude.

2.2 Definition and dynamics of the TTL

In contrast to mid- and higher latitudes where the transition from troposphere to
stratosphere (related to e.g. temperature gradient, ozone, etc...) is represented
by a rather sharp defined tropopause, in the tropical region this transition occurs
in an extended vertical layer. Therefore it is commonly called tropical tropopause
layer. This layer of several kilometres vertical extent shows both tropospheric and
stratospheric characteristics.

The upper and lower bound is commonly defined by terms of the potential tem-
perature. Fueglistaler et al. (2009) suggests a vertical boundary of the TTL with a
bottom of 150 hPa, 355 K, 14 km (pressure, potential temperature, and altitude)
and a top of 70 hPa, 425 K, 18.5 km. Depending on the cloud cover, the LZRH
often lies at slightly larger altitudes than this lower bound (Fueglistaler et al., 2009).
Gettelman and Forster (2002) defines the lower bound of the TTL as the LZRH for
clear sky conditions which often corresponds to a minimum in ozone, and the upper
bound by the cold point tropopause (CPT) at ~17 km.

12



2.2 Definition and dynamics of the TTL

Transport of air masses in the atmosphere is generally constrained by conserva-
tion of energy and of angular momentum (quantified by the potential vorticity PV).
Regarding the conservation of energy one has to distinguish between adiabatic and
diabatic transport. Adiabatic transport of air parcels happens without energy ex-
change with the environment. From the Poisson equation for adiabatic processes
one obtains the definition of the potential temperature ©:

K

T T const. (2.3)
;»@:T-<p°> K (2.4)
p

with py being surface pressure, %1 ~ 0.286 (for air). The potential temperature is

the temperature that the parcel would acquire if adiabatically brought to a reference
pressure py. Diabatic transport allows exchange of energy by radiation, both heating
or cooling of the air parcel. Air parcels can move along (adiabatic) and perpendicular
(diabatic) to isentropes of potential temperature. Meridional horizontal transport
is mainly limited by PV conservation.

Figure 2.2 shows a schematic of the tropical upper troposphere, lower stratosphere
and the TTL (Fueglistaler et al., 2009). The left panels shows convection and
cloud processes, the right panel illustrates the zonal mean circulation and the net
radiation budgets. Arrows indicate circulation, black dashed line is clear sky LZRH,
black solid lines show isentropes (in Kelvin; based on ERA-40'). Tropical deep
convection (circle (a)-(g)-(b)) reaches altitudes of 10-15 km, with the main outflow
at around 200 hPa. Outflow rapidly decays with height in TTL, and there are
rare penetrations of the tropopause and direct injection of air into the lowermost
stratosphere. Tropical deep convenction allows fast vertical transport of tracers
from boundary layer into the TTL. In some cases convection reaches higher and
may even penetrate the stratosphere by overshooting its level of neutral buoyancy
(h). Convective transport of air parcels is dominated by adiabatic processes.

In the upper TTL radiation processes become relatively more important and thus
the transport processes are mainly diabatic. Air masses not reaching the level of
zero heating (LZRH) are radiatively cooled and consecutively subside (b). Above the
LZRH air is net heated (Figure 2.2 (d)) and ascends further via diabatic heating.
Air that enters the stratosphere undergoes a freeze-drying process near the CPT
(Brewer (1949)) and therefore the CPT temperature is a key feature in determining
the stratospheric water content. (Holton et al. (1995)).

Large gradients in potential vorticity associated with the subtropical jets (Figure
2.2 (c), 2.3 black contour lines) limit meridional transport in the lower part of the
TTL, while in the upper part of the TTL transport to higher latitudes and mixing

Thttp: //www.ecmwf.int /en /forecasts/datasets/era-40-dataset-sep-1957-aug-2002
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Figure 2.2: Schematic of cloud processes and transport (left) and of zonal mean
circulation (right). Adopted from Fueglistaler et al. (2009)

of air into the tropics from higher latitudes (Volk et al. (1996), Minschwaner et al.
(1996)) is observed (Figure 2.2 (e)).

In the upper TTL and LS, air is transported to the mid-latitudes in a quasi-
horizontal two-way meridional exchange above the subtropical jets in both hemi-
spheres (Randel and Jensen, 2013) This is the lower branch of the so-called Brewer
Dobson circulation (BDC). The details of the two-way transport at higher altitudes
can be found in e.g. Bonisch et al. (2011), and will not be further discussed here.

The constraints on vertical and horizontal transport lead to basically three differ-
ent regimes of air masses in the subtropical region (Figure 2.3). These were partially
probed during during the 2013 NASA-ATTREX deployment (details in chapter 4).
The 2013 NASA-ATTREX measurements (details in chapter 4) probed air masses
in the region between -10°S to 35°N, and up to 18.5 km altitude (red box in Figure
2.3):

(I) Air from the extratropical upper troposphere / lower stratosphere (Ex-UTLS)
(IT) Mixed air of the Ex-UTLS and the TTL
(III) Pure TTL air

The labelling I, IT, III for the different regimes is kept throughout this thesis. De-
pending on whether type I or III is dominant in the mixed layer regime it is further
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2.2 Definition and dynamics of the TTL
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Figure 2.3: Illustrated schematically are the Ex-UTLS (dark and light blue shad-
ing), extratropical transition layer (ExTL) and TTL. Important marks: Wind con-
tours (solid black lines 10 m/s interval), potential temperature surfaces (dashed
black lines), thermal tropopause (red dots), potential vorticity surface (2 PVU:
light blue solid line). Adopted from Gettelman et al. (2011).

on labelled as ITa or ITb. Besides other proxys, the different regimes can be identified
by their CH, content (indicating age of air with respect to the last surface contact).
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2 The Tropical Tropopause Layer (TTL)

2.3 Stratospheric photochemistry

The chemistry in the TTL and stratosphere is not only influenced by dynamics and
transport processes, it is also mainly driven by solar radiation, which is called pho-
tochemistry. As mentioned in the introduction, this thesis focusses on the measure-
ments and interpretation of the trace gases ozone (O,), bromine monoxide (BrO),
nitrogen dioxide (NO,) within the tropical UT, TTL and extratropical lowermost
stratosphere. The following section provides an overview of the chemical processes
of these species with a focus on the TTL and stratosphere.

2.3.1 Ozone

Ozone is one of the central trace gases in the Earth’s atmosphere. Due to its ab-
sorption in the UV-A (315-400 nm) and UV-B (280-315 nm) wavelength range it
protects life on Earth from a major part of dangerous short-wave radiation. But it
also plays an important role in the troposphere, where it influences the oxidative
capacity of the troposphere.

Reaction cycles involving oxygen, hydrogen, nitrogen and halogen containing
species govern the formation and destruction of stratospheric ozone. In 1930 Sidney
Chapman (Chapman, 1930) published the first simple theory on stratospheric ozone,
involving only oxygen species. Molecular oxygen (Osz) is photolysed by ultraviolet
radiation with wavelengths below 242 nm. The oxygen atoms react with molecular
oxygen to ozone via a three-body reaction:

Og—f-hV — 20 (2.5
0+0;+M — Os+M (2.6)

Ozone loss happens through photolysis by UV radiation with wavelength below 310
nm followed by the reaction with another oxygen atom or ozone:

O3 +hy — Oy +O(®P) (2.7)
O3 +hy — 05+ O('D) (2.8)
O('D)+M — O(P)+M (2.9)
O+0+M — O0y+M (2.10)
OCP)+03 — 20,. (2.11)

Due to the strong attenuation of solar UV radiation, photolysis of molecular oxygen
and thus Oz production occurs mainly in the upper stratosphere. Together with
photo-dissociation of O3 (reaction 2.7 and 2.8) an equilibrium between O; and O
builds up. Within this equilibrium, forward and backward reactions of atomic oxy-
gen to O3 happens in the order of seconds (2.5 and 2.6). The rapid transformation
of one species to the other allows the definition of families, where the lifetime of the
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2.3 Stratospheric photochemistry

whole family is rather long. The O, family is defined as the sum of odd-oxygen like
O3, O(®P) and O('D).
Total ozone loss is further increased via catalytic cycles:

O0+XO — X+4+0 (2.13)
net :0+0;3 — 20,. (2.14)

where odd-oxygen is transformed into its reservoir XO by a catalyst X, which can
be substituted by the radicals OH (Bates and Nicolet, 1950), NO (Crutzen, 1970;
Johnston, 1971), Cl (Molina and Rowland, 1974), Br (Wofsy et al., 1975) and possi-
bly T (Solomon et al., 1994). These catalytic cycles are much more efficient than the
O, cycle. A single Cl or Br atom can destroy hundreds of ozone molecules before it
reacts into an ozone inert reservoir gas, breaking the catalytic cycle. It can destroy
up to a tens of thousands of ozone molecules during the total time of its stay in the
stratosphere (WMO (2011)). Reactions with Br are discussed in detail in 2.3.3.

There are additional cycles involving the HO, =H + OH + HO, catalyst, e.g. the
following, where O3 is destroyed without involving atomic oxygen:

net : 2 03 — 3 02 . (217)

The combination of different families of catalysts leads to further catalytic cycles
of O3 destruction:

X+03 — XO+0, (2.18)
Y+0; — YO+O0, (2.19)
XO0+YO0 — X4+Y+0, (2.20)

net : 203 — 30, (2.21)

where possible candidates are: X=0H and Y =CI, X=0H and Y =Br, X=Br and
Y =Cl. The efficiency of the different cycles depend on the reaction speed and the
number of cycle the catalyst can undergo before it is lost in a chain termination
reaction. From 12 to 25 km altitude the HO, and BrO, (=Br+ BrO) catalytic
cycles are most important, while between 25 km and 40 km the Oz destruction is
dominated by NO,. The relative importance also depends on tropospheric loading of
inorganic bromine, Ber;mg (Figure 2.4). Since Oj loss due to the coupled C10-BrO
cycle is completely assigned to BrO,, the importance of BrO, compared to CIO,
(=Cl+4 ClO +2Cl305) in the lower stratosphere is somewhat disproportionate. In
this calculation 10, (=1+10) is only of minor importance.
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2 The Tropical Tropopause Layer (TTL)
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Figure 2.4: Fraction of odd oxygen loss by various catalytic cycles within the AER
model at 47°N, March 1993, for model runs with tropospheric BrOiyIlorg (here called
Br;FROP) of 0, 4, and 8 ppt (panels a-c, as indicated). Panel d. Difference between
the ozone profile at 47°N, March 1993 and the profile at 47°N, March 1980 for runs
with Ber;rlorg of 0, 4, and 8 ppt. Adopted from Salawitch et al. (2005).

2.3.2 The nitrogen cycle

The dominant source of the NO, (= NO 4 NO,) catalyst is the greenhouse gas N,O.
The importance of N,O for the future evolution of ozone will increase as halo-carbons
return more and more towards pre-industrial levels (Portmann et al., 2012). N,O is
produced at the surface and is relatively inert in the troposphere. It is transported
to the stratosphere where it is broken down via photolysis:

NyO +hy — Ny +O('D) (2.22)
N,O+O('D) — 2NO (2.23)

The global lifetime of N,O is approximately 114 years (WMO (2014) and Ko et al.
(2013)). Removal of reactive nitrogen occurs in the middle and upper stratosphere
effectively through the reaction

NO+N — Ny+O. (2.25)
(2.26)

Due to the lack of nitrogen atoms this reaction is negligible in the lower stratosphere.
According to reactions 2.13 to 2.12 odd oxygen loss via the NO, catalytic cycle goes
along with interconversion of NO and NO,

(2.29)
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2.3 Stratospheric photochemistry

Below ~30 km odd oxygen is reproduced again via photolysis (A <405 nm) of NO,
which balances the O, loss caused by reactions 2.27 and 2.28.

NOs +hy — NO+0 (2.30)

Conversion of NO to NO, can also be driven by BrO, ClO and other oxidants instead
of O4. Subsequent photolysis of NO, even represent net formation, processes of odd
oxygen:

NO + ClIO — NO, + Cl (2.31)
NO +BrO — NO; + BrO (2.32)
(2.33)

With absence of sunlight photolysis of NO, fades out and NO is rapidly converted
to NO, which forms NO; through reaction with Oy

During daytime NOj concentration are negligible since it is instantaneously broken
down by photolysis yielding NO, or NO. However, during the night, NO; reacts
with NO, and forms the reservoir species N,Ox:

During the day N,O; is photolysed again at moderate rate:
N205 +hyr — +NOQ + NOg (236)

Of special interest for the present study are the additional nitrogen reservoirs CIONO,
and BrONO, which act as the same time as reservoirs for Cl10, and BrO, radicals:

NOy, +ClIO +M — CIONO, + M (2.37)

Release of the catalysts BrO and ClO from their reservoirs can occur again through
photolysis:

BrONOy +hvy — BrO + NO, (2.40)

The photolysis rate coefficient of reaction 2.40 is listed with a lo-uncertainty of
1.465 at 220 K (Sander et al., 2011). The efficiency of the BrONO, photolysis has
a major impact on the Briynorg partitioning in the Ex-UTLS. Section 8.3 presents a
sensitivity study on the photochemical equilibrium of the reactions 2.38 and 2.40.
In this context most notably is that this study supports the findings of a larger
Jerono,/k ratio as in (Sander et al., 2011). This is in agreement with Kreycy

(2012).
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2 The Tropical Tropopause Layer (TTL)

2.3.3 The bromine cycle

This section contains a short compilation of chemical reactions regarding ozone-
related bromine photochemistry.

BrO, constituents undergo rapid interconversion according the catalytic cycle in
equations 2.12-2.14

Br + 03 — BrO + 02 (241)
BrO+0 — Br+0, (2.42)
and

BrO+hryr — Br+0 (2.43)
BrO+NO — Br+NO, (2.44)

BrO +ClIO — Br+ OCIO 60% (2.45)

— Br 4 ClO, 32% (2.46)

— BrCl+ O, 8% . (2.47)

The reaction rate of equation 2.41 is very important for the inorganic Br, parti-
tioning within in the TTL where Br atoms and BrO have the lion’s share of Briynorg.
Section 8.3 presents a sensitivity study on the rate coefficient within the uncertainty
range as in Sander et al. (2011). The branching ratios of equations 1 are given for
T=200 K according to Sander et al. (2011).

BrO, radicals are scavenged by NO, (equation 2.38), H,O and CH,O forming the

main reservoir species:

BrO + HO, — HOBr + O, (2.48)
Br+ CH,O — HBr+ CHO. (2.50)

Release of BrO, occurs through photolysis of BrONO,, (equation 2.40) or in the case
of HBr through reaction with OH:

BrONOy +hry — Br+ NO; (
— BrO +NO, (2.52

HOBr+hr — OH+ Br (

HBr+ OH — Br+H,0. (

The importance of some of those reactions and the uncertainties of their rate coef-
ficients are discussed in chapter 8.
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2.3 Stratospheric photochemistry

2.3.4 Heterogeneous chemistry

Besides gas-phase reactions discussed in the preceding sections, heterogeneous reac-
tions on the surface of particles play an important role in stratospheric chemistry
(e.g. Douglass and Stolarski (1989), Brasseur et al. (1990), Hanson et al. (1994),...).
Mostly all stratospheric aerosols consist of H,SO,, other solutes (e.g. meteoric dust),
and H,O, either in the liquid or in the solid phase. The halogen reservoir gases HCI
or HBr may be dissolved in liquid droplets or adsorbed on aerosol surfaces. Hetero-
geneous reactions typically require much lower activation energy and proceed much
faster than gas phase reactions between the same species, which makes them very
efficient. The following heterogeneous reactions involving bromine species convert
reservoirs to more reactive species,

BrONOy(g) + HCl(s) — BrCl(s) + HNO3(s) (2.55)
BrONOy(g) + HoO(s) — HOBr(g) + HNO3(s) (2.56)
HOBr(g) + HCI(s) — BrCl(g) + HyO(s) (2.57)

where (g) and (s) indicate gas phase and condensed phase, respectively. These
reactions convert relatively long-lived inorganic halogen species from the gas phase
and condensed phase to shorter-lived halogen species in the gas phase, while the
NO,, or HO, components stay in the condensed phase. Since the halogen containing
products are less stable with respect to photo-dissociation than the educts, the
above reactions are often referred to as bromine activation. Another important
heterogeneous reaction converts the nighttime NO, reservoir N,O; from the gas
phase to nitric acid in the solid phase:

N2O5(g) + HoO(s) — 2HNO;(s) (2.58)

The relative importance of the heterogeneous reactions depends on temperature,
composition and phase of the aerosol. Figure 2.5 illustrates the reaction probabil-
ity of some heterogeneous reactions on stratospheric sulfate aerosol. Hydrolysis of
N,O; and BrONO, are the most important reactions under typical conditions in the
stratosphere. By that reaction inorganic bromine can be washed out and therefore
the total bromine budget can be decreased when making its way through the TTL
and lower stratosphere. This provides a possible reason for the findings in chapter
8. For further studies see also Aschmann et al. (2009), Aschmann et al. (2011), and
Aschmann and Sinnhuber (2013))).
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2 The Tropical Tropopause Layer (TTL)
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Figure 2.5: Recommended reactive uptake coefficients as a function of temperature
for key stratospheric heterogeneous processes on sulfuric acid aerosols. The uptake
coefficient vy can be regarded as a measure of the reaction probability. For CIONO,,
and HOCI species, the aerosol radius used in the calculation is 10-5 cm, a typical
value in the stratosphere. Because the current uptake models for N,O5 and BrONO,
hydrolysis do not provide the information about the reacto-diffusive length [, the
aerosol radius used in the calculation is assumed to be much larger than their reacto-
diffusive length (i.e. [ for N,O, and BrONO, are set to zero.). Adopted from Sander
et al. (2011).

2.4 Stratospheric bromine budget

Halogen species play an important role in stratospheric ozone destruction (equa-
tion 2.18 and following). Due to their strong bonding, fluorine species are photo-
chemically very stable and are therefore negligible for stratospheric ozone depletion.
Though less abundant than chlorine in the stratosphere bromine plays a major role
in ozone depletion due to the 64 times higher chemical efficiency on an annual av-
erage (Sinnhuber et al., 2009). The contribution of iodine species is still not fully
clear. Upper limits of IO and OIO and the implications for total gaseous iodine and
stratospheric ozone have been inferred by Bosch et al. (2003). Recent measurements
of Volkamer et al. (2015) report concentrations of 10 of 0.2-0.55 ppt in the MBL
but decreasing to less than 0.1 ppt in the free troposphere.

The main focus of this thesis is to assess the total amount of bromine entering
the stratosphere through the TTL gateway. Bromine reaching the TTL (Figure 2.7)
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Figure 2.6: Relative contribution of source gases for chlorine and bromine in
1996 and 2012. Natural and anthropogenic sources are distinguished. The
amounts are derived from tropospheric observations. The sum of very-short species
CH,Cl,,CHCl,,C,Cl,,COCL, is shown as "other gases” for chlorine, while halon-
1202 and halon-2402 are included as "other gases” for bromine. Adopted from
WMO (2014).

has potentially four major contributions (Figure 2.6, right panel):

1. Methyl bromide: CH;Br
2. Four major halons: H-1202, H-1211, H-1301, H-2404

3. Very short lived species (VSLS): CH,BrCl, CH,Br,, CHBrCL,, CHBr,Cl and
CHBr,4

4. Direct injection of inorganic bromine Briynorg: Br, BrO, HBr, HOBr and BrONO,

CH;Br mole fractions continued to decline during 2008-2012, and by 2012 had
decreased to 7.0 + 0.1 ppt, a reduction of 2.2 ppt from peak levels measured during
1996-1998. This atmospheric decline is primarily driven by continued decrease in
total reported consumption of CH;Br from fumigation. As of 2009, reported con-
sumption for quarantine and pre-shipment (QPS) uses, which are exempted uses
(not controlled) under the Montreal Protocol, surpassed consumption for controlled
uses. As a result of the decrease in atmospheric CH;Br, the natural oceanic source
is now comparable to the oceanic sink (WMO, 2014).

Halon-1211 (CBrClF,), halon-2402 (CBrF,CBrF,), and halon-1202 (CBr,F,) mole
fractions continued to decline from peak values observed in the early and mid-2000s.
Recent trends in halon-1211, halon-1301, and halon-2402 agree with those antici-
pated in the A1-2010 scenario (Velders et al., 2009). The A1-2010 scenario is later
on used in the initialisation of the chemical transport model SLIMCAT (Section
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2 The Tropical Tropopause Layer (TTL)

8.2). Since 2008 there is a significant decrease of total bromine originating from
halons with an average rate of decline of -0.06 ppt/yr between 2008 and 2012 WMO
(2014).

Halogens from long-lived anthropogenic substances are the principal cause of re-
cent ozone depletion. As many of those species are controlled by the Montreal
Protocol and its amendments and their emissions are phased out, halogenated very-
short lived species with life-times generally below six months gain more and more
importance for stratospheric ozone depletion (e.g. Laube et al. (2008)). Short-lived

Table 2.1: Lifetime and marine boundary layer abundances of brominated VSLS.
The lifetime is given for the free troposphere (WMO, 2014).

Substance Lifetime (days) WMO (2011) WMO (2014)

Mean Range Mean  Range
(ppt)  (ppt)  (ppt)  (ppt)

CH,BrCl 137 05 0406 0.1  0.07-0.12
CH,Br, 123 11 0715 09 0617
CHBrCl, 78 03 0109 03 0109
CHBr,Cl 59 03 0108 03 0108
CHBr,4 24 16 0524 12 0440

bromine substances (Table 2.1) are mainly produced naturally by seaweed and phy-
toplankton (Law and Sturges, 2007). In recent research many attempts are made to
better quantify the impact of VSLS to ozone and the therefore changing radiation
balance in the stratosphere. Hossaini et al. (2015) concludes that potential further
significant increase in the atmospheric abundance of short-lived halogen species,
through changing natural processes (Dessens et al. (2009), Hossaini et al. (2012a),
Hepach et al. (2014)) or continued anthropogenic emissions (Leedham et al., 2013),
could be important for future climate. An exact quantification of brominated VSLS
is difficult due to the relatively short local lifetimes, combined with spatially and
temporally varying sources (e.g. Carpenter et al. (1999)). This implies a complica-
tion when determining global budgets for these gases because extensive global-scale
observations are required. For example, Ashfold et al. (2014) found that around
two thirds of the measured CHBr; concentration at a site in Borneo may be due to
emissions in a region covering less than 1% of the tropics.

The lifetimes of CH;Br and the halons are sufficiently long that spatial gradients
in the troposphere are small. Rapid convective transport within the tropics also
support a fraction of the short-lived source gases (SG) to escape oxidation in the
troposphere and to detrain into the TTL or LMS (Figure 2.7). In the course of the
ascent a part of the VSL SG is photolysed and converted to their inorganic product
gases (PG). A part of the brominated PGs is washed during the ascent. The other
part, presumably 1-2 ppt (contribution 4), enters directly the TTL.
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Figure 2.7: Schematic drawing of principal chemical and dynamical pathways trans-
porting VSL source gases (SG) and organic/inorganic product gases (PG). Strato-
spheric halogen loading is maintained by transport of source gases followed by their
degradation in the stratosphere (the SGI pathway), and transport of intermediate
products and inorganic halogens produced in the troposphere (the PGI pathway).
Tropospheric inorganic halogens can derive from degradation of VSL SGs, or from
inorganic halogen sources. This figure is an update to Figure 2-2 in WMO (2003);
courtesy of K.S. Law (Service d’Aéronomie/CNRS, France) and P.H. Haynes and
R.A. Cox (University of Cambridge, U.K.)

For long lived and thus well-mixed halogenated source gases, the details of their
troposphere-to-stratosphere transport are of minor importance. However, for very
short-lived substances (VSLS), whose lifetimes may be comparable to tropospheric
transport timescales, transport processes — along with physical and chemical pro-
cesses that occur in the TTL — may strongly impact their stratospheric source gas
(SGI) and product gas injections (PGI).

To date the best estimates of VSLS bromine are direct observations of SGs around
the tropical tropopause (e.g. Sala et al. (2014b)), two BrO profile measurements
in the TTL (Dorf et al., 2008), satellite measurements of BrO (e.g. Sinnhuber
et al. (2005), Sihler et al. (2012)), and an estimated PGI contribution from recent
global modelling. A range is derived by summing the lower limits of SGI and PGI
estimates as well as the upper limits (Table 1-9). This leads to a total estimated
range of 2-8 ppt Br;/s’LS VSLS (WMO, 2014).

For 2011 air, total stratospheric Br, was assessed to be 20 (16-23) ppt, and previ-
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2 The Tropical Tropopause Layer (TTL)

ous observations indicated a decrease of ~0.6 4+ 0.1% per year between peak levels
observed in 20002001 (Figure 2.8) and 2012. This observed decline is consistent
with the decrease in total tropospheric organic bromine based on measurements of
CH;Br and the halons.
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Figure 2.8: Changes in total stratospheric Br, (ppt) derived from balloon-borne
BrO observations (squares) (update of Dorf et al. (2006)) and annual mean mix-
ing ratios calculated from ground-based UV /vis measurements of stratospheric BrO
made at Harestua (60°N) and Lauder (45°S) (filled and open orange triangles, respec-
tively). Stratospheric trends are compared to trends in measured surface bromine
(ppt) with additional constant amounts of Br, added (thin lines). Dark blue line
shows global tropospheric bromine from CH,Br as measured in firn air (pre-1995, in-
cluding consideration of a changing interhemispheric gradient; Butler et al. (1999))
and ambient air (after 1995, Montzka et al. (2003)) with no correction for tro-
pospheric CH;Br loss. Purple line shows the sum of methyl bromide plus halons
(Butler et al., 1999)) and Fraser et al. (1999) through 1995; Montzka et al. (2003)
thereafter). Thin blue lines show bromine from CH,Br, halons, plus additional con-
stant amounts of 3, 5, and 7 ppt Br. Total inorganic bromine is derived from (i)
stratospheric measurements of BrO and photochemical modeling that accounts for
BrO/Bry partitioning from slopes of Langley BrO observations above balloon float
altitude (filled squares); and (ii) lowermost stratospheric BrO measurements (open
squares and circles). Adopted from WMO (2014).
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3 Radiative transfer in the atmosphere

This chapter focuses on radiative transfer (RT) processes in the atmosphere. Section
3.1 starts with some basics about solar radiation. Section 3.2.2 and 3.2.1 deals
with the interaction, scattering and absorption, of the incoming solar radiation with
molecules and particles. Section 3.3 introduces the radiative transfer equation (RTE)
which describes mathematically the transfer of energy as photons propagate through
a medium, considering all interaction processes.

3.1 Solar radiation

The extraterrestrial solar irradiance is nearly that of a black body with a temperature
of 5800K. Figure 3.1 shows the solar irradiance (for definition see next paragraph)
Fy(X) measured with the SOLSPEC instrument and published by Thuillier et al.
(2003). Superimposed on the broadband black body spectrum there are character-
istic absorption lines caused by light elements in the photosphere of the Sun. These
lines were discovered by the German physicist Joseph von Fraunhofer (Fraunhofer
(1817), Kirchhoff (1860)) and are therefore Fraunhofer lines. In the lower panel of
Figure 3.1 one can nicely see two of the strongest Fraunhofer lines, the calcium lines
at 393 nm and 396 nm.

For the deduction of photochemical parameters in section 8.3 some definitions
have to be made. The spectral radiance I(\) is defined as the incident radiant
energy per time and wavelength, called spectral flux @, on the area element A and
the solid angle €

I(\) = —~% [Wnm 'm?sr!] (3.1)

The amount of radiant energy within a cone of solid angle €2 is called spectral irra-
diance E(X):

E(Q\) = / I(\, ,8) - cos §dS) [Wnm™'m 2] (3.2)
Q

The integration of the radiance (equation 3.1) over the whole sphere (47) lead to
the actinic flur F(\) which represents the radiant energy flux out of all directions
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Figure 3.1: Solar irradiance from Thuillier et al. (2003). Top panel: 200 nm -
2400 nm, bottom panel: upper UV and visible wavelength range, 250 nm - 500 nm.
This is the relevant wavelength range for the spectroscopic measurements in this
work.

through a spherical surface:

F(\) = / [(\)dQ [Wmn~2nm™] (3.3)

The actinic flux is the relevant quantity in determining the photolysis rate J of
molecules. J is the product of the actinic flux, the absorption cross section (see
section 3.2.1) and the quantum yield ¢ (molecules photon™!), integrated over all
wavelengths (Brasseur and Solomon (2005)):

J= /F()\) Lo(N) - g(N)dA (3.4)

3.2 Interaction of radiation with particles and
molecules

Radiation traversing the atmosphere interacts in a