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Abstract

Inferred total bromine (Br'*°*) was measured in the upper troposphere (UT) and lower strato-
sphere (LS) from a research aircraft over the North Atlantic and north western Europe in fall
2017 during the WISE (Wave-driven ISentropic Exchange) campaign. The LS weighted-mean
Br*®' is 19.2 4+ 1.2 ppt. A closer look into organic and inorganic bromine, as well as simultane-
ously measured transport and air mass lag-time tracers, suggests that bromine-rich air masses
persistently protruded into the LS in fall creating a high bromine region (HBrR). A subsection,
HBrR*, has a Br'°" weighted average of 20.9 & 0.8 ppt. The most probable source region is for-

mer tropical UT air with a Br*®*

weighted mean of 21.6 + 0.7 ppt. A secondary smaller source is
transport across the extratropical tropopause. Lagrangian transport modelling quantifies these
multi-pathway contributions to the LS and HBrR. Further, the influences of the Asian monsoon
and its tropical adjacent regions as well as tropical cyclones from Central America on bromine
are discussed. And lastly, the consequences of ~1—2 ppt additional bromine in the tropical UT
are simulated by a global chemistry transport model resulting in 3.1 + 0.7% ozone decrease

within the 20 K potential temperature layer directly above the tropopause.

Zusammenfassung

Das abgeleitete Gesamtbrom (Br**) wurde im Herbst 2017 in der oberen Troposphire (UT)
und unteren Stratosphére (LS) von einem Forschungsflugzeug iiber dem Nordatlantik und Nord-
westeuropa wihrend der WISE-Kampagne (Wave-driven ISentropic Exchange) gemessen. Der
gewichtete Mittelwert Br*®" der LS betriigt 19,2 + 1,2 ppt. Ein genauerer Blick auf organisches
und anorganisches Brom sowie gleichzeitig gemessene Transport- und Luftmassenalter-Tracer
deutet darauf hin, dass im Herbst bromreiche Luftmassen in die LS transportiert werden, und
sie dort eine Region mit hohem Bromgehalt (HBrR) bilden. Eine Untermenge, HBrR*, hat
einen Br'°® gewichteten Durchschnitt von 20,9 4+ 0,8 ppt. Die wahrscheinlichste Quellregion
ist ehemalige Luft aus der tropischen UT mit einem gewichteten Br'® Mittelwert von 21,6 +
0,7 ppt. Eine sekundare, relativ kleinere Quelle ist der Transport durch die extratropische
Tropopause. Eine Lagrange Modellierung des Transports quantifiziert diese unterschiedlichen
Transportweg-Beitrige zu der LS und HBrR. Weiterhin werden die Einfliisse des asiatischen
Monsuns und seiner angrenzenden tropischen Regionen sowie von tropischen Stiirmen tiber Mit-
telamerika auf das UT und LS Brom diskutiert. Abschlieend werden die Konsequenzen von
~1—2 ppt zusétzliches Brom in der tropischen UT durch ein globales Chemietransportmod-
ell simuliert welches 3,1 4= 0,7% des Ozons in der 20 K Potentielle Temperatur Schicht direkt
oberhalb der Tropopause zerstort.
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Glossary

A© potential temperature distance from the local tropopause [K]
© potential temperature [K]

Ohigh/PView tropical air mass region with high potential temperature (© > 355 K) and low
potential vorticity (PVU < 2)

AMR Asian monsoon region (surface emission transport tracer)
Box—AMF box air mass factor

Brer& organic bromine (CHsBr+halons+VSLS)

Brir°re inorganic bromine (BrO+BrONO,+HBr+HOBr+Br+BrCl)
CAM Central America (surface emission transport tracer)

CFC chlorofluorocarbon

dSCD differential slant colum density [molecules cm™2

DU Dobson units

Ex—TP extratropical tropopause

Ex—UTLS extratropical upper troposphere and lower stratosphere
Ex—LS extratropical lower stratosphere

FOV field of view

g asymmetry parameter

HBrR high bromine region (potential temperature: © = 350—385 K, and equivalent latitude:
50—80°N)

LMS lowermost stratosphere (tropopause to © = 380 K)
LS lower stratosphere (tropopause to © ~ 410 K)

NH northern hemisphere

ODS ozone depleting substances

ppb parts per billion

ppm parts per million

ppt parts per trillion



PVU potential vorticity units [1076 m? s7! K kg~!]

RF# research flight 01—16

RH relative humidity [%]

SCD slant colum density [molecules cm™2]

SH southern hemisphere

SSA single scattering albedo

STE stratosphere—troposphere exchange

SZA solar zenith angle [°]

TAR tropical adjacent region (surface emission transport tracer)
TME tropical marine environment (surface emission transport tracer)
TOA top of the atmosphere

TTL tropical tropopause layer (© = 355—425 K and equivalent latitudes <~ 27°N and S)
UT upper troposphere

UTLS upper troposphere and lower stratosphere

VMR volume mixing ratio [ppm/ppb/ppt]

VSLS very short-lived substances

WISE Wave-driven ISentropic Exchange campaign
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Chapter 1

Introduction

Stratospheric ozone plays an important role in the Earth’s radiation budget with about 90% of
ozone located above an altitude of 10 km (Fahey and Hegglin, 2011). The vertical distribution
of ozone is described by the Chapman cycle and results in an ‘ozone layer’ around 15—25 km
altitude (S. Chapman, 1930; Brasseur and Solomon, 2005). It exists in the stratosphere due to the
balance between sufficient spectral solar irradiance from the sun above and a high enough density
of available oxygen molecules that increases exponentially towards Earth’s surface. Through the
production of the ozone layer, the majority of the sun’s harmful ultraviolet (UV) radiation is
absorbed and prevents the UV-B radiation from reaching the surface. This is crucial for the

survival and well being of all living organisms.

Other factors also influence stratospheric ozone, namely reactive halogens (bromine, chlorine,
fluorine, and iodine molecules) which catalytically react with and destroy stratospheric ozone
during photo-dissociation. Stratospheric ozone destruction may occur through cycles involving
any of the following families: O, (S. Chapman, 1930), HO, (Bates and Nicolet, 1950), NO,
(Crutzen, 1970; Johnston, 1971), C1O, (Molina and Rowland, 1974), BrO, (Wofsy et al., 1975),
and IO, (Solomon et al., 1994). The halogens from anthropogenic sources are called Ozone
Depleting Substances (ODS). In extreme cases of catalytic ozone depletion an ozone hole forms
as was first detected over Antarctica in 1980’s (Farman et al., 1985). This can occur when
natural halogens or ODS react to release the halogen free radical as well as inorganic halogen
reservoirs are activated. It mainly takes place in cold temperatures such as in polar stratospheric
clouds (PSC) near the poles and once sunlight becomes available in spring, it then catalytically
destroys ozone through photo-dissociation creating a sudden ozone hole. In direct response to
this discovery over the south pole, the United Nations Montreal Protocol treaty banned the use
of many ODS in 1987 as they are inevitably released into the atmosphere.

Since then, a significant recovery of stratospheric ozone has been observed globally (e.g.,
Velders et al. (2007); Bekki et al. (2013); Carpenter et al. (2014)). However, recent measurements
have shown this is not the case in the lower stratosphere (LS) (Ball et al., 2018). It has been
suggested that continuing negative ozone trends observed in the LS may partly be related to
increasing levels of organic source gases and their inorganic products (Ball et al., 2018; Barrera
et al., 2020). Several studies have reported that very short-lived species (VSLS; global lifetime of
<~6 months) play a key role for LS ozone depletion (Hossaini et al., 2015, 2017; Fernandez et al.,
2017; Barrera et al., 2020). This is evident particularly along the boundary between the mid-
latitudes and the polar regions (polar vortex edges). Additionally, a recent increase of a banned
ODS have been measured in eastern Asia, which shows a 40—60% increase of chlorofluorocarbon
(CFC)-11 in 2014—2017 compared to previous 2008—2012 measurements (Rigby et al., 2019).
On the other hand, others suggested that the changing dynamics and transport due to climate
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change is the main driver for the variability and trends in LS ozone (e.g., Chipperfield et al.
(2018); Ball et al. (2019)).

The natural halogens and ODS also act as green house gases further altering the radiative
forcing and climate. A study by Hossaini et al. (2015) reported that the ozone radiative budget
in the lower stratosphere is impacted by brominated VSLS 3.6 times more than by longer lived
halo-carbons. Another study by Polvani et al. (2020) also quantified the impact of ODS on
radiative forcing in terms of Arctic warming. Their simulations showed that increasing ODS
amplify Arctic warming and sea-ice loss by a factor of 2 compared to simulations with constant
ODS.

Not only does the ozone depletion have a strong impact on the climate, but it also has direct
negative health consequences for all living organisms. There have been many studies discussing
the adverse health problems attributed to increases of UV radiation exposure with a thinner
ozone layer (e.g., Moan and Dahlback (1992); Slaper et al. (1996); Moan et al. (2015); Lucas
et al. (2019)). The study by Henriksen et al. (1990) postulated that for every decreasing 1%
of the ozone column there will be a ~2% increase in future skin cancer incidences. However,
there is a time delay of several decades between the UV-B exposure and skin cancer. Martens
et al. (1996) found that by the year 2050, the rates of skin cancer in the Netherlands would
increase by a factor of 8—16 times compared to 1990 with various ozone depletion scenarios.
The United States EPA (environmental protection agency) estimates that with full compliance
of the Montreal Protocol restrictions of ODS, 443 million cases of skin cancer, 2.3 million skin
cancer deaths, and 63 million cataract cases will be prevented in the USA (U.S. EPA, 2020).

Therefore, it is pertinent to continue to monitor the ozone layer.

In order to understand the changes in the stratospheric ozone layer, it is important to deter-
mine how much of each of the ODS and natural halogens is present in the upper troposphere and
lower stratosphere (UTLS) and track their changes over time (e.g., Riese et al. (2012); Hossaini
et al. (2015) and others). Monitoring the trends of ODS and natural halogens is particularly im-
portant for surveilling the concentrations of banned ODS and identifying possible origins of any
changes in atmospheric concentrations. In the scope of this dissertation, the focus is on bromine
in the northern hemisphere (NH) UTLS. Bromine alone is thought to account for approximately
40% of the global stratospheric ozone depletion (Koenig et al., 2020), and it is particularly ef-
fective at destroying ozone in the LS (e.g., Salawitch et al. (2005); Hossaini et al. (2015); WMO
(2018); Chipperfield et al. (2020)).

Atmospheric bromine is made up of four components. The sum of the first three contribu-
tions according to their Br atomicity are the organic bromines (Br°'®), namely methyl bromide
(CH3Br), the halons consisting of H—1211 (CCIBrF,), H—1202 (CBr,F,), H-1301 (CBrFj),
and H—2402 (CyBr,F,), and the brominated VSLS (BrVSYS) which consist of CH,Br,, CHBr3,
CH,CIBr, CHCL,Br, and CHCIBr, (Engel and Rigby et al. (2018)). The fourth component is
inorg

inorganic bromine defined here as Bry, (often referred to as Bry) and includes the following
species: mainly BrO or BrONO, as well as small contributions of Br, HBr, HOBr, and BrCI.

CH;3Br and the halons are measured regularly through a network of monitoring stations (e.g.,
Montzka et al. (2003); Vollmer et al. (2016); Prinn et al. (2018)), and account for 6.8 ppt and
7.8 ppt, respectively, of stratospheric bromine in 2016 (Engel and Rigby et al. (2018)). The
brominated VSLS and Bryi’rlorg are more variable, but have been reported by various dedicated
studies. Though the accuracy varies from study to study, they all point to a contribution by
brominated VSLS and their inorganic products of 3—7 ppt (with a mean of 5 ppt) to stratospheric
bromine. The sum of all four bromine contributions (Br*") as reported in 2016 for the middle
stratosphere was ~19.6 ppt (ranging from 19—20 ppt) (Engel and Rigby et al. (2018)). The

tot

majority of Br'®" observations have largely only been in the tropics, at the main stratospheric
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entry region, as well as in the mid-stratosphere at low, middle, and high latitudes (WMO, 2018).

Br'°* has been decreasing, reconcilable with decreasing contributions of CH;Br and the halons
which account for the anthropogenic bromines. This trend is discernible in aged stratospheric
air until 2013 when the last balloon-borne Br*°® measurements in the middle stratosphere were
reported (refer to Fig. 1.1). The Br'°’ rate of change observed is —0.15 & 0.04 ppt year—" (Engel
and Rigby et al. (2018)), mainly due the banning of anthropogenically produced ODS. As of
2016, it is reported that 46.3% of stratospheric bromine is from human activities (ODS), while
the remaining 53.7% come from natural sources (Engel and Rigby et al. (2018)). In their report,
the absolute mixing ratios of the natural contributions are assumed to remain constant, which
consist of the VSLS and their product gases (Br,"*'®) as well as some of the CHzBr. However,
other studies have indicated this may not be the case with increasing climate change (Hossaini
et al., 2012a; Falk et al., 2017; Ziska et al., 2017).
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Figure 1.1: The Br*°" trend based on various measurements in the troposphere and stratosphere.
The orange triangles are ground-based measurements from Harestua (60°N) and Lauder (45°S)
(Hendrick et al., 2007, 2008). The black squares are from balloon-borne observations by Dorf
et al. (2006b). The purple squares are from airborne measurements with the research aircraft
Global Hawk (Werner et al., 2017). And the red diamonds are from balloon-borne observations
by previous group members in Timmins, Canada in 2014. The dark blue line indicates CH;Br
mixing ratios and the purple line additionally adds the halons time series as taken from Carpenter
et al. (2014). Three scenarios for adding differing BrVS"S mixing ratios are indicated by +3, +5,
or +7 ppt in lighter blue. This figure is adapted from Engel and Rigby et al. (2018) (Fig. 1-16)
with recent updates by our group.

Br'®" and reactive bromines are even less explored in the LS in mid-latitudes for all seasons
and the high latitude LS in boreal summer. This region is particularly interesting since it com-
prises about 40% of the stratospheric background air, though dynamically somewhat separated
from the tropical LS and the ‘overworld’ circulation of the global middle stratosphere (e.g.,
Holton et al. (1995); Bonisch et al. (2009); Birner and Bonisch (2011); Gettelman et al. (2011);
Ploeger et al. (2015); Konopka et al. (2015)). It has recently attracted renewed interest since a
decrease in ozone is still observed there, particularly in the northern hemisphere (e.g., Ball et al.
(2018, 2019, 2020); Chipperfield et al. (2018, 2020)).

The transport of air masses into the extratropical LS (Ex—LS) has two major pathways, either
by stratospheric—tropospheric exchange (STE) at mid-latitudes or by isentropic transport of air
from the tropical upper troposphere and tropopause layer (UT/TTL) (e.g., Holton et al. (1995);
Bonisch et al. (2009); Birner and Bénisch (2011); Ploeger et al. (2015); Konopka et al. (2015);
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Inai et al. (2019), and others). Dynamical features such as the Asian monsoon anticyclone and
western Pacific convection play a dominant factor in delivering pollutants (and eventually VSLS)
to the LS (e.g., Levine et al. (2007); Gettelman et al. (2011); Vogel et al. (2014, 2016); Orbe et al.
(2015); Miiller et al. (2016); Rolf et al. (2018); Wetzel et al. (2020), and others). However, the
continued transport of bromine to the Ex—LS is still insufficiently investigated. Other uncertain
factors determining LS bromine include the varying source strengths particularly with respect to
future climate change, as well as stratospheric removal processes. Therefore, direct observations
on varying bromine mixing ratios, and its consequences for LMS ozone are still lacking.

The present study addresses the spatial variability of Br®® and Br}fnorg in the NH extratropi-
cal UTLS (Ex—UTLS) in fall 2017 as part of the WISE (Wave-driven and ISentropic Exchange)
campaign. The major transport pathways of bromine-rich air masses into the extratropical LS
(Ex—LS) are investigated with measurements of transport tracers (CO and N,0O) and an air
mass age tracer (SFg), and corroborated by Lagrangian chemistry transport model (CTM) sim-

ulations. This study of Br'*

thus partly complements the recent study of Keber et al. (2020)
on the contribution and origins of the different organic source gases to Br*®" in the NH Ex—LS

during different seasons.

Outline This dissertation is organized as follows. Additional background information on the
atmosphere, ozone and bromine chemistry, and radiative transfer is described in Chapter 2. The
key instruments and models used in the present study are introduced in Chapter 3. The method
and retrieval along with some (necessary) reduction in the data are described in Chapter 4. The
WISE campaign and a suite of measurements are reported in Chapter 5. The inferred Brt*
measurements are presented in Chapter 6 with respect to the distance from the local tropopause
(Sect. 6.1) as well as by their geographical distribution in the UTLS indicating source regions of
brominated species (Sect. 6.2). Model results of the transport pathways contributing bromine-
rich air masses into the LMS are analysed in Sect. 6.3, while the consequences of this additional
bromine in the LMS on Oj is discussed in Sect. 6.4. And lastly, Chapter 7 summarizes and
concludes the dissertation.
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Chapter 2

Background: Physics and
Chemistry of the Atmosphere

The atmosphere is divided into several layers with distinctly different characteristics. These
layers can be determined by changes in temperature gradients and becoming increasingly dense
towards Earth’s surface (Fig. 2.1). The two atmospheric layers relevant to this dissertation
consist of the two lowest ones, the troposphere and stratosphere. The physics and chemistry of
both of these layers are inherently different and play discrete roles in our climate.

Earth’s atmosphere
temperature (°F)
-140-120-100-80 -60 -40 20 0O 20 40 60 80

120

110

100

altitude (km)
B (o] [}
o o o o
altitude (miles)

@
o

| ozone layer
~ (main concentration)

-100-90-80 -70-60-50-40-30-20-10 0 10 20 30 O 250 500 750 1,000
temperature (°C) pressure (millibars)
© 2012 Encyclopaedia Britannica, Inc.

Figure 2.1: The atmospheric layers separated by changes in temperature gradients as well as the
corresponding pressure. Figure adapted from Pielke (2021).

The troposphere ranges from Earth’s relatively warm and moist surface up to the tropopause

(discussed below). In this layer, temperature decreases with altitude classified as a positive
lapse rate. It is therefore characterized by both horizontal and vertical turbulence and mixing of
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air masses caused by orographic uplifting, frontal wedge lifting, convergence zones or localized
convection. Vertical energy transport of air parcels is often described by moist adiabatic processes
(the average moist adiabatic lapse rate is ~6°C km~! (Martin, 2006)) and results in cloud
formation in the upper troposphere. Although radiation is important for surface heating during
the daytime, it plays a relatively small role in the troposphere compared to in the stratosphere.

The stratosphere ranges from the top of the troposphere to ~50 km altitude, and is charac-
terized by the stable temperature stratified layers increasing with elevation due to the influence
of solar radiation. The heating of the stratosphere is largely caused by the absorption of so-
lar radiation through ozone production. This leads to the ozone layer forming which acts as a
shield by preventing most of the harmful ultraviolet light from reaching the Earth’s surface and
harming organic cells. The negative lapse rate with altitude in the stratosphere prevents ver-
tical mixing from occurring, therefore energy is rather transported vertically through radiative
transfer. Furthermore, due to the low water content in the stratosphere, there are rarely clouds
that form.

The boundary layer between the troposphere and stratosphere is called the tropopause. The
height of the tropopause varies by latitude and season but generally is ~8 km near the poles and
~17 km at the equator. There are multiple definitions that can be used for the tropopause. The
World Meteorological Organization (WMO) characterizes it thermally using the temperature
lapse rate. This is defined as the lowest point at which the temperature lapse rate decreases to 2
K km~! and the average lapse rate in the 2 km above is not larger than 2 K km~! (WMO, 1957).
Other tropopause definitions include the cold point tropopause, the dynamical tropopause or a
chemistry defined tropopause. The cold point tropopause is the altitude of the coldest tempera-
ture separating the troposphere and stratosphere (Selkirk, 1993). The dynamical tropopause is
often defined by the 2 potential vorticity unit (PVU = 1075 m? s7! K kg=!) contour (Holton
et al., 1995). And a chemical tropopause is the elevation observing sharp changes of a tropo-
spheric or stratospheric gas such as NoO or O, respectively (Shepherd, 2002). The region of
interest in this study consists of the UTLS with the tropopause defined by the WMO lapse rate
definition, hereafter called the WMO tropopause (WMO, 1957).

The UTLS can further be divided into distinctly unique domains. For example the lowermost
stratosphere (LMS) is defined as the atmospheric layer extending from the local tropopause to the
potential temperature © = 380 K isentrope (shown in Fig. 2.2; Holton et al. (1995)). The LMS
is considered somewhat separate from the stratosphere ‘overworld’ above because © isentropes
do not lie entirely in the layer, but rather cross the bottom boundary that is the tropopause.
Furthermore, it is dynamically divided from the tropics as horizontal PV gradients become
increasingly stronger towards the equator. In the subtropics the tropopause (~2 PVU contour)
crosses the 380 K isentrope, thereby excluding part of the tropics from the LMS. Additionally
in this dissertation, the lower stratosphere (LS) is specified from the local tropopause up to the
highest measurements of this study around © ~410 K. In the definition of the tropical tropopause
layer (TTL), this study follows Fueglistaler et al. (2009), i.e., for latitudes <~ 27°N and S and
potential temperatures © = 355—425 K. These atmospheric domains are discussed throughout
this study.
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Figure 2.2: A northern and southern hemisphere cross section of the troposphere and strato-
sphere. The dashed lines indicate the temperature contours while the solid lines indicate the
potential temperature isentropes. The solid thick contour marks the 2 PVU (potential vorticity
units) tropopause. In the tropics, the tropopause merges with the ~380 K potential temperature
line. The shaded gray region indicates the LMS, excluding parts of the tropics. The LS extends
to slightly higher potential temperatures than the LMS, therefore including the tropics. For
more details refer to Holton et al. (1995), from which the figure is adapted from.

2.1 The Chapman Cycle

The main chemistry reactions creating the ozone layer in the stratosphere are known as the
Chapman cycle (S. Chapman, 1930). First, oxygen molecules are split by photo-dissociation
with shortwave UV radiation (A < 242 nm):

Og +hv — 2 O(®P) (2.1)

where O(3P) is an oxygen molecule in its ground state. Then, the atomic oxygen and an oxygen
molecule along with a collision partner that is a neutral chemical molecule (M; e.g., Ny or Oy)
can form ozone:

OCP)+02+M — O3 +M (2.2)

while some atomic oxygens also convert back into oxygen molecules. Stratospheric ozone is in
equilibrium and is reached by ozone being destroyed by either

O3 + O(BP) — 20y (23)

or by photolysis via
O3 +hv — Oy + O. (24)

If Eq. (2.4) occurs at wavelengths A < 1180 nm (Chappius absorption band) the atomic oxygen
created is in its ground state. While if the reaction occurs at A < 320 nm (Hartley absorption
band) then an atomic oxygen in its excited singlet state (O('D)) is created. The O(*D) then
reacts via a collision partner to convert to O(®*P). These reactions create an equilibrium of the
ozone concentration with a peak in the stratosphere around ~20 km balanced by the available
UV radiation increasing towards higher altitudes with oxygen molecules increasing towards lower
altitudes. The Chapman cycle predicts the vertical shape of ozone and the altitude of the ozone

layer reasonably well. However, it significantly overestimates the ozone concentrations compared
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to observations (Platt and Stutz, 2008).

2.2 Catalytic Ozone Destruction

Additional mechanisms cause catalytic ozone destruction in the stratosphere and account for the
difference in ozone calculated between the Chapman cycle and the observed ozone (Platt and
Stutz, 2008). Catalytic ozone loss (cycle 1) as a result of free radicals is described by:

X+ 03 — XO + 0Oy (25)

X0 +0 — X + 0, (2.6)

where X can be any of the following radicals from the groups HO, (H, OH, or HO2) (Bates and
Nicolet, 1950), NO, (NO or NO3) (Crutzen, 1970; Johnston, 1971), C10, (Cl or ClO) (Molina
and Rowland, 1974), IO, (I or I0) (Solomon et al., 1994), or BrO, (Br or BrO) (Wofsy et al.,

1975). These two reactions cause a net ozone loss of
net : O + O3 — 20,. (2.7)

Ozone is destroyed catalytically because the same radical X can be used many times via reaction
Egs. (2.5) and (2.6) to destroy hundreds up to tens of thousands of ozone molecules by a single
Cl or Br atom in the stratosphere before they are removed (Fahey and Hegglin, 2011). This
cycle is most important in the tropics and mid-latitudes due to the abundance of spectral solar
irradiance available to split oxygen.

Additional halogen related catalytic ozone destruction occurs via two additional cycles pre-
dominantly in polar regions when sufficient reactive halogens are available and under the right
ambient conditions. This occurs mainly in extremely cold temperatures (frequently in polar
stratospheric clouds) when some visible light is available during late winter and early spring

(Fahey and Hegglin, 2011). Cycle 2 occurs by releasing active chlorine molecules which destroy

ozone via
ClIO+ClIO+M — CloO2 + M (2.8)
Cl2O2 + hv — ClO4 + Cl (2.9)
ClOy — Cl1+ Oq (2.10)
2(Cl+ O3 — ClO + Oa). (2.11)

A third cycle for ozone destruction can occur in air masses with chlorine and bromine radicals

together via the following reactions:

ClO + BrO — Cl 4 Br + Oq (2.12)
or
ClO + BrO — BrCl + Oq (2.13)
and
BrCl+ hvy — Cl + Br. (2.14)
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Then the atomic chlorine or bromine molecules react with ozone back into C1O and BrO respec-

tively via
Br 4+ O3 — BrO + Os. (2.16)
Cycles 2 and 3 both create a net ozone loss of
net : 203 — 302 (217)

Ozone loss is greatest at the poles due to the large presence of halogens in their reactive forms.
Mid-latitudinal depletion of ozone is also observed, but little to no ozone depletion occurs in
the tropics via cycles 2 and 3. The tropical LS has fairly young air masses (< 18 months) and
therefore most of the halogens are still in their organic forms and have not yet converted to
reactive halogen species.

Examples of the polar ozone distributions throughout the troposphere and stratosphere are
shown in Fig. 2.3, with the tropopause distinguishable around ~8—9 km. The ozone layer (be-
tween ~10—30 km) is in the stratosphere blocking the majority of UV-B radiation (280—315
nm) from reaching the surface (Fahey and Hegglin, 2011). However, when there are large con-
centrations of ODS (various halogen source gases) and heterogeneous activation of inorganic
reservoir gases in cold temperatures such as in PSCs, an ozone hole can occur. An ozone hole is
defined as regions with an ozone concentration < 220 DU (Dobson Units) (Fahey and Hegglin,
2011). The most notable occurrences of these catalytic ozone destruction events occurs over
Antarctica (Farman et al., 1985), as well as to a lesser degree over the Arctic. A recent study
by Fernandez et al. (2017) investigated the importance of brominated VSLS on Antarctic ozone
depletion. Their simulations of the ozone hole only agreed with measurements when 5 ppt of
brominated VSLS were added, as this reduced their simulated ozone hole by 14%. Further, they
found that the VSLS had the largest impact at the edges of the ozone hole expanding the area
by ~5 million km?. On the other hand, increases of ozone levels at the surface shown in Fig. 2.3,
are due to pollution and are harmful to living organisms (Fahey and Hegglin, 2011).
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ses. Figure adapted from Fa-
hey and Hegglin (2011) (Q12-
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2.3 Halogens: Sources and Sinks

Halogens (chlorine, bromine, iodine, and fluorine species) have both anthropogenic and natu-
ral sources. Anthropogenic halogens are ODS more commonly known as chlorofluorocarbons
(CFCs), hydrochlorofluorocarbons (HCFCs), carbon tetrachloride, methyl chloroform, hydro-
bromoflurocarbons (HBFCs), halons, and methyl bromide (CH3Br). They are/were included
in refrigerators, air conditioners, aerosol propellants, cleaning of metals and electronic com-
ponents, fire extinguishers, as well as in agricultural and pre-shipping fumigants (Fahey and
Hegglin, 2011). Since most production and usage of chlorines and bromines have been banned
by the Montreal Protocol, there has been slow but definitive success in the recovery of the ozone
hole. Methyl chloride (CH3Cl), VSLS, and in part CH3Br are naturally produced halogens
from coastal and terrestrial ecosystems. Primary CH3Cl sources are from the organic matter
in oceans, salt marshes, and terrestrial plants. Sources of brominated VSLS include seaweed,
macroalgae, phytoplankton and ice algae (Yang et al., 2005; Hossaini et al., 2015). Additionally,
Bobrowski et al. (2003) reported that volcanic plumes emit BrO (a product gas of VSLS) directly
or otherwise an organic bromine compound is emitted which breaks down quickly releasing BrO.
Both anthropogenic and natural halogens can lead to ozone depletion when they are converted
to active halogen radicals in the atmosphere.

As of 2016, stratospheric chlorine mixing ratios were ~3290 ppt and bromine mixing ratios
were ~19.6 ppt (WMO, 2018). Although there is significantly less bromine than chlorine in the
stratosphere, it is approximately 60—65 times more effective on a per atom basis at destroying
ozone. This is partially due to shorter average stratospheric lifetime of bromine source gases
compared to chlorine source gases. Additionally, bromine is chemically more effective at de-
stroying ozone than chlorine because the chlorine cycle is also coupled with NO, ozone depletion
cycles unlike bromines (Sinnhuber et al., 2009). As chlorine increases it decreases ozone loss via
NO, reactions in regions where NO, was the main driver of ozone loss (Sinnhuber et al., 2009).

Natural sources of chlorine (CH3Cl) account for ~17% of stratospheric chlorine while strato-
spheric bromine has ~54% natural sources (CH3;Br and VSLS) (WMO, 2018). The natural
sources of both chlorine and bromine have largely remained constant over the past decades, but
their percentage relative to total chlorine or bromine is slowly increasing as the absolute mixing
ratios of both decrease. The anthropogenic sources have decreased by —14% (1993—2016) and
—22% (1998—2016) for chlorine and bromine, respectively (refer to WMO (2018) Fig. ES-3).

The breakdown of the natural and anthropogenic contributions to stratospheric bromine is
displayed in Fig. 2.4 for three different years, indicating the Br'°" decrease from ~21.3 ppt in 1996
to ~19.6 ppt in 2016 (Engel and Rigby et al. (2018)). CH3Br has both natural and anthropogenic
sources and while the relative and absolute contribution of CH3Br from human activities has
decreased, the naturally produced absolute quantity of CH3;Br has remained constant but the
relative contribution has decreased. Between 1996 and 2012, the change of anthropogenic CH;Br
was the largest portion of total bromine decrease. As of 2015, the anthropogenic CH3Br has
been phased out for all applications except for quarantine and pre-shipping uses due to the
Montreal protocol ban (Fahey and Hegglin, 2011). The halons are emitted strictly through
human activities, and are the largest cause for the bromine decrease in recent years. They
were phased out by the end of 1993 and 2010 in developed and developing nations, respectively
(Fahey and Hegglin, 2011). The brominated VSLS which includes the inorganic product gases
(Bryinorg), only have natural sources which in the WMO Scientific Assessment of Ozone Depletion
reports are assumed to be constant (Engel and Rigby et al. (2018)). However, recent studies
have indicated that climate change could impact the natural source contributions to atmospheric
bromine particularly the relative contribution of VSLS compared to Bryinorg due to sea surface

temperature changes and thereby altering the sea-to-air fluxes (Hossaini et al., 2012a; Falk et al.,
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2017; Ziska et al., 2017).
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Figure 2.4: The breakdown of bromine contributions transported into the stratosphere is shown
for 1996, 2012, and 2016. The longer lived gases are inferred from global surface measurements
and the VSLS are assumed to be constant, i.e., 5 ppt. The sum of H—1202 and H—2402 accounts
for the ‘other halons’. This figure is adapted from Engel and Rigby et al. (2018) (Fig. 1-17).

In the atmosphere, organic halogens react with hydroxyl radicals (OH) or undergo photolysis
to release the halogen molecule (Cl or Br)

(org — X) + OH/hry — X + products. (2.18)

In this study the focus will be on the brominated species specifically. The various reaction
rates of Br®® through photolysis and reaction with OH is used to determine the lifetime of each
organic bromine and other halogen species (Yang et al., 2005; Sander et al., 2011; Parrella et al.,
2012; Badia et al., 2019). Orkin et al. (2013) found tropospheric lifetimes of CHBr5, CHCIBr,,
and CHCIL,Br reacting with OH to be ~57 days, ~72 days, and ~96 days, respectively, assuming
a uniform OH concentration in the atmosphere of 1x10° molecules cm . The WMO (2018)
reports similar lifetimes due to OH loss reactions. The photolysis lifetime of CH3Br, CHCIBr,,
and CHCI,Br was reported in WMO (2011) to be 36 days, 161 days, and 222 days, respectively.
The total lifetime in the troposphere is calculated by summing up the contributions,

(7o) = (o ?) T 4 () (2.19)

where 7 is the lifetime of one brominated species (Orkin et al., 2013; WMO, 2018). Similarly
the stratospheric lifetime of a brominated species is calculated from the loss reaction with OH
as well as reaction with O('D) and UV photolysis,

(rSm) 71 = (18 4+ (rS) T+ () (2.20)
The total atmospheric lifetime of each species is then calculated by
(TTotal Atm.)—l _ (TTrop)—l + (TStrat)—l + (TMeSO)—l (221)

where the mesospheric lifetimes are negligible except for long-lived species (WMO, 2018).
Additional Br®® sinks include the ocean and soil (WMO, 2018). Reactive bromine sinks in
the atmosphere include reactions with hydrocarbons or HO, to form HBr and HOBr or with
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NO, to form BrONO, and can then be wet or dry deposited (e.g., Yang et al. (2005); GroSmann
(2014)). The latest total atmospheric lifetimes can be found in Table 2.1. Due to the shorter
lifetimes (< 6 months) of the brominated VSLS, they are converted into B]r;norg quicker. This
releases the active bromine and commences ozone depletion.

’ Species ‘ Total Atmospheric Lifetime

CH;3Br 0.8 years

CH,Br, 150 (80—890) days Table 2.1: Total atmospheric

CHBr, 16 (8—23) days lifeti@es ,Of brominated orga.mic
species (i.e., methyl bromide,

CH,CIBr 165 (89-1050) days the VSLS, and the halons) as

CHC1,Br 66 (38—250) days reported in WMO (2018). The

CHCIBr, 59 (28—225) days ranges of the lifetimes are pro-
vided in brackets, where avail-

H—-1202 2.5 years able.

H-1211 16 years

H-1301 72 years

H—-2402 28 years

2.3.1 Previous Bromine Measurements

In order to determine how much bromine is currently in the stratosphere, detailed sampling
studies performed at the stratospheric entry level in different regions and seasons are most
suitable. This primarily includes the tropics and the Asian monsoon anticyclone region during
the convective season where most of the stratospheric air is believed to enter (e.g., Holton et al.
(1995); Fueglistaler et al. (2004); Ploeger et al. (2015), and others). However, studies addressing
Br'°® measurements in aged air of the middle and upper stratosphere at a given location and
season are also crucial.

Observational as well as theoretical studies addressing bromine at the stratospheric entry level
in the tropics started well over two decades ago. Numerous dedicated research activities have
taken place to investigate the fate of atmospheric bromine. These campaigns include ATTREX —
Airborne Tropical TRopopause EXperiment (Jensen et al., 2013), CAST— Coordinated Airborne
Studies in the Tropics (Harris et al., 2017), and CONTRAST — CONvective TRansport of Active
Species in the Tropics (Pan et al., 2017).

The monitoring of CH3Br (e.g., Montzka et al. (2003)) and the longer lived halons (e.g.,
Vollmer et al. (2016)), are regularily performed by different observational networks. Notably
these include NOAA (National Oceanic and Atmospheric Administration), UEA (University of
East Anglia), AGAGE (Advanced Global Atmospheric Gases Experiment; Prinn et al. (2018)),
and others at different sampling locations from the surface. These networks report mixing ratios
of CH3Br and the halons to be ~6.8 ppt and ~7.8 ppt, respectively (Engel and Rigby et al.
(2018)). A more recent study by Adcock et al. (2021) observed enhanced CH3Br mixing ratios
of up to 9 ppt at the tropopause associated with the Asian monsoon anticyclone over north
eastern India in summer 2017 (with surface samples reaching ~11.5 ppt). Their measurements
of H—1211 were in agreement with previous reported mixing ratios by Engel and Rigby et al.
(2018) and references therein.

The VSLS and Bryinorg are typically measured during dedicated studies carried out from the
ground, ships, manned and unmanned aircrafts, and high-flying balloons at different locations

BrVSLS)

and seasons. Brominated VSLS ( are produced predominantly from marine emissions

of CH,Bry, and CHBr3 with small contributions from other brominated hydrochlorobromocar-
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bons (CH,C1Br, CHCl,Br, CHCIBr,) (Engel and Rigby et al. (2018)). Early measurements at
the tropical tropopause of CH5;Br, and CHBrj3 indicated that both species may substantially

contribute to Br'°*

(e.g., a few ppts), with a larger influx over the central Pacific during the
convective season in boreal winter (Schauffler et al., 1993, 1998, 1999). Since then, there have
been many studies from different measurement platforms to determine the VSLS contribution.
Laube et al. (2008) reported [BrY5LS] = 1.25 + 0.08 ppt at 15.2 km and 0.98 = 0.08 ppt by 16.4
km entering the stratosphere over north eastern Brazil in June 2005 from balloon-borne sound-
ings. Further balloon-borne measurements by Brinckmann et al. (2012) found that [BrY®“®] =
2.25 ppt around 14.8 km, and 1.35 ppt by 17.5 km over Brazil in June 2008. Wisher et al.
(2014) reported on airborne measurements from Germany to Venezuela/Colombia (2009—2011),
Germany to South Africa (2010/2011), and Germany to Thailand/Malaysia (2012/2013) as part
of the CARIBIC (Civil Aircraft for the Regular Investigation for the Atmosphere Based on an

Instrument Container) campaign with [Br¥5™]

= 3.4 =+ 1.5 ppt in the tropical troposphere
between 10—12 km. Further aircraft measurements by Sala et al. (2014) over Borneo in fall
2011 in the tropical upper troposphere (UT) between 10—13 km indicated [Br¥VS™] = 4.35 +
0.44 ppt. Airborne measurements over the tropical eastern Pacific (2013) and tropical western
Pacific (2014) during the ATTREX mission observed [Br¥®"] = 2.96 + 0.42 ppt and 3.27 +
0.49 ppt, respectively, at 17 km (Navarro et al., 2015). Wales et al. (2018) reported that there
is [BIVSLS] = 2.9 4+ 0.6 ppt entering the stratosphere over the tropical western Pacific in 2014
during the CONTRAST mission. And a recent study by Keber et al. (2020) reported aircraft
measurements of brominated VSLS at the tropopause and in the LMS performed during three
research missions at northern mid to high latitudes during different seasons. Joint measurements
from Aug.—Sept. 2012 and Sept.—Oct. 2017 resulted in [Br¥>"] = 3.99 + 1.15 ppt in the 10 K
below the tropopause, while measurements from Dec. 2015—Mar. 2016 showed [BrVSLS] =5.20
4 1.25 ppt. They ascribed the varying mixing ratios found for the major brominated VSLS at
the local tropopause to the location and seasonality of their source strengths, transport pathways

VSLS

and atmospheric lifetimes. In summary, the majority of Br measurements are taken in the

tropical UT/TTL and range from ~1—4 ppt with a few exceptions.

Experimental studies have also independently established the magnitude of Bryinorg injected
into the stratosphere. Bryinorg is inferred from measurements of the major inorganic bromine
species BrO and/or BrONO, and suitable photo-chemical ratios to Bryinorg. Ground-based stud-
ies include e.g., Hendrick et al. (2007, 2008), and others. Measurements from balloon platforms
were reported by e.g., Harder et al. (1998, 2000); Pfeilsticker et al. (2000); Dorf et al. (2006b,
2008); Hopfner et al. (2009); Stachnik et al. (2013); Kreycy et al. (2013) and Wetzel et al. (2017).
And satellite records are presented by e.g., Sinnhuber et al. (2005); Sioris et al. (2006); Hendrick
et al. (2009); Rozanov et al. (2011); Parrella et al. (2013), and others. Dorf et al. (2008) inferred
Br}fnorg to be 2.1 & 2.6 ppt (over Kiruna in 1999) and 4.0 £+ 2.5 ppt (over north eastern Brazil
in June 2005) from simultaneous stratospheric balloon soundings of Br°® and Bryinorg. Werner
et al. (2017) found [Bryinorg] = 2.63 + 1.04 ppt with a range from 0.5—5.25 ppt in the TTL over
the tropical eastern Pacific during the convective season in 2013. Koenig et al. (2017) inferred
[Bryinorg] = 2.7 ppt (2.3—3.1 ppt; 95 % confidence interval) in aged air masses in the lower TTL,
and Wales et al. (2018) determined Bryinorg entering the stratosphere to be 2.1 4+ 2.1 ppt for the

western Pacific during the convective season in 2014.

Global and seasonal variations in mixing ratios of stratospheric Br*®" are influenced by several
factors. These include (a) the surface source strengths of the VSLS and sea salt (e.g., Quack et al.
(2004); Yokouchi et al. (2005); Warwick et al. (2006); Liang et al. (2010); Ordéniez et al. (2012);
Ziska et al. (2013); Hossaini et al. (2012b, 2013, 2016); Wang et al. (2019), and many others),
and (b) the efficacy of removal of the halogenated product gases from the UTLS (e.g., Sinnhuber
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and Folkins (2006); Aschmann et al. (2011); Aschmann and Sinnhuber (2013)). Additionally,
it depends on (c¢) the transport of bromine source and product gases to the stratospheric entry
level (e.g., Aschmann et al. (2009, 2011); Aschmann and Sinnhuber (2013); Liang et al. (2014);
Navarro et al. (2015); Hossaini et al. (2016); Schmidt et al. (2016); Fiehn et al. (2018); Filus et al.
(2020); Adcock et al. (2021), and others), as well as (d) the transport of bromine-enriched air
into the LMS via the two major pathways (e.g., Holton et al. (1995); Bonisch et al. (2009); Birner
and Bonisch (2011); Ploeger et al. (2015); Konopka et al. (2015); Inai et al. (2019), and others).
The major transport pathways to the LMS are considered to be the stratospheric—tropospheric
exchange at mid-latitudes and the isentropic transport of air from the tropical UT/TTL. There-
fore, it can not be assumed ad-hoc that the sum nor the speciation of the source and product
gases for each halogen type (here of bromine) are spatially and temporally constant in the air of
each transport pathway and hence the whole LMS.

Studies such as by Vogel et al. (2014) discuss the rapid (~ 5 week) transport pathway of air
masses from the south eastern Asia boundary layer to the LMS over northern Europe during the
TACTS (Transport and Composition in the Upper Troposphere and Lowermost Stratosphere)
campaign in September 2012, of which the area is spatially and seasonally similar to the current
study. While bromine transport to the TTL has been observed in various studies, as mentioned
above, the continued transport to the LMS in boreal summer is still insufficiently investigated. In
addition, it has been speculated that the varying source strengths, transport pathways, removal
processes, and in particular the contributions BrV5Y® and Bryino’rg to the LMS Br'’, may be
altered as the climate changes (e.g., Hossaini et al. (2012a); Falk et al. (2017); Ziska et al.
(2017)).

However, observational studies addressing Br*" around the UTLS may not directly relate to
Br'°* available in the middle stratosphere. This is due to the variability and heterogeneity in
the source strengths, the variable transformation and atmospheric transport of the brominated
VSLS, and the amount of bromine inferred by the product gases and sea salt. In addition
to this variability, there is the suspected small trend in stratospheric bromine from controlled
substances. Additionally, each individual technique has its own accuracy, even though they have
largely been improved over time. All these factors make it difficult to infer a trend in Br'°*
from measurements in the UTLS, even if they may cover mean air mass ages of several years.
Therefore, a continuation of high precision Brf®® measurements in aged and well mixed air of the
middle stratosphere such as from balloon platforms, appears necessary in the coming decades, for
monitoring both controlled bromine substances as well as the expected climate-change induced

contributions.

2.4 Ozone Trends

Since many ODS have been reduced globally over the past two decades, the ozone layer has
begun to recover. Considerable recovery has been measured in the upper stratosphere, while the
lower stratospheric ozone has continued to decrease (Ball et al., 2018, 2020). The ozone column
in the stratosphere as a function of time between 1985—2016 is shown in Fig. 2.5 (Ball et al.,
2018). Between 1985 and 1998 the ozone column decreases in all layers of the stratosphere,
however after 1998 the upper, middle, and lower stratosphere have differing trends. In the upper
stratosphere (32—48 km) the ozone column increases by ~0.8 DU between 1998—2016. In the
middle stratosphere (24—32 km) the ozone column is still ~0.4 DU lower in 2016 than in 1998.
While in the lower stratosphere (~13—24 km) the ozone column continues to decrease almost
as consistently as before 1998. From 1998—2016 the lower stratosphere ozone column continued
to decrease by ~2.2 DU. The lack of an ozone recovery in the lower stratosphere is not well
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understood. Therefore further detailed studies of the lower stratospheric halogen loading are
crucial.

Barrera et al. (2020) showed that the inclusion of brominated VSLS significantly improves
their modelled total ozone column when comparing to observations from 1990—2010. Their
model results show that brominated VSLS have the largest impact on the ozone destruction in
spring, but the overall ozone loss in the LMS is largest in winter. Further studies have shown
that VSLS have a significant impact on the ozone radiation budget (Hossaini et al., 2015), as
well as the surface area extent of the ozone hole (Fernandez et al., 2017). However, Chipperfield
et al. (2018) indicated that along with the observed increase of LS ozone in 2017, there is
an interannual variability of LS ozone rather than a continuing decrease as Ball et al. (2018)
suggested. Chipperfield et al. (2018) argue that the atmospheric dynamics play a larger role on
the LS ozone variability. Either way, the continued monitoring of ozone as well as the various
halogen contributions is required.
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2.5 Fundamentals of Radiative Transfer

The atmosphere’s energy budget drives the hydrological cycle including evaporation, cloud cov-
erage, and ocean circulations determining the climate (Stephens et al., 2012). The energy fluxes
at the top of the atmosphere (TOA), within it, and at Earth’s surface are shown in Fig. 2.6. The
incoming shortwave radiation from the sun, the outgoing longwave radiation from Earth, and
other various processes in the atmosphere redistributing and transferring energy are indicated.
When the global climate is stable there is no warming or cooling at the surface or TOA, and the

energy budget is balanced.

Incoming TOA imbalance 0.6:0.4

Outgoing
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Figure 2.6: The global energy budget of the atmosphere with fluxes given in W m~2 for the
annual mean between 2000—2010. The incoming shortwave solar radiation is shown in yellow.
The Earth’s outgoing longwave radiation is shown in purple. The four principle fluxes of the
atmospheric energy bugdet (atmospheric absorption, all-sky longwave absorption, sensible heat-
ing, and latent heating) are displayed in the purple boxes. Figure adapted from Stephens et al.
(2012).

2.5.1 Radiative Transfer Equation

The redistribution of radiation in the atmosphere occurs by extinction, emission, and scatter-
ing processes. The following description of radiative transfer follows Petty (2006), where the
reduction of the initial radiation (I) is the sum of each of these processes,

dl = dleyg + dlemie + dlscar. (2.22)

The extinction of radiance over an infinitesimal distance (ds) is due to absorption and scattering
and can be defined as the following:

Alex = —Be T ds = —(Ba + B5) I ds, (2.23)

where (., B,, and B4 are the extinction, absorption, and scattering coefficients, respectively.
Extinction is determined by the sum of absorption and scattering 8, = S.+ Ss.

Radiation that is absorbed by a molecule converts the energy into another form such as heat

thereby warming that atmospheric layer. The reduction of the initial radiation due to absorption
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alone is given by:
dlaps = —Ba I ds. (2.24)

Air molecules and aerosols can then thermally emit energy. When in local thermodynamic equi-
librium, Kirchoft’s Law states that the absorptivity (3, ds) is equal to the emissivity. Therefore,

the emitted radiation is given by:
dlemit = ﬁa BA(T) dS, (225)

where B, (T) is Planck’s Function.

Additionally, when an incoming photon from direction s scattered, it changes the propa-
gation direction of the photon to Q. An elastic scattering event conserves the photon energy, as
in Rayleigh scattering off air molecules or Mie scattering off of aerosol particles or cloud water
droplets (Platt and Stutz, 2008). Rayleigh scattering occurs if the particle is smaller than the
wavelength of the photon and Mie scattering occurs if the particle is comparable or larger than
the photon wavelength. When inelastic scattering occurs energy is exchanged, as in Raman scat-
tering when energy is transferred between the photon and scattering molecule. The transfer of
energy from a photon to the molecule is called a Stokes-shift, conversely if the scattering particle
transfers energy to the photon it is denoted an anti-Stokes-shift. The change in radiance due to
scattering is proportional to the scatting coefficient, and when summed over all directions (Q’)

it can be expressed as

AL = 22 / 1(Q)p(Q, Q)dY ds, (2.26)

47 A
where p(Q’,Q) is the scattering phase function. The scattering phase function represents the
probability density of an incoming photon with direction (V that it is scattered in the new
direction (within an infinitesimal window dQ) It is normalized when integrating over all 47

steradians solid angle,
1

ey p(€Y, Q)Y =1, (2.27)
such that energy is conserved in the absence of absorption.

A combination of the extinction, emission, and scattering processes redistribute solar short-
wave and Earth’s longwave radiation within the atmosphere and is crucial for creating a habit-
able surface climate. The sum of these processes (Egs. (2.23),(2.25), and (2.26)) results in the
radiative transfer equation (RTE, Petty (2006)):

AI(Q) = —1(Q) - (Ba + Bs)ds + BaBa(T)ds + % /4 1(Q)p(€Y, Q)Y ds. (2.28)

An analytical solution does not exist, except for strictly limited scenarios. However, a simplified
radiative transfer equation in terms of remote sensing is discussed in Sect. 4.1 for absorption

and scattering, and a numerical solution using a Monte Carlo method is discussed in Sect. 4.3.

2.5.2 Optical Properties of Aerosols and Clouds (OPAC)

The relative fraction of light that is scattered in the atmosphere compared to the total extinction

is known as the aerosol single scattering albedo (SSA):

Bs(A)

A= S+ A

(2.29)

where as mentioned above, the total extinction coefficient is the sum of the absorption and
scattering coefficients (8,(A) + Bs(A\)) and are wavelength (A\) dependent (Petty, 2006; Platt
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and Stutz, 2008).

In the atmosphere, the assumption can be made that particles are spherical or randomly
oriented, which simplifies the scattering phase function (Eq. (2.27)). In this case, the scatter-
ing phase function only depends on the angle () between the original (€2’) and scattered ()
direction, i.e., cos(9) = Q' - Q (Petty, 2006). The normalization condition described above in

Eq. (2.27) can then be expressed as

1
%/ p(cos 9¥) d cos ¥ = 1. (2.30)
-1

However, frequently only the relative portion of forward vs backward scattered photons is rele-

vant, which is described by the asymmetry parameter (g),
1 1
g = (cos ¥) = 5/ p(cos ) - (cos ¥) d cos 9. (2.31)
-1

and must be —1 < g < 1. A model phase function known as the Henyey-Greenstein phase

function (pyg) can then be defined in terms of the asymmetry parameter as follows:

17g2
14 g2 —2g-cos 9)3/2

pug(cos ¥) = ( (2.32)

If all scattering events occur in one direction either the forward direction (¢ = 0) or the

backward direction (¥ = ), then the ratio of forward to back scattering is defined by

{ 1+e ]3 (2.33)

(1-g)
Forward scattering is favored when g > 0, while backscattering is favored for g < 0. Typical
tropospheric aerosol asymmetry factors are g ~ 0.7 while for only forward scattering g = 1.

Both the SSA and g are calculated by the Optical Properties of Aerosols and Clouds (OPAC;
Hess et al. (1998)) model. Although the OPAC model is more suitable for characterizing tropo-
spheric properties, it includes a sulfate component (75% H,SO,) in the stratospheric background
to account for nucleation processes with H5O. The stratospheric aerosol concentrations are as-
sumed to be 3 particles cm ™3, corresponding to an optical depth of 0.005. The OPAC model
results of the SSA and g agree with a previous study by Pollack et al. (1981), which focused on
stratospheric aerosol scattering properties.

OPAC calculates the scattering properties for several scenarios, namely for the Arctic, Antarc-
tic, continental clean/ average/ polluted, desert, sulfate, urban, and maritime clean,/ tropical/
polluted scenarios. It further specifies the SSA and g for 10 different wavelengths between
250—700 nm in 50 nm increments, and eight different relative humidity (RH) settings which
are 0%, 50% 70%, 80%, 90%, 95%, 98%, and 99% RH. These micro-physical properties are im-
portant to parametrise the optical properties when calculating the radiative transfer using the
Monte Carlo RT model in Sect. 4.3.
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Chapter 3

Instrumentation

In this study, several instruments that were assembled on the German HALO aircraft (refer to
Sect. 3.1 below) platform are utilized. The mini-DOAS instrument (refer to Sect. 3.2 below) is
a remote sensing instrument which is used to infer various trace gases such as O3, NO,, and BrO
among other trace gases and will be the focus of the data analysis in this dissertation (Hiineke
et al., 2017). Other instruments on board HALO which are used for the analysis of Br**, consist
of BAHAMAS (refer to Sect. 3.3.1 below) for avionic and meteorologic data, FAIRO (refer to
Sect. 3.3.2 below) for in situ O3 (Zahn et al., 2012), and GhOST (refer to Sect. 3.3.3 below)
for the in situ measurements of the organic brominated source gases and SFg mean air mass
ages (Sala et al., 2014). Additionally, UMAQS (refer to Sect. 3.3.4 below) measures N,O and
CO data which is used for the interpretation of air mass transport (Kunkel et al., 2019). The
measurements and the dynamics of the air mass transport in the UTLS are corroborated by
simulations from the CLaMS model (refer to Sect. 3.4.1 below) (McKenna et al., 2002b; Vogel
et al., 2015) and the bromine impact on Oz is simulated by the TOMCAT/SLIMCAT model
(refer to Sect. 3.4.2 below) (Chipperfield, 1999, 2006).

3.1 HALO Aircraft

The High Altitude and LOng Range Research Aircraft (HALO) is operated by the Flight Ex-
periments (FX) facility from the German Aerospace Center (DLR—Deutsches Zentrum fiir Luft-
und Raumfahrt). Its home base is at the Special Airport of Oberpfaffenhofen, Germany (ICAO
code: EDMO). HALO is a refurbished Gulfstream G550 business jet (refer to Fig. 3.1), with the
interior stripped allowing for a variety of instrument racks to be set up based on the scientific
payload desired for each research campaign. HALO is used by the German scientific community,
along with occasional international collaborators, for atmospheric (and earth) observations in
particular for the study of transport and photochemistry at a variety of scales. It is well suited
for such experiments as it has the capability for research flights up to ~10 hours, reaching alti-
tudes of ~15 km, and a maximum payload of 3 tons with 20—30 m? for ample space for a variety
of instruments (Minikin et al., 2020; Wendisch and Schwarz, 2020). HALO is capable of flying
low in the boundary layer all the way up through the LS reaching potential temperatures of © ~
420 K (Riese et al., 2017). The HALO platform is well suited for the WISE campaign (refer to
Sect. 5.1 below), as it allows for extensive measurements in the Ex—UTLS region for the study
of trace gas distributions, as well as dynamical and chemical processes in the NH (Riese et al.,
2017).
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Figure 3.1: The HALO research aircraft with the red arrow pointing to the location of the mini-
DOAS instrument at the back of the aircraft in the boiler room (picture from November 2019
in Rio Grande, Tierra del Fuego, Argentina).

3.2 Mini-DOAS Instrument

The mini-DOAS (Differential Optical Absorption Spectroscopy) is a remote sensing instrument
operated by our group at the University of Heidelberg (Hiineke et al., 2017). It weighs 58 kg and
is located in the unpressurized boiler room at the back of the HALO aircraft and is physically
inaccessible during a flight. The instrument consists of six optical spectrometers with two each
in the UV, visible (vis), and near-infrared (NIR) wavelength ranges. The UV spectrometer
wavelengths range between ~310—440 nm, the visible spectrometers are from ~417—640 nm,
and the NIR spectrometer wavelengths range from ~1102—1690 nm. In this study only the
UV and visible channels are used. The spectrometers are connected with fiber bundles to three
scanning limb and three fixed nadir telescopes. The optical properties (wavelength range and
field of view (FOV)) of these spectrometers are listed in Table 3.1 with which scattered skylight
is collected. The recorded spectra are an average measurement over the atmospheric volume
based on the distance travelled by the aircraft during a single measurement, over the FOV of
the telescope and the light path length. This in turn is dependent on the exposure time, the
elevation, cloudiness and other atmospheric conditions. Due to the large range of wavelengths
of the channels a variety of trace gases can be analysed, including various halogen species BrO,
0OCIlO, 10, 10,5, and I; O, species O3 and O4; H,O (vapour, liquid, ice); and many different
pollutants NO,, HONO, CH,0, C;H,0,, C3H,O5, SO5, CO,, and CHy.

Table 3.1: mini-DOAS optical properties of the six spectrometers. The vertical (V.) and hori-
zontal (H.) field of view (FOV) measurements are from Knapp (2016).

‘ Spectrometer ‘ Wavelength [nm] ‘ V. FOV [°] ‘ H. FOV [°] ‘
Nadir UV1 310—440 0.321 4+ 0.008 3.10 &+ 0.02
Limb UV2 313.6—441.5 0.465 4+ 0.012 3.34 + 0.01
Nadir VIS3 417—-640 0.356 4+ 0.010 3.12 + 0.01
Limb VIS4 417-640 0.469 4+ 0.012 3.11 + 0.01
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The mini-DOAS instrument is shown in Figure 3.2 excluding the aperature plate which sits
below the instrument in the fuselage of the aircraft. The schematic of the mini-DOAS is shown in
Figure 3.3 which shows the three main components of the instrument: the control unit (top), the
spectrometer unit (middle) and the aperture plate (bottom). The control unit consists of a power
supply with a peltier cooling option and an electronic box to control the spectrometers and save
data. The spectrometer unit includes the six spectrometers in a vacuum housing encapsulated
by an ice-water bath along with insulation to keep the spectrometers at a constant temperature
near 0°C. And lastly, the aperture plate is the housing for the six telescopes including three
motors to control the limb telescopes as well as a camera in the limb direction. The nadir
telescopes have a fixed orientation pointing directly perpendicular below the aircraft and do not

compensate for the aircraft’s change in roll angle or pitch.

Figure 3.2: The mini-DOAS instrument installed in the
boiler room of the HALO aircraft (picture from February
2018). The upper half consists mainly of the two electronic
boxes, one on either side. The bottom half is the water
and ice bath housing within which the spectrometers are
placed for stable temperatures. At the very center, the
white lid to the ice bath unit is visible and just below the
lid to the left is the connector to the vacuum housing with
the spectrometers. The blue and white cables on the left
provide power and connect the mini-DOAS instrument via
an ethernet cable to the HALO aircraft cabin to access the
instrument computer during flights. The aperture plate
(not shown) is placed below the mini-DOAS spectrometer
unit.
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In this study only the UV and vis channels in the limb orientation are used, i.e., the air
masses observed are perpendicular to the aircraft main axis on the right hand side. The limb
telescopes are adjusted continuously in flight to compensate for changes in the roll angle of
the HALO aircraft for constant alignment with the flight altitude. Motorized telescope gears
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(updated at 10 Hz) are used in-flight to adjust for the roll angle of the aircraft, however right
hand curves with roll angles larger than 5° cannot be corrected and subsequently this data is
removed from analysis. Leftward curves can be corrected for up to 90° and are therefore not
a problem. Additionally, during sharp flight turns the time delay of the correction for the roll
angle may cause for further elimination of individual data points if the alignment is too slow.
As such, all data collected from misaligned telescopes are removed. Additional details of the
HALO mini-DOAS instrument and its development can be found in Hiineke (2016) and Hiineke

et al. (2017) and references therein.

3.2.1 Preparations

Prior to measurements, a few preparations for the mini-DOAS instrument are required. Because
the instrument is situated in the boiler room which is open to the ambient temperatures and
pressures, to ensure consistent and stable retrievals the spectrometers are kept under vacuum and
cooled. To achieve constant vacuum conditions, the spectrometer housing is evacuated using a
Pfeiffer HiCube vacuum pump to remove dust and other particles and to ensure a steady pressure
during flights. A minimum of a two-week period is required prior to taking measurements to reach
values of 10~® mbar if the spectrometer housing was open to room temperature and pressure
conditions. During the campaign the spectrometer housing is kept sealed to ensure stable low
pressures. Typical leakage rates are 2 x 10~° mbar L s (Hiineke et al., 2017) allowing for stable
pressures typically throughout the 4—5 weeks long campaign. The option to further pump the
instrument between flights is possible, if the spectrometer lid or the fiber bundle connectors are
loosing vacuum pressure too quickly. However, additional vacuum pumping during the WISE
campaign was not required.

After the instrument has been successfully installed in HALO with the assistance and ap-
proval of the DLR-FX team, the limb telescope motors must be calibrated and aligned with the
aircraft lateral axis. This is accomplished with a slit lamp light source positioned approximately
10 m away at the same height (+ 0.5 cm) from the ground as the center of the limb telescopes
when pointing horizontally to the left. The limb telescopes are scanned up and down to capture
the slit lamp emission source. With the mini-DOAS calibration software the peak of the light
source is measured and represents the corresponding calibration angle. This calibration angle
along with the roll angle of the aircraft relative to the Hangar ground in its current parked
position are added to create an offset for each telescope motor. This offset is then included in
the mini-DOAS script throughout the campaign and defines the 0° direction (aligned with the
aircraft main axis) of the telescope.

For this study the offsets calibrated for the NIR, vis, and UV telescope motors were —1.1°,
—0.29°, —1.3°, respectively. These offsets as well as all in-flight roll-angle adjustments have
pointing errors of £0.11°, £0.09°, and £0.03° for the NIR, vis, and UV telescope gears, respec-
tively, due to the lag in the upwards and downwards direction (Fig. 3.4 (a—c)). This leads to a
slightly less precise viewing direction of the FOV along the horizon (Table 3.1). After the WISE
campaign in fall of 2017, but prior to the next campaign (EMeRGe-Asia (Effect of Megacities
on the Transport and Transformation of Pollutants on the Regional to Global Scales)) in spring
of 2018, the lag of the motors was improved through cleaning and replacing the ball bearings
inside the motor drums. The lag of the pointing errors were improved for the NIR, vis, and UV
motors resulting in £0.025°, £0.00°, and +0.01°, respectively (Fig. 3.4 (d—f)).

Additionally, during the WISE campaign there was a 3 s delay between the actual roll angle
of the aircraft (from BAHAMAS, Sect. 3.3.1) and mini-DOAS receiving the information leading
to further pointing errors. This time delay was later eliminated for the SouthTRAC (Southern
Hemisphere—Transport Composition Dynamics) campaign in 2019 by upgrading the mini-DOAS
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instrument to access the aircraft avionics system directly and circumventing the BAHAMAS
instrument. The time delay would result in a slightly larger distribution around the horizon (0°
elevation angle), and will be quantified once a comparison with SouthTRAC data has been done

where the time delay is eliminated.
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Figure 3.4: Telescope motor lab measurements of the forward and backward directions taken
immediately following the WISE campaign at the end of 2017 (a—c) and after the ball bearings
inside the motor drums were replaced in January 2018 (d—f). In (a—c) the pointing errors are
+0.11°, +0.09°, and +0.03° for the NIR, vis, and UV motors, respectively. In (d—f) the pointing
errors are reduced to £0.025°, £0.00°, and £0.01° for the NIR, vis, and UV motors, respectively.
Figure courtesy of Ben Schreiner (personal communication).

Further preparations for the mini-DOAS instrument prior to any measurement, requires
the cooling of the spectrometers by supplying 4 kg of ice and 3 L of cooled water to the bath
surrounding the spectrometer housing (shown in blue in Figure 3.3) to stabilize the spectrometer
temperatures near 0°C. Due to the nature of this particular study (flying at high altitudes
with low ambient temperatures as well as ground temperatures around 10°C), the UV and vis
spectrometer temperatures were generally below 2°C (the NIR is generally 1°C warmer due to
its placement) enabling steady analysis conditions.

Once the spectrometers reach < 2°C they need to be optically and electronically characterized
and calibrated to minimize the noise in the measured spectrum. A spectrograph analogue-digital
converter is used to convert the analogue signal to a digital one, however it can only process pos-
itive signals. Therefore, an artificial electronic offset is added to each recorded analogue signal.
Once this spectrum has been converted to a digital signal, the offset must be subtracted again.
The noise from the CCD (charge-coupled device) detector known as the dark current which if
from thermal excitation of electrons must be subtracted as well. Therefore, measurements of
the dark current and offset voltages are required to reduce noise in the measured spectra. The
telescopes are covered with a thick black cloth eliminating all light sources from entering the
spectrometers to allow for the characterization of the unit. The dark current is measured by
collecting one spectrum with an exposure of 10000 ms, while the offset voltage records and adds
1000 scans/spectra at the minimum 13 ms exposure. Examples of the dark current and offset
are shown in Fig. 3.5.

In certain cases, recorded spectra will need to be added in order to reduce the total noise (N)
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Figure 3.5: An example of the dark current (left) and offset voltage (right) from the limb UV
channel recorded on September 11, 2017.

of a spectrum. One component of the total noise is the electronic offset and dark current, which
is called the instrument or background noise (Ng). And the other type is statistic noise of the
spectral irradiance signal due to the fluctuating photons recorded even for identical (lab) condi-

tions. This photon noise (Np) is a Poisson distribution dependent on the number of registered

photons. The total noise is then defined as N = /Ng + N3. For gases with low absorption in
the given wavelength range, the total noise will be to large relative to the signal. Spectra can be
added as a running mean to reduce the signal to noise ratio and to distinguish the absorption
signal better.

Additionally, any recorded spectrum must be calibrated to correspond the channel numbers
to the respective wavelengths. This is done using the known emission lines from mercury and
krypton Pen-Ray lamps (Mentges, 2021). These calibrations should be done throughout the
campaign to potentially avoid pressure drifts of the instrument. A calibration close in time to
the actual measurements should be used for each flight. Additional settings and details of the
mini-DOAS instrument can be found in previous student theses such as Knapp (2016); Hiineke
(2016); Kluge (2018); Schreiner (2018) and in Hiineke et al. (2017).

3.3 Additional Instrumentation

Additional instruments operated by external groups also aboard HALO during the WISE cam-

paign are briefly summarized here.

3.3.1 BAHAMAS

The Basic HALO Measurement And Sensor System (BAHAMAS) is permanently installed on
HALO and operated by the DLR—FX Sensor and Data group. BAHAMAS records avionic and
meteorologic data of HALO’s location including the aircraft position, altitude, roll/yaw /pitch
angles, and acceleration as well as the ambient conditions such as pressure, temperature, poten-
tial temperature, 3-D wind field, turbulence, and humidity (Krautstrunk and Giez, 2012). The
BAHAMAS time server acts as the common reference for all instruments on board. It has a high
resolution (10 Hz) providing real time measurements crucial for the mini-DOAS instrument to
correct for the roll angle of the aircraft for the limb telescopes. The BAHAMAS roll angle has
a root mean square of < 0.05° allowing for accurate limb telescope pointing directions. Unfor-
tunately, during the WISE campaign there is a time delay of 3 s between BAHAMAS sending
the attitude information and the mini-DOAS receiving it (as mentioned above), increasing the
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uncertainty of the pointing of the limb telescopes and slightly altering the observed air masses.

3.3.2 FAIRO

The Fast AIRborne Ozone monitor (FATRO) was first deployed in 2012 and is operated by the
Karlsruhe Institute of Technology (Zahn et al., 2012). It is a fully custom-built, lightweight, and
compact O3 sensor (14 kg, 19”7, 13.5 cm high), which uses two methods to accurately measure in
situ Os3: a UV photometer and a chemiluminescence (CL) sensor. The UV photometer measures
the O3 absorption in the Hartley bands around 255 nm using a UV-LED light source and is
the more accurate technique of the two (~ 0.08 ppb), operating at a lower frequency (0.25 Hz,
1 bar). The CL detector measures the light emission between 450—500 nm from the reaction
produced by Os reacting with an organic dye (Coumarin 47) that is adsorbed on dry silica gel.
The CL technique measures at a higher frequency of 10 Hz. The UV photometer results are
used to calibrate the CL response, thus combining the accuracy of the UV photometer with the
high frequency of the CL sensor. The typical 10 measurement precision is 0.08 ppb for the UV
spectrometer and 0.5% for the CL detector. Accuracy for the UV spectrometer measurements
is ~1.5% (mostly determined by the uncertainty of the Oj cross section). More details can be
found in Zahn et al. (2012).

In this dissertation, O is determined from the CL method except during one research flight
(on October 9, 2017—RF11, refer to Sect. 5.1 below) for which the UV photometer method Og
is used as only partial CL O3 data was available. These O3 measurements are used for the
mini-DOAS post flight analysis when using the scaling method (refer to Sect. 4.2 below) and

result in higher accuracy compared to using model results of Os.

3.3.3 GhOST

The Gas Chromatograph for the Observational Studies using Tracers (GhOST) instrument,
operated by the University of Frankfurt, detects stable atmospheric trace gases. It has two
gas chromatographic channels, one which is coupled to a mass spectrometer (MS) (Agilent
MSD 5975) and the other one to an electron capture detector (ECD) (e.g., Sala et al. (2014),
Obersteiner et al. (2016), Keber et al. (2020)). SFg and CFC-12 are measured on the ECD
channel with a time resolution of 60 s and a high precision of typically about 0.6% for SFg and
0.2% for CFC-12, in a similar setup as used in Bonisch et al. (2009). In addition, SFg data
are smoothed using a local correlation with the CFC-12 data (an atmospheric transport tracer)
which has a higher precision. Ten data points surrounding the measurement on both sides are
used to determine the local correlation for each data point. This procedure retains the local
information without introducing an offset to SFy mixing ratios and removes some instrumental
scatter.

The mean age of air can be inferred from SFg measurements only if a single entry point
can be assumed. As air masses observed during the WISE campaign are strongly influenced by
transport of air from the NH mid latitudes and from the tropics, a direct derivation of mean
age is not possible. Instead the so-called lag-time is used here, i.e., the time lag between the
occurrence of a certain mixing ratio of SFg in the UTLS with respect to the time when this
mixing ratio was observed in the global mean. The lag-time derived in this way has an overall
precision better than 0.3 years and an estimated accuracy of 0.6 years. The global mean SFg
mixing ratio used as a reference is lower than the NH mixing ratios. Particularly close to the
tropopause, the observed mixing ratios are often higher than those in the reference time series,
resulting in negative lag-times.

The second channel measures bromocarbons and other halogenated species with cryogenic
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enrichment (Obersteiner et al., 2016), gas chromatographic separation, and mass spectrometric
detection with a time resolution of four minutes (Sala et al., 2014). Atmospheric mixing ratios of
CH;3Br, halons H—1301, H—1211, and H—2402 as well as the short-lived bromocarbons (CH,Br,
and CHBr3) are reported on the scales used in the AGAGE (Advanced Global Atmospheric Gas
Experiment) network (Prinn et al., 2018). Mixed bromochlorocarbons (CH,BrCl, CHBr,Cl,
and CHBrCl,) and H—1202 are calibrated based on inter-calibration experiments with the UEA
(University of East Anglia). Due to a decrease of CH3Br in the calibration gas and poor signal to
noise ratios for this compound, a correlation between H—1211 and CH3Br measured previously
during the PGS (three part mission: POLSTRACC (Polar Stratosphere in a Changing Climate),
GW-LCYCLE (Investigation of the Life cycle of gravity waves) and SALSA (Seasonality of Air
mass transport and origin in the Lowermost Stratosphere)) campaign has been used. This
correlation leads to a scaling of 12.5% so as to arrive at typical tropospheric mixing ratios of
CH;Br observed in the NH in 2017 and then applied to the data of the current study. Typical
detection limits for the different species during WISE are given in Keber et al. (2020). Typical
precisions are 4.22% for CH3Br, 0.99% for H-1301, 0.49% for H-1211, 7.58% for H-1202, 1.49%
for H-2402, 0.67% for CH4Br,, 2.21% for CHBrg, 9.16% for CH,BrCl, 3.43% for CHBrCl,, and
2.22% for CHBr,Cl. The 1o scatter (the standard deviation) of total Br®® measurements in a
10 K potential temperature interval directly below the tropopause is = 0.81 ppt (4%), which
includes the precision of the measurement as well as the atmospheric variability (Sala et al.,
2014).

3.3.4 UMAQS

The University of Mainz Airborne QCL (quantum cascade laser) Spectrometer (UMAQS) is
operated by the University of Mainz. It simultaneously measures nitrous oxide (N,O) and
carbon monoxide (CO) from the HALO aircraft. The instrument is in situ calibrated against
secondary standards, which are compared to NOAA primary standards before and after the
campaign. It uses direct absorption of infrared radiation at 2200 em ! using a Hariott cell with
a 76 m light path at 50 hPa. Measurements are recorded with a frequency of 1 Hz, and the total
uncertainty during the WISE campaign was determined to be £0.18 ppb for N,O and 0.9 ppb
for CO. These tracers are used for the interpretation of air mass transport around the UTLS
during the WISE campaign. For more details refer to Miiller et al. (2015) and Kunkel et al.
(2019).

3.4 Models

3.4.1 Lagrangian Modelling by CLaMS§S
CLaMS Trace Gas Curtains

The Chemical Lagrangian Model of the Stratosphere (CLaMS) is developed at Forschungszen-
trum Jillich in Germany. It is a Lagrangian chemistry transport model (CTM) (McKenna
et al. (2002b,a); Pommrich et al. (2014) and references therein) which utilizes wind and tem-
perature data of the ECMWF (European Centre for Medium-Range Weather Forecasts) from
ERA-Interim re-analysis data (Dee et al., 2011). CLaMS is particularly good at portraying the
gradients of trace gases for example at the extratropical tropopause due to its lagrangian nature.
AURA—-MLS (Microwave Limb Sounder) and ACE—FTS (Atmospheric Chemistry Experiment
— Fourier Transform Spectrometer) satellite data as well as tracer-tracer-correlations are used
to initialise CLaMS simulations. The simulation used here starts on May 1, 2017 and has a

horizontal resolution of 100 km.
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The simulations are setup to optimally replicate bromine chemistry reactions in the strato-
sphere but lacks accuracy for photochemical processes in the troposphere as the heterogeneous
reactions of brominated species on ice and liquid water are not yet implemented (Groof et al.,
2014). Also, only the long-lived Br;norg is part of the simulation and bromine compounds from
VSLS are considered to already be converted to Bryinorg. This may cause offsets in Bryinorg7 but
nevertheless ratios like BrO/ Br;norg are reasonally determined by this method.

Various trace gas curtains along the flight tracks have been derived for each flight of the WISE
campaign. These curtains are defined by the latitude, longitude, and time of the flight track for
many altitudes. CLaMS model information for these points was achieved using back-trajectories
to the model output time of the previous day at 12:00 UTC. The chemical composition from
the 3-D CLaMS simulation is then interpolated to the trajectory endpoints, subsequently the
CLaMS chemistry is calculated forward in time along these trajectories to determine the chemical
composition along the given curtain. The CLaMS curtain simulations have a one minute time
resolution corresponding to ~13 km. The vertical coordinates have 41 pressure levels between
10—1000 hPa (up to approximately © ~ 900 K). These are unequal pressure levels for the best
vertical resolution around the tropopause.

For the present study, CLaMS curtains are used as input for the radiative transfer sim-
ulations for the scaling method of the mini-DOAS data analysis (refer to Sect. 4.3.3 below).
These simulated trace gas mixing ratios along the flight track are also used for direct compar-
isons with the measured data of O3, NO,, and BrO (Sect. 5.3 below). Further, the simulated

BrO/ Bryinorg partitioning is used to infer measured Bryinorg from mini-DOAS BrO data.

CLaMS Transport Tracers

In previous studies, different kinds of artificial tracers have been implemented in CLaMS to
identify the transport pathways and to quantify the transport of air masses from defined atmo-
spheric domains and surface regions to other locations of the atmosphere considering advection
and mixing (e.g., Vogel et al. (2011, 2019)). To compare the WISE measurements with the
CLaMS artificial tracers, the simulations are interpolated in space and time to the position of
the HALO flight track using CLaMS trajectories. The trajectories are started every second along
the flight track.

Two different kinds of artificial tracers are used here. The first kind is an artificial air mass
origin tracer initialised on May 1, 2017 approximately 5 months prior to the WISE campaign.
The air mass origin tracers mark nine distance 3-D domains in the entire model atmosphere which
are the low-latitude (tropical) troposphere, upper and lower TTL, tropical pipe, mid-latitudinal
troposphere and LMS, polar troposphere and LMS and lastly the stratospheric background (i.e.,
the LS above 380 K). The boundary conditions of the air mass origin domains are described in
Table 3.2 and shown in Fig. 3.6 (originally from Vogel et al. (2011)). The tropical pipe domain
is not shown but is the region above the upper TTL in the tropics. These tracers are used to
study vertical and horizontal transport of the air masses to the LMS in the NH within the 5
months leading up to the WISE campaign.

The second kind is an artificial tracer that marks specific regions in the CLaMS model bound-
ary layer referred to as surface emission tracers and are used here to study the transport of young
air masses into the LMS in the NH. In contrast to the air mass origin tracers discussed above
which are initialised once on May 1, 2017, the different surface emission tracers are continu-
ously released (every 24 h) in the model boundary layer (2—3 km above the surface following
orography) from the start of the simulation on May 1, 2017 (for more details see Vogel et al.
(2015, 2019)). The surface emission tracers are divided into 24 surface regions shown in Fig. 3.7,

defining relatively small regions in south eastern Asia to study in particular the influence of air

37



Table 3.2: The boundary conditions of the air mass origin tracers for the CLaMS simulations.
Adapted from Vogel et al. (2011).

Air Mass Origin Tracer ‘ Latitude PV (C]
Low-latitude troposphere 0—-30° <2 PVU <355 K
Mid-latitude troposphere 30—60° <2 PVU <355 K
Polar troposphere 60—90° <2 PVU <355 K
Lower TTL — <2 PVU 355—-380 K
Upper TTL — <2 PVU 380—425 K
Mid-latitude LMS <60° >2 PVU <380 K
Polar LMS 30—60° >2 PVU <380 K
Lower stratosphere (LS) - >2 PVU >380 K
pressure 4
70hPa / 425K
lower stratosphere
380K Figure 3.6: The CLaMS
air mass origin domains
380K divides the atmosphere
150hPa / 355K mid-latitude polar for simulations beginning
Wstrat%phere on May 1, 2017. Re-
PV = 2PVU fer to Table 3.2 for more
details. Figure adapted
from Vogel et al. (2011).
low latitude mid-lat polar
troposphere troposphere troposphere
—>
0° 30° 60° 90°
latitude

masses from the Asian monsoon and its tropical adjacent regions on transport into the LMS.

Moreover, these surface regions for the WISE campaign cover the entire Earth’s surface with

surface emission tracers. For some regions, coastlines or orography (both provided by ECMWF)

are used as criteria to define the boundaries between different regions. The same set-up for the

surface emission tracers was already used for WISE measurements in Wetzel et al. (2020).
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Figure 3.7: CLaMS artificial surface emission tracers by region based on previous simulations
described in Vogel et al. (2015, 2019), with higher resolution regions at coastal boundaries mainly
in south eastern Asia (INO, IND, NIN, BoB, Neast, and ECH) as well as in other regions (TIB,
NEA, NAF, TAO, NAM, NEP, and NAO). Adapted from Wetzel et al. (2020) where these
defined regions were also used for the analysis during the WISE campaign.

3.4.2 Chemical Transport Modelling by TOMCAT /SLIMCAT

The TOMCAT/SLIMCAT (hereafter TOMCAT) 3-D off-line global chemistry transport model
(Chipperfield, 1999, 2006) is used here for the interpretation of the transport of trace gases
from the tropical UT/TTL and extratropical tropopause (Ex—TP) regions into the LMS and
to assess the corresponding loss in Os. Similarly to CLaMS, the off-line model is driven by
meteorology (e.g., horizontal winds, temperature, surface pressure, and convective mass fluxes)
from ECMWEF ERA-Interim reanalyses (Dee et al., 2011), with no feedback of the chemistry
on the dynamics. In the setup used here the model employs a hybrid vertical coordinate with
terrain-following sigma levels near the surface and pressure levels at higher altitudes. Large-scale
vertical motion is calculated from the divergence of the horizontal winds. In these simulations the
model uses a detailed stratospheric chemistry scheme TOMCAT (e.g., Chipperfield et al. (2018))
with photochemical information from JPL-2015 (Sander et al., 2011). The Oj loss reactions are
described in Werner et al. (2017) Appendix A.

The simulations used here were initialised from a multi-decadal control simulation which
started in 1977 (Dhomse et al., 2019). Output from this run on January 1, 2016 was used to
initialise a series of sensitivity runs. These simulations calculated the chemistry and dynamics
in 15 min time increments over a high horizontal resolution of 1.2° x 1.2° with 36 unevenly
spaced vertical levels with an altitude range from the surface to around 63 km. The simulations
continued until the end of the WISE campaign in late October 2017, i.e., 22 months integration
time.

Initial constraints for the brominated species in the UT are given in Table 3.3. Three different
TOMCAT sensitivity runs were performed starting from January 2016: a Base run followed by
two runs with elevated bromine constraints. The Base run initialises the model with constant
bromine contributions along the entire tropopause with the Ex—TP boundary conditions listed
with [Br*®"] = 19.6 ppt. The additional two runs continue to use the Ex—TP conditions in
the extratropics, while elevated bromine in the form of Br¥>"S and Br;norg are initialised in the
tropical UT for two differing scenarios. Run 1 uses Br¥>™ constraints from Navarro et al. (2015)
and Bry"*"® from Werner et al. (2017) resulting in [Br'®"] = 20.8 ppt for the tropical UT. Run 2
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uses BrVSM and Blr;norg mixing ratios from the current study for the tropical UT/TTL resulting

in [Br**"] = 21.7 ppt. These runs, with differing bromine mixing ratios in the tropical UT but

constant Ex—TP constraints, simulate different air masses being transported into the LMS. The

comparison of the model runs allows for the impact of the differing bromine levels on the O3

levels in this region to be diagnosed.

Table 3.3: Bromine boundary conditions near the tropopause from various research studies for
the extratropical tropopause (Ex—TP) and the tropical UT (Trop—UT) used to initialise the
TOMCAT/SLIMCAT model. The Base run uses the Ex—TP bromine boundary conditions along
the entire tropopause for all latitudes. There are two further runs with elevated UT bromine
initialisations in the tropics (30°S—30°N, run 1 and run 2) while the extratropics are still set to
the Ex—TP bromine boundary conditions as in the Base run.

Run Region CH;Br Halons | BrVStS Br;mrg Brtot
[ppt] [ppt] | [pPt] [ppt] [ppt]
Base | Ex—TP | 7.25+0.16 | 7802 | 3.06 +0.56 > | 1.44 + 0.53 | 19.6 + 0.8
Run 1 | Trop—UT| 7.25+0.16 1@ | 7.802 | 3.12+ 0473 | 2.63+1.044 | 20.8 + 1.2
Run 2 7.254+0.161' | 7802 | 5.00£0.54 !¢ | 1.69 £ 0.54 ¢ | 21.7 + 0.8

la Current study all tropopause data: A = —10 K to the local WMO tropopause

16 Current study Ex—TP: equivalent latitude 40—60°N, A© = —10 K to the WMO tropopause
¢ Current study Trop—UT (i.e., Oign/PViey air, refer to Sect. 5.2): © > 355 K and PV< 2

2 WMO (2018) and cited by Keber et al. (2020)
3 Navarro et al. (2015) average from East and West Pacific
4 Werner et al. (2017) and Koenig et al. (2017)
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Chapter 4

Method and Retrieval

The mini-DOAS analysis is a multi-step process and is based on differential optical absorption
spectroscopy to obtain differential slant column densities (dSCDs) in units of molecules cm~2
(Sect. 4.1). This quantity is calculated from the absorption observed due to the trace gas relative
to the reference chosen. Next, the absorption in the reference spectrum is determined to compute
total slant column densities (SCDs) in Sect. 4.1.2. A radiative transfer model is then used to
simulate the optical state of the atmosphere, in particular to compute the light path length
distribution and the amount of absorption in the line of sight of the telescope for the specific
trace gas (Sect. 4.3). And lastly, the novel scaling method is used to determine the volume

mixing ratios (VMRs) of the target trace gases along the flight route (Sect. 4.2).

4.1 DOAS

The detection of trace gases by remote sensing spectral analysis is based on the Differential
Optical Absorption Spectroscopy (DOAS) method to solve a simplified version of the radiative
transfer equation (RTE; refer to Sect. 2.5.1). The primary principle of the DOAS method
describes the exponential decrease of light through an absorbing medium as shown in Fig. 4.1
and is defined by Lambert-Beer’s law (Eq. (6.108) in Platt and Stutz (2008)):

I(A) = Ip(A) - elmoP ) (4.1)

where Ij is the spectral radiance emitted by the light source at a given wavelength (). I is often
called the Fraunhofer reference spectrum due to the Fraunhofer lines in the sun’s spectrum. I
is the irradiance after the light passes through an absorbing medium with an absorption cross
section o measured over a light path length of L with a corresponding uniform or averaged mixing
ratio p along the light path. The absorption cross section of a specific gas (o;) can alternatively
be defined by its absorption coefficient (3;) in terms of the earlier defined RTE (Sect. 2.5.1): o
= (; / n, where n is the number density.

The irradiance after absorption can alternatively be expressed as:

where 7 is the optical density of the medium,
7=-In(I/Iy) =c(A)-p- L. (4.3)
Atmospheric measurements of trace gases in this study are always of optically thin environments
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Figure 4.1: The radiance, Ip(A), from a light source is absorbed by a medium with mixing ratio
p and absorption cross section o. After a given distance L, the remaining irradiance received at
the detector from all directions is I()).

(r<107h).

The mixing ratio of the trace gas along its path length represents the slant column density
(SCD) and can be written as an integral, where the SCD is an average of the mixing ratios over
the light path:

LV
SCD = Si(\) = /0 pi(s)ds (4.4)

where i represents the different trace gases and ds is the infinitesimal path length over which
the mixing ratio is added. In the atmosphere where there are many trace gases present, the
characteristic absorption lines of each trace gas allows for multiple trace gases to be measured

simultaneously. The irradiance measured after absorption by multiple trace gases is given by:

I L) = To() - exp ( > aimsm) (45)

i=1

for m absorbers. The DOAS method uses the distinction between narrowband (strong variations
with wavelength, i.e., high frequency) and broadband (gradual variations with wavelength, i.e.,
low frequency) components to improve the evaluation of the mixing ratios of trace gases in
the atmosphere. The absorption cross sections of each trace gas are separated into the two
components: a;(\) = oi(\) + o ()\), where o} is the narrowband feature (determined in the
laboratory) and o is the broadband component.

In the atmosphere, light extinction not only occurs from trace gas absorption but also by
scattering and turbulence. Scattering, such as by inelastic rotational Raman scattering, is im-
pacted by factors including the solar zenith angle, the light path length, cloud cover and aerosol
concentration and causes a smoothing of the wavelengths or a ‘filling in’ particularly in the
strong Fraunhofer absorption bands. This convolution due to Raman scattering is known as the
Ring effect (e.g., Grainger and Ring (1962); Vountas et al. (1998); Wagner et al. (2001)) and
must be taken into account by compensating it with a Ring spectrum, R()), which is calculated
from the reference Fraunhofer spectrum. Extinction by Rayleigh scattering with air molecules,
Br, and Mie scattering with aerosols and cloud droplets, 8y, results in broadband extinction
that is also included in atmospheric measurements. This leads to a modified Lambert-Beer law

when observing the atmosphere:
I(A,L) = Io(A) - exp (—R(/\) IS Si(/\)> :

exp (L' (i (UiB()\) 'pi) + Br(A) + 51\/1()\)))

where the terms in the first exponential are all the narrowband components and the terms in

the second exponential are the broadband components. To model the irradiance, the individ-
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ual absorption cross sections oy, given by Keller-Rudek et al. (2013) (refer to Sect. 4.1.1), are
convoluted with the mini-DOAS instrument slit function H before entering Eq. (4.6). However
during measurements, due to the given resolution of the sprectrograph the observed irradiance,
I*(\,L), is given by a convolution of the true irradiance, I(\,L), with the instrument slit function,
H (Platt and Stutz, 2008):

I*(\,L) = I(\,L) + H = /I()\ — N,L)-H(\)dN. (4.7)

The difference between the observed irradiance Eq. (4.7) and the model given by Eq. (4.6) (where
we make the substitution o; — o;*H within the exponential) leads to a discrepancy known as
the solar Iy correction (Platt et al., 1997; Wagner et al., 2001; Lampel et al., 2015).
Furthermore, the irradiance of the light source multiplied by the broadband components can
be redefined as a new irradiance, Ij), such that the Lambert-Beer law can be reapplied to solely

the narrowband components:

IO\ L) =TI()) - exp (—R()\) =) aln)- Si()\)> : (4.8)

i=1
The differential optical density is now defined as:

/!

7(\) =In (IIO> = R(\) + Za;(x) S, (4.9)

A software package called DOASIS (DOAS Intelligent System) written by Kraus (2006) at
the University of Heidelberg, is used to calculate the Ring effect from the Fraunhofer reference
as well as model the S;. DOASIS applies the Levenberg-Marquardt algorithm (Levenberg, 1944;
Marquardt, 1963) with an iterative approach to minimize the residuals between the measured

spectrum and the model. The least squares fit in DOASIS is applied as the following;:

X* = [ln (If) ~R- Zc{ : Sil 2 (4.10)

to infer the SCD of each trace gas. In this study, the Fraunhofer reference (or background)
spectrum is an in-flight reference which already contains some absorption and therefore the
SCD calculated above is actually a differential slant column densities (dSCD). The methods to
determine the absorption in this in-flight spectrum are discussed below in Sect. 4.1.2.

4.1.1 Absorption Cross Sections and DOAS Fit Scenarios

Each gas has a unique absorption cross section, frequently with distinctive peaks at different
wavelengths at which the gas absorbs more or less light. The three main trace gases analysed in
this study are Og, NOy, and BrO. For the DOAS analysis when choosing the absorption cross
section the temperature dependency of the cross sections must be considered in addition to the
solar Iy correction and Ring effect discussed earlier.

The absorption cross sections are temperature dependent, for some gases more than others.
Therefore, the cross sections measured in the lab should occur at appropriate temperatures which
should approximately correspond to the path length distribution weighted temperature in the
region of the measurements. Due to the high sensitivity of the O3 absorption cross section to
temperature, two orthogonalized cross sections measured at different temperatures are used in
the DOAS analysis.
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The absorption cross sections used in this study are retrieved from the “MPI-Mainz UV /VIS
Spectral Atlas of Gaseous Molecules of Atmospheric Interest” data base (Keller-Rudek et al.,
2013). These lab determined absorption cross sections often have a higher resolution and as
such the mini-DOAS instrument slit function of a mercury emission line from the wavelength
calibration is used to convolute the absorption cross sections. An example of this slit function is
shown in Fig. 4.2 with a full width half maximum (FWHM) of 0.44 £+ 0.01 nm. The absorption
cross sections for all trace gasses included in the fit scenarios are shown in Fig. 4.3. The fit
scenarios used for the DOAS analysis for BrO, NO,, and O3 are outlined in Tables 4.1—4.2 and

are discussed below.

25X 10°

_ 2f Figure 4.2: An example of the mini-
£ DOAS instrument slit function correspond-
§ 1.5¢ ing to the mercury (Hg) emission peak at
> 404.66 nm from the limb UV spectrometer
2 qt recorded on September 11, 2017. The chan-
% nels displayed correspond to the wavelength
- 051 range from 403.18—406.19 nm.

0 1 L
1310 1320 1330 1340 1350 1360
Channel

When comparing the measured irradiance with the modelled irradiance where the high reso-
lution absorption cross sections are convolved inside the exponential in Eq. (4.6), an additional
correction factor known as the solar Iy effect needs to be considered (Platt et al., 1997; Wagner
et al., 2001; Lampel et al., 2015). However, only stronger absorbers need an I correction, which

029 molecules

include O3 and NO,. The solar Iy correction for the O3 cross section (~1.0 x 1
cm~2) and the NO; cross section (~1.0 x 1017 molecules cm~2) was used as suggested by Aliwell

et al. (2002).

Table 4.1: Details of the spectral retrieval absorption cross sections used for the DOAS method
analysis (Hiineke et al., 2017; Stutz et al., 2017).

’ # ‘ Absorber ‘ Temp. ‘ Solar-I, ‘ Reference ‘ Uncert.

1 Oy 293 K Thalman and Volkamer (2013) 3-4%

2 | O4 273 K Thalman and Volkamer (2013) 3-4%

3 | O3 203 K 1.00 - 1020 | Serdyuchenko et al. (2014) 2-3%

4 | Og 223 K 1.00 - 10%° | Serdyuchenko et al. (2014) 2-3%

5 O3 293 K 1.00 - 1020 | Serdyuchenko et al. (2014) 2-3%

6 | NOg 223 K 1.00-10'7 | Bogumil et al. (2003) 3.4%

7 | BrO 223 K Fleischmann et al. (2004) 8-10%

8 | HpO 273 K Rothman et al. (2009) 8%

Target Gas BrO: The Spectral Fit Scenario

Bromine monoxide (BrO) absorption bands lie in the UV wavelength range. The absorption cross
section used, was recorded by Fleischmann et al. (2004) in the laboratory at 223 K (Fig. 4.3).
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Figure 4.3: The absorption cross sections for Oy (293 K), O3 (223 K and 293 K), NOy (223
K), H,O (273 K), and BrO (223 K) are shown. The O3 absorption cross section is shown as a
logarithm. The units of the cross sections are cm? molecule™!, except for O4 which have units of
cm® molecule™2. The medium and dark gray shadings correspond to the target gas fit windows
(BrO in the UV and NO, in the visible channel). The light and dark gray shadings correspond
to the scaling gas (O3) fit windows in the UV and visible wavelength. The dark gray shadings
indicates the overlapping wavelength ranges between the scaling and target gas. For details refer
to Tables 4.1—4.2.

Table 4.2: DOAS spectral analysis details for the various trace gases and their spectral fitting
intervals. Refer to Table 4.1 for the corresponding fitted absorbers. The o [dSCD] are typical

errors in molecules cm ™.

2

Gas Spectral interval | Fitted Additional o [dSCD]
[nm)] absorbers Parameters

0;-UV | 338—357 ® 1,4,5,6,7 DIofs, @R, DR .M | 2.5 x 1017

BrO 346—359 (P 1,4,5,6,7 | Ioss, R, R-A* 2.4 x 1013

Os—vis | 450—500 () 2,3,4,6,8 | Iose, R, R-A* 3.2 x 1017

NO, 432490 (© 2,3,4,6,8 | Iofs, R, R-A 2.8 x 101

O Offset spectrum
() Ring spectrum
(i) R multiplied by the wavelength

@) Pukite and Wagner (2016)
®) Aliwell et al. (2002)
) Hiineke et al. (2017)

An extensive inter-comparison study done by Aliwell et al. (2002) comparing the DOAS analysis
of BrO with six independent instruments, recommend a 2 band fit scenario from 346—359 nm.
This is a 2 band fit of the vibrational transitions 4,0 and 5,0 of the A%l 2 X 211, /2 electronic
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transition (Wilmouth et al., 1999). Aliwell et al. (2002) showed that the lower side of the interval
range has a much higher sensitivity to changes than the upper side of the interval range resulting
in less consistent BrO differential slant column densities (dSCD). Due to this previous extensive
study, the wavelength range of 346—359 nm is chosen for the retrieval of BrO dSCDs and is
highlighted in Fig. 4.3 by the medium and dark gray shading on the left.

Other trace gas species included in the DOAS analysis of BrO include O4 (294 K), a cold
(223 K) and warm (293 K) O3 orthogonalized to the colder Oz, and NOy (223 K) provided in
Tables 4.1 and 4.2. The WISE campaign measurements were primarily in the UTLS of the NH
in mid-latitudes where ambient temperatures ranged from 206—293 K, with the majority of the
flight levels around 210—235 K. As such the absorption cross sections used, largely correspond
to the colder temperatures. The Huggins band of O3 has a stronger temperature dependency,
therefore a second warmer absorption cross section is included.

These cross sections are used in DOASIS to calculate the dSCD for BrO. Due to the low
mixing ratios of BrO, a running mean of five spectra is used for the dSCD analysis to improve the
signal to noise. An example of the fit details for BrO with relatively large signal to noise (S/N >
12) is shown in Fig. 4.4. The blue curves are the components of the measured spectrum and the
red lines are the DOASIS simulated results. The root mean square (RMS) is the residual and
should only be made up of random noise if all trace gas species have been identified appropriately
by the model. DOASIS calculated a spectrum of dSCDg,q = (2.1£0.2) x 10'* molecules cm~2

relative to the specific in-flight reference spectrum chosen.

Fit Result Ring 0S-Pol. NO,: 8.5E+15 (7.5E+14) O,k: 3.5E+19 (7.9E+17)
-2.3E-3 2.3E-2 7.9E-3 -3.1E-3 -1.5E-4
-6.6E-3 2.1E-2 3.9E-3 -3.7E-3 -3.3E-3
-1.1E-2 1.9E-2 -1.6E-4 -4.3E-3 -6.4E-3
-1.5E-2 1.7E-2 -4.2E-3 -4.9E-3 -9.5E-3
-1.9E-2 1.5E-2 -8.2E-3 -5.5E-3 -1.3E-2
8.1E-4| RMS:2.87E-4 Ring - A* 0,: -2.7E+42 (3.9E+42) BrO: 2.1E+14 (1.7E+13) O,w: -2.1E+18 (9.0E+17)
9.0E-3 1.2E-3 4.4E-4 1.2E-3
41E-4
4.5E-3 6.5E-4 -2.5E-4 7.2E-4
0.0E+0
1.5E-5 1.3E-4 -9.3E-4 2.1E-4
-41E-4
-4.5E-3 -3.9E-4 -1.6E-3 -3.0E-4
-8.1E-4
-8.9E-3 9.1E-4 2.3E-3 -8.1E-4

345 350 355 360 345 350 355 360 345 350 355 360 345 350 355 360 345 350 355 360
Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm]

BrO-Fit | MeasSpec: M000816 | RefSpec: 450 | Recording Time: 15:11:29-15:15:51 UTC | Lat/Long: 60.92/1.35 | Alt: 13.73 km | NScans: 500 | ExpTime: 471.6 ms |
Temp: 1.11 °C | EA: 0° | SZA: 76.94° | SRAA: -76.65° | SIN: 12.39 | x2: 1.54E-5 | DOAS-Polynom. deg: 2 | OffSet-Polynom. deg: 1 | RefRingShift: -4.67E-4 (1.15E-4) |
RefRingSqueeze: 1.00E+0 (1.37E-5) | GasShift: 1.62E-2 (7.45E-3) | GasSqueeze: 9.94E-1 (1.63E-3)

Figure 4.4: An example of a BrO spectral fit scenario from research flight RF09 on Oct. 4,
2017 in the UV wavelength range 346—359 nm. This dSCD has a relatively high signal to noise
(S/N>12) for BrO. The optical density (OD) of the observed measurement is shown in blue
signal and the modelled least squares fit OD from DOASIS is shown as the red line. The fit
result shows the entire measured and modelled spectrum. The RMS is the root mean square
indicating the residual after subtracting all components. The Ring spectrum, Ring-A\%, and the
offset polynomial (OS-Pol.) are displayed, followed by the OD of the absorption of the various
trace gases. The gases include O4, NO,, BrO, Osk (cold ozone), and Osw (warm ozone). The
OD are relative to an in-flight reference spectrum, which during this flight was spectrum 450.

Target Gas NOs: The Spectral Fit Scenario

The nitrogen dioxide (NOg) absorption bands have distinct features in the visible wavelength
range as shown in Fig. 4.3 for the cross section measured at 223 K by Bogumil et al. (2003). The
fit window of 432—490 nm was chosen similar to Hiineke et al. (2017) but with an adjusted lower
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limit due to the change and update in wavelength range of the spectrometer to avoid instabilities
in the fitting procedure. The fit range used is highlighted in Fig. 4.3 by the medium and dark
gray shading on the right hand side. The following other trace gas species are included in the
NO, fit scenario: Oy, two Oz, and H,O (for details refer to Tables 4.1 and 4.2). Each spectrum is
evaluated individually for NO, as the mixing ratios as well as the signal to noise are larger than
for the BrO retrieval and therefore no running mean spectra are necessary. An example of the
fit details for NO, is shown in Fig. 4.5. The dSCDygs of this spectrum calculated by DOASIS
is (3.2 4£0.03) x 106 molecules cm ™2 relative to the chosen in-flight reference spectrum.

Fit Result Ring 0OS-Pol. NOZ: 3.2E+16 (2.8E+14) Oak: 4.9E+19 (3.9E+17)
4.2E-2 4.TE-2 3.1E-2 -7.2E-3 2.7E-3
3.3E-2 4.2E-2 2.7E-2 -1.1E-2 -1.2E-2
2.4E-2 3.6E-2 2.3E-2 -1.5E-2 2.2E-2
1.4E-2 3.0E-2 1.9E-2 -1.9E-2 -3.1E-2
5.1E-3 24E-2 1.5E-2 -2.3E-2 -4.1E-2
RMS: 3.85E-4 Ring - x4 0, 1.9E+43 (1.6E+41) H,0: -1.3E+22 (4.6E+21) O,w: 5.1E+19 (7.9E+18)
3.0E-3 1.0E-3 1.4E-3 1.9E-3
1.3E-3
6AE4 1.4E-3 -2.5E-3 7.8E-4 1.1E-3
0.0E+0 -3.0E-4 -6.1E-3 1.6E-4 3.2E-4
B.AE4 -2.0E-3 -9.7E-3 -4.6E-4 -4.5E-4
A3E-3 -3.6E-3 -1.3E-2 -1.1E-3 -1.2E-3
440 460 480 440 460 480 440 460 480 440 460 480 440 460 480
Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm]

NO2-Fit | MeasSpec: M002320 | RefSpec: 675 | Recording Time: 16:53:41-16:53:53 UTC | Lat/Long: 49.83/-3.93 | Alt: 14.34 km | NScans: 100 | ExpTime: 24.19 ms |
Temp: 1.62 °C | EA: 0° | SZA: 83.74° | SRAA: 57.59° | S/N: 116.42 | x% 7.04E-5 | DOAS-Polynom. deg: 2 | OffSet-Polynom. deg: 1 | RefRingShift: -5.89E-4 (3.07E-4) |
RefRingSqueeze: 1.00E+0 (1.00E-5) | GasShift: 1.22E-2 (9.96E-3) | GasSqueeze: 9.98E-1 (3.35E-4)

Figure 4.5: Research flight RF09: Oct. 4, 2017 example of the NO, spectral fit scenario in the
visible wavelength range 432—490 nm for a high signal to noise (S/N>100). The panels are as
given in Fig. 4.4 with the exception of the panel for optical density of BrO, which is replaced by
H,0.

Scaling Gas Oj3: The Spectral Fit Scenario

Ozone (O3) absorption occurs in both the UV (Huggins band) and visible (Chappius band)
wavelength ranges as shown in Fig. 4.3. It has a strong temperature dependence, therefore
absorption cross sections at two different temperatures measured by Serdyuchenko et al. (2014)
are used, 223 K and 293 K. The two temperatures of the absorption cross sections represent the
varying ambient temperatures during the WISE campaign.

For O3—UV dSCDs, used as the corresponding scaling gas for BrO analysis, a fit window
of 338—357 nm is applied (Pukite and Wagner (2016)). In Sect. 4.1.3 below, a test comparison
for several wavelength ranges is discussed. O3—vis dSCDs, the scaling gas for the NO, analysis,
are evaluated between 450—500 nm (Hiineke et al. (2017)). These fit windows are indicated in
Fig. 4.3 by the light and dark gray shading. Due to the light path length dependency on the
wavelength, it is important for the scaling and target gas to have similar and ideally overlapping
fit scenario wavelength ranges for the equivalence theorem to apply which is discussed below
(Irvine, 1964; Partain et al., 2000; Knecht, 2015). The Os fit windows are therefore chosen to
have overlapping wavelength ranges with each of the target gases. For details refer to Tables 4.1
and 4.2. An example of the fit details for the dSCD simulation for O3—UV/vis is shown in
Figs. 4.6 and 4.7, respectively. The dSCDg3 of each of these spectra are calculated by DOASIS
resulting in (3.5 & 0.02) x 10! molecules cm™2 and (5.0 &= 0.03) x 10! for the UV and vis
wavelength ranges, respectively, relative to each of their in-flight reference spectrum.

Alternatively, the oxygen collisional complex O, can be used as a scaling gas. This is appro-
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Fit Result Ring OS-Pol. O,: -3.3E+42 (1.0E+42) BrO: 1.9E+14 (9.9E+12)
4.3E-2 3.1E-2 8.9E-3 1.3E-3 7.5E-4
2.8E-2 27E-2 7.2E-3 7.7E-4 -2.8E-4
1.3E-2 24E-2 5.6E-3 1.9E-4 -1.3E-3
-1.5E-3 2.0E-2 3.9E-3 -3.8E-4 -2.3E-3
-1.6E-2 1.6E-2 2.3E-3 -9.6E-4 -3.4E-3
RMS: 3.97E-4 Ring - A* 0,: 3.5E+19 (2.3E+17) NO,: 8.7E+15 (8.5E+14) O,w: 2.5E+18 (4.9E+17)
4.3E-3 -3.8E-5 -2.1E-3 1.2E-3
1.1E-3
5,564 2.0E-3 -1.3E-2 -3.0E-3 2.8E-4
0.0E40 -2.0E-4 -2.5E-2 -3.9E-3 -6.4E-4
5564 -2.5E-3 -3.8E-2 -4.7E-3 -1.6E-3
A1E3 -4.7E-3 -5.0E-2 -5.6E-3 -2.5E-3
340 345 350 355 340 345 350 355 340 345 350 355 340 345 350 355 340 345 350 355
Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm]

0O3-Fit | MeasSpec: M000816 | RefSpec: 450 | Recording Time: 15:11:29-15:15:51 UTC | Lat/Long: 60.92/1.35 | Alt: 13.73 km | NScans: 500 | ExpTime: 471.6 ms |
Temp: 1.11 °C | EA: 0° | SZA: 76.94° | SRAA: -76.65° | S/N: 153.53 | xzz 4.23E-5 | DOAS-Polynom. deg: 2 | OffSet-Polynom. deg: 1 | RefRingShift: -1.22E-3 (1.48E-4) |
RefRingSqueeze: 1.00E+0 (1.32E-5) | GasShift: 9.17E-2 (2.20E-3) | GasSqueeze: 9.93E-1 (4.94E-4)

Figure 4.6: Research flight RF09: Oct. 4, 2017 example O3—UV spectral fit scenario in the
visible wavelength range 338—357 nm for a high signal to noise (S/N>100). The panels are as
given in Fig. 4.4.

Fit Result Ring 0S-Pol. 0, 1.9E+43 (1.5E+41) H,0: -1.9E+22 (1.2E+22)
5.4E-2 4.3E-2 2.8E-2 8.4E-4 1.3E-3
4.3E-2 3.8E-2 2.5E-2 -2.7E-3 7.4E-4
3.2E-2 3.4E-2 2.2E-2 -6.1E-3 2.0E-4
21E-2 3.0E-2 1.9E-2 -9.6E-3 -3.3E-4
1.0E-2 2.5E-2 1.6E-2 -1.3E-2 -8.7E-4
RMS: 3.56E-4 Ring - A* 0,: 5.0E+19 (3.0E+17) NO,: 3.2E+16 (3.5E+14) 0,w: 8.3E+19 (6.8E+18)
7.9E-3 -8.5E-3 -4.1E-3 2.0E-3
1.1E-3
5.6E4 3.5E-3 2.1E-2 -7.5E-3 1.3E-3
0.0E40 -9.6E-4 -3.3E-2 -1.1E-2 6.1E-4
5664 -5.4E-3 -4.5E-2 -1.4E-2 -9.1E-5
AAES -9.8E-3 -5.7E-2 -1.8E-2 -7.9E-4
460 480 500 460 480 500 460 480 500 460 480 500 460 480 500
Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm]

O3-Fit | MeasSpec: M002320 | RefSpec: 675 | Recording Time: 16:53:41-16:53:53 UTC | Lat/Long: 49.83/-3.93 | Alt: 14.34 km | NScans: 100 | ExpTime: 24.19 ms |
Temp: 1.62 °C | EA: 0° | SZA: 83.74° | SRAA: 57.59° | S/N: 164.85 | x2: 5.29E-5 | DOAS-Polynom. deg: 2 | OffSet-Polynom. deg: 1 | RefRingShift: -1.77E-3 (6.79E-4) |
RefRingSqueeze: 1.00E+0 (2.01E-5) | GasShift: -3.85E-2 (1.45E-2) | GasSqueeze: 9.99E-1 (5.26E-4)

Figure 4.7: Research flight RF09: Oct. 4, 2017 example Os—vis detailed fit scenario in the
visible wavelength range 450—500 nm for a high signal to noise (S/N>100). The panels are as
given in Fig. 4.4 with the exception of optical density of BrO panel which is replaced by H5O.

priate for tropospheric gases, particularly those with exponential increases towards the surface.
The O, scaling gas is also useful for low altitude flight legs, i.e., when observing gases in the
troposphere. Examples as well as comparisons between the Oz and O, scaling gases can be found
in Schreiner (2018) and Kluge (2018).

In-Flight Reference Spectrum

The dSCDs in this study for the target gases of BrO and NO, and the scaling gas O5 are evaluated
with respect to an in-flight Fraunhofer reference spectrum. This Fraunhofer reference spectrum
is typically chosen at high altitude, low solar zenith angles (SZA), and clear sky conditions
indicated by a low colour index (ratio of the radiances at 420/340 nm). It is assumed that this
type of Fraunhofer reference spectrum has the simplest ambient conditions to simulate the light
path lengths and weighting factor for the scaling method (described below) compared to the rest
of the flight.
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Outliers of select individual dSCD data points that deviate by more than 5x10'3, 10'° or
2x 108 molecules cm =2 (~ 10—25% jump) from the 9 point running mean for BrO, NO,, or Os,
respectively, are averaged to remove unreliable spectra. Typical errors of the dSCDs for each

gas absorption can be found in the last column of Table 4.2.

4.1.2 Total Slant Column Densities

If the Fraunhofer reference spectrum chosen already has absorbed light due to the sun’s photo-
sphere and the atmosphere, then the residual absorption present in the reference spectrum must
be quantified. In this scenario the S; in Eq. (4.10) found by the DOASIS analysis represents the
dSCD;. As previously mentioned this is the case for the mini-DOAS spectra because an in-flight
Fraunhofer reference spectrum is chosen. Therefore, the absorption of this spectrum (SCD,.)
needs to be determined to calculate the total SCD (refer to equation (1) in Hiineke et al. (2017)),

SCD; = dSCD; + SCD,. (4.11)

There are several methods to determine the SCD,¢, which may differ for the various gases.

Kurucz Method

One option is to evaluate the spectra using an external high resolution absorption-free solar
spectrum from Chance and Kurucz (2010) as the Fraunhofer reference to compute total SCDs
(further on called SCD¥"™#), The SCDX"™* absorption calculated for the spectrum used as
the in-flight reference for the dSCD computation represents the SCD K™ for the corresponding
gas. In Fig. 4.8, an example comparison of O3 dSCDs (black points) using an in-flight spectrum
is compared with the SCD¥"™"* (red points) evaluation using the external absorption-free spec-
trum. Adding the SCDX"" to the dSCD™ Mi8ht of 5 phroduce 05 SCD™ bt ref (hlack line)
generally agrees very well with the SCD*"™"“?  indicating the robustness of the evaluation and
supporting the use of this method. This combines the smaller uncertainty of the dSCD results
with the Kurucz method reference, therefore SCD™ &bt *f pather than SCDX™ are used for
further analysis.

In this study, this method was only used for the evaluation of O3—UV SCD,; as it produced
consistently stable SCDX""*, The SCDX""* for O;—UV ranged between (1.6 — 3.2) x 109

2

molecules cm™* varying between flights due to the different atmospheric conditions of each

chosen reference spectrum. These SCD X" typically only differed by 0.1 x 101 molecules
em™2 from the simulated SCDSmated (mentioned below) indicating the consistency of these
methods for O3—UV. Unfortunately, this method does not always produce stable results in the
desired wavelength range or gas. Additionally, if there are large errors or negative SCDs this
method is not used.

O3 and BrO have similar daytime vertical profiles in the atmosphere with peaks in the
stratosphere, therefore the assumption is made that their total SCDs are proportional to one

another by some factor along the flight paths for SZA<~89° (which is generally observed)
SCDg,0 = a- SCDSM (4.12)

where a is some constant over the course of the flight. Using the quasi linear relationship observed
between the absorption-free spectra SCDs of Os (i.e., SCD¥"* (Chance and Kurucz, 2010))
and the BrO dSCDs, the BrO—SCD,; can be determined. The quasi linear relationship can be
described as

dSCDg,0 = m - SCDE"™ + b (4.13)
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Figure 4.8: Research flight RF11 (Oct. 9, 2017) O3—UV SCDX™"* (red dots) are compared
to 03— UV dSCD™ flight ref (h]ack dots) where the shading indicates the uncertainty (the dSCD
uncertainty is very small). For the dSCD evaluation the in-flight spectrum was 850. The O
SCDXYU% value at this in-flight reference spectrum is the O3 SCD X% and is added to the
05 dSCD™ flight ref 6 infer O, SCD™ bt vl (561id black line).

where m is the slope and b the y-intercept. Then using Eq. (4.11) for BrO (dSCDg,o = SCDg,0
— SCD,f,Br0), it is inserted into the above equation

SCDgo — SCDrefBro =m- SCDOS +b. (4.14)

The proportionality of the SCDs of BrO and Oj from Eq. (4.12) is used to replace the first term
on the left, and setting SCDg3 = 0 results in the following:

SCDyef,, = —b. (4.15)

When inspecting the O3 SCD¥U* v BrO dSCD relationship, typically a negative y-intercept
is identified resulting in a positive SCD,.g,0- This indicates the unaccounted BrO absorption in
the chosen Fraunhofer in-flight reference spectrum and hence is the BrO SCD,;. This represents
the BrO present when there is no O3 left.

An example of this relationship is shown in Fig. 4.9. Data points from the aircraft’s initial
ascent and final descent as well as when the solar zenith angle is large (SZA > 89°) are ex-
cluded from the calculation and are indicated by the gray circles. Extrapolating the O3 SCD to
zero, results in a BrO SCD, of (+1.39 4 0.18) x 10'* molecules cm~2 for the Sept. 23, 2017
flight based on that specific in-flight reference spectrum. The SCD, is then added to all BrO
dSCDs™ bt rf fom the corresponding flight resulting in BrO SCDs. An example is shown in
Fig. 4.10. Further examples of this method can be found by previous group members such as
Hiineke (2016) or Lorks (2019) with comparable results.
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Simulated SCD_¢

In the visible wavelength analysis of NOy and O, the SCD, s are both simulated using the
Monte Carlo atmospheric radiative transfer inversion model (McArtim) described in Sect. 4.3
below (Deutschmann et al., 2011). McArtim simulates the SCDs along the flight track (de-
scribed below in Sect. 4.2 and 4.3), from which the SCD, is extracted at the flight altitude
and corresponding to the time stamp of the in-flight reference used for the dSCD analysis. This
method is chosen because the inferred O3—vis SCDs from the external absorption free spectrum
from Chance and Kurucz (2010) were frequently unreliable. As such, for consistency, all NO,
and O3—vis SCD, s are simulated using the RT McArtim model.

Alternative Options

Another alternative method if available, is a roof top zenith sky measurement on a clear day
where the changing SCDs are solely due to the light path length for trace gases with relatively

constant and stable mixing ratios during the course of a day, e.g., O3. Due to the stable mixing
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ratios the SCD relative to a second geometric viewing direction known as the vertical column
density (VCD) can be used, which is defined as the air mass factor (AMF; see Perliski and
Solomon (1993); Marquard et al. (2000); Wagner et al. (2007)):

SCD

(4.16)

The AMF can be directly calculated by the McArtim model. Alternatively, at low solar zenith an-
gles (SZA < ~75°) the SCD to VCD ratio can be approximated resulting in AMF =~ 1/cos(SZA)
(Wagner et al., 2007). A comparison of the dSCDs and the AMFs can be used to create a Lan-
gley plot resulting in a linear trend given by dSCD = VCD - AMF — SCD, where the SCD,¢
is the negative y-intercept (similar to the Kurucz related plots).

Depending on the target trace gas, different methods are appropriate. For a gas such as OC10
with a short photolytic lifetime, a dSCD with respect to an in flight spectrum at low SZA can be
used and assumed that the SCD,.; = 0. Or tropospheric gases such as formaldehyde with very
small mixing ratios present in the stratosphere, can also be assumed to have near zero absorption
(SCD,¢ = 0) if the dSCD is computed relative to a spectrum taken in the stratosphere.

4.1.3 Sensitivity Test: O3—UV Fit Window

An O3—UV fit scenario of 338—357 nm as suggested by Pukite and Wagner (2016) is ultimately
used for this study. However, various fitting windows shown in Table 4.3 were compared for
consistency and accuracy of the SCD results. Seven different wavelength ranges, overlapping
with the BrO fit window wavelength range, were tested when evaluating the dSCDs. The com-
parison of the total SCD results for each flight for the different fit windows also included the
comparison of either a Kurucz slant column density reference (SCDE5F™) or a simulated refer-
ence (SCDSM™). Figure 4.11 shows example results for research flight RF05 on Sept. 23, 2017.
Panel (a) shows the dSCD results of each fit window, while in panel (b) the total SCDs using
either the SCD K™ (solid lines) or the SCD,S™ (dashed lines) are shown. The total SCD of
each fit scenario computed with the SCD 5™ generally converged within 0.2 x 10 molecules
cm~2, which also largely overlapped best with the SCD computed using the Pukite and Wagner
(2016) fit window (shown in red) and the SCD, 5",

Table 4.3: Different O3 wavelength fit windows were tested and the total SCDs were compared.
The results of the respective fit scenario names are shown in Fig. 4.11 for an example flight as
well as in Appendix A for the rest of the flights.

Fit Scenario Name Wavelength [nm)] ‘ Source ‘
03_346_3547_Stutz 346—354.7 Stutz et al. (2017)
03_338_357_Pukite 338—357 Pukite and Wagner (2016)
03.338_360 338—-360 Vogel Sihler test
03_VogelSihler 330—360 Vogel Sihler test
03.335_362_Hiineke_.wHCHO 335—362 Hiineke (2016)
03.335_362_Hiincke 335—362 Hiineke (2016)

03.3381_3599 338.1-359.9 Vogel Sihler test

The O3—UV fit window suggested by Pukite and Wagner (2016) shown in red (and frequently
the similar fit window from 338.1—359.9 nm (black curve)) was the only fit window that had
consistent agreement between the SCD results calculated with the SCD,5"™ and the SCD,S.

They generally agreed closely with the majority of fit windows using a simulated reference. The
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Comparing O3 Fit Scenarios of Flight 2017/09/23
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Figure 4.11: A comparison of SCD results for different O3 wavelength fit scenario windows
described in Table 4.3 for research flight RF05 on Sept. 23, 2017. The Oz dSCD results
for the various fit scenarios are shown in (a). In panel (b), the SCDs computed using either
SCD K (solid lines) or SCDS™ (dashed lines) are shown. At the bottom right panel there is
a zoomed in section of (b).

dSCDs using the fit scenario suggested by Stutz et al. (2017) (shown in dark blue in Fig. 4.11
(a)), mainly result in unstable dSCDs as well as significantly different SCD K™ compared
to the other fit windows. As such the total SCDs differ most significantly than all other fit
windows tested and can thus be disregarded. Fit windows as suggested by Hiineke (2016) (light
blue and light green data) always have an offset, frequently by a factor of 2 smaller and on
occasion have unstable Kurucz SCDs as compared to results from Pukite and Wagner (2016).
The fitting windows 338—360 nm (yellow curve) as well as the largest fit window used for Vogel
Sihler plots of 330—360 nm (purple curve) often had a consistent offset between the SCDs using
a SCD K1 compared to the SCD . Therefore, all further analysis is completed using the fit
window of 338—357 nm (Pukite and Wagner (2016)). These wavelength comparison results for

all flights can be found in Appendix A.

4.2 Scaling method

The second part of the mini-DOAS analysis relies on the novel scaling method (Hiineke et al.,
2017; Stutz et al., 2017). This technique is used to retrieve mixing ratios of a target gas from
SCDs. The main advantage of the scaling method is that spectra can be evaluated for all sky
conditions where as previous inversion methods largely had to exclude cloudy measurements due
to the inherently complex scattering scenarios of aerosols and clouds. The scaling method largely
cancels out any RT differences of the atmospheric conditions by considering the ratio of light path
length probability density distributions between the target gas and scaling gas, as given by the
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equivalence theorem (Irvine, 1964; Partain et al., 2000). Rayleigh and Mie scattering processes
are wavelength dependent, therefore to successfully allow for these atmospheric process to be
accounted for, the wavelength ranges of the target and scaling gas should be similar. Additionally,

the atmospheric distributions of both gases should also be similar.

The SCD computed from the DOAS method can alternatively be defined as

SCDx = Y [XJ; - Bx, - z (4.17)

i

where SCDy is the total slant column density retrieved for a given target gas, [X]; is the a priori
mixing ratio of the target gas in a height layer i, By; is the Box—AMF in layer i and z; is the
height of layer i. The Box—AMF is “a measure of the sensitivity of a particular viewing direction
towards an absorber being present in a specific vertical ‘box’ (or layer)” (Platt and Stutz, 2008).
The Box—AMF is used as a weighting factor representing how sensitive the instrument is to a
measurement for a given elevation. The above equation can be rewritten to express the mixing
ratio of the target gas in the layer j, which is at flight altitude for the limb telescope observations
of the mini-DOAS instrument:

. SCDX — Zi;éj [X]l . BX; * Zj

X]; 4.18
[ ]J BXj . Zj ( )
This can similarly be expressed for the scaling gas P:
SCDp — Zi [PL : BPj *Zi
[P]; = el . (4.19)

Bpj * Zj

By considering the ratio of the target gas to the scaling gas mixing ratios, i.e., dividing

Eq. (4.18) by Eq. (4.19) their relative mixing ratios are

[X];  SCDx —>2i(X]i - Bx, -z Bp,

[P]j a SCDp — Zi;&j [P]i - Bp,

i

(4.20)

* Zj BXj

The Box—AMFs of the scaling and target gas within the same (or similar) wavelength range can
be considered equal (within the uncertainty) when the optical density of both the scaling and
target gas is << 1 (for weak absorbers as is the case in this study), therefore Bx; ~ Bp; and the
final term is approximately unity.

Additionally a weighting factor, the so-called « factors can be defined as the ratio of the
absorption observed in the line of sight (layer j) relative to the total absorption of all layers for

the target gas
[X]j-Bx; -z SCDx — > 4[X]i - Bx, %

= = 4.21
aXJ Zl[X]l . BX; © Zj SCDX ( )
and for the scaling gas
op, = U Bris_ 5ODp ~ 2ilPh - Be 1 (122)
! Zl[P]l . Bpi A SCDP
The ratio of the « factor equations is given by
ax; SCDx  SCDx —3[X}i - Bx; -z (4.23)

QA

i

ap; . SCDp N SCDp — Ziyéj [P]i - Bp,

which can be substituted into Eq. (4.20) on the right hand side.
Following this, the main equation of the scaling method (Hiineke et al., 2017; Stutz et al.,
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2017) is used to retrieve trace gas mixing ratios [X]; in an atmospheric layer j,

% SCDX
apj SCDP

X]; = - [P];- (4.24)
In this study the target gas X is either BrO or NO, while the scaling gas P is O due to their
similar profiles in the UTLS. The SCDx and SCDyp are the total slant column densities of the
target gas and scaling gas, respectively, evaluated from the mini-DOAS data (as described in
Sect. 4.1). The scaling gas mixing ratio [P]; is given by the in situ O3 VMR as measured by
the FAIRO instrument aboard HALO (refer to Sect. 3.3.2). Alternatively, the oxygen collisional
complex O, can be used as the scaling gas for analysis of tropospheric trace gases. The « factors
are calculated from Box—AMF which are simulated by the RT model McArtim (refer to Sect. 4.3
below).

Due to the wavelength dependent atmospheric processes of radiative transfer included in the
Box—AMF's, the target and scaling gas should have similar or largely overlapping wavelength
fit windows (refer to Table 4.2). Hiineke (2016) showed that NO, Box—AMFs simulated at 457
nm compared to 477 nm vary by 20% in the lower troposphere for the nadir telescope viewing
direction, but only 5% deviation in the limb viewing direction.

The scaling method compensates for most effects of the light path length modifications (e.g.,
scattering by aerosol and clouds) observed in the SCDs and includes instrumental, celestial
and climatological data in the « factor. However, for a given wavelength the « factor ratio is
insensitive to scattering by aerosols and clouds due to the equivalence theorem (Irvine, 1964;
Partain et al., 2000) as shown in simulations performed by Knecht (2015) or in the supplement
of Hiineke et al. (2017). The study by Knecht (2015) showed that the « ratio between the
target gas (CH,0) and scaling gas (O,) is mainly dependent on the ratio of the absorption or
concentration profile with altitude (performed in the altitude interval 0—15 km) rather than
the atmospheric conditions. In fact, the « ratio of the target and scaling gas agreed well for
cloudy and clear-sky simulations at all altitudes. There was a weak dependency on the SZA
at low altitudes, but negligible at higher altitudes. Therefore, if the target and scaling gas are
analyzed in a similar wavelength window, the light path length distributions will be similar and
the inferred target gas mixing ratio is largely independent of the atmospheric optical state.

The mixing ratio of the target gas, [X];, for these limb UV /vis measurements is an average
mixing ratio over a given atmospheric volume. This volume is based horizontally on the distance
the aircraft has travelled during a single measurement, vertically on the FOV of the telescope
to the right of the aircraft, and the light path length distribution in the given conditions (for
examples see Kluge et al. (2020) Figs. 2 and 6). Typical precision errors for the VMRs calculated
by the O3—scaling method for the WISE campaign data are +0.6 ppt for BrO and 48 ppt for
NO,. A detailed description and a breakdown of the error budget can be found in Hiineke et al.
(2017).

4.3 McArtim Radiative Transfer Modelling

For the retrieval of absolute mixing ratios at flight altitude the recently developed Oj;—scaling
method is used (refer to Sect. 4.2 and Stutz et al. (2017); Hiineke et al. (2017)). For this method,
the radiative transfer (RT) conditions during the measurement should approximately be known
to account for the atmospheric, instrumental, and celestial (e.g., Sun position) parameters and
geolocation. As the RT equation does not have an exact analytical solution, techniques along
with simplifications and assumptions are made to solve it numerically.

In this study the Monte Carlo atmospheric radiative transfer inversion model (McArtim) was
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used to simulate the RT conditions in a refractive spherical atmosphere (Deutschmann et al.,
2011). Tt was developed here at the University of Heidelberg and has been a useful tool for
spectroscopy analysis. It is designed to simulate the RT of the atmospheric conditions, including
the absorption, scattering and reflection by molecules, aerosols and Earth’s surface. In particular,
McArtim is used to simulate the Box—AMFs from which the « factors are calculated to infer
mixing ratios via the scaling method for Eq. (4.24).

The McArtim model calculates the intensity weighted photon path length (L;) in a given box
(i) of a specific height (h;) based on the radiative transfer equations (refer to Sect. 2.5.1) with
respect to the reduction of incoming radiance by absorption of a gas. The Box—AMF for an

individual box in the atmosphere is then defined as:

L 1dn(L)

= ——rA 4.2
h; hy dg (4.25)

where I« is the normalized solar radiance and f; is the absorption coefficient of a certain gas
in height layer i (Deutschmann et al., 2011). The absorption coefficient of a specific gas is
determined by its absorption cross section (o) and the number density (n), i.e, 8 = o- n.

The Box—AMF's along the flight track indicate the sensitivity of the absorption of a specific
trace gas in the line of sight compared to the total absorption in all height layers. For the
limb telescope set up, the Box—AMFs have the highest sensitivity at the flight altitude layer
as well as in the few layers directly above flight altitude and then decrease with altitude, while
below the flight altitude they are quite small (Knecht, 2015; Lorks, 2019). These simulations are
done for different gases, namely the target (BrO or NOy) and scaling gas (Os—UV or O3—vis,
respectively). For the scaling method, the « ratio of the target to scaling gas is used which as
mentioned above cancels out the light path length distribution dependency due to scattering
by aerosols and clouds as stated by the equivalence theorem (Irvine, 1964; Partain et al., 2000;
Knecht, 2015). Therefore the « ratios are mainly dependent on the relative absorption between
the target and scaling gas and hence their mixing ratios.

McArtim is initialised with a variety of prior known parameters and settings to best repro-
duce the atmospheric conditions during the WISE campaign. It takes into account the spatial
subdivisions (co-latitude and longitude) to map out the actual flight tracks. It also includes
the corresponding thermodynamic and microphysical properties such as temperature, pressure,
and relative humidity along each flight. The profile of the potential temperature and pressure
(recorded by the BAHAMAS instrument during flights) with altitude is shown in Fig. 4.12 for
all WISE flights.

McArtim is calculated for a specific wavelength often in the center of the DOAS analysis fit
windows of the respective gases (i.e., 350 nm for the UV analysis and 477 nm for the vis) and
individual gas absorption coefficients (same as in the DOAS analysis detailed in Table 4.1). The
simulation is done for a given surface albedo, which in this study is chosen as the ocean surface
albedo of 0.06 due to the majority of flight hours spent over the Atlantic Ocean and Norwegian
Sea. The simulation is done for 10000 photons, where generally only the output smoothness
is dependent on the number of chosen photons. Other constraints used to initialise McArtim

include:
e the vertical aerosol extinction profile
e the single scattering albedo and asymmetry parameter
e the a priori profiles of the target and scaling gases.

These are all discussed in the following sections.
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Figure 4.12: The left panel shows the potential temperature (©) in Kelvin with altitude in km
measured by the BAHAMAS system during all WISE flights. The right panel indicates the
pressure in hPa with altitude.

4.3.1 Aerosol Extinction

Light is attenuated by absorption and scattering events as it is propagated through the atmo-
sphere, known as Rayleigh (gases) and Mie (aerosols) extinction. This is included in the McArtim
simulation of the Box—AMF and inferred « factors. The aerosol extinction is measured by var-
ious lidars and satellites. The data used in this study include the European Aerosol Research
Lidar Network (EARLINET; Pappalardo et al. (2014)) stationed around north western Europe,
as well as Stratospheric Aerosol and Gas Experiment III on the International Space Station
(SAGE III ISS; NASA/LARC/SD/ASDC (2017)) satellite. The aerosol extinction profile of the
combined EARLINET and SAGE III ISS data from late summer and fall season is shown in
Fig. 4.13.
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Figure 4.13: Aerosol extinction profile with altitude in the UV (left panel) and visible (right
panel) wavelengths from EARLINET lidar stations (in north western Europe) and SAGE III
ISS satellite data (mainly over the Atlantic Ocean) from late summer and fall.

The EARLINET lidar stations with available UV extinction data were recorded at 355 nm
with the following systems: Caeli (in Cabauw, Netherlands), PolyXT-FM Lidar (in Vehmasmaki,
Finland), and LILAS (in Lille, France). The visible lidar measurements taken at 532 nm were
from lidar systems Pollylv2 (in Leipzig, Germany), UCLID (in Cork, Ireland), PolyXT-FM
Lidar, and LILAS. These measurements were taken in Aug.—Oct. (2014—2017) and only reached
~10 km altitude, therefore additionally SAGE III ISS satellite data are also used. The satellite
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data is taken over Ireland and the surrounding region between longitudes of 22.2°W and 27.5°E
and latitudes ranging from 51.0° — 58.3°N overlapping with the region of the WISE flights (refer
to Sect. 5.1). The SAGE IIT ISS UV data is taken at 384 nm, while the visible measurements
were recorded at 449 nm between Sept.—Oct. 2017.

The UV aerosol extinction profiles for EARLINET data has a high vertical resolution of 7.5
m for measurements ranging from 0.75—7.6 km in altitude, while the SAGE III ISS satellite data
has a vertical resolution of 500 m with measurements ranging from 12—45 km altitude. The UV
aerosol extinction profile is linearly interpolated in the altitude gap between 7.6 km and 12 km.
The visible lidar data ranges from 0.15—11 km altitude, and the satellite data ranges from 11—45
km. The average aerosol extinction profile per altitude for the UV and visible wavelengths are
indicated by the gray thick lines in Fig. 4.13 and are used as input for McArtim.

4.3.2 Single Scattering Albedo and Asymmetry Parameter

The OPAC model (Hess et al., 1998) is used to calculate the aerosol single scattering albedo
(SSA) and asymmetry parameter (g) described in Sect. 2.5.2. The maritime clean conditions
scenario is used in this study as it best represents the WISE flights over the North Atlantic. The
parameters are calculated at 350 nm and 450 nm for the UV and visible analysis, respectively.
The majority of the flights were at high altitudes (8.5—15 km) where the relative humidity (RH)
varied between 3% and 45% (refer to Fig. 4.14), therefore either of the smallest settings would
have been appropriate but ultimately the 0% RH setting was chosen.

The resulting optical parameters calculated with OPAC are SSA=0.9888 and g=0.6818 for
the UV, with similar results in the visible (SSA=0.9912 and g=0.6788). At higher RH (e.g., 50%)
both SSA and g become slightly larger (SSA~1 and g~0.75 for both UV and vis wavelengths)
with little impact on the final analysis. The single scattering albedo and asymmetry factor are
both used to initialise the McArtim model.

A study by Pollack et al. (1981) calculated single scattering properties of aerosols for three
elevations in the stratosphere (12.2 km, 15.2 km and 18.3 km altitude) in July 1979 for varying
wavelengths and concluded similar SSA and g as used in this study. A sensitivity run of SSA
(ranging from 0.6—0.99) as well as g (ranging from 0.6—0.78) was done by Grofimann (2014),
which showed that above 5 km there was less than a 2% and 1% change, respectively, in the
final target gas VMR in the case of HCHO.
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Figure 4.14: The relative hu-
midity (RH) is measured by
the BAHAMAS system and
shown as a function of altitude
in km. Data from all WISE
flights are shown in gray. The
average RH per km is indicated
by the black line.
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4.3.3 A Priori Profile: Vertically Adjusted CLaMS Curtains

Additionally, McArtim uses a priori profiles of the respective trace gas mixing ratios to simulate
the a factor. The output is particularly sensitive to the a priori vertical profiles of the respective
scaling and target trace gases (Knecht, 2015). Therefore, it is essential to use the best prior
knowledge which in this case consists of modelled trace gas curtains simulated by CLaMS$ (refer
to Sect. 3.4.1). For each time increment of the spectra a new CLaMS vertical profile is used
from the curtain along the flight trajectory. To further converge the vertical CLaMS profile
to the exact WISE conditions, vertical discrepancies between the CLaMS model trace gases at
flight altitude and the real conditions are compared for the stratospheric tracer Oz. A similar
vertical adjustment of the model data comparing to measured O3 was done previously in Werner
et al. (2017). Generally the CLaMS curtains agree well with the in situ measured Os, and
adjustments (by vertical shifting) are mainly necessary when crossing a strong Os gradient. The
CLaMS curtains for all gases are adjusted by a vertical shift at each time increment to match
CLaMS Oj at flight altitude with the in-situ O3 measured by FAIRO from the HALO aircraft.

The original CLaMS curtains have 41 pressure levels between 10—1000 hPa (i.e., from the
surface to ~32 km). To allow for smaller adjustments, the curtain is interpolated onto a smaller
vertical grid with 500 levels. The adjustment of CLaMS is on average a vertical shift of ~1
km (up or down), which corresponds to just over one pressure/altitude grid box of the original
CLaMS resolution. The maximum vertical adjustment that can occur is set to 2.5 km.

An example of the CLaMS trace gas mixing ratio at flight altitude for O, NO,, and BrO is
shown in Fig. 4.15 for the original CLaMS results (in blue) and the vertically adjusted results
(in red). Generally, CLaMS predicts O3 reasonably well when comparing to the in situ ob-
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Figure 4.15: CLaMS Oj (a), NO, (b), and BrO (¢) VMRs for the original (red) and vertically
adjusted (blue) curtain simulations at flight altitude for RF04 on Sept. 20, 2017. Panel (a)
additionally shows the in situ measured O3 by FAIRO (in yellow) used to adjust and match the
CLaMS Oj curtain.
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served O3 from FATRO. However, occasionally there is a larger discrepancy. For example around
11:30—12:00 UTC during RF04 there is a difference of around ~150 ppb. Therefore, the CLaMS
curtain is adjusted downwards at this time interval to match simulated O5 from higher altitudes
with the elevated observed Os. The corresponding CLaMS curtains of O3, NO,, and BrO VMRs
is shown in Fig. 4.16 for the original (left panels) and vertically adjusted (right panels) curtains.
These adjusted curtains are then interpolated onto the mini-DOAS data timescale to use as

input for the RT simulation by McArtim.
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Figure 4.16: CLaMS curtains of O3 (a—b), NO, (¢c—d), and BrO (e—f) VMRs for the original
(a, ¢, and e) and vertically adjusted (b, d, and f) curtain plotted in log(Pressure) against the
time for the research flight RF04 on Sept. 20, 2017. The red line indicates the HALO flight

trajectory.

4.3.4 Sample Box—AMF and « Factors

The input of these various parameters greatly improves the Box—AMF and « factor calculation
by McArtim. A summary of the various parameter settings can be found in Table 4.4. An
example of the adjusted (by vertical shifting) CLaMS curtains for the scaling and target gas (O3
and BrO, respectively), the Box— AMF from McArtim, the calculated « factors at flight altitude,
total SCDs, and lastly the target gas VMR is shown in Fig. 4.17. The Box—AMF shows the
highest sensitivity at flight altitude for the limb telescopes, resulting in the weighting factor
(«) being largest in the small elevation window near flight altitude and in the limb telescope
FOV. This results in ap, ~0.1-0.2 and ag,0 ~0.3—0.4, while the ratio of the two results in
the ar ~2—4. The multiplication of the SCDy and ar with the FAIRO in situ O3 VMR as in
Eq. (4.24) results in the inferred target gas BrO VMR. The resulting BrO VMR is an average
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mixing ratio over the volume defined by the FOV of the limb telescope at flight altitude, the
light path length in the line of sight, and over the distance travelled during each (running mean)

measured spectrum.
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Figure 4.17: Scaling method details from research flight RF04. (a—b) The adjusted CLaMS$S
curtains of the scaling gas O3 VMR and target gas BrO VMR, respectively, with altitude.
The red line is the flight altitude from the BAHAMAS instrument. (c) The logarithm of the
Box—AMF (McArtim output). (d) The « factor ratio (black; left axis) of the individual «
factors of O3 (blue; right axis) and BrO (orange; right axis) calculated from the Box—AMF. (e)
The SCD ratio (black; left axis) of the scaling gas and target gas (O3—blue and BrO—orange,
respectively; right axis) from the mini-DOAS measurement. The right axis SCDs units are
scaled by the maximum SCD of each gas. (f) The BrO VMR (orange; left axis) calculated via
the scaling method using the in situ measured FATRO O3 VMR (blue; right axis) as the scaling
gas.
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Table 4.4: Overview of the settings used in the McArtim simulations when calculating the

Box—AMF.
Parameter ‘ Description ‘ Setting
A Wavelength [nm)] 350 nm (UV), 477 nm (vis)
T, p BAHAMAS vertical profiles of temperature | WISE campaign average

[K], pressure [hPa]

Albedo Surface albedo (ocean) 0.06
Photons Number of photons for Monte Carlo sampling | 10,000
Extinction Vertical profile of extinction [km~!] by aerosols | EARLINET+SAGE III-ISS
OPAC Optical Properties of Aerosols and Clouds maritime clean scenario
OPAC X OPAC wavelength settings [nm)] 350 nm (UV), 450 nm (vis)
RH Relative humidity setting in OPAC [%] 0%
SSA Single scattering albedo 0.9888 (UV), 0.9912 (vis)
g Asymmetry parameter 0.6818 (UV), 0.6788 (vis)
a priori profile | Vertical profile of the scaling/target gas VMRs | adjusted CLaMS curtains

4.3.5 « Factors: Campaign Overview

The impact of adjusting the CLaMS curtains (by a vertical shift) on the simulated agr factors
is shown in Fig. 4.18 for all WISE flights. The ar of BrO relative to O3—UV is shown in
panel (a), and the ar of NO, relative to Oz—vis is shown in panel (b). The vertically adjusted
CLaMS curtains impact the RT output of McArtim in that it only alters the ag for individual
measurements, resulting in the observed scatter along the 1:1 line. The most important point
here, is that there is no systematic shift or drift of the ag when comparing the original CLaMS
curtains to the vertically adjusted CLaMS curtains. This applies to both the UV and visible
analysis. These results further support the robustness of the analysis, and confirms the reliability
of the « factors used as weighting factors in the scaling equation.

The « factors from all WISE flights at flight altitude (i.e., in the limb telescope line of sight)
of BrO relative to O3—UV and NO,, relative to O3—vis from the adjusted CLaMS curtain input
to McArtim is shown in Fig. 4.19. These are used for the final analysis. The BrO « factor is
generally always (at least 1.5x) larger than for Oz shown in panel (a). At SZA>~75°, the ap,o
factor decreases with increasingly larger SZA. This SZA dependency is because BrO is no longer
produced through photolysis and the remaining BrO is converted to BrONO, at increasingly
large SZA (Wetzel et al., 2017). This is less apparent for O3 because it has no significant diurnal
variation, only a few tenths ppm diurnal variation (e.g., Sakazaki et al. (2013); Schanz et al.
(2014)).
at night BrO mixing ratios approach 0 ppt. These large SZA data are excluded from further

At very large SZA >~89°, the « factor of O3 becomes larger than for BrO because

analysis of the mini-DOAS results.
The agr as a function of distance from the local WMO tropopause (A® = © — Orropopause)
is shown in Fig. 4.19 (b).

with a drift towards smaller ratios further into the stratosphere as the increase in absorption of

The « factor ratio between BrO and O3;—UV is generally near ~2,

O3 relative to BrO becomes slightly more dominant at higher altitudes (i.e., further in the ozone
layer). On the other hand, just below the tropopause around A® ~—10 K, the ar increases up
to ~6. The troposphere has larger ratios compared to the stratosphere because O3 has a stronger
decrease relative to BrO with decreasing altitude in the troposphere. BrO has an approximately

linear decrease with decreasing altitude in the UTLS, while O3 has a sharp decrease across
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Figure 4.18: Comparing the agr for the original and vertically adjusted CLaMS curtains for all
WISE flights. Panel (a) shows the ag of BrO relative to O3—UV calculated at 350 nm in the
telescope’s line of sight. Panel (b) shows the ag of NO, relative to O3—vis simulated at 477 nm.
The black line is the 1:1. The colour coding of the measurements it the potential temperature
distance from the local tropopause (A® in Kelvin).

the tropopause with generally low mixing ratios in the troposphere. This change in relative
absorption is beyond the CLaMS model capabilities and results in an over estimation of BrO in
the troposphere which further increases the ar. Therefore the change in BrO absorption is less
than the change in absorption by Oj in the troposphere. This likely is the cause of the distinct
triangle peak shape and bend between the « factors in panel (a). The height dependency can
also be seen in Fig. 4.18 (a).

The « factors for O3—UV are for the most part larger than for O3—vis (Fig. 4.19 (a) and (c) x-
axes comparison), and stems from the difference in light path length distributions. The light path
length distributions in the visible wavelength range are typically longer compared to those in the
UV due to Rayleigh scattering. Longer light path distributions result in more sensitivity towards
the line of sight absorption. Because the weighting « factor acts to cancel out the path length
dependency in the target gas VMR, it must be smaller for visible wavelengths than in the UV.
Additionally, O5 absorption in the stratosphere occurs mainly in the UV, where as absorption in
the visible wavelength is comparatively weak. This is reflected in the Box—AMF simulated by
McArtim shown in Fig. 4.20. Above ~7.5 km the O3—UV Box—AMF at flight altitude, i.e., in
the line of sight of the limb telescopes, are larger than those of O;—vis. However, with decreasing
altitude the relative O3 absortion in the visible wavelength range increases compared to in the
UV wavelength range. Because the majority of the WISE flight hours are above ~7.5 km where
the O3—UV absorption dominates, the weighting a factor in the UV will be correspondingly
larger compared to in the visible wavelength range. Therefore the ao,—vis should be smaller
than the ap,—uv for most of the WISE flight segments.

The « factors of NO, are generally always smaller than the « factors of O3—vis (Fig. 4.19
(c)). This is largely due to small NO, mixing ratios and little absorption near the tropopause
compared to the upper stratosphere or lower troposphere. Neither the NO, nor the O3—vis «
factors have a clear SZA dependency, because the available visible light varies less throughout
the day compared to the UV light. Of course once the SZA > 90°, the « factors approach zero
due to complete lack of visible light. The ar of the two gases in the stratosphere is relatively

constant around ~0.2—0.5 with the exception of a few outliers due to SZA > 89°. However, in
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Figure 4.19: Comparison between the target and scaling gas « factors for the BrO and O;—UV
(a) and NO, and Oz—vis (c¢). The ag with potential temperature distance from the tropopause
(A©) are shown in (b) and (d) for the UV and visible gases, respectively. All panels are colour
coded by the SZA. The solid black line in (a) and (c) is the 1:1 line and the black dashed line in
(a) is the 1.5:1 ratio.
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the troposphere the ag varies significantly more up to ~1. The larger tropospheric ar are due
to increases of NOy absorption likely from pollution over Europe, while O4 decrease.

The resulting VMRS of the target gases for the entirety of the WISE campaign are compared
for the original and vertically adjusted CLaMS curtains shown in Fig. 4.21. The comparison
between the O3 VMRS of the original CLaMS model results at flight altitude with the FATRO

measurements shows a general agreement (Fig. 4.21 (a) blue points). However, there is a large
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scatter observed and more important there is a slight drift and under estimation of the modelled
O3. This becomes stronger towards larger VMRs, i.e., in the stratosphere. By vertically adjusting
the model for the best agreement with the measurements within a 2.5 km shift, the scatter is
forced to reduce (red points).

The impact of adjusting CLaMS curtains on the mini-DOAS BrO and NO, VMRs are shown
in Fig. 4.21 (b—c), respectively. The original CLaMS VMRs have a larger discrepancy and
scatter between the model and measurement (blue points). When forcing the CLaMS vertical
adjustment, it consolidates the cloud of data points around the 1:1 line between the CLaMS
model and inferred mini-DOAS measurements for both BrO and NO,.
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Figure 4.21: Comparison of the CLaMS trace gas along the flight altitude compared to the
measured FAIRO Oz (a), mini-DOAS BrO (b), and mini-DOAS NO, (c) for all WISE flights.
The CLaMS mixing ratios at flight altitude from the original curtains are shown in blue and
from the vertically adjusted CLaMS curtains in red. The black line is the 1:1 line.

Although there appears to be reasonable agreement between the model and measured BrO,
there is an interesting feature seen in the comparison in Fig. 4.21 (b). The linear relationship
between model and measurement changes at low and high VMRs. Between 0—2 ppt of measured
BrO and corresponding to 0—2.5 ppt modelled BrO, the CLaMS model estimates are larger than
measured BrO. The linear relationship changes to an underestimation at larger VMRs. This
highlights the deficit of the CLaMS model regarding bromine chemistry around the troposphere.
As mentioned in Sect. 3.4.1, CLaMS assumes all bromine is in the form of long-lived bromine
(i.e., all VSLS have converted to Br;“‘"g) which in the troposphere is less the case than in the
stratosphere and additionally the troposphere is missing appropriate bromine sinks in the model.
Thus, BrO is likely over estimated in the troposphere. This is currently being implemented in
the newest CLaMS model based on the inferred Br;norg as well as Br®'® measurements from this
study (personal communication with Jens-Uwe Groo8, Jan. 27, 2021). Of course, it needs to be
noted that the mini-DOAS VMRs are dependent on the CLaMS model input for the « factors
and are therefore not completely independent, but as shown above the adjustment (by vertically
shifting) CLaMS does not systematically affect the o factors and hence inferred BrO.

NO, measurements and model results generally agree well within the scatter around the 1:1.
The mini-DOAS measured NO, will generally be able to observe individual larger mixing ratios
due to individual sources (e.g., small scale regional pollution, aircraft exhausts or ship exhausts)
which the CLaMS model cannot account for. The particularly large mini-DOAS NO, VMRs
generally coincides with the few flight sections over mainland Europe and Great Britain where
city pollution is likely observed. This is reflected in the larger scatter on the mini-DOAS x-axis.
The mini-DOAS NO, VMRs agree even better with the vertically adjusted CLaMS simulations

as expected based on these NOy sources that are not implemented in CLaMS.
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Chapter 5

Measurements

5.1 WISE Campaign

The Wave-driven and ISentropic Exchange (WISE) campaign consisted of 15 research flights in
the UTLS in late summer and fall 2017 with the German HALO research aircraft based from
Shannon, Ireland. Scientific topics of interest during WISE included the transport pathways,
time-scales, and mixing processes affecting the late summer and fall in the mid- to high-latitudes
over the North Atlantic, Norwegian Sea, and north western Europe. A particular focus was on
the role of the transport of air from the TTL and Asian monsoon region on H5O, trace gas
budgets including VSLS and their product gases in the LMS, as well as small scale processes
leading to irreversible exchange across the extratropical tropopause by Rossby wave-breaking
events (Homeyer and Bowman, 2013). In the scope of this dissertation, the main scientific topic
of WISE this work contributes to is quantifying the halogen budget in the UTLS region and
its impact on ozone. Additional WISE scientific goals targeted in this dissertation include the
transport of air masses from the Asian monsoon region into the Ex—UTLS as well as individual
stratosphere-troposphere exchange (STE) events both directly related to Br**
The first test-research flight (RF01) took place on August 315, 2017 where each instrument

that is part of the payload is briefly tested individually for electromagnetic interference with the

mixing ratios.

aircraft. Due to the lack of simultaneous measurements, short duration, and no scientific region-
oriented goal for measurements, this flight is excluded from the current study. The following
research flights (RF02—RF16) were conducted from September 13" 2017 until October 21°,
2017. The campaign consisted of over 140+ flight hours, with the majority spent probing the
extratropical upper troposphere and lower stratosphere (Ex—UTLS). The 15 different flight
tracks are shown in Fig. 5.1 with four research flights (RF04, RF08, RF14 and RF15) identified
by dashed lines as they are discussed in the text. The research flights were mainly based from
Shannon, Ireland, with the exception of RF02. RF02 started and landed at the home base of
HALO at the DLR facility in Oberpfaffenhofen (near Munich), Germany. Additionally there
were two transfer flights (RF03 and RF16) between Oberpfaffenhofen and Shannon, which are
also scientific research flights.

The measurement region ranged from longitudes 48.4°W—15.7°E and latitudes 37.9—74.4°N,
to observe trace gases within the Ex—UTLS. In equivalent latitudes (e.g., Butchart and Rems-
berg (1986); Pan et al. (2012)), the investigated air masses ranged from those being recently
transported from the tropics (~ 6°S) up to polar air masses at 86°N. Flight times varied be-
tween 6hr 14min and 9hr 54min with an average of 8hr 45min ranging between 04:25 UTC and
21:58 UTC. The flight hours largely take place during daytime, but there were three take offs at

or before sunrise and six landings near or after sunset. The majority of the flight time was spent
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Figure 5.1: Trajectories of the 15 HALO flights during the WISE campaign in the mid- to
high-latitudes over the North Atlantic Ocean, Norwegian Sea and north western Europe from
September 13, 2017 until October 21, 2017. A prior test flight (RF01) is not included in this
study. The first research flight, RF02, was conducted locally from the home base in Oberpfaf-
fenhofen, Germany, and all consequent flights were based from Shannon, Ireland aside from the
transfer flights. The dashed flight tracks of RF04: Sept. 20" (dashed blue line), RF08: Oct.
15 (dashed yellow line), RF14: Oct. 15" (dashed magenta line), and RF15: Oct. 19" (dashed
cyan line) are discussed in the text.

at altitudes between 8.5—14.5 km allowing for measurements along the Ex—UTLS and crossing
the tropopause frequently. The measured air masses reach up to a potential temperature of
O ~410 K, i.e., allowing for observations throughout the northern hemisphere LS (and thereby
also the LMS).

The O3, N,O, CO, and SFg VMR measurements are available for all 15 research flights. The
NO,, BrO, and Bryinorg VMRs are also available for all flights, however only during the daytime
portions of the flights, i.e., any measurements where the SZA > 89° are excluded. Br®*® VMRs
are not available during four flights (RF07: Sept. 280 RF09: Oct. 4™ RF14: Oct. 15", and
RF15: Oct. 19'"), and during three other research flights (RF02: Sept. 13", RF06: Sept. 27"
and RF11: Oct. 9") Br®® VMRs are only available for a portion of the flight time. As such,
Br'®" measurements calculated by summing the organic and inorganic bromine contributions
(refer to Sect. 2.3), are available during 11 of the 15 WISE research flights.

5.2 Key Atmospheric Regions during WISE

The unique atmospheric regions discussed in the text such as the lowermost stratosphere (LMS),
the lower stratosphere (LS), and the tropical tropopause layer (TTL) are defined in previous
literature (Holton et al., 1995; Fueglistaler et al., 2009) and summarised in the beginning of
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Chapt. 2.
Further prominent regions of the atmosphere observed during the WISE campaign are dis-
cussed throughout this dissertation and are defined as follows:

e The high bromine region (HBrR) is a region in the LMS between equivalent latitudes
55—80°N and potential temperatures © = 350—385 K (discussed in Sect. 6.2 and onwards).

e The LS below and above the HBrR are the air masses between equivalent latitudes 55—80°N
from the local tropopause up to potential temperatures © < 350 K (base of the HBrR)
and above © > 385 K (discussed in Sect. 6.2 and onwards).

e The tropical Oy;up,/PVyy, region is defined by high potential temperatures (© > 355 K)
and low potential vorticity units (PVU < 2). It describes (former) tropical UT air masses
from low equivalent latitudes and is briefly discussed in Sect. 5.3.2 and later in Sect. 6.2

and onwards.

e The extratropical tropopause (Ex—TP) is defined as the region between equivalent lati-
tudes of 35—55°N and within £5 K of the local WMO tropopause in potential temperature

(discussed in Sect. 6.2 and onwards).

These regions are noteworthy because of either the elevated Br'°® observed in the HBrR, tropical
Ohigh/PView region and to a lesser extent in the Ex—TP region or because of the relative lower
bromine mixing ratios observed in the surrounding LS air masses above and below the HBrR.
They are core regions relevant to the interpretation and discussion of bromine transport in the

following chapter.

5.3 Sample Flights

Two flights are chosen as examples, the research flights on September 20" and October 1%, 2017
(RF04 and RF08, respectively), highlighted in Figure 5.1. RF04 has typical Br*® mixing ratios
near the campaign LS average along with a few segments observing elevated Br** in the HBrR
(Fig. 5.1 blue dashed line). RF08 observes elevated Br*®" in former tropical Ohigh/PVigw air
masses (Fig. 5.1 yellow dashed line).

Figures 5.2 and 5.3 (RF04 and RF08, respectively) provide overviews of the O3 measured
by FAIRO, CO measured by UMAQS, SFq inferred lag-time measured by GhOST-ECD, Br®®
measured by GhOST-MS, and NOy and BrO measured by mini-DOAS. The modelled O3, NO,,
and BrO from the adjusted (by vertical shifting) CLaMS curtains (refer to Sect. 4.3.3) shows
excellent agreement to measurements particularly for the former two gases. Additionally, the
adjusted CLaMS partitioning of BrO/ Blr;norg and BrONO,/ Bryinorg are displayed, which the for-
mer is used to infer the Bryino’rg from the mini-DOAS BrO measurements. The tropical marine
environment (TME) emission tracer from south eastern Asia and the Central American (CAM)
emission tracer from the CLaMS artificial tracer simulations are also shown, which are relevant
for the transport interpretation as discussed in Sect. 6.3 below. And lastly, the summed con-

tot

tributions of inferred Br*" is displayed in the bottom panel of the figures. The variety of air

masses observed during the WISE campaign are represented in the variability of each of these

parameters.

5.3.1 RF04: September 20", 2017

The first example flight, RF04, took place on September 20", 2017 with the take-off at 07:20 UTC
and landing at 16:56 UTC at Shannon, Ireland (refer to Figs. 5.1 and 5.2). This flight consisted
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of two different length, but overlapping-rectangular shuttles northeast of Ireland, up the Scan-
dinavian coast, over the Norwegian Sea, and only briefly crossing landmasses over the United
Kingdom and Ireland. The first clockwise rectangular flight track reached 65.6°N at 09:12 UTC.
The second clockwise flight pattern reached a maximum latitude of 69.4°N at approximately
13:50 UTC and reached its furthest longitude from Ireland of 11.2°E around 14 UTC.

The final stretch back to Shannon was flown at the highest altitude during this flight of
14.35 km from 14:05—16:07 UTC. At 14:28 UTC the maximum potential temperature of © =
399 K was reached over the Norwegian Sea, corresponding to a potential temperature distance
above the WMO tropopause of A® = 71 K. The BAHAMAS flight level (black solid line) and the
WMO tropopause (black dashed line) are shown in potential temperature in Kelvin along with
the equivalent latitude (blue; right axis) in Fig. 5.2 (a). The tropopause was crossed a few times,
but the majority of the flight time was spent in the LMS. The mean lag-time of the air masses
ranged from —1.08 to 1.85 years (Fig. 5.2 (f)). The negative mean air mass lag-times are due
to higher SFg mixing ratios (compared to the global mean, which is used as the reference) near
the major source regions in the NH and in particular the upper levels of the tropical tropopause

region (refer to Sect. 3.3.3). This flight is chosen as an example of Br®"

mixing ratios near the
LS campaign average (indicated by the gray dotted line in Fig. 5.2 (g)) as well as flight segments
within the LMS region with elevated bromine that is the HBrR (indicated by the dark gray

shading) and discussed in Sect. 6.2 and onwards.

5.3.2 RFO08: October 1%, 2017

The second example flight outlined here is RFO8 on October 1%¢, 2017 with a flight time
from 11:59 UTC to 21:51 UTC and probing the remnant air masses of Hurricane Maria (re-
fer to Figs. 5.1 and 5.3) (Pasch et al., 2019). This flight consisted of two different length,
but overlapping-rectangular shuttles southwest of Ireland, over the Celtic Sea, and the North
Atlantic Ocean. The first clockwise rectangular flight track reached the maximum latitude of
63.0°N at 14:09 UTC. Towards the end of the flight the minimum latitude of 45.8°N was reached
at approximately 20:38 UTC. The longitude of the rectangular patterns ranged between 5.0°W
and 8.6°W (Shannon Airport).

The final stretch back to Shannon was flown at the highest altitude during this flight of
14.36 km from 20:40—21:20 UTC. At 18:58 UTC the maximum potential temperature of 398 K
was reached which also corresponds to the furthest distance above the WMO tropopause with
AO© = 84 K. During WISE, all flights crossed the tropopause several times as was the case in
RF08 shown in Fig. 5.3 (a), with mean lag-times of the air masses ranging from —1.1 to 1.96
years (Fig. 5.3 (f)).

Large sections of this flight observed subtropical as well as former tropical UT/TTL air
masses. These air masses transported from the tropics with high potential temperature (© > 355
K) and low potential vorticity units (< 2 PVU) are further on called tropical Oyg1,/P Vi, air (as
defined in Sect. 5.2) and are indicated by the light gray shading. This flight is chosen representing
the variety of air masses observed during WISE, resulting in elevated Br*®" mixing ratios largely
due to the abundance of VSLS in the tropical O;41,/P V)4, air. Schéfler et al. (2021) discussed
in detail the latter half of the flight between 18:40—20:00 UTC including part of the tropical
Ohigh/PView region. They considered the different mixing regimes which are distinguished in
terms of collocated HyO and Oj lidar data, and show the impacts of a tropopause fold around
19:15 UTC. This flight will be further discussed throughout the text in the next chapter.
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RF04: Sept. 20, 2017
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Figure 5.2: Overview of HALO RF04 on Sept. 20, 2017 (blue dashed flight track in Fig. 5.1).
The following parameters are displayed in the panels: (a) the flight trajectory (solid black
line), WMO tropopause (dashed black line) in potential temperature as well as the equivalent
latitude (solid blue line; right axis); (b) FAIRO measured (solid green) and CLaMS modelled
(dashed orange) O3 VMR as well as the UMAQS measured CO (dark red line; right axis); (c)
mini-DOAS measured (solid pink) and CLaMS modelled (dashed orange) NOy, VMR, (d) mini-
DOAS measured (solid blue) and CLaMS modelled (dashed orange) BrO VMR; and (e) CLaMS$S
simulated ratios for BrO/Br,"*® (dashed green) and BrONO,/ Bryinorg (dashed dark red). All
trace gas curatins from CLaMS are vertically adjusted as described in Sect. 4.3.3. Further panels
include (f) the mean lag-time of air inferred from GhOST-ECD SFg measurements (black solid
line), as well as the CLaMS$S emission tracers TME (tropical marine environment) from south
eastern Asia (orange solid line; right axis) and CAM (Central America) tracer (dotted orange
line; right axis); and (g) GhOST-MS measured CH3Br (blue), subsequently added to the halons
(purple), brominated VSLS (light blue) and inferred Br;n(’]rg (red). The gray dotted line in (g)
represents the campaign LS weighted average of [Br**"] = 19.2 + 1.2 ppt, similar to this flight’s
average of [BrtOt] = 19.5 + 1.4 ppt. Dark gray shading indicates flight sections in the HBrR,
which is defined in Sect. 5.2 and discussed in Sect. 6.2 and onwards.
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RF08: Oct. 1, 2017
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Figure 5.3: Overview of HALO RF08 on Oct. 1, 2017 (yellow dashed flight track in Fig. 5.1).
Panels (a—g) are as given in Fig. 5.2. Light gray shading indicates flight segments within
the tropical ©yg1,/P Ve, region and dark gray shading indicates flight segments in the HBrR
(defined in Sect. 5.2 and discussed in Sect. 6.2 and onwards). The flight average [Br*"] = 20.6
+ 1.7 ppt, with Br'® VMRs below the LS average (gray dotted line) at the start of the flight
and significantly elevated Br*®* VMRs in the Onigh/PView flight sections (refer to panel (g)). At
SZA > 89° mini-DOAS measurements (NO,, BrO, and Bryinorg) are unavailable due to the lack
in skylight.

5.4 Campaign Overview of Total Bromine and Lag-Time

A summary of the weighted mean Br'°® of each flight during the WISE campaign can be found
in Table 5.1 for all available data. Additionally, the table indicates if any measurements were
taken within the two regions discussed throughout this dissertation, i.e., the HBrR and tropical
Ohigh/PView region (defined in Sect. 5.2). The Br'° average per flight ranges from 18.3 + 1.3 ppt
during RF02 to 21.0 £ 0.9 ppt during RF05. This already indicates some variations of bromine-
rich air masses observed throughout the campaign. The detailed results as shown above for the

remaining 13 WISE flights can be found in Appendix B.
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Table 5.1: Overview of available bromine measurements and weighted mean of Br*®* for each
flight during the WISE campaign. The uncertainty is the 1o variability of the measurements
per flight. Columns 3 and 4 indicate whether the HALO aircraft flew through either the HBrR
or Opigh/PViey, air masses for reference in later discussions. If Br'°® is measured within these
regions, the flight is marked with a ‘yes’. If Br*°® is not measured while flying through the
specified air mass, it is indicated by a ‘no’. If no part of the flight was within either region, it is

b

marked with ‘—’.

| Research Flight | Weighted Mean Br'® | HBrR | Opign/PVioy air
RF02: 13/09/2017 18.29 £ 1.26 ppt no -
RF03: 18/09/2017 | 19.24 + 0.81 ppt yes -
RF04: 20/09/2017 19.52 + 1.36 ppt yes -
RF05: 23/09/2017 21.02 + 0.86 ppt yes -
RF06: 27/09/2017 19.27 £+ 0.67 ppt no -
RFO7: 28/09/2017 missing Br®'® data no -
RF08: 01/10/2017 20.55 + 1.74 ppt yes yes
RF09: 04/10/2017 missing Br®'® data no -
RF10: 07/10/2017 | 18.38 % 0.73 ppt - -
RF11: 09/10/2017 19.98 £+ 0.72 ppt yes -
RF12: 12/10/2017 18.37 & 0.74 ppt yes —
RF13: 14/10/2017 20.05 £ 0.60 ppt yes -
RF14: 15/10/2017 missing Br”'® data — no
RF15: 19/10/2017 missing Br®'® data - -
RF16: 21/10/2017 | 19.63 % 0.68 ppt yes -

The range of air mass lag-times throughout the WISE campaign, which vary between —1.1
to 2.6 years, further reflects the different air masses observed. Figure 5.4, shows the distribution
of the mean lag-times throughout the WISE campaign, with an average of —0.16 4+0.37 years at
the tropopause. The measurements within the HBrR, tropical ©y,;41,/P V)4, region, as well as any
UT air with Bryinorg> 4 ppt is indicated by the different colours for reference in later discussions.
The latter being an indication of stratospheric air masses intruding into the UT. Typically high
Bryinorg (approximately larger than ~4 ppt) is characteristic of the stratospheric mixing ratios
but not tropospheric mixing ratios (shown in later chapters for the WISE campaign). Instances
where stratospheric Bryi’florg is transported into the UT are discussed in Sect. 6.3.2.

The trend of Br** VMRs with lag-time is shown in Fig. 5.5 resulting in Br*** = (—0.11 +
0.17 ppt) - Lag-Time [yrs] + (19.54 £ 0.12 ppt) where the uncertainties are the 95% confidence
interval. This shows that the younger tropospheric air masses observed during WISE may only

ot than the older stratospheric air masses. However, due to

have a few tenths of a ppt more Br
the uncertainty this small trend may in fact not be significant. A larger range of air mass mean
lag-times is required for a more definitive trend.

Complementary measurements and insight for a suite of sources gases, such as VSLS and
halons as well as other gases (e.g., CO, N,O, and water vapor) and studies of the dynamics, poten-
tial vorticity and isentropic mixing of the region have been reported elsewhere for flights during
the WISE campaign (e.g., Fix et al. (2019); Kaluza et al. (2019); Kunkel et al. (2019); Hauck
et al. (2020); Keber et al. (2020); Schéfler et al. (2021) and Wetzel et al. (2020)). The studies from
the WISE campaign defined by the wave-driven isentropic exchange in the extratropical upper

stratosphere and lower stratosphere are published in the Atmospheric Chemistry and Physics
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(ACP)/ Atmospheric Measurement Techniques (AMT)/ Weather and Climate Dynamics (WCD)
inter-journal special issue (refer to https://www.atmos-chem-phys.net/special_issuel061.html).
The results of this dissertation have likewise been submitted to the ACP special issue WISE.
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Figure 5.4: Mean lag-time as inferred from GhOST SFg measurements as a function of potential
temperature distance from the tropopause (A©) in Kelvins. The gray dashed line is the WMO
tropopause, and the red line is the campaign average of the mean lag-time within +5 K of the
tropopause. All data is shown in blue, while the other coloured dots represent regions discussed
throughout this study.
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Figure 5.5: Inferred Br'°® trend as a function of mean lag-time. All data are shown in blue, while
the other coloured dots represent regions discussed throughout this study. The black line is the
best fit of all data, indicating the trend of Br'® over the 3+ year time span of air masses probed
during WISE. The trend is given by Br*®" = (—0.11 + 0.17 ppt) - Lag-Time [yrs] + (19.54 +
0.12 ppt) where the uncertainties are the 95% confidence interval.
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Chapter 6

Results and Discussion

In this chapter measurements of Br®®, Blryi“org7 and Br'" are discussed in relation to distance
from the tropopause (A®) in Sect. 6.1 and in relation to its geographical distribution within the
UTLS in Sect. 6.2. Then in Sect. 6.3 the transport of the air masses into the UTLS in correlation
to bromine, as well as the direct influence of two tropical cyclones on bromine are investigated.

And lastly in Sect. 6.4 the consequences of bromine on the LS ozone destruction are discussed.

6.1 Bromine as a Function of ©-Distance from the Tropo-

pause

The UTLS inferred Br*®* observed during the WISE campaign in fall of 2017 is first discussed
with respect to the potential temperature distance from the local WMO tropopause in Kelvin,
defined as A® = O — Oqypopause: Figure 6.1 shows the additive break down of the organic
(CH3Br — dark blue, halons — purple, and brominated VSLS — light blue) and inorganic (BrO
measurements multiplied by the modelled partitioning of Bryinorg/ BrO — red points) bromine
components with A®. Data points where the SZA is greater than 89° may introduce additional
photochemistry-related uncertainties in the Br;norg measurements (Kreycy et al., 2013) and are

9% measurements ranged

therefore omitted from the following discussion. The majority of Br
from A® = —27 K below the tropopause (with individual observations down to A® = —50 K)
to about A® = 88 K above the WMO tropopause. As the potential temperature range suggests,
Br'®" measurements were mostly of LMS air during the WISE campaign flights.

o of all tropospheric and stratospheric measurements is 19.4 & 1.3 ppt

The weighted mean Br
(the uncertainty is the 1o variability of the measurements). Excluding the tropospheric measure-
ments, the LS has a slightly smaller weighted average of [Br**"] = 19.2 + 1.2 ppt, designated by
the black solid line in Fig. 6.1. A more rigorous criteria with which to exclude data such as SZA
> 85°, as well as excluding data based on the CLaMS modelled partitioning of BrO/ B1ryinorg <

ot weighted mean by ~0.1 ppt decrease.

55%, only impacts the Br

Br'°® ranges from 16.2—23.4 ppt with the exception of two larger outliers. One outlier is
from large VSLS mixing ratios near the surface and the other at approximately 35 K above the
tropopause because of an instability of the Br;norg retrieval. The analysis instability of the latter

ot is partly due to the

outlier is accounted for with the large uncertainty. The variability of Br
different origins of the air masses and various inferred mean air mass lag-times which have a
spread of more than three years in age.

The LS mean of [Br*®"] = 19.2 & 1.2 ppt within the given uncertainties, is in good agreement
with previous data (Engel and Rigby et al. (2018)). The expected [Br'®'] ~19.6 ppt for 2016

(with a range of 19—20 ppt) is primarily based on balloon soundings in the middle stratosphere
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Figure 6.1: Inferred Br*®" as a function of potential temperature distance from the WMO tropo-
pause AO = O — Opgpopause K] during the WISE campaign in fall 2017. The Br®*® species
are summed up according to their Br atomicity: CH3Br (dark blue), four halons (purple) and
brominated VSLS (light blue). The inferred Br,"*"® (from BrO measurements multiplied by the
Bryinorg/ BrO partitioning from photochemical modelling) is subsequently added (red) resulting
in the UTLS Br'". The solid black line represents the LS weighted mean [Br'*"] = 19.2 +
1.2 ppt (1o variability). The Br'°® measurements from the high bromine region (HBrR; defined
in Sect. 5.2) are indicated by right-pointing (gray and black-edged) triangles with a weighted
mean of [Br'°"] = 19.9 + 1.2 ppt. The measurements within the HBrR that are larger than the
LS mean by at least 1o are labelled HBrR* and indicated by the black-edged right-pointing tri-
angles alone with a mean of [Br*®"] = 20.9 + 0.8 ppt. Measurements in the tropical Onigh/PView
region (defined in Sect. 5.2) are depicted by the upward-pointing black-edged triangles with a
mean of [Brf"] = 21.6 & 0.7 ppt. Measurements from near the surface during takeoff or landing,
i.e., ©® <290 K, are depicted by the gray-edged diamond symbols which include the VSLS mixing
ratios > 25 ppt in the lower right corner.

and the reported trend in the stratospheric bromine since the last balloon soundings in 2011.
The latter is suspected to now be decreasing by —0.15 & 0.04 ppt Br yr—! between 2012 and
2016 (refer to Figs. 1.1 and 2.4) (Engel and Rigby et al. (2018)). Furthermore, these results

fit well into the expectation based on the total amount of stratospheric Br**

published earlier
by previous group members from different measurements (e.g., Dorf et al. (2006a) and Werner
et al. (2017)) and others (e.g., Hendrick et al. (2008)).

Within A© = £5 K of the tropopause, the Br®®-weighted average VMR, (light blue points
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in Fig. 6.1) is 17.8 & 1.2 ppt, with several ppt larger Br'* below the tropopause. Further into
the LS at A© = 78—88 K above the tropopause, the Br®® quickly decreases to 13.5 4+ 1.2 ppt as
the Br®'® species are being converted to Bryinorg species. Methyl bromide, CH3Br, is destroyed
with increasing distance into the stratosphere at a slow rate from 7.1 + 0.2 ppt (with a range of
6.8—7.6 ppt) within A® = £5 K to 6.1 £ 0.5 ppt (5.2—6.8 ppt) measured within A® = 78—88 K.
The tropospheric CH3Br (7.3 £+ 0.2 ppt) is slightly larger than the 2016 global annually averaged
6.8 ppt as reported in Engel and Rigby et al. (2018), but agrees well with the NH measurements
of ~6.75—7.75 ppt from NOAA measurements which show that NH CH3Br is always larger than
the southern hemispheric measurements (Fig. 1-7 of Engel and Rigby et al. (2018)). The four
different halons (CBrFs; or H-1301, CF,CIBr or H-1211, C,BryF, or H—2402, and CBr,F, or
H-1202), have a weighted mean mixing ratio of 7.5 £ 0.2 ppt (7.1—7.8 ppt) within A©® = £5 K
of the tropopause and also decrease slowly to 6.5 4 0.5 ppt (5.6—7.2 ppt) within A® = 78—88 K
in the LS. The tropospheric halon measurements are in good agreement with the annually
averaged tropospheric 7.8 ppt as from 2016 reported by WMO (2018). The larger part of the
Br™® decrease in the LS is by the VSLS (CH,Br,, CHBr3, CH,BrCl, CHBrCl,, and CHBr,Cl)
due to their short global lifetime of less than 6 months. Within A® = +5 K, the bromine
mixing ratio from the VSLS is 3.1 £ 0.9 ppt (1.7—7.2 ppt), while from A© = 78—88 K above
the tropopause the BrV5LS decreases to 1.0 + 0.3 ppt (0.7—1.9 ppt). As such, the accumulated
decrease of Br®® (CH3Br + halons + BrVSLS) throughout the LS between the tropopause and
AO = 88 K above the tropopause is ~ 4.3 ppt.

Although further into the stratosphere the Br°® is destroyed, bromine is converted into
Bryinorg and is compensated for in the Br*®* budget. The Bryinorg near the tropopause (AO =
+5 K) is around 1.5+ 0.6 ppt (with a range of 0.2—3.3 ppt) and increases to 5.8 £ 1.8 ppt
(2.9—10.1 ppt) within A® = 78 — 88 K above the tropopause. The conversion of ~ 4.3 ppt Br®'®
to B]r;norg is evident from the Br** budget, which is approximately constant for the entirety of
the air masses probed during the WISE campaign.

The Br®® and BryinOrg measurement distributions of each 10 K layer between A® = —60 K
up to A® = 90 K is shown in Fig. 6.2. The decreasing organic bromine trend is mirrored by the
increasing inorganic bromine trend higher into the stratosphere. In the LS the weighted mean
Br*" ranges from 18.7 + 1.2 ppt (in the layer A© = 5—15 K) to 19.9 4 1.2 ppt (in the layer AG
= 35-45 K). These small changes from the LS Br'°® weighted mean of 19.2 4 1.2 ppt do not
result in an obvious trend between the WMO tropopause and A© = 88 K above it but rather
hint at air masses of different Br*®" mixing ratios, which is discussed in the next sections.
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Figure 6.2: Br®?® and Br;m’rg is displayed separately for each 10 K atmospheric layer with
respect to the potential temperature distance from the tropopause (A© = 0) and the number of
measurements in each layer within the UTLS during WISE. The mean and standard deviation
is noted for each layer. Additionally the mean is indicated by the vertical gray dashed line for
each layer.

6.2 Total Bromine as a Function of Equivalent Latitude

To identify potential source regions and transport pathways of bromine into the LS, various gases
measured during the 15 WISE flights are displayed with respect to potential temperature and
equivalent latitudes (Butchart and Remsberg, 1986; Pan et al., 2012). The equivalent latitude
describes an area of a specific potential vorticity value on a given potential temperature contour
(Pan et al., 2012). The VMRs of each trace gas are averaged horizontally in 5° equivalent latitude
bins and vertically in 5 K grids to remove the short term atmospheric variability. The campaign
mean WMO tropopause varies from © ~ 374 K at low equivalent latitudes to © ~ 316 K at
higher equivalent latitudes.

The NH distributions of BrO and NO, VMRS with equivalent latitude and potential temper-
ature are shown in Fig. 6.3. Below the tropopause (black solid line) there are low BrO VMRs
present ranging from 0—1.3 ppt. Further into the LMS between 50—80°N equivalent latitudes
and © = 375—405 K, BrO increases up to a mean grid VMR of 4.9 ppt, with individual BrO
measurements reaching ~6 ppt in the LMS. Measurements by Werner et al. (2017) agree well
within the uncertainty, reporting BrO mixing ratios down to 0.5 4+ 0.5 ppt below the tropical
tropopause (at © = 355 K) over the Pacific and mixing ratios between 3—9 ppt in the subtropical
LMS.

Similarly to BrO, higher NO, mixing ratios (>110 ppt) are measured in the LMS between
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© = 375—400 K in the mid- to high-equivalent latitudes. Lower NO, VMRs down to 10 ppt
are measured in the UT particularly directly below the tropopause. In the lower troposphere,
there is a slight increase of NO, reaching up to ~45 ppt. The majority of the observations
from the WISE campaign are over the (clean) marine environment from over the North Atlantic
Ocean and Norwegian Sea. These regions do not have substantial anthropogenic NO, sources in
the troposphere aside from emissions of ships and aircrafts on selected routes. However, a few
shorter flight segments included the occasional overpass of European cities resulting in elevated
tropospheric NO,. The UTLS distribution of NOy measurements agree well with the modelled
CLaMS NO, (refer to Figs. 5.2 (c) and 5.3 (c) and Appendix B for the remaining flights) as well

as with previous measurements (e.g., Hiineke et al. (2017)).
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Figure 6.3: BrO VMR (a) and NO, VMR (b) from all 15 flights during the WISE campaign in
fall 2017 as a function of the equivalent latitude and potential temperature. The data is binned
in 5° grids of equivalent latitude and 5 K grids potential temperatures. The black line is the
mean WMO tropopause over the campaign duration. The black box in the LMS from 55—80°N
and 350—385 K is the high bromine region (HBrR), and the gray outline at © > 355 K and PV
< 2 marks the tropical Oyg,/P V), region (defined in Sect. 5.2 and discussed throughout the
text).

The NH distributions of Br®®, Bryinorg, and Br'* mixing ratios are shown in Fig. 6.4 (a—c),
respectively. Only 11 flights have Br®® measurements available, resulting in a sparser distribu-
tion. Near the extratropical tropopause (Ex—TP), Br®"® VMRs are ~18 ppt, while the tropical
Opigh/PVioy air mass has higher mean Br® VMRs of up to 20.5 ppt, in agreement with previous
studies (e.g., Navarro et al. (2015); Werner et al. (2017); Wales et al. (2018)).

The maximum mean Br;norg VMR is 8.3 ppt in the LS at © ~400 K and ~60°N equiv-
alent latitude in contrast to the Br°® behaviour. In the troposphere, Blr;norg ranges from
~0—3 ppt. These results agree well with previous studies, such as Werner et al. (2017) who
reported 7.66 + 2.95 ppt of Br;norg measured between 390—400 K in the subtropical LS and
reaching down to 0.5 ppt in the tropical troposphere, as well as others (e.g., Wang et al. (2015);
Koenig et al. (2017)). A modelling study by Schmidt et al. (2016) reports Br;norg mixing ratios
at the lower boundary of the TTL and Ex—TP of 3—4 ppt, and daytime BrO mixing ratios of
1—2 ppt, respectively.

Older air (refer to Fig. 6.4 (d)) has generally more Bryinorg and less Br°® present in large part
due to the short lifetime of the VSLS. Averaged mean air mass lag-times reach above 2 years
around © ~400 K and between 40—80°N equivalent latitudes. They largely coincide with high
Br;norg VMRS, with the exception of directly above the tropopause at ~85°N equivalent latitude.
There, a small pocket of older air with lag-times larger than 1 year, has low Br°® and Bryinorg.

78



400 | 400
_ g
X.350 S X350
@ g ®
om
300} 300
400 | 400
_ =
= | 3 — ®
X 350 = . 350 S
QL |_I
“ g
300 300
400 | 400
a o)
= g8 o= a
X350 o X350 S
@ ™ [©)
o 3
300 300
400 400
E =
— Q. — %
X350 f g <. 350 S
[T
= %)
| Ll-
300} 300 =
0 20 40 60 80 0 20 40 60 80
Equivalent Latitude [°N] Equivalent Latitude [°N]

Figure 6.4: The WISE campaign in fall 2017 as a function of equivalent latitude and po-
tential temperature for (a) Br®® mixing ratios (CH3;Br+halons+VSLS) from GhOST-MS, (b)
Br,"**# VMR from mini-DOAS BrO scaled by the CLaMS BrO/Br, " ratio, (c) Br'** VMR, (d)
mean air mass lag-time (based on SFg data from GhOST-ECD), (e) O3 VMR from FAIRO, (f)
CO VMR from UMAQS, (g) N,O VMR from UMAQS, and (h) SFg VMR from GhOST-ECD.
The data is binned in 5° grids of equivalent latitude and 5 K grids potential temperatures. The
black line is the mean WMO tropopause over the campaign duration. The HBrR is indicated
by the black box in the LMS, and the tropical ©y;41,/P V), region is marked by the gray outline
(defined in Sect. 5.2 and discussed throughout the text).

Within £5 K of the tropopause, the mean lag-time is —0.16 4+ 0.37 yrs, with negative averaged
lag-times down to —0.5 years in the troposphere (also refer to Fig. 5.4). These negative SFg
inferred lag-times are from measurements near the SFg sources (i.e., the NH), where the mixing
ratios are larger than the global average which is used as a reference. The relative change of the
mean air mass lag-times observed during the WISE campaign, which is greater than 3 years, is
more relevant in the context of this study.

The average Br*®" mainly varies between 18—20.5 ppt both in the troposphere and strato-
sphere (refer to Fig. 6.4 (c)), however there are noticeable regions with higher bromine. Of
particular interest is the region in the LMS at mid- to high-equivalent latitudes where Br*** local

tot

grid means of up to 21.5 ppt are observed. Based on the elevated Br'®" mixing ratios observed

in the air masses between potential temperatures of © = 350—385 K and equivalent latitudes of
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55 —80°N (designated by the black boxes in Fig. 6.4), this atmospheric region is named the high
bromine region (HBrR; also outlined in Sect. 5.2). Twelve out of the 15 research flights include
flight segments within the HBrR, varying from minutes to several hours, with Br** measure-
ments available during eight flights namely RF03—05, RF08, RF11—-13 and RF16, over eight
hours (refer to Table 5.1).

A frequency distribution of inferred Br** is displayed in Fig. 6.5 (a) showing Br'®" in the
UTLS (blue) or only in the LS (brown). The distribution of the Br*®" in the HBrR (brown)
as compared to the rest of the LS excluding the HBrR (blue) shows the characteristically sig-

ot

nificant increase of bromine in this region (Fig. 6.5 (b)). The HBrR has a weighted mean
[Br*®"] = 19.9 + 1.2 ppt and individual measurements ranging from 17.1—-24.1 ppt. The HBrR
measurements result in the bromine bulge noticeable in Fig. 6.1 around A©® =~35 K and are
depicted by the right-pointing (gray and black-edged) triangles.
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Figure 6.5: Frequency distribution of inferred total Br*". (a) All data (UTLS) have a weighted
mean [Br*®"] = 19.4 & 1.3 ppt (blue) and Br**" measurements from the LS have a weighted mean
[Br*°"] = 19.2 + 1.2 ppt (brown). (b) Measurements from the LS excluding the HBrR (defined
in Sect. 5.2) have a weighted mean [Br'®"] = 19.0 £ 1.1 ppt (blue) while the HBrR (shown in
Fig. 6.4 (c) by the black box) has [Br*"] = 19.9 4 1.2 ppt (brown). HBrR* (thick black outlined
bars) is the distribution of the measurements in the HBrR that are larger than the LS weighted
mean by at least 1o. HBrR* has a weighted mean of [Br*®"] = 20.9 + 0.8 ppt.

Inferred Br*®* measurements within the HBrR that are larger than the LS weighted mean
by at least 1o are designated by HBrR*, i.e., only the black-edged right-pointing triangles in
Fig. 6.1 and thicker black outlined bars in Fig. 6.5 (b). The HBrR* has a Br'°*-weighted mean
of 20.9 £ 0.8 ppt. Here it is important to note that for individual measurements the estimated
Br'®* in the HBrR air is compatible with the LS average when considering the 1o variability of
the measurements. However, the clustering of the independently measured data, in particular
of the HBrR* sample, suggests that the co-added error from the organic and inorganic bromine
measurements is actually lower than the stated 1o variability of +1.2 ppt. Therefore, the HBrR
is a real and persistent feature over the course of the WISE campaign. HBrR* then represents
the bromine-rich air transported to the LMS which is mixed with air of lower bromine content

from rest of the LMS and stratospheric background. The question is therefore what are the
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causes of this HBrR*?

Potential sources include other regions of elevated bromine larger than the LS average, such
as from the tropical and extratropical troposphere. These regions have younger (tropospheric)
air masses which correspond well with the relatively younger air masses observed within the
HBrR (local grid mean lag-times ranging from 0.4—1.2 years) compared to the surrounding air
(refer to Fig. 6.4 (d)). The most notable tropospheric region of elevated bromine is observed at
high potential temperatures and low potential vorticity (0 > 355 K and PVU < 2) in the tropics
further on named the tropical ©yz/PViey air (as defined earlier in Sect. 5.2). The observed
weighted mean Br'°" in the tropical Ohigh/PView region is 21.6 £ 0.7 ppt with individual mea-
surements ranging from 18.2—23.4 ppt. These measurements are from one flight, RF08 (Fig. 5.3),
over the course of almost 4 hours. One other flight (RF14) briefly observed tropical Oy;gp,/PV iy

air, although Br*°* data is missing. These tropical UT Br'°"

measurements are largely in agree-
ment with previous experimental and modelling studies (e.g., Wang et al. (2015); Schmidt et al.
(2016); Koenig et al. (2017); Werner et al. (2017)). Along with the elevated bromine in the
tropical Op;gp/P Vi, air mass, measurements of the transport tracers (Fig. 6.4 panels (e—h))
suggest that these air masses were eventually entrained by isentropic transport from the tropi-
cal Opigh/PVigy air via the shallow branch of the Brewer-Dobson circulation (discussed below)
(Levine et al., 2007; Birner and Bonisch, 2011).

Near the Ex—TP, which is defined between equivalent latitudes of 35—55°N and within +5 K
of the tropopause in potential temperature (refer to Sect. 5.2), further (slightly) elevated bromine
is observed. The Br'°® here has a weighted mean of 19.3 & 0.9 ppt and ranging from 17.8—20.5
ppt, indicating a possible second pathway of the air masses entraining bromine into the LMS by
STE across the Ex—TP (e.g., Holton et al. (1995); Homeyer and Bowman (2013) and Kunkel
et al. (2019)).

A schematic summarizing these regions of elevated Br**

and the transport pathways from
the UT into the LS is shown in Fig. 6.6. Both possible transport pathways are investigated in
the following with observational data from other measured gases (Fig. 6.4) and in Sect. 6.3 by

transport modelling. The observational findings are as follows:

e Elevated Br*®' in the tropical Ohigh/PView air masses has also been previously observed
over the Pacific from 2013 and 2014 (ATTREX, CAST, and CONTRAST campaigns),
where inferred Br'°® mixing ratios were measured to be up to 2 ppt larger in the TTL
than expected for the middle stratosphere (Navarro et al., 2015; Werner et al., 2017; Wales
et al., 2018). Studies such as by Gettelman et al. (2011); Fueglistaler et al. (2004); Levine
et al. (2007) and Ploeger et al. (2013) discuss the transport of air masses into the LMS
that primarily stem from the tropics. In this study, this air mass transport is initiated
by the Asian monsoon (refer to Sect. 6.3). By the time tropical ©y;41,/P Vi, air reaches
the LMS in the mid- to high-latitudes with transport times of ~0.5—1.5 years, significant

inorg

portions of Br® have converted to Bry

e Mean O3 mixing ratios from FAIRO range from ~100—760 ppb in the UTLS (Fig. 6.4 (e)).
In the LMS, the mixing ratios of O3 and Blry”lorg often have a positive correlation, however
it does not include the HBrR. In this region, higher Br;norg (and Br®) contributes to

elevated Br'°*, while O has a local grid mean minimum of ~229 ppb, characteristic for the

tropical UT/TTL air. Moreover, below this region around ©® = 330—350 K and towards
higher equivalent latitudes up to 90°N, there is an increase again of [O5] = 250—340 ppb
while the Br*®® decreases. The same trend of higher Oj is clearly seen above the HBrR due

to the prominent ozone layer.

81



20} l Ascent Stratospheric Background
[Brt°t] = 19.6 ppt (WMO (2018))
Subsidence l
15 LS [Brtt] =19.2 + 1.2 ppt
E L ©>355K, PVU<2 > —
> HBrR*
o [Brt°t] = 20.9 # 0.8 ppt
2
=
<
10 \\:
—
Convection ’\5 STE e — —
WMO Tropopause
5
Bromine sources:
. T Natural (e.g., seawater): CH;Br and VSLS Anthropogenic: CH;Br and halons
Surface L L
Equator 30°N 60°N North Pole

Equivalent Latitudes

Figure 6.6: Schematic of the bromine transport pathways in the UTLS during the WISE cam-
paign in fall 2017. The black dashed line is the WMO tropopause. The gray lines are constant
potential temperature isentropes. The 380 K isentrope marks the upper boundary of the LMS
(shaded dark gray region), the 410 K (the WISE campaign upper limit) isentrope marks the
upper boundary of the LS (shaded dark + light gray regions). Bromine-rich former tropical
UT/TTL air masses are labelled ©y;,y,/PVy,,, indicated by the shaded red box. The Ex—TP
region is indicated by the shaded blue box. The transport of bromine from these two regions
contributes to the elevated bromine in the HBrR marked by the shaded light purple box in the
LMS. These three regions are defined in Sect. 5.2. The Br*®" inferred measurements larger than
the LS mean by more than 1o within the HBrR are indicated by HBrR* (shaded dark purple
oval). The dark red arrows show regions of strong convection transporting surface air masses
(from bromine source regions) to the UT. The two main transport pathways of bromine are
from the tropical UT/TTL by isentropic transport (light red arrows) and less by STE across
the tropopause in the extratropics (blue arrow). Br'®® VMRs are from the WISE campaign as
discussed in the text.

e N,0 is a good transport tracer due to its long lifetime of 114 years (e.g., Ko et al. (2013)).
The well-mixed tropospheric air with high NoO VMRs (measured by UMAQS) from the
tropical Oyign/P Ve region penetrates into the LMS above the tropopause extending to
350—380 K and 50—80°N (Fig. 6.4 (g)), which coincides with the HBrR. Lower N,O VMRs
are seen above and below this region. In the extratropics just above the tropopause,
N,O shows an increasing tropospheric contribution from high to low equivalent latitudes.
At equivalent latitudes < 40°N, N,O shows almost tropospheric mixing ratios of [N,O]
> 328 ppb up to © = 390 K.

Von Hobe et al. (2021) also observed elevated N,O mixing ratios in the tropics associated
with the Asian summer monsoon in 2016/2017, extending up to ~400 K without sharp
discontinuities at the lapse rate tropopause (~380 K) or cold point tropopause (~390 K).
This indicates that the tropospheric air masses transported here are not yet mixed with
stratospheric air masses. Von Hobe et al. (2021) further concluded that the main outflow
of the ‘fast convective chimney’ from the Asian monsoon anticyclonic region in the tropics
was below 370 K with slower ascent rates above this as well as a smaller outflow from
the chimney up to 380 K, i.e., in direct agreement with the results of this study shown in
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Fig. 6.4 (g).

e The SFg measurements can also be used for analysis of the transport as it constantly
increases and its atmospheric lifetime is in excess of 850 years (e.g., Kovdcs et al. (2017)
and Ray et al. (2017)). As seen in Fig. 6.4 (h), there are higher SFg VMRS up to ~9.6 ppt
below the tropopause and lower VMRs down to ~8.8 ppt in the LMS. Similarly to N5O,
higher SFg VMRs (local grid means up to 9.3 ppt) protrude into the LMS at the tropical
tropopause and extending to 355—385 K and 50—80°N which overlaps with the HBrR.
The dominant transport from the tropical UT/TTL into the LMS has also been previously
investigated with SFg and CO, measurements (Bénisch et al., 2009).

e At the same time, CO (from UMAQS shown in Fig. 6.4 (f)) with a shorter lifetime of
2—3 months (Novelli et al., 1998) has VMRs with an average of [CO] = 37 + 5 ppb
(ranging between 27—44 ppb) in the HBrR. The surrounding LS below and above the
HBrR (defined in Sect. 5.2) has an average of 36 + 12 ppb (influenced by higher CO near
the tropopause) and VMRs reaching down to 22 ppb. The CO mixing ratios seen in the
HBrR are considerably lower than in the tropical ©Oyge,/PViey, air (average of [CO] =
76 =5 ppb) and Ex—TP (average of [CO] = 66 £ 19 ppb). This indicates that some of the
air might not have recently entered the stratosphere (within the past few weeks) but some

months (2—3) prior to the measurements.

However, the dominant transport from the tropical Oy;zp/P Vi, air to the LMS using CO
as a tracer was demonstrated in a study by Hoor et al. (2005), the first of its kind. They
concluded that transport of air masses to the LMS over Europe in summer and fall is
dominated by transport from the tropical UT/TTL up to 55% above A©® > 25 K and a
slightly smaller contribution from the stratospheric background aged air of up to 45%.
The influence from the extratropical troposphere is dominant at the tropopause up to
AO < 25 K. The study by Boénisch et al. (2009) came to similar conclusions.

The persistence of the HBrR observed in many flights during the WISE campaign and the
already monthly-long presence and respective mixing, generally rules out an origin of this air by
some event-like (short-duration) recent transport. That includes events such as by high reaching
mesoscale convective systems or any other form of STE process in the extratropics. The wide
range of lifetimes of these tracers, the distinct change in VMRs across the Ex—TP, the high
VMRs of mainly the two longer lived transport tracers extending from the tropical Oy;gp,/PV iy
region to the HBrR, as well as the low O3 observed within the HBrR, suggests that the dominant
contribution of bromine to the LMS is via the isentropic transport from the tropical UT/TTL
rather than by extratropical STE (e.g., Holton et al. (1995); Levine et al. (2007); Fueglistaler
et al. (2009); Bonisch et al. (2009); Ploeger et al. (2015)).

Studies such as by Pan et al. (2016) and Garny and Randel (2016) discuss the transport of
air from the Asian monsoon that is isentropically entrained into the LMS by shedding of small
scale eddies. Another study by Vogel et al. (2016), provides more evidence that portions of the
Asian monsoon anticyclone air mass are transported horizontally to the southwest (via eddy
shedding) entering the TTL and further into the LMS in late boreal summer.

Other studies discussed a second horizontal transport pathway occurring through filamenta-
tion by Rossby wave breaking, east of the anticyclonic event in the extratropics (Vogel et al.,
2016). Specific Rossby wave-breaking events producing filaments, irreversibly mix younger tro-
pospheric air into older air of the LMS (e.g., Homeyer and Bowman (2013); Miiller et al. (2016)
and Kunkel et al. (2019)). The relative contributions of these transport pathways are investigated

in the next section.
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6.3 Modelling of the Transport into the LMS

6.3.1 Major Air Mass Origins and Transport Pathways

The transport of air masses from nine atmospheric domains (refer to Fig. 3.6 and Table 3.2)
into the northern hemisphere LMS during summer and fall 2017 is simulated by CLaMS using
artificial air mass origin tracers. These tracers are released on May 1, 2017 approximately 5
months prior to the WISE campaign (for details refer to Sect. 3.4.1). The advection and mixing
processes of the air parcels over the integration time results in the diverse compositions within
the UTLS from the various domains of the atmosphere. The fractions of air originating in
four of the atmospheric domains most relevant to the discussion here, namely the stratospheric
background, tropical troposphere, mid-latitudinal troposphere, and the lower TTL, are shown
in Fig. 6.7. All nine domains are shown in Fig. C.1.
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Figure 6.7: CLaMS air mass origin tracers from WISE flights are initialised 5 months prior to the
campaign. The atmospheric model is divided into nine domains (refer to Fig. 3.6 and Table 3.2),
of which (a) the stratospheric background, (b) the tropical troposphere, (c) the lower TTL (©
= 355—380 K), and (d) the mid-latitudinal troposphere are shown. The remaining domains
include the upper TTL (© = 380—425 K), the tropical pipe, the mid-latitudinal LMS, the polar
troposphere, and the polar LMS (shown in Fig. C.1). The black line is the campaign average
WMO tropopause, the black box indicates the area of the HBrR and the gray outline marks the
tropical ©;g1,/P Vo, region (defined in Sect. 5.2 and discussed in the text).

The HBrR (marked by the black box) is mainly formed by air intruding from the tropics into
the LMS. In the HBrR, the fraction of air from the tropical troposphere is 51.2%, while only
27.1% is from the stratospheric background and smaller contributions are from the lower TTL
(7.5%), mid-latitudinal LMS (7.0%), the mid-latitudinal troposphere (6.4%) and < 1% from the
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other domains (refer to Fig. 6.8 (a) and Fig. C.1). The surrounding air masses in the LS below
and above the HBrR range from equivalent latitudes 55—80°N between the tropopause and © =
350 K and © > 385 K (Sect. 5.2). In contrast, these surrounding LS air masses consist of 42.6%
from the tropical troposphere, 36.1% from the stratospheric background, 8.3% from the lower
TTL, 7.0% from the mid-latitudinal LMS, 5.2% from the mid-latitudinal troposphere and < 1%
from the other domains (refer to Fig. 6.8 (b)).
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Figure 6.8: Relative contribution of the air mass origin (a—b) and surface emission (c—d) tracers
during the WISE campaign obtained from CLaMS simulations. Contributions to the HBrR are
shown in panels (a) and (c), while the contribution to the LS air below and above the HBrR are
displayed in panels (b) and (d). Refer to Sect. 5.2 for the HBrR and LS below and above the
HBrR definitions.

Over the five months of CLaMS simulation prior to the HALO measurements, the influx of
tropospheric air to the HBrR is almost 10% more than the surrounding LS below and above the
HBrR. In particular, this increase of tropical tropospheric air (+8.6%) and to a lesser degree
extratropical tropospheric air (+1.2%) in the HBrR, results in additional transport of air masses
from these source domains in the tropics (and extratropics) with elevated bromine compared to
the surrounding LS (as shown in Fig. 6.6). Figure 6.6 illustrates the relative contributions of
tropical Oy;g/PVigy air vs the Ex—TP region transporting bromine to the LMS.

The elevated bromine observed in the tropical Oy;ay,/P V)., region has fractions up to 92%
(with a mean of 84 + 2%) originating from the tropical troposphere (Fig. 6.7 (b)). As expected,
air from the tropical troposphere is transported into the tropical Oy, /P V), region during the
last 5 months caused by the large scale circulation. Therefore, the elevated bromine measured
in the tropical Oy;gp, /P V), air during WISE can be categorized as air masses largely originating
in the tropical troposphere as defined by the CLaMS origin tracer.

Yan et al. (2019) also showed similar contributions of > 40% of air from the tropical UT (i.e.,
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~18% from the 350—360 K layer and ~22% of the air from the 370—380 K layer) is transported
into the NH LS with only small air mass fractions continuing vertically into the tropical pipe.
These findings are further in agreement with those of von Hobe et al. (2021).

Large bromine sources, particularly the VSLS, are from tropical marine regions mainly in
coastal areas (refer to Sect. 2.3). Therefore, surface emission tracers (for details see Sect. 3.4.1)
from CLaMS simulations are also used to infer the contribution of young air masses (< 5 months)
from different surface regions in the UTLS (refer to Fig. 3.7). The surface emission regions with
the largest contributions to the HBrR during the WISE campaign flights are grouped into larger
regions and shown in Fig. 6.9 (refer to Fig. C.2 for all 24 surface emission tracers individually).
The sum of the surface emission tracers (i.e., air masses younger than ~5 months) contributing
to the HBrR account for 37.7% of the air. The LS region below and above the HBrR, both
recently received less surface air with an average of 30.3%. The larger tropical tropospheric
air contribution to the HBrR as compared to the LS air below and above the HBrR seen in
the air mass origin tracers above, is largely from recent surface emissions rather than the free
troposphere.

The CLaMS simulations show that surface emissions from the Asian monsoon region (AMR;
comnsisting of NIN, IND, INO, TIB, ECH, and BoB refer to Fig. 3.7) and from its tropical
adjacent region (TAR; consisting of Wpool, SEA, TWP, TEP, NAF and Neast) have the strongest
contributions of the various surface emission tracers to the LMS in late boreal summer and early
fall. Maximum contributions of the AMR and TAR surface emissions are delivered to equivalent
latitudes between 25—45°N and from © = 325—390 K (displayed in Fig. 6.9 (a—b)). The
individual surface emission tracers contributing to the HBrR and surrounding LS can be found
in Fig. 6.8 (c—d), Fig. C.2, and Table 6.1. The AMR accounts for 14.8% of the air in the HBrR,
while air originating from the TAR contributes a further 15.2%. Together the AMR and TAR
make up 30.0% of the air reaching the HBrR, which is 79.8% of all surface air masses. The LS air
masses below and above the HBrR (shown in Fig. 6.8 (d)) receive ~ 1/4 less surface (younger)
air overall compared to the HBrR mainly because the AMR and the TAR contribute less, i.e.,
by a 3.4% and 3.3% decrease, respectively.

This is in general agreement with results of CLaMS simulations using a previous version
of surface emission tracers for 2012 and 2008 (Vogel et al., 2016, 2019). They found that the
northern Ex—LS in boreal summer was flooded with young air masses from the region of the
Asian monsoon and from the tropical Pacific. Their results showed that 44—48% of young
subtropical boundary layer air reached 360 K and 35—41% reached 380 K in the NH LMS.
Similarly, the Asian monsoon air masses impacting the LMS was observed by Miiller et al.
(2016). Furthermore, this feature is in general agreement with findings of Orbe et al. (2015),
who showed that in boreal summer and fall ~20—30% of the mid-latitudinal LMS air at 100 mb
originated from the Asian planetary boundary layer (slightly further north than defined here).
The outflow of the AMR into the LMS (shown in Fig. 6.9 (a)) has also been recently shown in
a study by von Hobe et al. (2021), i.e., the main outflow is below 370 K with weaker outflow
up to 380 K. Levine et al. (2007) previously concluded that vertical transport from the tropical
boundary layer into the TTL is strongest over the Indian Ocean, Indonesia and the western
Pacific Ocean through convection. They further concluded that the main outflow (~95%) of air
from the TTL is transported below 380 K into the LMS while only ~5% is transported further
upwards into the stratospheric ‘overworld’.

Recent CLaMS simulations by Hauck et al. (2020) show that in the NH the air mass fraction
contribution to the LMS through extratropical transport is largest in September—November
compared to other seasons. In Fall, these air mass fractions reach above 75% directly above the

tropopause in the mid- to high-latitudes with increasing tropical contributions towards higher
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Figure 6.9: Relative contribution of surface emission tracers during the WISE campaign. The
individual surface regions are displayed in Fig. 3.7. The Asian monsoon anticyclone region
(AMR) consisting of NIN, IND, INO, TIB, ECH, and BoB (panel (a)), as well as its tropical
adjacent region (TAR) consisting of Wpool, SEA, TWP, TEP, NAF, and Neast (panel (b)),
contribute the largest fractions of surface air to the LMS HBrR (indicated by the black box).
A subgroup of these regions, the tropical marine environment (TME consisting of SEA, Wpool,
BoB, INO, TWP, and TEP) is particularly significant due to elevated emissions of brominated
VSLS (panel (c)). The contribution from Central America (CAM) to the tropical UT/TTL is
largely due to vertical transport of air by hurricanes Maria and Ophelia in fall 2017 (panel (d)).
The gray outline marks the tropical Oy;zp,/P V), region and the black line is the average WMO
tropopause. The HBrR and tropical ©y;41,/P V), region are defined in Sect. 5.2.

potential temperatures. By 400 K, generally more than 50% of the air masses in the NH have
a tropical origin with larger fractions towards the pole as the extratropical air entrained peaks
at 50% around 50°N at 400 K (Hauck et al., 2020). Vogel et al. (2016) found that from July
to October the contribution of younger air transported into the Ex—LS over northern Europe
by quasi-horizontal transport travelling eastward along the subtropical jet, became increasingly
stronger in the later months.

A subgroup of regions from the AMR and its TAR belonging to the tropical marine envi-
ronment (TME; defined by SEA, Wpool, BoB, INO, TWP and TEP) in south eastern Asia
alone contributes 17.7% to the HBrR, which is 47.0% of the air masses from the surface. The
maximum TME air mass contribution is in the subtropics to mid-latitudes between 25—55°N
from © = 320—390 K, but air masses with elevated TME contributions extend to the tropical
UT/TTL and the HBrR (shown in Fig. 6.9 (c)). This suggests entrainment of TME air masses
crossing the tropopause around 30°N with further transport to the tropical UT/TTL and LMS,
in agreement with findings of Orbe et al. (2015). The surrounding LS air masses below and
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Table 6.1: The air mass contributions of the CLaMS surface emission tracers (see Fig. 3.7) in
the HBrR and the LS below and above the HBrR are listed (also shown in Fig. 6.8 (c—d),
respectively). For the definitions of the HBrR in the LMS and the surrounding LS below and
above the HBrR refer to Sect. 5.2.

’ Emission Tracer () HBrR ‘ LS Below & Above ‘
Warm Pool (Wpool) 3.54 % 2.99 %
Southeast Asia (SEA) 3.34 % 2.37 %
Central America (CAM) 3.30 % 3.00 %
Tropical Eastern Pacific (TEP) 3.06 % 2.38 %
Bay of Bengal (BoB) 3.03 % 2.47 %
Tibetan Plateau (TIB) 2.95 % 2.11 %
Indian Ocean (INO) 2.63 % 2.03 %
Indian Subcontinent (IND) 2.14 % 1.71 %
Northern India/Pakistan/Him. (NIN) 211 % 1.62 %
Tropical Western Pacific (TWP) 2.10 % 1.57 %
Eastern China (ECH) 1.95 % 1.44 %
Near East (Neast) 1.61 % 1.25 %
Northern Africa (NAF) 1.59 % 1.37 %
Northern Western Pacific (NWP) 1.37 % 1.17 %
Tropical Atlantic Ocean (TAO) 1.10 % 0.99 %
Low Southern Hemisphere (LSH) 0.96 % 0.85 %
Central Asia (Casia) 0.37 % 0.29 %
Northern America (NAM) 0.20 % 0.25 %
Northern Atlantic Ocean (NAO) 0.11 % 0.16 %
Northern Eastern Pacific (NEP) 0.091 % 0.10 %
Europe (EUR) 0.068 % 0.10 %
Northern Eastern Asia (NEA) 0.046 % 0.051 %
North Polar Region (NPO) 0.0063 % 0.0092 %
High Southern Hemisphere (HSH) 0.0029 % 0.0022 %
All Surface Regions (Q = 3,25 ) 37.65 % 30.28 %
Asian Monsoon Region (AMR): 14.81 % 11.37 %
NIN+IND+INO+TIB+ECH+BoB

Tropical Adjacent Region (TAR): 15.23 % 11.93 %
Wpool+SEA+TWP+TEP+NAF+Neast

Tropical Marine Environment (TME): 17.69 % 13.81 %
SEA+Wpool+BoB+INO+TWP+TEP

above the HBrR receive 13.8% from the TME, i.e., a 3.9% decrease compared to the HBrR.
The variations of the weighted average TME contribution per flight in the UTLS range from
17.3—30.1% at flight altitude with an average of 21.5 &+ 3.5% per flight (examples are shown in
Figs. 5.2—5.3 (f) and Figs. 6.10—6.11 (b)).

The increased contribution of younger surface air to the HBrR compared to the surround-
ing air masses below and above, has a significant influence on the trace gas composition. In
particular, considering the majority of the surface air masses are transported from regions with

large biological activity and known bromine sources (Engel and Rigby et al. (2018)), i.e., the
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tropical marine environment below the Asian monsoon anticyclone and its tropical adjacent re-
gions. This highlights the influence of surface emissions from south eastern Asia on pollutants
and in particular bromine in the northern LMS during boreal fall. Adcock et al. (2021) observed
enhanced CH3Br VMRs (up to 9 ppt) as well as CHyBry, and H—1211 VMRs (up to about 0.75
ppt and 3.5 ppt, respectively, which are comparable to Engel and Rigby et al. (2018)) at the
tropopause in the Asian monsoon region in 2016,/2017.

Using ERA-Interim reanalysis from the years 2007/2008, Vogel et al. (2019) showed that
surface air masses can reach 360 K in a few days and reach 360—460 K within a few months
in the tropics and subtropics due to the strong vertical spiral uplift associated with the Asian
monsoon anticyclone including its tropical adjacent air masses. Using data from the ERA-
Interim/ERAS5 reanalysis, Bucci et al. (2020) showed that air from Nepal in July/August 2017
could rise through convection in the Asian monsoon anticyclone region with transport times
up to the tropopause (> 17 km) to be ~20 days. Similarly, Ashfold et al. (2012) reported a
transport time of less than 15 days of air masses from the West Pacific boundary layer (< 1 km)
up to the lower TTL (~15 km). The fast transport (on the order of days) from the Asian tropical
planetary boundary layer to the TTL allows even the short-lived trace substances from the south
east Asian region to reach the UTLS (Orbe et al., 2015).

The impact of maritime boundary sources to the chemical composition of the Asian monsoon
anticyclone by convective uplift in tropical cyclones in the western Pacific is discussed by e.g.,
Vogel et al. (2014) and Li et al. (2017, 2021). A study by Liang et al. (2014) concludes that
deep convection transports ~7.8—8.4 ppt brominated VSLS from the marine boundary layer of
the tropical Indian Ocean, tropical western Pacific warm pool, and the Pacific coast of Mexico
to the LMS. These brominated VSLS are half in the form of source gases and the other half
consisting of product gases such as BrO, and only ~10% is lost due to wet scavenging after
transport to the tropopause. Hamer et al. (2020) similarly found that inside the convective
system, CHBr3 (one of the VSLS) is the most efficient bromine gas to reach the UT as > 85%
of surface CHBrj5 is transported to the tropical UT. In addition, they simulated the presence of

1 ppt of Br;norg outside the convective system near Borneo, i.e., in the tropical adjacent regions,
inorg
y

washout. Therefore the solubility of the gases and local surrounding conditions may also impact
the delivery to the TTL and finally the Ex—LS. This is partially when tropospheric O3 is low

and prevents the soluble forms of bromine from reacting and converting to insoluble inorganic

while inside the convection system Br (< 0.1 ppt) is almost completely depleted due to

compounds.

6.3.2 Contributions to UTLS Bromine from Recent Tropical Cyclones

Interestingly, emissions from Central America (CAM) also contributed to elevated Br*** in the
tropical Op;gp/P Vg, air masses with maximum CAM air mass fractions around © ~345—-370 K
during WISE (shown in Fig. 6.9 (d)). There are two flights with particularly large air mass
fractions from CAM emissions observed during the campaign: RF08 and RF14 (discussed below)
with flight segments in and around the tropical ©y;41,/P V4 region. During both flights, remnant
air masses of two mesoscale convective systems from the Central American tropics were probed.

In reference for the following discussion, the average contribution of emissions from CAM in
the UTLS (excluding RF08 and RF14) per flight is 6.3% + 4.6% and ranging from 4.3—8.9%.
Generally, the largest CAM emissions during the WISE campaign are seen in the tropical
Ohigh/PView air with a strong decrease in the LS. The average CAM emissions in the LS per
flight is 4.4% + 2.5% (ranging from 2.7—6.2%), with the exception of air masses during RF14
and RF15 (a third unique flight discussed below). Although larger CAM air mass fractions
contribute to elevated bromine in the tropical Oy;yp,/P Vg, air, the HBrR only has 3.3% of the
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air fraction from CAM similarly to the LMS which has mostly low CAM air mass contributions.

The first flight with long segments of large contributions of air masses from CAM was RF08
on Oct. 1, 2017 (Fig. 5.3 (f)). This flight, off the coast of Ireland over the Atlantic Ocean
(up to 15.0°W), encountered the remnants of Hurricane Maria which had transitioned into an
extratropical cyclone and later dissipated on Oct. 2, 2017 (Pasch et al., 2019). The average
CAM surface air fraction along the flight track is 18.0 4= 13.0% with the maximum contribution
reaching 60.6% at 20:35 UTC at © = 361 K and A©® = —11 K (Fig. 5.3 (a) and (f)). However,
sections with increased CAM air mass fractions only reached the UT while the two flight sections
breaching into the LS have low CAM emissions. This low pressure system transported surface
air with increased CAM air mass fractions (25—45%), CO, and N,O to the UT, bringing with
it more brominated VSLS up to [BrV"5] = 5.8 ppt at 17:29 UTC shown in Fig. 5.3 (g). This
coincides with flight sections in the tropical ©y;a1,/P Vi, air, indicated by the light gray shaded
sections. These flight segments in the tropical Oygp/PViey air with large CAM air mass fractions
additionally have ~20% of the air mass fraction from the TME, resulting in the UT [Br®®
>19.2 ppt and [Br*'] = 20.7—23.4 ppt between 15:35—17:41 UTC. The combination of relatively
large air mass fractions from CAM and TME in the tropical Oy, /P Vi, air, results in some of
the most-bromine-rich air observed during WISE. Even though the tropospheric portions of the
flight had elevated CAM emissions, the LS sections only have an average CAM air mass fraction
of 3.1+ 1.7% and low Br*®". The LS Br'®* ranged from 17.1—18.9 ppt, which is below the LS
average as indicated by the gray dotted line in Fig. 5.3 (g)) between 13:14—15:07 UTC. Only a
short flight segment reached the HBrR, which is indicated by the dark gray shading in Fig. 5.3
between 14:13—14:47 UTC, where the CAM air mass fraction is low (~1%) while the TME air
mass fraction is still ~11%. Further insights of the flight segment between 18:40—20:00 UTC is
analyzed in the study by Schéfler et al. (2021). They use HyO and O3 lidar data as tropospheric
and stratospheric tracers to discuss three mixing regimes near the tropopause fold indicating the
presence of different air masses.

A second tropical cyclone encountered during WISE was Hurricane Ophelia. It made landfall
over Ireland on Oct. 16, 2017 and dissipated over Norway on Oct. 18, 2017. It rapidly trans-
ported tropical air from Central America to Europe (Stewart, 2018). This is verified from data
collected during RF14 on the Oct. 15, 2017 (Fig. 6.10, see also Fig. B.11 for other complementary
data). A large influence of surface emission tracers from CAM is present with a flight average of
23.3+11.8% (shown in Fig. 6.10 (b)). The initial flight section between ~13:20—15:00 UTC is
just below © = 355 K with low equivalent latitudes (down to ~6°S), indicating these air masses
were recently tropical air masses with large CAM air mass fractions. Unlike RFO08, the transport
of larger CAM air masses into the LMS is observed in this low pressure system. The average
influence from CAM air masses in the LMS flight segments is 20.8 & 5.4%. These are the largest
influxes of CAM emissions into the LMS detected during the WISE campaign.

Although RF14 does not have Br®® data available, the variability of air masses probed
by the aircraft in the LMS is noticeable in Br;“"rg mixing ratios. For example, between
16:04—16:58 UTC the aircraft flew in the LMS (up to A® = 16.7 K) and relatively low [Br,"*"¢]
= 2.240.4 ppt was observed with high CAM emissions of 22.3% 4= 4.1% and TME air fractions
of 30.4 &+ 2.5%. Shortly after, between 17:04—17:46 UTC the aircraft cruised in the UT (around
AO = —10.1 £+ 5.6 K), where elevated Bryinorg was observed which reached up to 7.8 ppt. During
this event low CO mixing ratios, low CAM emissions (6.2 + 2.0%), only slightly lower TME air
mass fractions (24.2 + 3.6%) and large air mass lag-times (up to 1 yr old) were observed in the
UT. This event characterizes an intrusion of stratospheric air into the UT with Bryinorg> 4 ppt
(indicated by the light blue shading).

A third flight, RF15 on Oct. 19, 2017 (Fig. 6.11, see also Fig. B.12 for other complementary
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Figure 6.10: RF14 on Oct. 15, 2017 indicates recent air mass surface emissions from the tropical
marine environment (TME) in south eastern Asia as well as elevated emissions from Central
America (CAM) from a tropical cyclone. Panel (a) shows the potential temperature of the flight
track and WMO tropopause (black solid and dashed lines, respectively; left axis) along with
the equivalent latitude and Ny,O VMR (blue and gray lines, respectively; right axis). Panel (b)
shows the air mass fraction at flight altitude from the TME and CAM emission tracers (black
solid and dashed lines, respectively; left axis), as well as the CO VMR (blue; right axis). Panel
(c) shows the Bry"*"® mixing ratio (red points; left axis) where available along with the air mass

lag-time (blue line; right axis). The light blue shading indicates Br;norg > 4 ppt in the UT, i.e.,
AB <0 K.

data), around Ireland and the UK likely still captured the former air masses from Hurricane
Ophelia. The air of this flight is also characterized by a slightly elevated CAM influence in the
LS mainly with an average surface emission of 8.9 +4.1% at extratropical equivalent latitudes
(Fig. 6.11 (b)). Only partial Br°® data is available including CH3Br and the halons, both of
which have slightly elevated VMRs in the LMS (Fig. 6.11 (c¢)). CH3Br VMRs up to 7.8 ppt and
the bromine mixing ratios from the halons up to 8.1 ppt are observed in the LMS (A© = 22 K)
with elevated CAM emissions around 14% (and TME air mass fractions ~27%). A similar event
is again detected during the initial ascent between 09:25—09:38 UTC (light blue shading) after
passing through a small stratospheric intrusion. Elevated Br;norg> 4 ppt and up to 9.2 ppt was
observed in the UT around A® = —33.2 4+ 3.6 K, while air mass fractions from CAM emissions
were low (7.4 4+ 1.9%) and TME emissions were around 25.0 £+ 1.8%.

In summary, the synoptic-weather-system-related contributions from the CAM region ev-
idently may directly impact observed UTLS bromine. The CLaMS simulations indicate the
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RF15: Oct. 19, 2017
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Figure 6.11: RF15 on Oct. 19, 2017 indicates recent air mass surface emissions from the tropical
marine environment (TME) in south eastern Asia as well as elevated emissions from Central
America (CAM) from remnants of a tropical cyclone. Panels (a—c) are given as in Fig. 6.10.
Panel (c) additionally shows the individual bromine mixing ratios of CH3Br (dark blue points)
and the halons (purple points) with limited availability.

variety of different air masses influencing the WISE campaign observations. Near to tropical
tropopause, high CAM air mass fractions (through rapid vertical transport by hurricanes), as
well as high TME air mass fractions (uplifted by local convection associated with the Asian sum-
mer monsoon) are observed. These large CAM and TME contributions result in significantly

tot

elevated Br'®" in the former tropical ©yiyp/PVig, air as seen during RF08. However, in the

LMS there are lower air mass fractions from CAM but still relatively high TME contributions
which also result in elevated Br'°', i.e., the HBrR during eight flights. Additionally, the two
events with higher Blr;norg observed in the UT (shaded light blue sections in Fig. 6.10—6.11),
with comparatively lower CAM emissions and low CO and N5O mixing ratios, are of particular
interest. These events may indicate that air from the LMS intruded into the UT by recent STE

events, which is discussed in a recent study by Kunkel et al. (2019).

6.4 Consequences for LMS Ozone

The isentropic transport of bromine-enriched air from the tropical UT/TTL into the LMS likely
has a significant impact on ozone. In the HBrR, the average O35 measured is 301 £ 69 ppb and
ranging from 153—524 ppb (refer to Fig. 6.4 (e)). The LS below and above the HBrR has an
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average of 404 + 169 ppb (range 73—791 ppb), largely due to the significant increase of O5 further
into the ozone layer of the stratosphere that extends into the upper area of the HBrR. However,
in the HBrR, lower O3 VMRs are measured with a slight increase again below the HBrR.

In order to investigate the influence of elevated bromine on the Ex—LS ozone, three sim-
ulations were conducted using the 3—D global TOMCAT model with 22 months integration
time (refer to Sect. 3.4.2). The Base run was initialised with constant bromine VMRs (19.6 ppt
from the Ex—TP region) along the entire tropopause. Run 1 and 2 each had elevated bromine
boundary conditions in the tropical UT in addition to the Ex—TP boundary conditions from
the Base run (refer to Table 3.3). The run 1 and 2 were initialised with additional [Br*"] of

tot

1.2 ppt and 2.1 ppt, respectively in the tropical UT. The Base run Br®" as well as the relative

changes of bromine in run 1 and 2 are displayed in Fig. 6.12. The increase in run 1 is mainly

due to increased BJr}fm’rg7 while the increase of Br*®® in run 2 is largely due to additional Br¥5™,
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Figure 6.12: TOMCAT model results of Br** distributed in the UTLS during the WISE cam-
paign period. Panel (a) displays the Br*°® VMR distribution from the Base run (refer to Ta-
ble 3.3). Panel (b) shows the relative percentage change ABr® between run 1 and the Base run.
Panel (c) displays the relative ABr*°* change between run 2 and the Base run. The black line is
the campaign average WMO tropopause, the black box in the LMS is the HBrR and the gray
outline marks the tropical ©y41,/P Vi, region (the latter two regions are defined in Sect. 5.2).

These increases of bromine in the tropical UT lead to additional destruction of ozone in
the LMS. This can be used as a measure of the ozone sensitivity due to transport of bromine-
enriched air from the tropical ©y;yp,/P V4, region into the LS by the lower branch of the Brewer
Dobson circulation. The TOMCAT O3 VMR distribution over the NH from the Base run is
shown in Fig. 6.13 (a) ranging between ~30—840 ppb. TOMCAT O3 VMRs are comparable to
the measured FATRO O3 mixing ratios which range between ~30—760 ppb (Fig. 6.4 (e)). The
maximum Oz simulated by TOMCAT in the Base run is larger than in situ measurements, in
part due to the Base run excluding the elevated bromine that is observed.

The relative changes of TOMCAT simulated O5 between the Base run and either run 1 or
2 are displayed in Fig. 6.13 (b—c), respectively. The impact of increasing tropical UT bromine
(run 1), leads to a 5.0 & 0.4% increase in Br*" in the HBrR (refer to Fig. 6.12 (b)) as compared
to the Base run which results in an Oz loss of —2.5 £ 0.2% (Fig. 6.13 (b)). Run 2 leads to an
8.7 4 0.7% increase in Br*" in the HBrR (refer to Fig. 6.12 (c)) as compared to the Base run
which results in an Oj loss of —2.8 + 0.2% (refer to Fig. 6.13 (c)). In the HBrR, the change of
absolute O3 mixing ratios is —6.6 £ 1.1 ppb (run 1) and —7.4+ 1.4 ppb (run 2) (not shown).

The decrease of ozone is not strictly linear with increasing Br'°®, partially due to the nature

BI‘VSLS inorg

y
feedback loops such as via lower stratospheric HO, species.

The average relative O loss throughout the whole LS is —2.6 +0.6% and —2.7 + 0.4% for

run 1 and 2, respectively. However, the largest relative O5 decreases are observed along the

of the increased bromine ( vs Br ) differing between run 1 and 2, as well as other

tropical tropopause where there is the largest bromine enhancement due to the initialisation.
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Figure 6.13: TOMCAT model results of O4 impacted by elevated Br*" in the UTLS. Panel (a)
displays the O3 VMR distribution from the Base run using constant Br*" boundary conditions
along the tropopause (refer to Table 3.3). Panel (b) shows the relative percentage change AO5
between run 1 with elevated Br'°® in the tropical UT and the Base run. Panel (c) displays the
relative change AO3 between run 2 and the Base run. The black line is the campaign average
WDMO tropopause, the black box in the LMS is the HBrR and the gray outline marks the tropical
@high/PVlow region.

Further significant decreases of O3 extend to the mid-latitudes along the tropopause. Run 1
has the strongest ozone decreases up to —5.4% along the tropopause in the tropics up to 40°N
equivalent latitude (in comparison to the Base Run). As the bromine increase in run 1 is mainly
in the form of Br;’“org, this shows the efficiency and immediate destruction of ozone by Bryinorg.
Run 2 has a maximum Oz decrease of —3.9% however the strongest decreases are not near the
tropical tropopause but rather along the mid-latitude tropopause. As the bromine increase of

run 2 is largely in the form of BrVSLS

, ozone is not immediately destroyed because of the time
delay for the conversion of Br®® to Br;“org. Although the ozone destruction is not as strong
near the source of increased bromine in run 2 compared to run 1, the ozone decrease extends
further towards the pole just above the tropopause. This is reflected in the average O3 decrease
along the entire tropopause. The relative ozone change along the tropopause up to A© < 20 K
results in —3.2 + 0.6% and —3.0 4+ 0.4% for run 1 and 2, respectively. These tropopause average
changes are from available data between equivalent latitudes of 22—88°N, i.e., largely excluding
the tropics.

A study by Hossaini et al. (2015) analysed the impact of increasing VSLS (bromine, chlorine
and iodine) on Oj in the global LS. The model results showed LS O3 decreases of 4—12%, where
the brominated VSLS account for ~85% of the O destruction. In the TTL, the O impact just
below 100 hPa was ~—8% with stronger decreases towards the tropopause and surface (Hossaini
et al. (2015) supplement Fig. S1). While at 200 hPa at the North Pole the relative O5 change
is ~—5%, also with stronger decreases at lower altitudes. These are comparable relative O4
percentage changes to this study when considering only the bromine VSLS impact as well as a
significantly larger difference of the VSLS bromine loading (up to 8 ppt) in their model runs. If
the transport of source gases injected into the stratosphere in the tropics increases as climate
change progresses, the strongest decrease in O3 can be expected near the cold point tropopause
in agreement with the simulations here (e.g., Hossaini et al. (2012a); Falk et al. (2017) and Ziska
et al. (2017)).

94



Chapter 7

Summary and Outlook

In this dissertation various trace gases measured simultaneously from the HALO aircraft during
the WISE campaign in the fall of 2017 in the northern hemisphere UTLS are investigated. These
trace gases include Og, NO,, BrO, Br®'® Blrymorg7 and Br'', as well as transport tracers (CO
and N,0) and a tracer for the mean age of air (SFg). There were 15 flights, however only 11
with available Br'® data. CLaMS simulations of O3, NO,, and BrO mixing ratios are generally
in good agreement with the measurements. The observations range from potential temperatures
at the surface ~282 K through the LS up to 410 K corresponding to A® = —50 K to +88 K
relative to the WMO tropopause. The majority of the measurements were between 8.5—14.5 km
altitude to focus on the LMS. The observations include air masses of the entire NH in equivalent
latitudes (ranging from 6°S—86°N) indicating geographical distributions as well as allowing for
transport interpretation.

tot - . .
Br'®" is assessed from simultaneous measurements of all relevant brominated source (Br°'®)
inorg
y

and the five major brominated very short-lived substances measured with the novel in situ
GhOST-MS system. The Brymorg is inferred from remotely measured BrO with the mini-DOAS

instrument scaled by the BrO/Br;norg partitioning from CLaMS photochemical modelling. The
tot

and product (inferred Br ) gases. The Br®® source gases consist of CH3Br, the four halons,

resulting weighted average Br'®" in the LS is 19.2 &+ 1.2 ppt (the conservative uncertainty rep-

resenting the 1o variability of the measurements). The average UTLS, i.e., including the tro-

% 5 19.4 + 1.3 ppt which includes larger Br°™® measurements in

pospheric measurements, Br
the UT particularly in the tropics. The observations in this study largely agree with previous
measurements of Br*°® in the UTLS (e.g., Engel and Rigby et al. (2018)), but the variability

tot

emphasizes some of the origins of Br*®" in the Ex—LS. Air mass lag-times inferred from SFq

measurements vary by over 3 years (from —1.1 to 2.6 years) between the troposphere and LS.

tot variability have been gained from studying the

Major insights into the causes of the Br
geographical distribution of the brominated gases as well as transport tracers as a function of
equivalent latitude, both from observations (Fig. 6.4) and transport modelling (Figs. 6.7 and 6.9).
The key findings of this investigation are summarized by the schematic in Fig. 6.6. Elevated
Br'°" is observed in a persistent region extending into the LMS between potential temperatures
© = 350—385 K and equivalent latitudes 55—80°N (see Sect. 5.2) of which a subsection, HBrR*,
has [Br*°"] = 20.9 + 0.8 ppt. This bromine-rich air was predominantly isentropically transported
from the tropical UT/TTL into the LMS.

The air mass origin tracers modelled by CLaMS agree with the observational data including
the transport tracer distributions in the LMS. They indicate that the HBrR in the LMS has 51.2%
of air originating from the tropical troposphere, and 6.4% from the mid-latitude troposphere

which are mixed with 27.1% stratospheric background air. The remaining smaller contributions
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are from other LS domains and < 1% from the remaining tropospheric domains. In contrast,
the LS air masses below and above the HBrR show a decreasing tropospheric (mainly tropical
and less mid-latitudinal) contribution and an approximately equivalent increasing stratospheric
background contribution. This increase of approximately 10% young (tropical and extratropical)
tropospheric air in the HBrR compared to the LS below and above it, is reflected in the bromine-
rich air masses of the HBrR.

Additional CLaMS surface-emission simulations indicate that surface contributions account
for 37.7% of the air masses within the HBrR of which the majority is from the Asian monsoon
region (AMR) and its tropical adjacent region (TAR). Only a small fraction of air (3.3%) in
the HBrR originates from Central America (CAM). The LS below and above the HBrR only
receive 30.3% from surface regions, with most of the decreases observed in the AMR and its TAR
contributions. This shows the efficiency of the vertical uplift in the AMR rapidly transporting
surface air from the TAR and specifically the tropical marine environment (TME) in south
eastern Asia into the tropical UT/TTL. The air masses are then transported further via the
lower branch of the Brewer-Dobson circulation into the Ex—LS. This transport pathway in
boreal late summer and fall has a direct impact on the trace gas composition and specifically of
bromine in the NH LMS. Air masses from the coastal regions in south eastern Asia are injected
into the LS around equivalent latitudes ~30°N and transported to the tropical UT/TTL and the
LMS by isentropic transport and are the main source of bromine-rich air masses in the HBrR.

Further, the data from WISE point to additional causes for varying bromine in the UT.
Notably, air masses with high bromine mixing ratios were transported by two hurricanes from
CAM into the tropical Oyign/P Vi region (defined in Sect. 5.2), of which the remnants were
later observed to the west of the British Isles on Oct. 1, 2017 in RF08. These large CAM
(and TME) contributions lead to the most bromine-rich air masses observed during WISE with
[Br*®] = 21.6 £ 0.7 ppt in the Oy, /PV)ey region. Additionally, the WISE flights captured two

inorg
y

caused by breaking Rossby waves in the extratropics. Measurements and model results indicate

STE events where stratospheric air of elevated Br was recently transported into the UT
multiple pathways for tropospheric air masses to reach the LMS, either by mid-latitudinal STE in
the extratropics or more often by isentropic transport from the tropical UT/TTL. The multiple

% in the NH LMS with a notable region of elevated bromine.

pathways result in fluctuations of Br
This investigation complements previous studies emphasizing the importance of the transport
of air masses via the lower branch of the Brewer Dobson circulation (e.g., Hoor et al. (2005);
Levine et al. (2007); Bonisch et al. (2009); Vogel et al. (2016) and Hauck et al. (2020)).

The transport of younger bromine-rich (among other trace gases) tropospheric air masses into
the LMS, directly impacts the LS Os. In situ measurements indicate lower O3 VMRs coinciding
within the HBrR in the LMS. The consequences of more Br'®" in the LS on Oy is further analysed
with TOMCAT model simulations. An enhancement of ~1—2 ppt Br*®" in the tropical UT and
further in the LS through its isentropic transport, results in the LS O3 change of —2.6 +0.7%
(average of two elevated bromine scenarios) conveying its sensitivity to bromine. However, the
strongest O5 changes are observed within the 20 K layer directly above the tropopause resulting
in —3.1+0.7% of Os.

Some limitations of this study due to the intrinsic characteristics or failure of the instruments
are worth noting. These include restricting measurements to only daytime which eliminates some
flight-time hours including several ascents and descents of the aircraft into Shannon airport (mini-
DOAS instrument), failure to record Br®® data during four flights due to technical problems
(GhOST instrument), and low signal-to-noise ratios for some of the brominated species due to
their low mixing ratios. However, due to the large data set collected during this campaign, even

with these limitations, the accumulation of data and the consistency of the results increases the
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analysis confidence in this study. In particular, the 1o accuracy of the Br*°* data is a conservative
uncertainty and the co-added error from the Br®® and Br;nc”rg measurements of the individual
species should eventually be lower.

The continuous nature of these WISE flight measurements covering a large range of air mass
lag-times even for individual flights, offers several advantages over previous mostly balloon and

tot .. . . .
°*. This includes an improved space and time resolution as

some aircraft related studies on Br
well as a higher precision and accuracy of inferred Br*®*. Another major advantage of the aircraft
measurements is the ability to display a wide-spread behaviour of Br®'®, Br;norg, and Br*" in the
investigated air masses. The multi-pathway transport of bromine (as well as of other gases) into
the northern LMS via the major pathways may well be very specific for the region and season
(mid-latitudes in boreal fall) investigated during the WISE campaign. However, it does suggest
that bromine as well as other ozone-harming gases are not simply injected into the stratosphere
from a single source region, but that a manifold of different pathways may act (e.g., Holton et al.
(1995); Homeyer and Bowman (2013); Ploeger et al. (2015); Kunkel et al. (2019)).

tot

In this respect, further probing the tropopause region and LS for Br*®" and other ozone

depleting species is still required. Ultimately, the detected variability of Br*® in the UTLS

does not yield a sufficient understanding on Br**

and its trend in the middle and upper strato-
sphere. Therefore further probing by ground- and balloon-based instrumentation, and satellites
is required in the future.

There are recent HALO missions for which Br*®* can similarly be evaluated and analysed.
Previous campaigns such as TACTS (2012) and POLSTRACC (2015—2016) similarly observed
a wide range of NH air masses in the UTLS, for which bromine data should be available. The
HALO SouthTRAC mission, which was the follow-on study of WISE, had deployments into the
southern hemisphere in September and November 2019. The campaign was based in Rio Grande,
Tierra del Fuego in southern Argentina with flights ranging from Oberpfaffenhofen, Germany
to the Antarctica Peninsula. The instrument payload as well as the campaign goals were very
similar to WISE and will allow for similar investigations as in this dissertation for the southern
hemisphere.

Previous HALO campaigns in 2017—2019 with different objectives, dynamics, regions, and
seasons than the WISE campaign may be limited to BrO and/or Bryinorg data depending on the
campaign instrument payload. These campaigns consist of EMeRGe-EU (May—August 2017),
EMeRGe-Asia (February—April 2018), CoMeT 1.0 (Carbon Dioxide and Methane Mission for
HALO; May—June 2018), and CAFE-Africa (Chemistry of the Atmosphere Field Experiment
in Africa; June—September 2018). All campaigns from 2017 onwards were campaigns I actively
participated in.

In time, through the accumulation of additional bromine data across multiple campaigns (par-
ticularly TACTS (2012), POLSTRACC (2015—2016), WISE (2017), and SouthTRAC (2019)),
one may be able to establish trends of Br*®" in the UTLS. This will improve the current under-

standings of the ozone behaviour in the LMS and the impacts potentially on climate change.
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Appendix A

O3 Fit Scenario Wavelength
Comparisons for All WISE

Flights

The O; fit window comparisons for 7 different wavelength ranges are compared using simulated

and Kurucz reference SCDs for all flights during the WISE campaign. One example flight is
described in the text (refer to Sect. 4.1.3) and shown in Fig. 4.11, while the remaining WISE
flights can be found in the following figures (Figs. A.1—A.14). Generally the fit window labelled
‘03.338_357_Pukite’ (shown in red) has the best agreement between the Kurucz and simulated

reference SCDs and agrees best with all other fit window SCD resulting from the simulated

references.
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Figure A.1: WISE RF02 on Sept. 13, 2017. The panels are as given in Fig. 4.11 and details of
the Oz wavelength fit scenario windows are described in Table 4.3.
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Comparing O3 Fit Scenarios of Flight 2017/09/18
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Figure A.2: WISE RFO03 on Sept. 18, 2017. The panels are as given in Fig. 4.11 and details of
the Oz wavelength fit scenario windows are described in Table 4.3.
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Figure A.3: WISE RF04 on Sept. 20, 2017. The panels are as given in Fig. 4.11 and details of
the Oz wavelength fit scenario windows are described in Table 4.3.
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Comparing O3 Fit Scenarios of Flight 2017/09/27
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Figure A.4: WISE RF06 on Sept. 27, 2017. The panels are as given in Fig. 4.11 and details of
the Oz wavelength fit scenario windows are described in Table 4.3.

Comparing O3 Fit Scenarios of Flight 2017/09/28
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Figure A.5: WISE RFO07 on Sept. 28, 2017. The panels are as given in Fig. 4.11 and details of
the O3 wavelength fit scenario windows are described in Table 4.3.
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Comparing O3 Fit Scenarios of Flight 2017/10/01
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Figure A.6: WISE RF08 on Oct. 1, 2017. The panels are as given in Fig. 4.11 and details of the
O3 wavelength fit scenario windows are described in Table 4.3.
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Figure A.7: WISE RF09 on Oct. 4, 2017. The panels are as given in Fig. 4.11 and details of the
O3 wavelength fit scenario windows are described in Table 4.3.
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Figure A.8: WISE RF10 on Oct. 7, 2017. The panels are as given in Fig. 4.11 and details of the
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Figure A.9: WISE RF11 on Oct. 9, 2017. The panels are as given in Fig. 4.11 and details of the
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Figure A.10: WISE RF12 on Oct. 12, 2017. The panels are as given in Fig. 4.11 and details of
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Figure A.11: WISE RF13 on Oct. 14, 2017. The panels are as given in Fig. 4.11 and details of

Comparing O3 Fit Scenarios of Flight 2017/10/14
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Figure A.12: WISE RF14 on Oct. 15, 2017. The panels are as given in Fig. 4.11 and details of
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Figure A.13: WISE RF15 on Oct. 19, 2017. The panels are as given in Fig. 4.11 and details of
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Comparing O3 Fit Scenarios of Flight 2017/10/21
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Figure A.14: WISE RF16 on Oct. 21, 2017. The panels are as given in Fig. A.13 and details of
the O3 wavelength fit scenario windows are described in Table 4.3.

105



Appendix B

Overview Results of Remaining
WISE Flights

The overview results of two example flights (RF04 and RF08) have been described and discussed
in the text above (refer to Sect. 5.3 and Figs. 5.2 and 5.3). The remaining 13 flights with flight
tracks shown in Fig. 5.1 are shown below in Figs. B.1-B.13.

The flight tracks and tropopause (black solid and dashed lines, respectively) and equivalent
latitude (blue line; right axis) are shown in panel (a) giving reference to the general location of the
measurements. In panels (b—g) the various trace gases measured by the different instruments
as well as vertically adjusted CLaMS curtains model results are displayed along each flight
track for all available data. The panels are described as following: (b) O3 VMRs (FAIRO
measurements—green solid line; CLaMS model—orange dashed line) as well as the CO VMR
(UMAQS measurements— red line; right axis); (¢) NOy VMRS (mini-DOAS measurements—pink
solid line; CLaMS model—orange dashed line); (d) BrO VMRs (mini-DOAS measurements—blue
solid line; CLaMS model—orange dashed line); (e) CLaMS modelled BrO/Br;norg (green dashed
line) and BrONO,/Br,"*'® (brown dashed line) partitioning; (f) mean air mass lag-time inferred
from SFg GhOST measurements (black line) along with CLaMS TME and CAM emission tracers
(orange solid and dashed lines respectively; right axis); (g) Br®™® species (CH3Br—dark blue
points, plus the four halons—purple points, plus the five most relevant brominated VSLS—light

inorg
y

is indicated by the gray dotted line in panel (g).

blue points) to which the inferred Br (red points) is added for Br*°* results. The LS average

The light gray shading indicates flight sections within the tropical ©y,/P Vi, region and

the dark gray shading indicates flight sections in the HBrR. Refer to Sect. 5.2 for definitions of

each of the regions, as well as Sect. 6.2 and onwards for discussions.
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Figure B.1: Overview of WISE RF02 on Sept. 13, 2017. Panels (a—g) are as given in Sect. B.
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Figure B.4: Overview of WISE RF06 on Sept. 27, 2017. Panels (a—g) are as given in Sect. B.
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RF07: Sept 28, 2017
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Figure B.5: Overview of WISE RF07 on Sept. 28, 2017. Panels (a—g) are as given in Sect. B.

111



RF09: Oct. 4, 2017
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Figure B.6: Overview of WISE RF09 on Oct. 4, 2017. Panels (a—g) are as given in Sect. B.
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RF10: Oct. 7, 2017
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Figure B.7: Overview of WISE RF10 on Oct. 7, 2017. Panels (a—g) are as given in Sect. B.
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RF11: Oct. 9, 2017
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Figure B.8: Overview of WISE RF11 on Oct. 9, 2017. Panels (a—g) are as given in Sect. B.
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RF12: Oct. 12, 2017
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Figure B.9: Overview of WISE RF12 on Oct. 12, 2017. Panels (a—g) are as given in Sect. B.

115



RF13: Oct. 14, 2017
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Figure B.10: Overview of WISE RF13 on Oct. 14, 2017. Panels (a—g) are as given in Sect. B.
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RF14: Oct. 15, 2017
BAHAMAS Flight Track — — — WMO Tropopéuse

400 (a) Bg. Lat J80 =
= 460 =
Eag0E E

320F 420 &

280 %20

— L (b) FAIROO, — — —CLaMsS O, UMAQS CO I =
T 4001 \W 490 g
L A~ — — E
= 200F AN :[M 360 §
o 5 o 430 O
C | ISR W e VPR VY E

A — e e E

of T - 10
= (€ mini-DOAS VIS — — — CLaMS E
S 150F E
= E P LY i E
ON 1002— ‘ ﬁ%:ﬂ{}ﬁ\f\\“\f | \ _§
Z 50F P E 3
8: D e S — B e £yt s + R E
E f w J

= F (d) mini-DOAS UV — — — CLaM$ ]

Q ]

S40 M E

o _F y= Y ]

= B T R e A O R b Bt 2 E
< OF = ; — —= 1 ]
= _F (e) — — —CLaMSBro/Br™9 — — — CLaMS BrONO,/Br"®'9 E
s 755— F,\PU\F,__.\__,\\V_,ﬁ\ﬂ,\r\xﬂl,,,r—\—/'w\ ~ Wy V‘/VIW«—\\N o d¢ _E
8 soF | N[yt I, 3
2 :f vy AT Ty L E
S 25F v W~V ~ M E
S>77F A e A — Vv - S| ERC)
@_ oF \ T ‘ 460 =

515 () 350 8

o 0F 440 8

2o e

Ef 330 2

&-2F 309

s F SF Lag-Time 310 3

25 F 10 E

) CH,Br +Halons +VSLS 1"
=20 .
[o% [ i
= N i
= I 1
m 15 ]
5 ! ]
S [ 1
F0F ]

5L : ‘ :
13:00 14:00 15:00 16:00 17:00 18:00 19:00
Time [UTC]

Figure B.11: Overview of WISE RF14 on Oct. 15, 2017. Panels (a—g) are as given in Sect. B.
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RF15: Oct. 19, 2017
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Figure B.12: Overview of WISE RF15 on Oct. 19, 2017. Panels (a—g) are as given in Sect. B.
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RF16: Oct. 21, 2017
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Figure B.13: Overview of WISE RF16 on Oct. 21, 2017. Panels (a—g) are as given in Sect. B.
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Appendix C

All CLaMS Transport Tracers

The CLaMS transport tracers of all nine atmospheric air mass origin domains and 24 surface
emission tracer regions are shown in Fig. C.1 and C.2, respectively.

CLaMS Air Mass Origin Tracers
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Figure C.1: Relative contribution of CLaMS air mass origin tracers during the WISE campaign.
The nine different domains are as outlined in Fig. 3.6 and Table 3.2 (for more details refer to
Vogel et al. (2011)). The black line is the average WMO tropopause, the black box indicates
the HBrR, and the gray outline is the tropical Oy;,p,/P Vg, region (defined in Sect. 5.2).
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CLaMS Surface Emission Tracers [%)]
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Figure C.2: Relative contribution of CLaMS surface emission tracers during the WISE campaign.
The 24 different surface regions are displayed in Fig. 3.7. The black line is the average WMO
tropopause, the black box indicates the HBrR, and the gray outline is the tropical Oy;g1,/P Vg
region (defined in Sect. 5.2).
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