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Abstract

Recent studies have shown the importance of very short-lived substances (VSLS) for
the abundance of stratospheric bromine. In this work, the transport of bromine VSLS
into the stratosphere is investigated with a three-dimensional chemistry transport model.
The novelty of this approach is the explicit treatment of convective transport in a purely
isentropic model, a key prerequisite for the realistic reproduction of the complex interplay of
horizontal advection, local deep convection and large-scale diabatic heating in the tropical
tropopause layer (TTL).

Comparisons with observations show that the model is generally able to produce realistic
distributions of the two major bromine VSLS, bromoform (CHBr3) and dibromomethane
(CHgBrp). In addition, an analysis of the regional transport efficiency suggests that
the Western Pacific is the most important source area for VSLS into the stratosphere;
approximately 50% of the total amount of bromine VSLS in the TTL is contributed by
this region.

Another important question is how dehydration in the tropical tropopause impacts on
stratospheric bromine loading. An idealized modeling approach assuming total solubility
for inorganic bromine predicts that about 60% of bromine originated from VSLS is able
to reach the stratosphere, which is consistent with earlier modeling approaches that use
a comparable simple dehydration mechanism. However, when applying a more complete
chemistry scheme the model results show that virtually the entire amount of bromine
contributed by VSLS enters the stratosphere, rendering the impact of dehydration and
scavenging on inorganic bromine insignificant in the TTL. This discrepancy is mainly
caused by the low fraction of actually soluble inorganic bromine, the small available particle
surface area density that restricts adsorption and finally heterogeneous reactions which are
able to release adsorbed species into gas phase.

Long-term calculations of VSLS injection into the stratosphere reveal a robust correlation
between sea surface temperature, convective activity and the amount of short-lived source
gases in the TTL, which becomes especially clear during the perturbations induced by El
Nifio seasons.

Finally, the impact of additional bromine originated from VSLS on stratospheric ozone
depletion is analyzed. The model predicts that for 5 parts per trillion by volume (pptv)
of bromine contributed by VSLS on average about 1.3% of global total column ozone is
destroyed.






Contents

Introduction and Fundamentals

Introduction

1.1.
1.2.
1.3.

Historical Background . . . . . . . . .. .. oo oL
Current Scientific Key Questions . . . . . .. ... ... ... ... ... ..
Outline of the Thesis . . . . . . . . . . ..

The Earth’s Atmosphere

2.1. Vertical Structure . . . . . . . . . . . ...

2.2. Atmospheric Circulation . . . . . . . . . ...
2.2.1. Geostrophic Equilibrium . . . . . .. ... o000
2.2.2. Tropospheric Circulation . . .. .. ... .. ... ... ...
2.2.3. Stratospheric Circulation . . . . . ... ... ...

2.3. The Tropical Upper Troposphere/Lower Stratosphere. . . . . . . .. .. ..

2.4. Stratospheric Ozone Chemistry . . . . . . . . .. .. ... ... ... ....

Atmospheric Bromine

3.1, Sources ... e e
3.1.1. Long-Lived Compounds . . . . . ... .. ... .. ... .......
3.1.2. Very Short-Lived Substances . . . . ... ... ... .. .. .....
3.1.3. Inmorganic Sources . . . . . . . . . ...

3.2, Chemistry . . . . . . .. e
3.2.1. Degradation of Bromine Source Gases . . . . .. ... ... .....
3.2.2. Chemical Partitioning of Bry, . . . . .. ... ... ... ... ...
3.2.3. Impact on Stratospheric Ozone . . . . . . . .. ... ... ......

Methodology

Model

4.1. CTM framework . . . . . . . . . . . . . . e
4.1.1. Structure . . . . . . . ..
4.1.2. Resolution and Model Grid . . . . . . ... ... ... ........
4.1.3. Meteorological Input Data . . . . .. .. ... ... ... ... .. ..
4.1.4. Tracer Advection . . . . . . . . .. ...
4.1.5. Convection . . . . . . . . . . e
4.1.6. Computational Performance . . . . . . . .. ... ... ... ... ..

4.2. Idealized Approach . . . . . . . . .. .
4.2.1. Bromine Source and Product Gases . . . . . ... ... ... ....
4.2.2. Treatment of Water Vapor . . . . . .. .. .. ... ... ......
4.2.3. Additional Diagnostic Tracers . . . . . . . . . . .. ... ... ....
4.2.4. Simulation Setup . . . . . .. ..o

15
15
15
16
18
19
19
20
22



ii Contents

4.3. Full Chemistry Approach . . . . . . . . . . ... ... ... . ... .....
4.3.1. Gas Phase Chemistry . . . . .. ... ... ... ... ... ...
4.3.2. Heterogeneous Chemistry . . . . .. .. ... ... ... ... ....
4.3.3. Photolysis . . . . . . . .
4.3.4. Chemical Integration Scheme . . . . . . ... ... ... .. ...
4.3.5. Simulation Setup . . . . . ... oo

I1l. Results

5. Model Validation
5.1. Convection . . . . . . . . . . e
5.2. Bromine Source Gases . . . . . . . . ...
5.3. Bromine Product Gases . . . . . . . . . . ...
5.4. Water Vapor . . . . . . . e
5.5, Ozone . . ... e
5.6. Mean Age of Air . . . . . . . .. L
5.7. Discussion and Conclusion . . . . . . . . . . . . ... ... ...

6. Impact of VSLS on Stratospheric Bromine Loading
6.1. Dehydration and Heterogeneous Chemistry . . . . .. .. .. ... .. ...
6.1.1. Idealized Setup . . . . . . . . . . . .
6.1.2. Full Chemistry Setup . . . . . . . . . .. ... ..
6.2. Spatial Distribution of VSLS Sources . . . . . . . . .. .. ... ... ....
6.3. Transport Efficiency of Individual Source Regions . . . . . . ... ... ...
6.4. Discussion and Conclusion . . . . . . .. .. ... L

7. Long-term Variability of Stratospheric Bromine
7.1. Variations of VSLS Injection into the Stratosphere . . . . . . ... ... ..
7.1.1. Idealized Setup . . . . . . . . . ..
7.1.2. Full Chemistry Setup . . . . . . . .. . ... ...
7.2. Temporal Development of Stratospheric Bromine Loading . . . . . .. ...
7.3. Spatial Anomalies during El Nifo/La Nina Seasons . . . . . . . . ... ...
7.3.1. Idealized Setup . . . . . . . . . ..
7.3.2. Full Chemistry Setup . . . . . . .. . ... ... .. .. .. ...,
7.4. Discussion and Conclusion . . . . . . . . . . ... Lo

8. Impact of VSLS on Stratospheric Ozone
8.1. Comparison of Modeled and Measured Ozone . . . . . .. ... ... ....
8.2. Ozone Loss Due to VSLS . . . . . . . . .. ... .. .. ... ... ...
8.3. Discussion and Conclusion . . . . . . . . .. .. .. ... ... ... ...

9. Conclusions
9.1. Summary . . . ...
9.2. Outlook . . . . . . e

A. List of Conducted Simulation Runs

B. Reactions Included in SLIMCAT Chemistry Scheme
B.1. Gas Phase Reactions . . . . . . . . .. ... .. .. ... ... ... ... .
B.2. Heterogeneous Reactions . . . . . . . . . . ... .. ... ...

45

47
47
49
54
54
o7
61
61

63
63
64
68
71
74
76

79
79
79
81
82
84
84
86
87



Contents iii

B.3. Photolysis Reactions . . . . . .. .. . o oL 110
C. Glossary and Abbreviations 111
D. Bibliography 115
Acknowledgments 131

Curriculum Vit 133



iv

Contents




Part |I.

Introduction and Fundamentals






1. Introduction

Bromine is considered to be one of the most important species in atmospheric chemistry.
Although its average concentration in the atmosphere is extremely small (about 20 molecules
of bromine in 10'2 molecules of air, World Meteorological Organization, 2010), it contributes
significantly to the depletion of Earth’s vital ozone layer and is to this day subject to
intensive research. This thesis focuses on a current key question in the research of
atmospheric bromine: the impact of very short-lived substances, abbreviated as VSLS,
on the abundance of bromine in the stratosphere. This introductory chapter provides a
concise overview of the historical background of atmospheric bromine (Section 1.1) and
the main scientific questions regarding bromine VSLS (Section 1.2). The outline of the
thesis is presented in Section 1.3.

1.1. Historical Background

Bromine was discovered about 200 years ago by Balard (1826) and Lowig (1828) in sea
weed and mineral salts, respectively. Compared to typical atmospheric values the mixing
ratio of bromine in sea water is relatively high (about 65 ppmv, e.g., Tallmadge et al., 1964).
In fact, the major part of natural bromine emission can be attributed to the ocean, either
by photochemical and heterogeneous release from sea salt or as metabolic byproduct of
marine microorganisms (e.g., Montzka and Reimann, 2010). In the 20" century, bromine
compounds became used in industrial scale as gasoline additive, flame retardant and
fumigation agent.

About 30 years ago, it was confirmed that catalytic cycles involving chlorine and bromine
significantly contribute to ozone depletion (e.g., Stolarski and Cicerone, 1974; Molina and
Rowland, 1974; Wofsy et al., 1975; Yung et al., 1980). Actually, bromine was found to be
about 40-60 times more efficient in destroying ozone than the more abundant chlorine (e.g.,
Daniel et al., 1999; Sinnhuber et al., 2009), whose mixing ratio is roughly 150 times larger
(e.g., Montzka and Reimann, 2010). Subsequent studies showed that stratospheric ozone is
very sensitive to even small changes in bromine abundance (e.g., Salawitch et al., 2005;
Feng et al., 2007; Sinnhuber et al., 2009; Pisso et al., 2010). Alarmed by the discovery
of the catastrophic ozone destruction over the Antarctic by Farman et al. (1985), the
international community agreed to widely restrict production and industrial application of
ozone depleting substances (ODS) including anthropogenic bromine compounds by signing
the “Montreal Protocol on Substances That Deplete the Ozone Layer” in 1987.

Until the end of the 20" century, the primary source of atmospheric bromine was assumed
to be long-lived source gases such as methyl bromide (CH3Br), being predominantly of
natural origin, and the anthropogenic halons (mainly Halon-1211, Halon-1301; e.g., Wamsley
et al., 1998). It was generally believed that only these source gases, whose average lifetime
in the lower atmosphere generally exceeds one year, are able to remain intact long enough
to contribute to stratospheric bromine. However, several studies indicated a discrepancy
between the observed amount of stratospheric bromine and the relatively well quantified
sources of long-lived trace gases (e.g., Ko et al., 1997; Dvortsov et al., 1999; Sturges et al.,
2000). They suggested that the apparent gap could be filled when taking into account
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a previously neglected source — very short-lived bromine substances. These species had
been already known but were thought to be unimportant for the stratosphere due to their
short lifetime which restricts their atmospheric distribution (e.g., World Meteorological
Organization, 1991). The aforementioned studies demonstrated that VSLS can contribute a
significant amount to stratospheric bromine nonetheless, either by reaching the stratosphere
directly by deep convection or by being transported into the upper troposphere where their
degradation products may ascend further.

Today, after more than a decade of research, the importance of VSLS for stratospheric
bromine is generally accepted. The most important bromine VSLS are assumed to be
CHBr3 and CHyBrsy, both of natural origin, which contribute about 4.5 £ 3.5 pptv to
stratospheric bromine loading, compared to approximately 15.5 pptv originated from long-
lived source gases (e.g., World Meteorological Organization, 2010). However, this estimate
along with other important details of VSLS sources and transport remains uncertain to
this day.

1.2. Current Scientific Key Questions

Thanks to the extensive scientific activity in the past years our understanding of the role of
VSLS has significantly improved. However, important pieces are still missing in the overall
picture. The most pressing questions regarding VSLS can be condensed to the following
three points:

e Sources. Our knowledge about strength and location of VSLS emissions is rather
limited to this day. In situ measurements of very short-lived species are sparse
and localized. In addition, the few available observations show large spatial and
temporal variations and are difficult to compare due to significant inter-instrumental
biases (Butler et al., 2010), rendering the quantification of source gas emissions a
challenging task. Recently, some progress was made in measuring the concentration
of major phytoplankton groups from space (Vountas et al., 2007; Bracher et al., 2009).
As cyanobacteria and diatoms are assumed to be the major biological source for
bromine VSLS (e.g., Montzka and Reimann, 2010), space-borne observations of these
microorganisms could possibly reveal vital information regarding the emission of
biogenic bromocarbons. However, existing parametrizations that relate the population
of marine microorganisms or other observational data to bromine VSLS emissions still
contain large uncertainties (Quack et al., 2007b; Palmer and Reason, 2009; Hense and
Quack, 2009). On the other hand, top-down estimates relying on the observation of
bromine product gases also lead to wide range of possible emission values and reveal
little information about the location of VSLS sources (e.g, Montzka and Reimann,
2010, see also Table 3.2).

e Transport. A crucial point is how and to what extent VSLS are transported into the
upper troposphere/lower stratosphere (UTLS). In order to contribute to stratospheric
bromine, short-lived source gases must be lifted from the planetary boundary layer
into the upper troposphere before they decay. From there, it is possible that either the
VSLS themselves or their products are able to ascend further into the stratosphere.
The most likely pathway for these species is thought to be tropical deep convection
that penetrates well into the tropopause region (e.g., Sinnhuber and Folkins, 2006;
Gettelman et al., 2009; Aschmann et al., 2009). An important process to consider
in this context is the efficient dehydration of moist tropospheric air to typical dry
stratospheric values, which takes place in a relatively small and confined altitude
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range at the tropical tropopause layer or TTL (e.g., Fueglistaler et al., 2009a). The
formation of ice particles (cirrus clouds) in the course of the dehydration process could
affect the abundance of inorganic bromine product gases in the TTL significantly.
Most studies that investigate the impact of VSLS utilize a fixed washout lifetime of
about 10 days for inorganic bromine, which is assumed to be highly soluble and thus
easily adsorbed on sedimenting ice particles (e.g., Dvortsov et al., 1999; Nielsen and
Douglass, 2001; Warwick et al., 2006; Hossaini et al., 2010). However, the dehydration
process itself is still not fully understood and its possible impact on bromine species
has not been investigated so far with a more refined model.

e Trend. An important question is how the contribution of VSLS to stratospheric
bromine will respond to possible changes under future atmospheric conditions. Nu-
merous modeling studies predict an increase of average sea surface temperature due
to intensified radiative forcing by a growing amount of greenhouse gases (e.g. Rayner
et al., 2003; Kumar et al., 2004; Dong et al., 2009). This warming is assumed to cause
increased upwelling in the tropics and an overall acceleration of the Brewer-Dobson
circulation (e.g., Butchart et al., 2006; Li et al., 2008; Oman et al., 2009; Bonisch
et al., 2011). Unlike the long-lived anthropogenic ODS, whose emissions are restricted
by international treaties and whose local abundance is not very sensitive to changes
in atmospheric transport since they are generally well-mixed anyway, the situation
for natural short-lived species is more complex. On the one hand, little is currently
known about how the biological production of VSLS will respond to climate changes.
A recent study by Butler et al. (2007) found a positive correlation of VSLS emission
and sea surface temperature, though it is not entirely clear which processes cause
this effect. On the other hand, intensified tropical upwelling will likely lead to an
increased transport of short-lived species into the tropopause region. However, several
studies indicate that increased upwelling is accompanied by higher mixing ratios of
water vapor in the TTL (e.g., Austin et al., 2007; Shu et al., 2011), which in turn
could possibly make the loss of soluble (bromine) species due to dehydration more
efficient. The complex interplay of variable sources, transport and chemistry poses a
major challenge for predicting the future contribution of bromine VSLS.

1.3. Outline of the Thesis

The main objective of this thesis is to contribute to the investigation of the primary
scientific questions regarding bromine VSLS as described in the previous section. To study
the relevant processes on a theoretical basis, a simulation framework has been developed
that offers an adequate representation of VSLS transport in the TTL.

The necessary foundation is established in Chapters 2 and 3, presenting a brief overview
of fundamental aspects of Earth’s atmosphere and selected processes that are most relevant
for this study, the current state of research regarding atmospheric bromine involving
abundance and lifetime of source gases, partitioning of inorganic product gases and the
most important catalytic cycles contributing to depletion of stratospheric ozone.

The utilized simulation framework, based on the three-dimensional (3-D) chemistry
transport model (CTM) originally developed by Sinnhuber et al. (2003a), is described
in Chapter 4. For this study, the existing CTM was extensively modified and forms the
basis for different model experiments that investigate the transport of VSLS into the
stratosphere.

An initial validation of the applied modeling approach is given in Chapter 5. Comparisons
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with observations of bromine source and product gases along with other proxies are used to
evaluate whether the model is able to adequately reproduce transport and related processes
in the TTL.

Chapter 6 analyzes how and to what extent VSLS are able to contribute to stratospheric
bromine loading. First, the possible impact of dehydration on inorganic bromine is
investigated using different implementations of the related processes. In addition, sensitivity
calculations are applied to assess the relative importance of the VSLS source distribution
for the abundance of these species in the TTL.

A long-term analysis of the injection of VSLS into the stratosphere is provided in
Chapter 7. This part focuses on the connection between sea surface temperature, convective
activity and bromine in the TTL with special emphasis on the impact of the El Nino
Southern Oscillation (ENSO). Since this periodical perturbation influences the whole TTL,
the extreme conditions during these seasons offer the opportunity to study the response
of VSLS transport to sea surface temperature changes. This is particularly relevant
considering the expected increase of temperature in a future climate.

Finally, Chapter 8 evaluates the representation of stratospheric ozone in the model. In a
second step, the contribution of additional bromine originated from VSLS to stratospheric
ozone depletion is investigated.



2. The Earth’s Atmosphere

This chapter provides a brief introduction to fundamental characteristics and processes of
the terrestrial atmosphere that are relevant for this work. Section 2.1 discusses the vertical
structure and Section 2.2 presents an overview of the general atmospheric circulation. The
tropical upper troposphere/lower stratosphere and the associated transport processes are
of particular importance for this study and are introduced in Section 2.3. Finally, the most
relevant aspects of stratospheric ozone chemistry are outlined in Section 2.4.

2.1. Vertical Structure

The terrestrial atmosphere is commonly divided into different layers according to its typical
temperature profile (e.g., Wallace and Hobbs, 2006, see also Figure 2.1). The lowermost
compartment is the troposphere ranging from the planetary boundary layer (BL) near
the surface to the tropopause at about 7 to 17km, depending on the season and latitude.
The troposphere is characterized by a negative temperature gradient with increasing
altitude reaching a minimum at the tropopause. This temperature inversion frequently
disturbs the tropospheric stratification causing turbulence and convection; phenomena we
generally experience as “weather”. As a consequence of perpetual convective overturning,
the troposphere is well-mixed and relatively humid compared to higher altitudes. The next
layer is the stratosphere limited by the stratopause at about 50 km. Radiative heating

Pressure [hPa]
10° _10° 10 10 10" 10° 10

3

mesopause |

Altitude [km]
N w £ (6]

N
o

220 240 260 280 300
Temperature [K]

%0 200

Figure 2.1.: Average profile of temperature (red) and pressure (blue, logarithmic scale)
derived from the U.S. Standard Atmosphere (NOAA, 1976).
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caused by the absorption of ultra-violet (UV) insolation by ozone molecules leads to
increasing temperatures with altitude. The stable thermal layering inhibits vertical mixing
and transport in contrast to the turbulent troposphere. Further above the mesosphere
extends to about 80 to 90 km with the temperature constantly decreasing again until the
minimum is reached at the mesopause, the coldest part of the atmosphere. Beyond this
altitude the temperature rises again in the thermosphere, however, the density of air is so
low that the usual conception of temperature is no longer valid.

Throughout the atmosphere the pressure of air is falling nearly exponentially (Figure 2.1)
and can be approximated by using the barometric formula

- (z—20)y
p() = (oyexp (5000 (2.)
with altitude z, reference altitude zp, mean temperature 7', specific gas constant of dry air
R and the gravitational acceleration g. Consequently, roughly 90% of the total atmospheric
mass is concentrated below 17 km.

Beside altitude and pressure another important vertical coordinate in atmospheric
sciences is the potential temperature 6. It is defined as the temperature an air parcel would
have if it were expanded or compressed adiabatically (i.e. without the exchange of heat)
from its existing temperature and pressure to a reference pressure pg, typically 1000 hPa:

0=T (po)R/Cp (2.2)

p

Here, ¢, denotes the specific heat capacity of dry air. Since atmospheric processes are often
close to adiabatic on a timescale of 10 to 15 days (e.g., Wallace and Hobbs, 2006), the
potential temperature offers a significant conceptual advantage being a conserved quantity
for air parcels in good approximation. For example, horizontal advection of air masses
generally occurs on surfaces of constant potential temperature, not altitude or pressure,
which makes related calculations in a #-coordinate system much easier.

2.2. Atmospheric Circulation

Obviously, the distribution of trace gases in the atmosphere is dependent on atmospheric
transport processes, which especially applies for short-lived species. This section provides
an overview of the fundamental circulation patterns in the atmosphere.

2.2.1. Geostrophic Equilibrium

Two key processes drive the atmospheric motion: the differential heating provided by the
sun and the rotation of the planet (e.g., Andrews et al., 1987). The differential heating
leads to a non-uniform temperature distribution across the surface and the atmosphere of
Earth. Since temperature is directly related to air pressure as stated in Equation 2.1, the
differing temperature induces the formation of low or high pressure areas. The pressure
gradient causes a balancing flow of air from high to low pressure regions. However, the
eastward spinning of the Earth provides angular momentum to all objects on the surface,
including the atmosphere itself. Consequently, air flows are deflected by the Coriolis force,
a pseudo force apparent in non-inertial systems such as the rotating Earth. The magnitude
of the deflection can be described by the Coriolis parameter f:

f = 2Qsin (¢) (2.3)
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Here, Q) is the Earth’s rotation rate and ¢ the latitude. For an air parcel moving with both
zonal and meridional velocity components (commonly denoted by u and v), the deflective
acceleration in zonal direction would be —f - v and in meridional direction f -u. For
example, an air parcel moving strictly northward on the Northern Hemisphere would be
deflected to the right, i.e. eastward. The balance between the (horizontal) pressure gradient
and the Coriolis force is called geostrophic equilibrium. Therefore, geostrophic winds do
not flow directly in the direction of pressure gradient force but rather tend to spiral around
regions of high and low pressure regions.

2.2.2. Tropospheric Circulation

As seen in Figure 2.1, the temperature gradient or lapse rate is negative with height in
the troposphere. That means colder air masses with higher density generally lie above
warmer, less dense layers heated by the surface. This causes static instability resulting in an
upward flux of warm buoyant air which is referred to as convection. As a consequence, the
troposphere is generally well mixed by convective overturning. The general flow patterns in
the troposphere are typically separated into three primary circulation cells (e.g., Andrews
et al., 1987; Wallace and Hobbs, 2006) which are illustrated in Figure 2.2:

Figure 2.2.: Idealized depiction of the Earth’s atmospheric circulation. The red and blue
arrows denote the tropospheric circulation cells and the stratospheric Brewer-
Dobson circulation, respectively. The yellow arrows illustrate the prevailing
surface winds at different latitudes. The white lines mark the circles of latitude
in a 30°-spacing.

e The Hadley cell is the largest and most distinctive circulation cell spanning poleward
from the equator to about 30°N/S. Warm and moist air rises above the intertropical
convergence zone (ITCZ) in a band of thunderstorm cloud towers into the upper
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tropical troposphere where it is transported poleward. Eventually the cooled air
descends at a latitude of about 30°N/S and flows back to the equatorial low pressure
area. The Coriolis force deflects this flow westward (Section 2.2.1), a wind system
which is also referred to as the trade winds.

e The mechanism that drives the Polar cell is similar to the one present in the tropics.
Relatively warm and moist air rises at 60°N/S, is transported poleward, sinks and
flows back near the surface, forming the polar easterlies. Like its counterpart in
the tropics this circulation system is generally stable and predictable under normal
circumstances.

e Between 30-60°N/S lies the Ferrel cell. It acts like a “gear-wheel” between the
Polar and the Hadley cell with an opposite circulation direction compared to its
neighbors. Warm air from the subpolar low pressure region at 60°N/S rises and turns
equatorward, diverting from the polar circulation. At 30°N/S, the descending air
masses mix with air from the tropical Hadley cell and flow back poleward, forming
the westerlies. However, this circulation pattern is relatively unstable compared to
the neighboring cells since around 60°N/S the westerlies have to compete against the
polar easterlies. This so called polar front is constantly moving and may disturb the
circulation in the Ferrel cell.

2.2.3. Stratospheric Circulation

In contrast to the troposphere which is dominated by static instability, convective overturn-
ing and turbulence the stratosphere is, as its name suggests, stably stratified. Radiative
heating leads to a positive lapse rate (Section 2.1) that largely inhibits vertical trans-
port. However, Brewer (1949) and Dobson (1956) postulated a poleward circulation in
the stratosphere to explain the observed tracer distributions: air parcels in the tropical
stratosphere are lifted up slowly and are transported poleward to higher latitudes, where
they sink again (Figure 2.2). Unlike the convectively driven circulation in the troposphere,
the Brewer-Dobson circulation is forced by atmospheric waves. There are several wave-like
phenomena in the atmosphere that are important for the general circulation, but especially
relevant for the stratosphere are the so called Rossby waves whose restoring mechanism is
the meridional gradient of potential vorticity. Rossby waves propagating up from the tropi-
cal and mid latitude troposphere transfer energy and angular momentum to stratospheric
air masses and drive the poleward circulation (e.g., Shepherd, 2000, 2007).

2.3. The Tropical Upper Troposphere/Lower Stratosphere

The tropical UTLS is especially important for this study being the interface between two
very different dynamical regimes and acting as “gateway” for atmospheric trace gases
traveling into the stratosphere (e.g., Holton et al., 1995; Fueglistaler et al., 2009a). In
the tropics, the transition from the troposphere to the stratosphere extends over several
kilometers and is also often referred to as tropical tropopause layer. Note that in the
following “tropical” is defined as the meridional range between 20°N to 20°S.

Figure 2.3 shows a schematic of the vertical transport processes in the TTL. The lower
part of the TTL is dominated by deep convection (denoted by convective flux w.), which
extends typically from 10 to 15km in the tropics, rarely reaching higher above 17 km. The
altitude at which convection detrains is mainly constrained by three factors (Fueglistaler
et al., 2009a): 1. The equivalent potential temperature 6. of air parcels near the surface,
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Figure 2.3.: Schematic of the vertical transport in the UTLS. The convective flux w, is
denoted by the red arrows whereas the large-scale heating-rate-driven flux w,
is represented by the orange arrows. The two layers at 360 K (~15.5km) and
380K (~17km) depict the LZRH and the cold point, respectively.

i.e. the potential temperature that is reached when all latent heat is released. 2. The
convectively available potential energy (CAPE) that corresponds to the vertically integrated
buoyancy. 3. In-mixing of ambient air masses into the convective updraft (entrainment).
Theoretically, a convective updraft detrains at its level of neutral buoyancy (LNB), which is
located approximately where 6. is equal to the ambient potential temperature if there is no
entrainment. In reality, entrainment of ambient air with lower 6, is assumed to significantly
decrease the effective LNB of convective updrafts, however, quantitative evaluation of
entrainment is difficult and remains uncertain. A recent study of Romps and Kuang (2010)
suggests that convectively lifted air is highly diluted by entrainment, i.e. only about 10-30%
of detrained air in the upper troposphere is actually originated from the boundary layer.
Another process to consider here is “overshooting” convection: air parcels in a convective
updraft generally arrive at their LNB with a non-zero velocity, i.e. the available kinetic
energy will lift the air parcels above their LNB against the downward buoyant force. The
main convective outflow in the tropics occurs approximately at 14 km or 355 K, which is
defined as the lower boundary of the TTL by Fueglistaler et al. (2009a), however, especially
strong overshooting convection is able to penetrate the tropopause and directly reach the
stratosphere (e.g., Jorgensen and LeMone, 1989; Liu and Zipser, 2005).

Up to 15.5km or 360 K air masses are cooling radiatively and generally subside outside
of convective cells (denoted by w;,). Above this level, referred to as level of zero clear sky
radiative heating (LZRH, lower plane in Figure 2.3), this process reverses sign and air
is predominantly ascending (e.g., Corti et al., 2005; Sinnhuber and Folkins, 2006). At
17km or 380 K the temperature in the TTL reaches its minimum (cold point, upper plane).
Here, ascending moist tropospheric air gets “freeze dryed” to stratospheric values. Though
important aspects of TTL dehydration are not yet fully understood, it is confirmed that
this phenomenon is caused by a combination of low temperatures and transport effects
(e.g., Sherwood and Dessler, 2001; Holton and Gettelman, 2001; Gettelman et al., 2002a;
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Fueglistaler et al., 2005, 2009a; Schoeber] and Dessler, 2011). During the relatively slow
ascent through the TTL it is highly probable that air masses are transported horizontally
into the coldest areas of the tropical tropopause typically residing over the Maritime
Continent and Western Pacific regions. The so called “cold trap” hypothesis (Holton
and Gettelman, 2001) states that a major part of the whole TTL air gets dehydrated in
these particular areas. This process is not only important for the water content of the
UTLS itself but also for soluble species which may be adsorbed to the surface of falling ice
particles thus being unable to reach the stratosphere (see Section 6.1).

Above 425K or 18.5km, the direct influence of the troposphere on temperature and
horizontal circulation diminishes, thus this altitude is defined as upper bound of the TTL
by Fueglistaler et al. (2009a).

2.4. Stratospheric Ozone Chemistry

Ozone (O3) is one of the most important constituents of Earth’s atmosphere despite its
very small concentration, which is typically in the range of a few molecules of O3 per
million molecules of air. As it efficiently absorbs incoming solar radiation in the spectral
range between 230 and 320 nm, the intensity of biologically harmful UV radiation is greatly
reduced at the Earth’s surface (e.g., Wallace and Hobbs, 2006). On the other hand, the
absorption of UV radiation by O3 determines the vertical profile of temperature in the
stratosphere (Section 2.1).

The understanding of atmospheric ozone has significantly improved since Chapman
(1930) formulated a first photochemical theory of the formation and destruction of ozone
that solely relies on oxygen (see, e.g., review by Solomon, 1999):

Oy +hry — 20
O+0,+M— O;+M

O3 +hr — 0,+0
0+0+M—0,+M

O+0; — 20,

~~ o~ o/~ —~
0 J O Ot =
— — — — ~—

In the stratosphere, almost all of the atomic oxygen produced by ozone photolysis (Re-
action 2.6) immediately reforms ozone by Reaction 2.5, thus both species are rapidly
interchange with each other within seconds or less. Since the reaction with other species
occurs on a much slower timescale, atomic oxygen and ozone are commonly considered
together as odd oxygen (Oy). Chapman’s assumptions regarding the production and trans-
formation of ozone were correct, however, he overestimated the amount of stratospheric
ozone by about a factor of two. The Reactions 2.7 and 2.8 that may lead to a net loss of O
have a very small yield and could not explain the observed perturbations in Oy abundance.

In the following years it became clear that other species are involved in the destruction
of stratospheric ozone, such as odd hydrogen (HOx, e.g., Bates and Nicolet, 1950) and odd
nitrogen (NOy, e.g., Crutzen, 1970). The reactive members of these tracer families are able
to trigger catalytic cycles that remove Oy:

0+O0H— 0, +H (2.9)
H+ 0, +M — HO, + M (2.10)
0 + HO, — O, + OH (2.11)

Net: 20 — O,
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OH + O3 — HO, + O, (2.12)

HO, + O3 — OH+ 20, (2.13)
Net: 205 — 30,

(2.14)

NO + O3 — NO, + O, (2.15)

O +NO, — NO + O, (2.16)

Net: O + 053 — 20,

However, one of the most important milestones of ozone research was the discovery of the
catalytic destruction of O3 by chlorine (Stolarski and Cicerone, 1974; Molina and Molina,
1987), for example:

Cl+ 0, — ClO + O, (2.17)
ClO + 0 — Cl+ O, (2.18)

Net: O + 053 — 20,

(2.19)

Cl+ 0, —> ClO + O, (2.20)
C10 + Cl1O + M —» CL,0, + M (2.21)
C1,0, + hv —» Cl + CIO, (2.22)
ClO, + M —» Cl+ 0, + M (2.23)

Net: 205 — 30,

This discovery was especially delicate as man-made chlorofluorocarbons (CFCs) were
identified to be a major source of atmospheric chlorine (Molina and Rowland, 1974;
Crutzen et al., 1978). Shortly afterwards, similar catalytic cycles were identified also
for bromine (e.g., Wofsy et al., 1975; Yung et al., 1980; McElroy et al., 1986, see also
Section 3.2.3). The dangerous potential of the halogen species became fully clear in 1985
when Farman et al. (1985) discovered a drastic decrease of total column ozone at the British
Antarctic Survey station at Halley in austral spring. Further measurements confirmed that
the depletion of ozone occurs roughly above the entire Antarctic continent, a phenomenon
that became known as Antarctic ozone “hole”. The extensive scientific activity sparked
by this discovery soon identified two major processes that cause this seasonal depletion of
polar stratospheric ozone. The first one is a dynamical phenomenon called polar vortex
that develops over the poles in the absence of light during winter which effectively isolates
polar air masses from the surrounding mid latitudes (e.g., Holton et al., 1995). The second
important cause is the presence of polar stratospheric clouds (PSCs) in the polar vortex,
consisting mostly of ice and and solid nitric acid trihydrate (NAT) particles (McCormick
et al., 1982; Steele et al., 1983; Crutzen and Arnold, 1986; Toon et al., 1986). Heterogeneous
reactions on these particle surfaces are able to shift the halogen balance from inactive
reservoir species towards highly reactive compounds (e.g., Solomon et al., 1986; McElroy
et al., 1986, see also Table 4.5). When sunlight returns in spring time, the reactive halogens
are able to quickly destroy large amounts of ozone in the isolated environment of the vortex
(e.g., Solomon, 1999). Facing the overwhelming evidence of the dangerous potential of
man-made halogens, almost all countries agreed to ban CFCs and other ozone depleting
substances by signing the Montreal Protocol in 1987.
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3. Atmospheric Bromine

An introduction to the current state-of-the-art regarding atmospheric bromine is presented
in this chapter. The major sources of bromine are discussed in Section 3.1, covering long-
and short-lived bromocarbons and possible inorganic emissions. Section 3.2 presents the
relevant atmospheric bromine chemistry: degradation of source gases, chemical partitioning
of product gases and the impact on stratospheric ozone.

16 w
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—Total Br

—_
N

—_
o

VMR [pptv]
}

2000 2010 2020

Year

1980 1990

Figure 3.1.: Average tropospheric mixing ratios of bromine long-lived source gases derived
from WMO 2010 scenario Al calculations (Daniel and Velders, 2010).

3.1. Sources

The major sources of atmospheric bromine are assumed to be either natural or anthropogenic
bromocarbons, with long-lived source gases contribute about 70% to stratospheric bromine
loading. It is confirmed that also short-lived substances are important for the stratosphere,
however, the extent of their contribution is still subject to research. Another possible
source is thought to be emissions of inorganic species from sea salt aerosols, which can be
important for the tropospheric bromine abundance. This section provides an overview of
the most relevant species and their sources.

3.1.1. Long-Lived Compounds

According to the recent World Meteorological Organization (WMO) report (Montzka and
Reimann, 2010), approximately 15-16 pptv out of 19-24 pptv of stratospheric inorganic

15
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bromine (Bry) is originated from long-lived source gases (60-80%; Table 3.1). The major
constituent is CH3Br, accounting for about 7.4 pptv in 2008. Approximately 34% can be
attributed to anthropogenic emissions, caused for example by quarantine or pre-shipment
use. However, the major part of CH3Br emissions is of natural origin, mainly from the
ocean, but also from wetlands and coastal salt marshes. The two other important long-lived
source gases are the anthropogenic Halon-1211 (CCIBrF2) and Halon-1301 (CBrF3) that
were commonly used in fire extinguisher systems, accounting for about 4.3 pptv and 3.2 pptv
in 2008, respectively. The average tropospheric photochemical lifetime of the halons is in
the order of decades (Table 3.1), thus these species are relatively well-mixed throughout
the atmosphere. The average lifetime of CH3Br is shorter (about 1 year), which introduces
an inter-hemispherical bias in its atmospheric distribution. On the Northern Hemisphere,
where the anthropogenic emissions are higher, the mixing ratio of CH3Br is increased by
approximately 1.2 pptv (in 2008, Montzka and Reimann, 2010).

Figure 3.1 shows the development of long-lived bromocarbon abundance as projected
by the WMO scenario Al (Daniel and Velders, 2010). The combined amount of these
species peaks in 1999 and is currently decreasing since the constituents are regulated by
the Montreal Protocol (entered into force in 1989) which widely restricts their industrial
application.

Table 3.1.: Estimated abundance of bromine source gases in the boundary layer and the
average atmospheric lifetime (World Meteorological Organization, 2010). All
mixing ratio values are in pptv.

Chemical Common or Average BL

Formula Industrial Name Mixing Ratio Lifetime
Long-lived species

CHBr3 Methyl bromide 8.5 £ 0.6% 0.7y
CCIBrF, Halon-1211 4.4 4+ 0.3 16y
CBrF3 Halon-1301 3.2 + 0.8 65y
Short-lived species

CHBr3 Bromoform 1.6 £0.9 24 dP
CH5Bry Dibromomethane 1.1 +04 123 dP
CH,BrCl1 Bromochloromethane 0.5 & 0.1 137 db
CHBrCly Bromodichloromethane 0.3 4+ 0.3 78 dP
CHBr,Cl Dibromochloromethane 0.3 + 0.3 59 db

# Values for 2004.
> Local tropospheric lifetime.

3.1.2. Very Short-Lived Substances

VSLS are defined by the World Meteorological Organization (2010) as trace gases whose
local tropospheric lifetimes are comparable to, or shorter than, tropospheric transport time
scales, such that their tropospheric distributions are non-uniform. In practice, trace gases
with lifetimes of up to six months are considered to be “very short-lived”.

In contrast to their long-lived counterparts, where anthropogenic emissions play a
significant role, the bromine VSLS are almost completely of natural origin. The most
notable anthropogenic VSLS is n-propyl bromide (C3H7Br), but its emission is small
compared to the major biogenic short-lived species (e.g., Montzka and Reimann, 2010;
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Wuebbles et al., 2011). Estimated boundary layer mixing ratios and tropospheric lifetimes
of the most important bromine VSLS currently known are listed in Table 3.1. CHBr3 and
CH3Bry are assumed to be the most abundant short-lived species, with average BL. mixing
ratios of 1.6 pptv and 1.1 pptv, respectively.

The main source of bromine VSLS is considered to be marine microorganisms such as
macroalgae and phytoplankton groups. In fact, the highest emissions of these species are
measured near coastal and upwelling areas especially in the tropics (e.g., Carpenter and
Liss, 2000; Quack and Wallace, 2003; Yokouchi et al., 2005; Butler et al., 2007; Quack et al.,
2007a; Carpenter et al., 2009, see also Table 3.2). However, as indicated in the introduction
(Section 1.2), it is difficult to give accurate large-scale VSLS flux estimates, as there are
only few measurements available which in addition show very large spatial and temporal
variability; for example, Quack and Wallace (2003) measure CHBr3 in a range from 0.2
to 100 pptv in the marine boundary layer (MBL). To this day, our knowledge about the
processes that control the biological production of VSLS is rather limited (e.g., Butler
et al., 2007; Palmer and Reason, 2009; Hense and Quack, 2009). Furthermore, Butler et al.
(2010) indicated that the variability of observed VSLS emissions can be partly attributed
to inter-instrumental biases. Thus, the current global BL mixing ratios and flux estimates
of VSLS presented in Table 3.1 and 3.2 contain large uncertainties, especially for the less
abundant species.

Table 3.2.: Estimated bromine VSLS flux (unit: Gg Br/yr) from recent studies. Adapted
from Montzka and Reimann (2010).

CHBrj3 flux CH3Br; flux

Reference Global Open Coastal Global Open Coastal
Ocean Ocean

Yokouchi et al. (2005) 820
Butler et al. (2007) 800 150 650 280 50 230
Carpenter et al. (2009) 200
Warwick et al. (2006) 560 280 280 100
Liang et al. (2010) 430 260 170 57 34 23

VSLS are not well-mixed in the lower atmosphere. This can be partly attributed to
the spatial source distribution (see Section 6.2), but the more important factor is the
short lifetime of these species. Strongly dependent on the efficiency of vertical transport,
concentrations of VSLS in the TTL tend to be high in areas which show vigorous convective
activity, such as the West Pacific or the Maritime Continent, forming localized “hot spots”
(e.g., Berthet et al., 2007, see also Sections 5.1, 5.2, 6.3).

Another key process which is subject to current research is the impact of TTL dehydration
on bromine originated from VSLS (Br;,/SLS; e.g., Sinnhuber and Folkins, 2006; Gettelman
et al., 2009; Aschmann et al., 2009; Hossaini et al., 2010; Schofield et al., 2011; Aschmann
et al., 2011). The organic source gases are generally insoluble and thus not affected
by dehydration. Inorganic bromine originated from long-lived species (BrI;"“g) is not
significantly affected as well since the long-lived species are generally able to reach the
stratosphere before they decay due to their chemical longevity. This process is also often
referred to as “source gas injection” (SGI), i.e. the bromine source gases themselves are
able to reach the stratosphere. However, in the case of VSLS, the lifetimes are generally
assumed to be too short to reach the stratosphere intact which means that a major part
of the source gases already decays in the TTL into Br;,/SLS. This inorganic product gas
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may reach the stratosphere eventually which is termed “product gas injection” (PGI).
A significant part of inorganic bromine in the troposphere and at the base of the TTL
is actually highly soluble (e.g., HBr, HOBr) and may be dissolved in water droplets or
adsorbed on ice particles (e.g., Lary, 1996; Sinnhuber et al., 2002; Yang et al., 2005). As
these droplets or particles sediment, the dissolved/adsorbed bromine is effectively removed
from the TTL.

3.1.3. Inorganic Sources

In addition to organic long- and short-lived trace gases another possible source of atmo-
spheric bromine are inorganic species. Several studies found elevated concentrations of
bromine monoxide (BrO), especially in the polar troposphere, that cannot be explained
solely by organic sources (e.g., Hausmann and Platt, 1994; Kreher et al., 1997; Richter
et al., 1998; Fitzenberger et al., 2000; Platt and Honninger, 2003; Sinnhuber et al., 2005;
Salawitch et al., 2010). The exact mechanism is still not fully understood, but it is generally
assumed that multiphase chemistry (Reaction 3.1) is able to release bromine from sea
salt aerosols, or, at higher latitudes, from snow/sea ice surfaces, brine or frost flowers,
triggering an autocatalytic cycle (e.g. McElroy et al., 1999; Simpson et al., 2007) such as:

HOBr+Br  +H" — H,0 + Br,
Bry +hy — 2Br
Br 4+ O3 — BrO + O,
BrO + HO, — HOBr + O,

A~ N~/
w w w w
— — ~— ~—

1
2
3
4

Net: Br~ + H™ + HO, + O — Br + H,0 + 20,

At polar latitudes, this cycle is particular effective when sunlight returns in spring, sparking
rapid growth of BrO concentration in large areas. This phenomenon is known as “bromine
explosion” (e.g., Wennberg, 1999) and the resulting BrO plumes may even contribute
to tropospheric bromine abundance at lower latitudes (e.g., Platt and Honninger, 2003;
Hollwedel et al., 2004). However, it is difficult to accurately quantify the contribution
of inorganic sources to stratospheric bromine since important details of the associated
tropospheric chemistry are still uncertain (Simpson et al., 2007; Pyle et al., 2007). A
modeling study by Yang et al. (2005) suggests that about 0.1-1pptv of tropospheric
bromine is originated from sea salt aerosols, contributing about 70-90% to the amount of
bromine in the lower and middle troposphere at high latitudes. This fraction decreases
rapidly towards lower latitudes and with increasing altitude; near the tropopause it is
generally below 10%. Currently, it is assumed that the release of bromine from sea salt
aerosols does not play an important role for the stratosphere (likely contribution <1 pptv,
Montzka and Reimann, 2010).

Another possible source of atmospheric bromine which is currently discussed are volcanic
emissions. Several studies found drastically increased mixing ratios of BrO in volcanic
plumes (>1ppbv; e.g., Bobrowski et al., 2003; Aiuppa et al., 2005; Theys et al., 2009; Heue
et al., 2011). Actually, the degassing flux contains HBr, which is assumed to be effectively
converted to BrO by a similar heterogeneous process as the one causing the polar “bromine
explosions” described above (e.g., Oppenheimer et al., 2006; von Glasow et al., 2009).
According to recent estimates, the global volcanic flux of HBr is approximately 5-15 Gg/yr
(e.g., Pyle and Mather, 2009). Compared to the annual flux of biogenic bromocarbons
(about 650-1200 Gg/yr, Montzka and Reimann, 2010), the relative impact is very small,
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however, volcanic bromine might be still important as strong explosive eruptions are able
to inject reactive species directly into the UTLS (e.g., von Glasow et al., 2009).

Organic / Inorganic Product Gases \

Source Gases
HO, HCHO
hv, OH, O'D, O°P

Long-lived
VSLS

»
!

hv, O'D, OH

hv, O°P, NO, OH, CIO

y

/

Figure 3.2.: Schematic of atmospheric bromine chemistry. The involved reactions are listed
in Table 4.2-4.6.

3.2. Chemistry

A schematic of the relevant bromine chemistry is given in Figure 3.2. The organic long
and short-lived source gases degrade eventually to inorganic bromine. The Bry group is
divided into reactive (BrOy, depicted as red hexagons) and non-reactive or reservoir species
(blue circles) which constantly get transformed chemically among each other. Note that
“reactivity” in this context refers to the ability of the species to directly interfere with the
stratospheric ozone chemistry (see Section 3.2.3). The following sections give a general
overview of the bromine chemistry in the TTL whereas its implementation in the model is
described in detail in Section 4.3. The corresponding reactions are listed in the Tables 4.2
to 4.6.

3.2.1. Degradation of Bromine Source Gases

The degradation of organic bromine occurs mainly by photolysis and the reaction with the
hydroxyl radical (OH); in case of the long-lived source gases exited O'D also plays a minor
role in the upper stratosphere (see reactions in Table 4.2). Figure 3.3 shows the annually
averaged loss rates of the most important bromine source gases for a standard tropical
atmosphere and the corresponding lifetimes. The reaction coefficients and absorption cross
sections were obtained from the Jet Propulsion Laboratory (JPL) recommendation (Sander
et al., 2006). With the exception of CBrF3, the shape of the photochemical lifetime profile is
similar for the other bromine source gases. In the lower and middle troposphere, the impact
of the OH reaction is still relevant, especially for CH3Br and CH3Brs, but diminishes
rapidly with increasing altitude. Above 10-15km, photolysis becomes the dominant loss
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process for all source gases. The resulting profiles of photochemical lifetime exhibit a
large increase in the troposphere up to a maximum at approximately 12-16 km, where the
local lifetimes are significantly longer than the average values given in Table 3.1, followed
by a rapid decrease further above. At 30km, the lifetime even of the most long-lived
species is dropped to a few days due to efficient photodissociation. Note that also CHoBrs,
although commonly regarded as “very short-lived”, has a peak lifetime of about 1.5 years
at 15 km thus one can safely assume that source gas injection is a major pathway into the
stratosphere for this species.

3.2.2. Chemical Partitioning of Br,

The average atmospheric mixing ratio of inorganic bromine is roughly 150 times lower
than of inorganic chlorine (Cly); typical stratospheric values are around 20 pptv (e.g.,
Montzka and Reimann, 2010). The low mixing ratios of Bry and its constituents present a
challenge for experimental detection. To this date, only the most abundant Br, constituent
BrO can be measured from satellite instruments with sufficient accuracy, providing global
coverage (Burrows et al., 1999; Richter et al., 2002; Sinnhuber et al., 2005; Sioris et al., 2006;
McLinden et al., 2010; Rozanov et al., 2010a). Recently, Hopfner et al. (2009) presented
satellite observations also of bromine nitrate (BrONO3z), however, these measurements
are still subject to higher uncertainties. Furthermore, there are several local balloon or
aircraft measurements available for BrO (e.g., Fitzenberger et al., 2000; Pfeilsticker et al.,
2000; Pundt et al., 2002; Dorf et al., 2008; Laube et al., 2008) and also for HBr (e.g.,
Johnson et al., 1995; Carlotti et al., 1995; Nolt et al., 1997), although especially the latter
observations show also large uncertainties. Models that calculate the partitioning of Bry
are generally consistent with these observations (e.g., Lary, 1996; Salawitch et al., 2005;
Feng et al., 2007; Aschmann et al., 2011).

Figure 3.4 shows the average partitioning of tropical Bry as a function of altitude for
day and nighttime, derived from the chemistry and transport model used in this work
(see Chapter 4; relevant reactions are listed in Table 4.3 and 4.4). In the troposphere, the
mixing ratio of Bry is relatively constant with altitude at about 1 pptv up to the TTL
region. Here, the mixing ratio of Bry rapidly increases with height, reaching its final value
of about 20 pptv at approximately 30 km. One reason for the shape of the Bry profile is
linked to the average lifetime of the long-lived source gases which is dropping fast from high
tropospheric values in the altitude region between 20 and 30 km (Figure 3.3). Furthermore,
the low concentration of Bry in the troposphere can be explained by the partitioning
among the Bry constituents. At lower altitudes, the reactions of Br with HO2 and HCHO
dominate the partitioning, shifting the chemical equilibrium towards HBr (fraction up to
80%, Lary, 1996; Sinnhuber et al., 2002). Since HBr is very soluble it is efficiently removed
by wet deposition and therefore lost for the atmosphere (e.g., Liang et al., 2010).

In the sunlit stratosphere, the major constituents of Bry are BrO and, at the stratopause,
Br (Figure 3.4). This means that generally more than 50-70% of Bry is in chemically
reactive form, in contrast to the chlorinated species, where the fraction of active chlorine
in the stratosphere is generally in the range of 10-30% (Brasseur et al., 1999). The
reason for this difference is that the bromine non-reactive reservoir species such as HBr,
HOBr or BrONOs are significantly shorter-lived with regard to photolysis than their
chlorine counterparts and consequently less abundant. During nighttime in the absence of
dissociating radiation, most inorganic bromine in the lower stratosphere is in the form of
BI‘ONOQ.

Other processes that can strongly influence the partitioning of Bry are heterogeneous
reactions on ice particles particles or sulfate aerosols (see reactions listed in Table 4.5).
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Figure 3.3.: Annually average loss rate of long and short-lived bromine source gases due
to OH- and O'D-reaction and photolysis for a standard tropical atmosphere.
Reaction constants and absorption cross sections taken from Sander et al.
(2006). The local lifetime is given by the green line.
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Figure 3.4.: Modeled annually averaged partitioning of tropical inorganic bromine for local
noon (left) and midnight (right). Reactions and model description are provided
in Section 4.3.

These surfaces offer further pathways for adsorbed non-reactive species to re-enter the gas
phase in reactive form. Especially in an isolated environment such as the polar vortex
these reactions play a key role in recycling ozone-destroying halogens (e.g., Solomon,
1999, see also Section 2.4), however, also the ubiquitous BrO background concentration
in the troposphere is thought to be caused by continuous heterogeneous activation (e.g.,
Fitzenberger et al., 2000; Platt and Honninger, 2003; von Glasow et al., 2004; Sinnhuber
et al., 2005). In this work, the impact of heterogeneous reactions on bromine in the TTL
will be discussed in detail in Section 6.1.

3.2.3. Impact on Stratospheric Ozone

Several studies have shown the importance of bromine for stratospheric ozone chemistry
(e.g., Wofsy et al., 1975; Yung et al., 1980; McElroy et al., 1986; Tung et al., 1986; Poulet
et al., 1992). Though of lower abundance compared to chlorine, bromine is considered to be
far more effective in ozone depletion (e.g., Sinnhuber et al., 2009). The main reason for this
difference is the weaker bonding and therefore shorter lifetime of inactive bromine reservoir
species such as HBr, HOBr or BrONO; in contrast to their chlorine counterparts (e.g.
Brasseur et al., 1999). Consequently, the partitioning of stratospheric inorganic bromine is
shifted towards the radical species, especially BrO (Section 3.2.2). In the following, the
most important ozone depleting catalytic cycles involving bromine are presented.
Especially at the upper stratosphere (above 30 km) the BrOy-Oy cycle is effective (Wofsy
et al., 1975), as the major part of Bry is actually Br and BrO during daytime (Figure 3.4):

BrO + O — Br + 0, (3.5)
Br+0O; — BrO + 0O, (3.6)

Net: O+ 05 — 20,
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At the lower stratosphere, the interaction of bromine with odd hydrogen and odd nitrogen
becomes important (e.g., Yung et al., 1980; Poulet et al., 1992):

BrO + HO, — HOBr + O, (3.7)
HOBr + hvr — OH + Br (3.8)
OH + O3 — HO, + O, (3.9)
Br + O — BrO + O, (3.10)

Net: 20, — 30,

BrO + NO, + M — BrONO, + M (3.11)
BrONO, + hv — Br + NO, (3.12)
NO4 4+ hvy — NO + O, (3.13)

NO + O3 — NO, + O, (3.14)

Br + O3 — BrO + O, (3.15)

Net: 205 — 30,

Together with the ClO dimer cycle discovered by Molina and Molina (1987, see also
Reactions 2.20-2.23), the coupling of the bromine and chlorine families as pointed out by
McElroy et al. (1986); Tung et al. (1986) is mainly responsible for the repeated depletion
of polar stratospheric ozone in springtime:

BrO + ClIO — Br+ Cl+ O, (3.16)
Br+ O; — BrO + O, (3.17)
Cl4 053 — ClO + O, (3.18)

Net: 205 — 30,

As stated above, the catalytic cycles involving bromine are generally more effective in
depleting ozone compared to their chlorine equivalents. Consequently, stratospheric ozone
is highly sensitive to even small changes of the bromine abundance, as indicated by several
modeling studies (e.g., Salawitch et al., 2005; Feng et al., 2007; Sinnhuber et al., 2009;
Dessens et al., 2009; Pisso et al., 2010). In this work, the impact of bromine on stratospheric
ozone is discussed in Chapter 8.
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4. Model

Computer-based modeling of the Earth system, e.g. atmosphere, ocean, land surface,
biosphere, etc., has become an integral and ubiquitous element in geosciences. The origins
of this technique can traced back to the beginnings of numerical weather prediction in
the 20" century (for an historical overview, see, e.g., Lynch, 2008). Interestingly, the first
attempt to use a numerical model for weather forecasting was undertaken even before
the development of electronic computers: Richardson (1922) formulated a basic set of
differential equations to predict changes in wind and surface pressure at two points in
Europe over a time span of six hours, conducting the necessary calculations manually. The
results were grossly wrong, but his pioneering work laid the foundation for later forecast
models. About 30 years later, Charney et al. (1950) implemented a single-layer barotropic
model of atmospheric dynamics on the first digital general-purpose computer ENIAC!, that
was able to realistically reproduce the large-scale flow in the mid troposphere in general.

Since then, the dramatic increase of computational power within relatively short time
enabled general circulation models (GCM) to resolve atmospheric dynamics in much more
detail than thought possible in previous years. Today, the current state-of-the-art in (geo-)
scientific modeling is to couple GCMs to detailed chemistry schemes and other important
domains, for example the ocean or the biosphere, forming coupled chemistry-climate models
(CCM) that simulate the whole Earth system. These models are found to be extremely
successful in gaining insight in the complex interaction of environmental processes and
predicting future climate conditions (e.g., Eyring et al., 2005).

However, this kind of model is not always the best tool for every scientific problem. On
the one hand, the necessary calculations are extremely costly in terms of computational
effort, easily requiring thousands of processing units to complete the computation in
acceptable time. On the other hand, when future projections are not needed it is often
better to rely on models that incorporate real world observations (“data assimilation”; see,
e.g., Evensen, 2009) to “nudge” the simulation towards reality. In contrast, a chemistry
transport model (CTM) represents an “offline” simulation framework, that means it relies
on external input data (e.g., temperature, pressure, winds), for example provided by an
GCM, to force the atmospheric transport. Since it does not contain a dynamical core it is
far less computationally expensive.

For this study?, a 3-D CTM is used which is described in detail in Section 4.1. This
framework forms the basis for different experimental approaches regarding tracer treatment
and chemistry that will be introduced in the Sections 4.2 and 4.3.

4.1. CTM framework

The “Bremen 3D CTM” (B3DCTM), originally developed by Sinnhuber et al. (2003a),
was extensively updated and modified for this work (see also Aschmann et al., 2009, 2011).
This section provides an overview of its fundamental structure, characteristics and setup.

'Electronic Numerical Integrator And Computer.
2This chapter is based mainly on the work presented in Aschmann et al. (2009, 2011).
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Figure 4.1.: Simplified flowchart of the BSDCTM. Each box represents a module which
fulfills a specific task. The boxes with a dashed frame are optional modules
that do not belong to the basic model framework.

4.1.1. Structure

The design of the BSDCTM is strictly modular and offers a basic framework which is
versatile and easily extendable, written entirely in FORTRAN 77. An overview of the
model structure is given in Figure 4.1. Most calculations take place in two main loops
that form the base of the model. The outer loop iterates over the available meteorological
input data, called “cycles” in this context. Typically, one cycle is 6, 12 or 24 hours long,
i.e. meteorological data is read four, two or one time a day, respectively. Between the
cycles the input data is linearly interpolated. The inner loop runs over the actual model
timestep, usually in the range between 10 to 30 minutes. Here, most calculations take
place, for example tracer advection or chemical reactions. Due to the flexible design of the
model framework the inner loop can be easily reassembled to meet the requirements of
the particular task, e.g. additional processes can be inserted or removed with little effort
(see Section 4.2 and 4.3). Output can be generated at arbitrary intervals (with the model
timestep as lower bound) and is stored in the common data format netCDF.

4.1.2. Resolution and Model Grid

The choice of spatial and temporal resolution in a model is always a compromise between
speed and accuracy. On the one hand, a finer resolution is generally desired to improve
accuracy and the representation of small-scale processes. On the other hand, increasing
the spatial resolution requires significantly more model grid boxes, e.g., in a 3-D model,
doubling the spatial resolution increases the number of grid boxes by a factor of eight.
In addition, spatial and temporal resolution must match the Courant-Friedrichs-Lewy
criterion (Courant et al., 1928), given here in the case of 1-D advection:

u - At
<
Ax —

C (4.1)
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Figure 4.2.: Illustration of the spatial resolution of the model. The horizontal resolution is
2.5° latitude x 3.75° longitude. There are 29 levels of potential temperature 6
ranging from 335K to 2726 K (only the UTLS region up to 20 km is shown
here). Note that globe and atmosphere are not drawn on the same scale.

Here, u denotes the velocity, At the timestep and Ax the length interval. C' is a constant
depending on the particular differential equation to be solved; in the presented example
C' = 1. If the relation is violated, explicit numerical methods to solve the equation become
unstable. Consequently, an increase in spatial resolution requires an increase in temporal
resolution, i.e. doubling the spatial resolution increases the number of boxes by a factor of
eight and reduces the timestep by a factor of two. As a result, the total computational
cost rises by a factor of 16.

For this study, a horizontal resolution of 2.5° latitude x 3.75° longitude with 29 vertical
levels was chosen (Figure 4.2) which corresponds to 96 x 72 x 29 = 200448 model grid boxes
in total. Together with a timestep of 15 or 30 minutes the spatial and temporal resolution of
the utilized model is on par with the current state-of-the-art in global atmospheric modeling
(e.g., Warwick et al., 2006; Hossaini et al., 2010; Liang et al., 2010; Eyring et al., 2010)
and offers a pragmatic trade-off between accuracy and computational expense considering
the available hardware resources (see Section 4.1.6 for a brief analysis of computational
performance).

A distinctive feature of the model is the usage of potential temperature (see Section 2.1) as
vertical coordinate. In the absence of diabatic heat input or loss the potential temperature
0 of an air parcel is a conserved quantity in good approximation. Therefore, the usage
of isentropic levels offers significant conceptual and practical advantages for modeling
the large-scale transport, especially in the UTLS and above. However, this approach is
unsuitable in the troposphere where turbulent flow must be taken into account. Even more
important are the meridional altitude differences on a level of equal potential temperature
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(see Figure 4.2) that make the extension into the troposphere difficult: a 6-level of about
300 K would be at the Earth’s surface in the warm tropics, though at higher latitudes, the
same level could be kilometers above the ground. To solve this problem, some models use
a hybrid coordinate where isentropic surfaces are blended with terrain following surfaces
in the lower atmosphere (e.g., Rasch et al., 1997; Chipperfield, 2006). However, in the
B3DCTM, originally designed as stratospheric model, most of the troposphere is not
covered; its f-levels range from 335 to 2726 K (about 8 to 55km in the tropics). Therefore,
to model injection of boundary layer air nonetheless a convective parametrization is used
which is described in Section 4.1.5.

4.1.3. Meteorological Input Data

The CTM has a unified interface for external meteorological data which simplifies the
development of appropriate input routines. Currently available are routines for the United
Kingdom Met Office (UKMO) Unified Model and for different kinds of data from the
European Centre for Medium-Range Weather Forecasts (ECMWTF), i.e. operational data
and the reanalyses ERA-40 (Uppala et al., 2005) and ERA-Interim (Dee et al., 2011).
For this study, the ERA-Interim data set was used which is based on 4-D assimilation
of multi-decadal series of observations into a GCM (technical details in ECMWF, 2009).
Despite the inevitable errors and artifacts this data set represents a powerful tool for
studying atmospheric processes under relatively realistic conditions and was extensively
used and evaluated in past studies (e.g., Kobayashi et al., 2009; Fueglistaler et al., 2009b;
Chuang et al., 2010; Dee et al., 2011).

The ERA-Interim data set currently spans the years from 1989 to 2010 and is frequently
updated. Analyses are available four times a day, at 0, 6, 12 and 18 UTC on a reduced
Gaussian grid with latitudinal spacing of about 0.7°. The longitudinal spacing is variable,
about 0.7° in the tropics, increasing further towards higher latitudes. The data fields used
for the CTM simulations are temperature, pressure, geopotential height, horizontal wind
velocities, long and short-wave radiation under clear-sky conditions and the convective
detrainment rate.
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March 2006.
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4.1.4. Tracer Advection

The quasi-horizontal transport on isentropes is calculated using the meteorological wind
field from ERA-Interim, with the east and northward component defined as u and v,
respectively (Figure 4.3). However, for the vertical transport, the model does not use the
vertical (w) component of the wind field. The w-wind combines the effects of different
transport processes such as the large-scale diabatic tendency and fast localized convective
updraft into a single vertical velocity which would make the vertical transport of the
CTM unrealistically diffusive (e.g., Sinnhuber and Folkins, 2006). Therefore the large-scale
vertical advection is derived from diabatic heating rates. The original BSDCTM relies on
the MIDRAD radiation scheme (Shine, 1987) to calculate the heating rates interactively,
however, the current version was modified to use the ERA-Interim data for tendency of
clear sky long and short-wave radiation (Figure 4.4). They are found to be more accurate
in the tropopause region and are (at least in principle) consistent with the large-scale wind
fields and convective mass fluxes (Aschmann et al., 2009), although they lack a feedback to
interactive ozone (Fueglistaler et al., 2009b). The fast and localized convective transport is
treated separately and is described in detail in Section 4.1.5.

The utilized advection algorithm is an adaption of the original advection scheme by
Prather (1986) which is based on the conservation of higher-order moments of the trace gas
distribution. The idea behind this approach is that the distribution of a tracer in a model
is not only described alone by the amount of this tracer in every model box (0"-order), but
also by its spatial gradient (1%'-order) and curvature (2"d-order). This approach requires
significantly more memory than comparable advection schemes (for every grid box and
tracer 10 variables have to be stored), but it was also shown that it generally offers a
better compromise in terms of absolute accuracy and numerical diffusion compared to
other algorithms (Prather, 1986).
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Figure 4.4.: Annually averaged profiles of ECMWF ERA-Interim detrainment rate (blue,
bottom abscissa) and diabatic heating rate (red, top abscissa) in the TTL for
2006. Adapted from Aschmann et al. (2009).
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4.1.5. Convection

To study the impact of VSLS on stratospheric bromine an adequate representation of
convective transport in the model is an indispensable prerequisite. As it is difficult to
extend a purely isentropic model into the lower troposphere and down to Earth’s surface,
so far isentropic models either did not include any parametrization of convection at all, or
have used some kind of hybrid coordinate (see Section 4.1.2). Therefore, the inclusion of
convective transport into the BSDCTM in the course of this work is a novelty (Aschmann
et al., 2009). Instead of using an interactive convective parametrization, the model
relies on archived convective updraft mass fluxes from the ERA-Interim reanalysis. This
approach has the additional advantage that the convective mass fluxes are calculated
during the assimilation process in a consistent way. In contrast, when using a convective
parametrization inside a CTM, there is always the potential problem that the driving
large-scale temperature and pressure fields from the meteorological analysis have already
been stabilized by a convective parametrization within the assimilation. The representation
of convection in the ERA-Interim reanalysis is based on the original Tiedtke (1989) scheme
that considers deep, shallow and mid-level convective mass fluxes in cumulus clouds
(ECMWE, 2009).

Here, the 6-hourly updraft convective mass fluxes from ERA-Interim are used, or more
specifically the updraft detrainment rates, which are the vertical divergence of the updraft
convective mass fluxes. An example is shown in Figure 4.4. The detrainment rate d.
gives the convective flux of mass into a grid box per time. It is derived from the original
ECMWEF updraft detrainment rate by integration over the model grid box divided by the
air density inside the box and has therefore the unit 1/s®. Convective injection of tracers
is then modeled by specifying a tracer detrainment mixing ratio [X], that multiplied with
the detrainment mass flux d. and the total grid box mass m gives the convective tracer
flux fx . into the grid box:

fxe=de.-m-[X] (4.2)

c

Since the model does not cover the boundary layer and the free troposphere, entrainment
in convective plumes cannot be explicitly calculated. Instead the detrainment mixing
ratio [X], is a free parameter in the model that can be set individually for each tracer,
representing the tracer’s mixing ratio in the range between boundary layer and free
troposphere, dependent on location and time if required.

With this approach the model is able to simulate the slow large-scale transport constrained
by diabatic heating rates with fast updrafts taking place quasi instantaneously as a sub-grid
scale process. However, this approach is not strictly mass conserving, which is the case also
in other isentropic CTMs even without convective transport. To force mass conservation
the total mass inside a grid box after advection and convection steps is set to the calculated
mass from the large-scale meteorological analysis. Tracer masses are scaled proportionally
to keep the calculated tracer mixing ratios constant.

4.1.6. Computational Performance

In order to be able to conduct multi-decadal simulations with complex chemistry in
reasonable time the original BSDCTM was heavily modified to speed up its execution time.
The most important optimization was the redesign of the code to support multi-processor
architectures. Input/Output functions are now completely separated from the main model

3d. is expressed relative to the individual grid box mass. For example, d. = 1/s means that the convective
mass flux per second into a particular grid box is equal to the total mass of this box.
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Figure 4.5.: Absolute and relative execution time of the CTM with linearized (blue, 6
tracers) and full chemistry (red, 59 tracers) for a 31-day simulation run on
multiple CPUs.

structure and are executed in parallel threads, for example the input of meteorological
data or the output generation. Furthermore, all computational expensive parts such as the
advection or the chemistry scheme are parallelized using the OpenMP* library. Figure 4.5
shows the computational performance of the CTM with respect to multiple processing units.
The timings are averages measured on the Bremen Institute of Environmental Physics
Nexus computing cluster using a single node (OpenMP-usage is restricted to a single node,
only). Each node comprises two Intel Xeon X5570 quadcore processors, i.e. each node is
able to handle up to eight threads or processes concurrently. As seen in Figure 4.5, the
execution time of the updated B3DCTM scales well with the number of available processing
units (PU). In the case of the simple setup using the linearized chemistry with six tracers
(see Section 4.2) up to four PUs can be used efficiently. However, if applying the complex
chemistry scheme with 59 tracers (see Section 4.3) the model benefits from the full eight
PUs per node. Here, the execution time for one month of simulation drops from 325 to 57
minutes when using 8 PUs, i.e. by a factor of about 5.7.

4.2. ldealized Approach

The simplified approach relies solely on idealized tracers and processes. Its “light-weight”
setup, i.e. the small number of tracers (< 10) and the lack of detailed chemistry, reduces
significantly its computational cost (Figure 4.5) and complexity making this approach a
capable tool for sensitivity calculations and model validation.

The idealized approach is used in different variants throughout this study but generally
comprises several VSLS and Bry tracers, in addition to water vapor, ozone and a passive
age of air tracer whose treatment is detailed in the following sections.

1For details, refer to the OpenMP homepage www.openmp. org
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4.2.1. Bromine Source and Product Gases

Naturally, the treatment of bromine species is the central part of the idealized approach.
The short-lived source gases are represented by idealized tracers with a constant and
uniform chemical lifetime typical for the particular compound, approximating the loss by
photolysis and oxidation. For example, the average lifetime of the idealized bromoform
tracer in the TTL is assumed to be 20 days, for dibromomethane it is 120 days. Note
that in this context lifetime is defined as “e-folding time”, i.e. the time when the initial
tracer mixing ratio is dropped by a factor of 1/e. The idealized bromine source tracers are
named after their lifetime, e.g. TT20 (“test tracer with 20 days lifetime”) for bromoform
and TT120 for dibromomethane. In every timestep i the source gases degrade according to
their assumed lifetime 7:

At
o () @
T

with timestep length At and tracer mass m™. The only source of VSLS in the model is
convective detrainment usually assuming a constant and uniform detrainment mixing ratio
(Equation 4.2).

The inorganic bromine product gases are combined into a single Bry tracer, ignoring the
partitioning between the individual species (as described in Section 3.2.2). It is produced
solely by the degradation of the aforementioned VSLS according to the number of bromine
atoms in the particular compound, that means the decay of one unit of TT20 (CHBr3) and
TT120 (CHyBrs) yields three and two units of Bry, respectively. Here, the intermediate
degradation products are omitted, which is according to the recent study of Hossaini et al.
(2010) a valid approximation. [Bry],, the detrainment mixing ratio of Bry, is generally set
to zero, assuming that Bry is efficiently removed by rainout in the boundary layer and
lower troposphere, since a significant part of inorganic bromine at this altitude region is
actually HBr which is highly soluble in liquid water (e.g., Lary, 1996; Yang et al., 2005;
Liang et al., 2010). Note that a detrainment mixing ratio of zero effectively leads to a
dilution of the corresponding species, i.e. the mixing ratio of Bry drops if there is convective
influx into the particular grid box.

To study the sensitivity of inorganic bromine to washout and dehydration in the TTL
region the utilized experimental setup generally contains two variants of the Bry tracer. The
first variant is assumed to be completely insoluble, thus being not affected by dehydration
at all. Therefore, the insoluble variant BlriynS acts like a inert tracer, its mixing ratio
solely related to the amount of available source gases. In contrast, the second variant is
assumed to be perfectly soluble, i.e. whenever dehydration occurs in a model grid box
(see Section 4.2.2), the soluble variant Br;01 is removed completely and instantaneously.
Although the approach is simple, it is more physically motivated than the application of a
fixed washout lifetime used in most of the previous modeling studies dealing with bromine
in the TTL. These two extremal cases allow an assessment of the impact of dehydration
on Bry by identifying the upper and lower limit of this effect.

4.2.2. Treatment of Water Vapor

Water vapor plays an important role in this study because an adequate representation of
atmospheric humidity is needed to model the possible loss of soluble inorganic bromine due
to dehydration (Section 4.2.1). Furthermore, its distribution in the atmosphere is another
convenient means to validate the model assumptions since there are plenty of measurements
of this quantity that can be considered. The treatment of the HoO tracer is based on three
simplistic assumptions. Firstly, for the convective transport, the detrainment mixing ratio
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[H20].. is set to the saturation mixing ratio of water vapor over ice of the particular model
box, following Dessler and Sherwood (2004). This corresponds to the assumption that air
detraining from a convective cloud is fully saturated. The saturation mixing ratio Wy is
obtained by relating the ice vapor pressure P, to the ambient pressure P:

P,
W, =Y 4.4
" P — Pup (44)
Pyap is calculated using the parametrization of Marti and Mauersberger (1993):
A
IOg Pvap =—+B (45)

T

Here, the empirical coefficients A and B are —2663.5 and 12.537, respectively, while T’
denotes the temperature. Secondly, if the relative humidity of a box exceeds 100%, all
surplus water is removed immediately thus modeling precipitation as instantaneous fallout
of ice particles. Finally, there is a second water source in the stratosphere implemented
by a simple methane oxidation scheme as described in the ECMWF Integrated Forecast
System documentation (ECMWF, 2009). The basic supposition is that the sum of methane
and water is constant in the stratosphere and can be approximated by:

2 [CHy4) + [H20] = 6.8 ppm (4.6)
Therefore the production of water via methane oxidation can be expressed as:

d [H2O] _ (6.8 ppm— [H20]) (47)

dt T
Here 7 denotes a pressure dependent chemical lifetime of methane which is set to 100 days
at 0.5 hPa pressure and increases roughly linearly to ~ 6000 days at 100 hPa. Above this
mark the lifetime is set to infinity, i.e. the HoO production due to methane oxidation is

zero at lower altitudes.

4.2.3. Additional Diagnostic Tracers

Ozone and a passive age of air (AoA) tracer are included in the idealized setup as additional
diagnostic tracers. Although not in the primary focus of this work, they represent a useful
means for evaluation purposes.

The ozone tracer uses the linearized chemistry scheme LINOZ originally developed
by McLinden et al. (2000) and further updated by Kiesewetter et al. (2010b). LINOZ
relies on tabulated production rates of ozone dependent on the current ozone mixing
ratio, temperature and ozone overhead column of the individual grid box. Although
the underlying mechanism is simple, it was shown that the chemistry scheme is able to
reproduce relatively realistic ozone distributions (e.g., McLinden et al., 2000; Aschmann
et al., 2009; Kiesewetter et al., 2010a).

The artificial AoA tracer offers insight on the performance of the general circulation in
the model (e.g., Hall et al., 1999; Waugh and Hall, 2002). At the begin of the simulation
the mixing ratio of the AoA tracer is initialized on the whole grid to the date number (e.g.,
Julian date) of the start date. Since convection is the only way for tropospheric air to
enter the model space the detrainment mixing ratio of the AoA tracer is always updated to
the current date number, i.e. there is a constant influx of “young” air into the AoA tracer
distribution. The tracer gets advected and mixed normally like the other species but is
completely passive otherwise. After the model has reached its quasi-steady state and is
therefore well mixed the difference of the AoA tracer mixing ratio in a grid box and the
current model date number gives the mean age of the particular air parcel, i.e. the time
elapsed since it was convectively detrained.
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4.2.4. Simulation Setup

The main simulation run using the idealized approach is named ID1 (see also Appendix A,
Table A.1 for an overview of all conducted model runs). The simulation starts at the begin
of 1989 running to the end of 2009 (21 years), relying on ERA-Interim input. ID1 comprises
six tracers (Os, HoO, TT20, TT120, Briyns, Br;OI). In order to obtain a reasonable initial
configuration and therefore reducing the necessary spin-up time the results of a previous
run with the same approach was used: this run is set up identically but all tracers are
initialized at “best guess” values. The tracer distribution after 21 years is then used as
initial configuration for the bromine species in the actual production run. The detrainment
mixing ratios [TT20]. and [TT120]. are set uniformly to 1 pptv, each. These values are
lower than the recommended mixing ratios of the VSLS in the marine boundary layer (1.6
and 1.1 pptv for CHBr3 and CHyBry, respectively, Montzka and Reimann, 2010), taking
into account dilution by entrainment of free tropospheric air, which may have significant
impact on deep convective plumes (e.g., Romps and Kuang, 2010). Tropospheric profiles
of these species obtained from a compilation of aircraft measurements (Liang et al., 2010)
suggest that a detrainment mixing ratio of 1 pptv for bromoform and dibromomethane is a
valid approximation.

Furthermore, two sensitivity calculations based on the ID1 run were conducted. The ID2
run uses the same setup as ID1 but restricts the removal of Br;01 to within 40°N-40°S in
order to reflect the actual partitioning of inorganic bromine (see Section 6.1.1 for details).
ID2 incorporates also an AoA tracer to assess the transport in the CTM. The ID3 run is
identical to ID2 but uses a special emission scenario for the very short-lived source gases
(TT20 and TT120). The detrainment mixing ratios of both species are set up similarly to
the model studies of Warwick et al. (2006) and Liang et al. (2010): strong emissions near
the coast, none over land (Section 6.2).

The last run, ID4, uses different emission areas for TT20/TT120 to identify the regional
transport efficiency of VSLS (Section 6.3). Each region is associated with a group of four
tracers (TT20;, TT120;, Briyrfis, Br;‘?}) The detrainment mixing ratio [TT20;],/[TT120s],
for a particular region is 1 pptv inside and zero outside the corresponding area.

4.3. Full Chemistry Approach

The idealized approach is a suitable tool for sensitivity studies but to obtain a more realistic
picture of the tracer distribution in the TTL a more complex and complete chemistry
scheme is necessary. The one utilized in this work, SLIMCAT, was originally developed by
Chipperfield et al. (1993) and has undergone several updates and modifications since then
(e.g., Chipperfield, 1999; Sinnhuber et al., 2003b; Feng et al., 2005; Winkler et al., 2008).

The current version of the SLIMCAT chemistry scheme comprises 59 species (Table 4.1)
and 181 gas phase, heterogeneous and photochemical reactions (Appendix B). The following
sections give an overview of the integral parts of the chemistry scheme, especially regarding
the treatment of bromine species which is most relevant for this study. For further details
refer to SLIMCAT manual® and the references given above.

4.3.1. Gas Phase Chemistry

The bulk of included reactions are gas phase reactions. Most of these fall into the category
of bimolecular second-order reactions whose rate constant k; can be described by the

5The manual can be found at http://homepages.see.leeds.ac.uk/~lecme/slimcat.html
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Table 4.1.: Chemical species included in the SLIMCAT chemistry scheme.

Category Advected species Non-advected species
CHy4, N2O, Hy0, HySOy4, CO,

Source gases CH3Cl, CH3CCls, CCly, CCI3F,

and long— CClQFQ, CHC]FQ, CCIFQCC]FQ,

lived species CHBr3, CCIBrFy, CBrF3, CHyBro,
CHBI‘g, HF, COFQ, COFCI

Oy, H209, 0320(*P)20('D)2
Coupled short- NOy, NoOs5, HNO3, HO3NOo, NPNOPNO,PNO3,
lived species ClOy, CIONO9, HCI, HOCI, CI¢ CI1O¢ Cly05¢ OCIO,

BrOy Brd BrO¢ BrONO,,

BrCl, HOBr, HBr

Steady state HCHO, CH300H HCO, CHs, CH309,
species CH30,

H, OH, HO»,
Fixed species Ny, O9, Ho

# Part of Oy family.

® Part of NO, family.
¢ Part of ClOx family.
4 Part of BrO, family.

Arrhenius equation:
E
kg =A-exp <Z/f%> (4.8)

Here, A is the Arrhenius A-factor (unit: cm®molec™!'s™!), the coefficient F/R describes the
temperature dependence of the reaction (“activation temperature”) and the temperature
T. A-factor and E//R are generally obtained from the JPL 2006 recommendation (Sander
et al., 2006) unless stated otherwise.

It is, however, impractical to integrate the individual species separately ignoring the
different time scales of the involved reactions. Therefore, certain short-lived® species
are grouped into families assuming they are in photochemical equilibrium (e.g., BrOg
which contains BrO and Br, Table 4.1). Furthermore, these species are not transported
individually, only the corresponding families which are treated as additional tracers. To
model the change of photochemical equilibrium during nighttime some species whose lifetime
increases drastically in the absence of sunlight such as BrONOy or BrCl are integrated
individually although they are associated to a family for transportation purposes (BrOy
in the given example). The reactive hydrogen species (HOy) and most of the methane
oxidation products (CH,Oy) are assumed to be in steady state and therefore not affected
directly by transport.

Especially relevant for this study are the included gas phase reactions of the bromine
species which are separately listed here. Table 4.2 shows all reactions that lead to the
destruction of bromine source gases including the VSLS bromoform and dibromomethane.

5Note that “short-lived” in this context means a photochemical lifetime in or below the magnitude of a
typical chemistry integration timestep, i.e. 15 minutes.
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Table 4.2.: Gas phase reactions of organic bromine source gases. The intermediate reac-
tion steps are omitted. R denotes the organic rest. A-factor and E/R (see
Equation 4.8) obtained from Sander et al. (2006).

Reactants Products A-factor E/R
CCIBrF, + OH —.---— Br+Cl+ COFy;+ R 1.0x1072  >2600?
CCIBrF, + O'D — ... — Br+Cl+ COF;+ R 15x10719 0
CBrF3 + OH —...— Br+COFy;+HF +R 10x1072  >3600%
CBrF; + O'D —...— Br+COF;+F+R 10x10719 0
CH;3Br + OH —...— Br+R 2.35 x 10712 1300
CH;3Br + O'D —5...— Br+R 1.8x 10719 0
CH;3Br + Cl —+...— Br+HCl+ R 1.4 x 1071 10302
CHyBry + O'D — ... — 2Br+ R 2.7x10719 0
CH,Bry + OH —...— 2Br+ R 2.0 x 10712 840
CH,Bry + Cl —s...— 2Br+ HCl + R 6.3 x 10712 8002
CHBr3; + O'D —...— 3Br+R 6.6 x 10710 0
CHBr3; + OH —...— 3Br+ R 1.35 x 1072 600
CHBr3 + Cl —...— 3Br+HCl+ R 4.85 x 10712 8502

# Reaction not included in standard model setup.

Note that similarly to the idealized setup (Section 4.2.1) the intermediate reaction steps
that lead to the formation of BrOy are omitted here. Hossaini et al. (2010), who used a
modified SLIMCAT version including these steps explicitly concluded that the intermediate
products can be safely ignored with regard to the bromine chemistry. Table 4.3 lists
the reactions that force the chemical equilibrium within the BrOy family while Table 4.4
contains the reactions that control the partitioning among the non-reactive bromine species.

Note that some reactions listed in the Tables 4.2 to 4.4 are not included in the standard
model setup. Sensitivity calculations with those reactions included show that their impact
on the species relevant for this study is negligible in the UTLS region.

Table 4.3.: Gas phase reactions that interconvert the reactive inorganic bromine species
Br and BrO. A-factor and E/R (see Equation 4.8) obtained from Sander et al.

(2006).
Reactants Products A-factor E/R
Br + OCIO — BrO + CIO 2.6 x 10~ 1300
Br + O3 —  BrO + 0y 1.7 x 107t 800
BrO + O — Br+ Oy 1.9 x 107t -230
BrO + NO — Br+ NO, 8.8 x 1072 -260
BrO + OH — Br + HO» 1.7 x 107 -250
BrO + C10 — Br + OCIO 9.5 x 10713 -550
BrO 4+ ClIlO — Br+Cl+ 0, 23x10712 -260
BrO + BrO — 2Br + O, 1.5 x 10712 -230

# Reaction not included in standard model setup.
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Table 4.4.: Gas phase reactions between reactive and non-reactive inorganic bromine species.
A-factor and E/R (see Equation 4.8) obtained from Sander et al. (2006).

Reactants Products A-factor E/R
BrO + CIO — BrCl 4+ Oy 4.1 x 1078 -290
BrO + NOy + M — BrONO; + M a
BrONO, + O —  BrO + NOs 1.9 x 107t -215
HOBr + O — BrO + OH 1.2 x 10719 430
BrO + HO, — HOBr + 05 4.5 x 10712 -460
BrO + HO, — HBr + O3 4.5 x 10712 -460P°
BrO + OH — HBr + O, 1.7 x 1071 -250bd
Br + HCHO — HBr + O, 1.7 x 107t 800
Br + H,0» — HBr + HO, 1.0 x 107 >3000"
Br + HO» — HBr + Oy 4.8 x 1072 310
HBr + OH — Br + HyO 5.5 x 1072 -200
HBr + O'D — Br+ OH 1.5 x 10719 ¢
HBr + O — Br+ OH 5.8 x 1072 1500
# Termolecular reaction. See Sander et al. (2006) for details and rate coeffi-
cients.

P Reaction not included in standard model setup.
¢ Minor reaction pathway (yield below 0.4%).
4 Minor reaction pathway (yield below 3%).

4.3.2. Heterogeneous Chemistry

Heterogeneous reactions of halogenated species on aerosol or particle surfaces play an
important role in ozone chemistry, especially in polar regions (Section 3.2.3). Therefore, the
SLIMCAT chemistry scheme incorporates an equilibrium treatment of a set of reactions on
liquid HoO/H2SO4/HNO3/HCI aerosols, solid NAT and ice particles, listed in Appendix B,
Table B.2. The composition of liquid aerosols and the corresponding solubilities of HBr
and HOBr are calculated using the analytical scheme of Carslaw et al. (1995a,b). NAT
particles form according to the expression of Hanson and Mauersberger (1988) when
they are thermodynamically possible. Both implementations are taken unchanged from
Chipperfield (1999) and are not described in any further detail here. More relevant for this
study is the uptake of halogenated species on ice particles which is, according to sensitivity
calculations, the dominant process in the tropical UTLS (Section 6.1.2) and may lead
either to eventual scavenging by sedimentation or activation by heterogeneous reactions.
Therefore this part of the original SLIMCAT scheme was augmented in the course of this
work to improve the representation of the involved processes. The reactions on ice particle
surfaces involving bromine are listed in Table 4.5.

Ice particles form in a model grid box whenever the actual water mixing ratio exceeds
the saturation mixing ratio of water vapor over ice, i.e. if the relative humidity is higher
than 100% all excess water is in solid phase. This treatment is identical to idealized
approach described in Section 4.2.2. Then, the uptake of gaseous HBr on ice (and likewise
for HCI) is modeled using the partition coefficient Kj;,c for HBr (4.14 x 10° cm) from the
recent recommendation of the IUPAC Subcommittee on Gas Kinetic Data Evaluation for
Atmospheric Chemistry (Crowley et al., 2010):

[HBr], = [HBr])®* - Kjne - A (4.9)

Here, A denotes the available particle surface area density which is calculated from the
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effective particle radius r. and an assumed number density n;.. of 10 particles per cubic
centimeter (Chipperfield, 1999):

A =47 -72  nice (4.10)

The effective particle radius 7. is approximated using the ice volume Vice and njce:

(4.11)

Finally, the heterogeneous reaction rate kj on the particle surface is calculated as product
of uptake coefficient v and the collision frequency v (e.g., Rodriguez et al., 1989):

kh:’yl/ (4.12)
1. [SkT
= A4y 4.1
TN T (4.13)

with Boltzmann’s constant k and the molecular weight M of the gas molecules. Sedimen-
tation is calculated as well but is treated simply assuming a fixed mean ice particle radius
of 10 pm to determine the fall velocity (about 1.5km/day, Bohm, 1989). Note that it
is assumed here that HBr is the only bromine species adsorbed on ice as it is currently
not clear how and to what extent other species like HOBr and BrONQOy are adsorbed
as well (Crowley et al., 2010). As the original SLIMCAT scheme does not contain any
explicit treatment of evaporation, all dissolved and adsorbed species are released back
into gas phase instantaneously after the chemical integration step and the sedimentation
calculation.

Table 4.5.: Heterogeneous activation reactions of solved /adsorbed bromine species on liquid
aerosols, NAT and ice particles. Only the uptake coefficient ~ for ice particle
surfaces is given here, obtained from Sander et al. (2006).

Reactants Products 0%
HOBr(g) + HBr(s) —  2Br(g) + H20(s) 0.12
HOBr(g ) + HCI(s) —  BrCl(g) + HyO(s) 0.3
HOCl(g) + HBr(s) —  BrCl(g) + H20(s) 0.06
BrONO;y(g) + HBr(s) — 2Br(g) + HNOg(s) 0.3
BrONOz(g) + HoO(s) — HOBr(g) + HNO3(s) 0.3
BrONOs(g) + HCl(s) — BrCl(g) + HNOs(s) 0.25
CIONOs(g) + HBr(s) — BrCl(g) + HNO3(s) 0.3
N2O5(g) + HBr(s) —  Br(g) + NO2(g) + HNO3(s) 0.01*

# Reaction not included in standard model setup.

4.3.3. Photolysis

Photolysis rates in SLIMCAT are calculated using a scheme based on Lary and Pyle (1991),
which was in turn an enhancement of the algorithm originally developed by Meier et al.
(1982). The scheme’s radiative transfer model calculates the contribution of four sources of
radiation into any grid box: The direct solar flux, the diffuse omni-directional flux and the
ground reflection of the direct solar and diffuse flux. The photolysis rate j; for a tracer 7 is
then calculated as:

ji = / ForSx6ios dA (4.14)
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Here, Fjy is the solar flux incident at the top of the atmosphere, ¢y; and o); are the
quantum efficiency and the absorption cross section for tracer ¢ at wavelength A, respectively.
Sy is the so called enhancement factor (Meier et al., 1982) which is defined as the quotient
of the total flux F) integrated over all directions and the solar flux Fpy. Sy is a function of
wavelength, solar zenith angle, altitude, ground albedo and the profiles of temperature and
ozone.

The calculation of photolysis is one of the most computationally expensive parts of the
chemistry scheme. To reduce the computational cost the scheme uses a 4-D look-up table’
to interpolate precomputed j; values to a particular location and time in the atmosphere.
The required photochemical data to calculate the rates is generally obtained from the JPL
2006 recommendations (Sander et al., 2006). Table 4.6 lists the incorporated photolysis
reactions involving bromine.

Table 4.6.: Photolysis reactions of bromine species included in the full chemistry scheme.
R denotes the organic rest. The utilized parametrization of the absorption
cross-sections is obtained from Sander et al. (2006).

Absorption cross-section

Reactants Products .
parametrization
CCIBrFy + hv  — Cl + Br + R Burkholder et al. (1991)
CBrF3 + hv — Br+R Burkholder et al. (1991)
CH3Br + hv — Br+R Simon et al. (1988)
CHsBrg + hv  — 2Br + R Gillotay et al. (1988)
CHBr3 + hv — 3Br+ R Gillotay et al. (1989)
BrO + hv — Br+0 Gilles et al. (1997)
HOBr + hv — Br+ OH Ingham et al. (1998)
HBr + hv — Br+H Nee et al. (1986)
BrONOg + hv — Br + NO3 Burkholder et al. (1995)
BrCl + hv — Br+ Cl Maric et al. (1994)

4.3.4. Chemical Integration Scheme

The core of the SLIMCAT scheme is the numerical solver for the chemical continuity
equations. For a species ¢ with the concentration n; its chemical continuity equation can

be written as:
dni

dt
with P; and L; the production and loss terms, respectively. For N speciesn = nj,na,...ny
at time ¢ Equation 4.15 can be expressed in vectorial form as:

dn
— =Q(t,n()) (4.16)
dt
The common challenge when numerically integrating a given set of differential equations is
to find the right balance between stability and accuracy on the one side and computational

cost on the other. A simple Euler forward scheme of the form:

d
Ny Ay = g + At 71’1 (417)
dt |,

=P —Lin; =Q; (4.15)

"The look-up table has the coordinates pressure, temperature, overhead ozone column and solar zenith
angle.
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is computationally inexpensive but is only applicable if the chemical lifetime of the particular
species is long compared to the integration timestep At. Actually this scheme is used in
SLIMCAT for the relatively long-lived source gases (e.g., Table 4.2) to save execution time.

For faster reactions the “semi-implicit symmetric” (SIS) method, originally developed
by Ramaroson et al. (1992), is used. Here, Equation 4.16 is developed into the form:

At
NipAr =D = —- [Q(t,n(t)) + Q( + At,n(t + At))] (4.18)
By expanding Q (¢t + At,n(t + At)) in a Taylor series this equation can be solved and

rearranged to get:

At
N At — g + 7Jtnt+At (419)
where J; is the Jacobian matrix:
ony ons onn
0Q2  0Q2 . 0Q2
ony ona onn
J; =
QN 9Qn .. 0Qn
onq ong onpn

Therefore, to obtain the tracer concentrations at time ¢ + At one has to invert the matrix:

At
M=1- 7Jt (4.20)

The inversion of a N x N matrix is costly® but comparisons by Ramaroson et al. (1992)
show that generally the SIS method offers a better compromise between accuracy, stability
and speed compared to other integration algorithms.

In this study, the integration timestep of the chemistry scheme is set to 15 minutes
which is according to Chipperfield et al. (1993) the upper limit to adequately model the
diurnal cycle. In general, the timestep of the CTM framework is set to 30 minutes when
applying the full chemistry calculations, i.e. the chemistry scheme is invoked twice per
model iteration.

4.3.5. Simulation Setup

The main simulation run using the full chemistry approach is named FC1 (see also
Appendix A, Table A.1 for an overview of all conducted model runs). Like its idealized
counterpart, ID1, it comprises the time span from 1989 to 2009 which allows direct
comparisons between the two approaches. The initial tracer configuration is obtained from
a previous run of a 2-D model with a similar chemistry scheme (Sinnhuber et al., 2003b)
to reduce initialization artifacts. To capture long-term trends in source gas emissions the
corresponding detrainment mixing ratios are time-dependent according to the estimates of
WMO scenario Al (Daniel and Velders, 2010). For the long-lived bromine source gases the
timeseries is shown in Figure 3.1. However, the detrainment mixing ratios of the bromine
VSLS are set uniformly to 1pptv, analogous to the idealized setup. The atmospheric
loading of HoSOy, required for the formation of sulfate aerosol, is obtained from a monthly
2-D climatology (by D. B. Considine, personal communication, 2009, prepared for WMO
2010 scenario REF1/REF2).

8Number of calculations is in the order of N* using a standard Gaussian elimination method.
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To assess the impact of bromine VSLS on the stratospheric chemistry the reference run
FC2 was conducted, lacking the source gases bromoform and dibromomethane but being
identical to FC1 otherwise (Section 6.1.2).

Finally, FC3 was set up to measure the influence of heterogeneous processes on strato-
spheric bromine chemistry. Therefore, all heterogeneous reactions involving bromine
(Table 4.5) are deactivated. The rest of the setup is identical to FC1 (Section 6.1.2).
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5. Model Validation

This chapter concentrates mainly on the modeled transport in the TTL. Several proxies
are used to evaluate the performance of the novel modeling approach, i.e. the usage of
an explicit convective parametrization in an isentropic CTM. Firstly, convection in the
model represented by the convective detrainment rate will be discussed in Section 5.1.
The injection of bromine source gases into the TTL is detailed in Section 5.2 whereas the
resulting product gas distribution is compared to observations in Section 5.3. The impact
of convection on water vapor and ozone is discussed in Sections 5.4 and 5.5, respectively.
Finally, the mean age of air in the model is evaluated in Section 5.6.
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Figure 5.1.: Comparison of tropical convective turnover times derived from the ECMWF
ERA-Interim updraft detrainment rate and those calculated by Dessler (2002)
from CO and O3 measurements. Adapted from Aschmann et al. (2009).

5.1. Convection

Convective transport is a key component of this modeling study and directly controls the
distribution of VSLS in the UTLS. Since the convective parametrization in the model
fundamentally relies on the external updraft detrainment rates from ERA-Interim the
assessment of this quantity is essential for understanding transport processes in the
tropopause.

Figure 4.4 shows a typical zonally averaged profile of the detrainment rate d. in the
tropics. The main convective outflow is located around 14 km, just below the LZRH, which
is in agreement with previous studies (e.g., Fueglistaler et al., 2009a). Air masses that
detrain below the LZRH generally subside again towards the surface, that means the

47
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detrainment above the critical mark of about 15.5km is important for the injection of
tropospheric air masses into the UTLS. d. decays rapidly with increasing altitude but as
shown in Figure 4.4 there is still some detrainment above the cold point at around 17 km.
With the utilized approach of convective transport this means a considerable amount of
air is detrained at relatively high altitudes, and although there is ample evidence that
overshooting deep convection can penetrate this level (e.g., Fueglistaler et al., 2009a, and
references therein), it is unclear whether this frequent high reaching transport is a realistic
representation. However, comparisons of the convective turnover time (i.e. the inverse of
the detrainment rate) derived from ERA-Interim d, with calculations made by Dessler
(2002) based on CO and Og observations show excellent agreement up to 380 K (Figure 5.1)
and are also in qualitative agreement with the findings of Folkins and Martin (2005).
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Figure 5.2.: ERA-Interim convective detrainment rate at 360 K (about 16 km) for December-
January-February (DJF), March-April-May (MAM), June-July-August (JJA)
and September-October-November (SON), averaged from 1989 to 2009.

The spatial distribution of convection above the LZRH is shown in Figure 5.2. In general,
high-reaching convection is concentrated at the I'TCZ with especially strong activity over
the West Pacific region, in agreement with earlier studies (e.g., Gettelman et al., 2002b;
Liu and Zipser, 2005). Although the major part of detrainment occurs above the ocean,
strong hot spots are also located over South America and Central Africa. This confirms
the findings of Jorgensen and LeMone (1989) who state that convection over land generally
tends to produce higher vertical velocities compared to convection over the ocean which
consequently results in more frequent and far-reaching overshoots. Furthermore, the
ERA-Interim detrainment rate shows a strong Monsoon signal during boreal summer, i.e.
increased convective activity over India, the Tibetan plateau and the Maritime Continent.

Finally, Figure 5.3 shows the development of d. over time at different altitudes. At 350 K,
i.e. at the level of main convective outflow, d. shows a small negative trend up to 2006,
followed by an increase for the next years. The increase is discernible at higher altitudes
as well, but whether this is a realistic feature remains unclear. A distinctive feature is
the exceptional strong El Nino event 1997/1998 which produced extensive overshoots and
temporally shifted convective activity to higher altitudes. In Section 7.3, the relation of
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Figure 5.3.: Timeseries of tropical detrainment rate in 350 K (14 km), 360 K (16 km) and
380K (17km).

sea surface temperatures to convective activity and the consequences for the distribution
of VSLS will be discussed in detail.
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Figure 5.4.: Snapshot of TT20 (left) and TT120 (right) distribution of run ID1 at 380 K
(about 17km) on February 16, 2004.

5.2. Bromine Source Gases

Due to their short lifetime the distribution of VSLS in the TTL is mainly localized at areas
where significant convective activity occurs. Figure 5.4 shows a snapshot of the modeled
TT20/TT120 (i.e. CHBr3, CHyBr2) abundance at 380 K, the top of the tropopause in the
tropics. The distribution patterns of the shorter-lived TT20 are roughly similar to those
of convective activity presented in Figure 5.2: the mixing ratio of the VSLS tracer peaks
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at South America, Central Africa and the Maritime Continent/West Pacific, the regions
showing substantial convection. In contrast, the distribution of TT120 is less localized.
Although the patterns are similar to those of TT20 in principle, the mixing ratio of TT120
shows smaller relative variations in zonal direction due to its significantly longer lifetime.
Clearly, horizontal transport is an important factor to consider in order to understand the
distribution of VSLS in the TTL, which even applies for the shorter-lived species as the
elongated plumes of TT20 indicate. The relative importance of convection and horizontal
advection will be discussed in detail in Section 6.3.
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Figure 5.5.: Flightpath of the WB57 aircraft during the Pre-AVE and Cr-AVE campaign.
Model and observational data have been averaged over the region denoted by
the red box.

Direct comparison of modeled VSLS with observations in the TTL is difficult since
there are few available measurements in this altitude region. Observations from two Aura
Validation Experiment (AVE) campaigns with the NASA WB57 high-altitude aircraft are
shown in Figure 5.6 and 5.7 together with modeled profiles (Aschmann et al., 2009). Both
campaigns, Pre-AVE and Cr-AVE, were performed around 80-90°W at latitudes between
20°N and 3°S in January/February 2004 and 2006, respectively (Figure 5.5). There is in
general good agreement between the idealized tracers of run ID1 and the observations,
especially during the Pre-AVE campaign (Figure 5.6). The mixing ratios of TT20 between
10 and 16 km are higher compared to the measurements which may indicate that the
simplistic assumption of a uniform detrainment mixing ratio of 1 pptv overestimates the
emission of CHBr3. During the Cr-AVE campaign the discrepancy between model and
observations are larger. It is likely that these deviations are the result of strong interannual
variations of VSLS emissions indicated by, e.g., Quack and Wallace (2003); Yokouchi et al.
(2005); Quack et al. (2007a); Butler et al. (2007) which are not captured by the model. The
other notable difference can be seen at the lowermost altitude levels where the modeled
VSLS mixing ratios show a local maximum which is not supported by the observations.
This is most likely an artifact introduced by the lower boundary of the model at 335 K or
8 km.

In general, the same applies for profiles of the full chemistry run FC1, shown in Figure 5.7,
however, the deviations from the observational profiles are significantly larger compared
to the idealized run. One important reason for this discrepancy is that the explicitly
calculated degradation of CHBrs and CHyBry generally leads to longer photochemical
lifetimes of the species compared to the idealized setup (Figure 3.3), especially in the
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Figure 5.6.: Comparison of TT20 and TT120 of run ID1 with aircraft measurements of
CHBr3 and CH2Brs from the Pre-AVE (left) and Cr-AVE (right) campaign.
The observations were mostly performed at about 80-90°W, 20°N-3°S during
January /February 2004 and 2006, respectively (see Figure 5.5). Model and
observational data in this region have been averaged for this comparison. The
error bars denote one standard deviation.

case of dibromomethane; thus the full chemistry setup is more sensitive to the assumed
detrainment mixing ratio of VSLS. This becomes clear when reducing the detrainment
mixing ratio of CHBrs and CHsBry by a factor of 0.5 and 0.85, respectively, as indicated
by the dashed lines in Figure 5.7. With the source parameter scaled down, the agreement
between model and observations improves drastically, though large deviations of modeled
CH3Brs during the Cr-AVE campaign still remain. Since the degradation of CHyBry in
the tropospheric domain is strongly dependent on the OH-reaction, this might indicate
that the variability of the hydroxyl radical distribution is not optimally represented in the
full chemistry setup.

In addition, Figure 5.7 shows also the profiles of the long-lived bromine source gases,
whose detrainment mixing ratio in the model varies with the WMO 2010 scenario Al
(Daniel and Velders, 2010, see also Figure 3.1). In general, there is excellent agreement
between the modeled and observed profiles, although there is constant bias in the case
of H1301 and CH3sBr. For CHj3Br, this bias can be mainly attributed to the globally
uniform detrainment mixing ratio assumed in the model setup: according to Montzka and
Reimann (2010), there is an inter-hemispherical difference in the CH3Br source strength;
in the Northern Hemisphere (NH), the average mixing ratio is approximately 1 pptv higher.
Consequently, the globally averaged [CH3Br]. underestimates the detrainment of CH3Br
into the NH by about 0.5 pptv which is consistent with the bias seen in Figure 5.7.
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Figure 5.7.: Similar to Figure 5.6 but for the full chemistry run FC1. In addition to
the VSLS CHBr3 and CHsBry the profiles of the long-lived source gases
(CCIBrFy/H1211, CBrF3/H1301 and CH3Br) are shown as well. The dashed
lines denote profiles of CHBrs and CHBry where the detrainment mixing
ratio is scaled by 0.5 and 0.85, respectively.
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Figure 5.8.: Comparison of modeled and observed BrO, adapted from McLinden et al.
(2010). The first three panels show local profiles from Bauro, Brazil (a),
Teresina, Brazil (b) and Niamey, Niger (c). Panel d) shows tropical averaged
profiles from 2003 to 2009. The SAOZ and LPMA /DOAS measurements are
from balloon-borne instruments, conducted by Pundt et al. (2002) and Dorf
et al. (2008), whereas the satellite data from ODIN/OSIRIS and SCIAMACHY
is taken from McLinden et al. (2010) and Rozanov et al. (2010a), respectively.
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5.3. Bromine Product Gases

The most important inorganic bromine product gases, which are commonly summarized
as Bry, are Br, BrO, HBr, HOBr, BrCl and BrONOy (see Figure 3.2). As shown in
Section 3.2.2, about 50-70% of Bry is actually BrO during daylight, which makes this
species a useful proxy for stratospheric bromine. Figure 5.8 presents local daytime BrO
measurements from different tropical sites together with model results from the full
chemistry simulations FC1 and FC2. The only difference between those runs is that
FC1 contains the two bromine VSLS CHBr3 and CHsBry which are not included in run
FC2 (Section 4.3.5). Panel a) shows local profiles at Bauru, Brazil (22°S, 49°W) in
February 2004 from SAOZ balloon-borne measurements (Pundt et al., 2002), satellite
data from ODIN/OSIRIS! (McLinden et al., 2010) and SCTAMACHY (Rozanov et al.,
2010a). The profile of model run FC1 agrees well with the observations, especially with
the SCIAMACHY and SAOZ data. The ODIN/OSIRIS instrument shows lower mixing
ratios that are more similar to the model run FC2 without additional VSLS. Panel c)
presents profiles from the same observational sources but for Niamey, Niger (13°N, 2°E)
in August 2006. Here, model run FC1 and SCIAMACHY observations also generally
agree between about 17 to 23 km. In the tropopause region, the satellite profile suggests
higher mixing ratios than the model which is reversed above 23 km. However, the mixing
ratios measured SAOZ and ODIN/OSIRIS are significantly higher than the previously
mentioned profiles suggest, especially above 20 km altitude. Panel b) comprises data from
balloon-borne LPMA /DOAS measurements conducted by Dorf et al. (2008) above Teresina,
Brazil (5°S, 43°W) in June 2005 in addition to SCTAMACHY and model data. The balloon
measurements show good agreement to run FC1, although there is a relatively constant
offset of about 1-2 pptv present. The SCTAMACHY data shows the same divergence as
described before, predicting higher mixing ratios in the tropopause and lower values in
the middle stratosphere compared to the full chemistry run with VSLS. Finally, panel d)
shows tropical averages of SCIAMACHY and model data between 2003 and 2009. The
picture is essentially the same as for the local sites: the profiles agree generally well in the
lower stratosphere and diverge further above and below.

In general, the standard full chemistry run FC1 with VSLS included agrees with the
presented observational data, especially with the SCTAMACHY observations in the range
between 17 and 23 km. With the exception of Niamey, the other observational sources also
agree with the modeled profile in principle, although the deviations are generally larger.

5.4. Water Vapor

An adequate representation of water vapor in the tropical tropopause is an important
prerequisite for modeling the possible loss of inorganic bromine due to washout or scav-
enging? (see Section 3.1.2). In the TTL, the averaged profiles of relative humidity with
respect to ice (RH) obtained from the idealized and full chemistry setup (Figure 5.9) are in
qualitative agreement with observations (e.g., Folkins et al., 2002; Sherwood et al., 2010),
in particular the decrease of RH with decreasing altitude in the lower TTL. This decrease
in RH results from the large-scale subsidence and associated adiabatic warming of air that
was initially saturated at convective detrainment. The successful representation of this
effect is thus only possible with the separation of slow large-scale descent and fast isolated

'Note that the ODIN/OSIRIS profiles are zonal averages at the corresponding latitude (McLinden et al.,
2010).
2This section is based mainly on the work presented in Aschmann et al. (2009, 2011).
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and FC1 (right) for 2004. Adapted from Aschmann et al. (2011).

convective updrafts in the model.

The RH peaks at around 16 km which is slightly below the cold point (Figure 5.9). In
this altitude region the air in the CTM gets effectively dehydrated, especially in local
areas that show much higher values of RH, for example over the Indian Monsoon and
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Figure 5.11.: Averaged tropical water vapor profiles derived from SHADOZ sonde mea-
surements (Thompson et al., 2003), HALOE (Groofl and Russell, 2005) and
SCIAMACHY (Rozanov et al., 2010b) observations and model runs ID1 and
FC1 for 2004. The gray shading depicts the range between minimum and
maximum values of the SHADOZ station ensemble (see Figure 5.13) whereas
the black line marks the mean. The error bars denote one standard deviation.

West Pacific region during boreal summer, which is on the line with previous studies (e.g.,
Gettelman et al., 2002a; Fueglistaler et al., 2005; Read et al., 2008). Another indicator is
the average amount of ice in run ID1 and FC1 presented in Figure 5.10, which concentrates
predominantly in the tropical upper troposphere/tropopause region. The fraction of ice
to total water abundance in the tropics is highest in the aforementioned altitude region,
about 5-8% in run FC1. At high latitudes, the ambient meteorological conditions allow the
formation of ice even up to 25 km altitude, i.e. Type II PSCs (e.g., McCormick et al., 1982;
Solomon, 1999; Lowe and MacKenzie, 2008). Generally, the idealized run ID1 shows much
lower values for ice than its full chemistry counterpart since it lacks the explicit treatment
of ice particle sedimentation thus all ice is removed instantly upon formation. This effect
can also be seen in the RH (Figure 5.9) and water vapor profiles (Figure 5.11) which show
generally lower values for run ID1.

A more quantitative evaluation of the modeled water vapor is presented in Figure 5.11
using HALOE (Groofl and Russell, 2005) and SCIAMACHY (Rozanov et al., 2010b)
satellite observations and SHADOZ balloon-borne sonde measurements (Thompson et al.,
2003, see also Figure 5.13). Above the cold point up to the lower stratosphere the modeled
profiles agree well with the HALOE data. This applies partly also for the comparison with
the SCIAMACHY profile, however, due to the relatively coarse vertical resolution of the
retrieval (2-5km, Rozanov et al., 2010b) some distinctive features are smeared out, for
example the minimum of water vapor at 17km. At the lower part of the TTL there is a
significant offset to the observations, especially compared to the sonde measurements. The
water vapor mixing ratio obtained from the combined SHADOZ stations is up to a factor of
three to four lower than the modeled profiles in the range between 12 and 17 km although
there is a also large variability in the observations as indicated by the gray shading in
Figure 5.11. The deviations to the SCTAMACHY observations are generally smaller. Since
the shape of the profiles is very similar it is likely that there is a constant offset in the
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modeled water vapor, probably introduced by the assumption that detraining air is always
fully saturated (see Section 4.2.2, 4.3.2).

In the stratosphere, the modeled water vapor shows a clear “tape recorder signal”
(Figure 5.12), i.e. the seasonal variation of humidity is conserved in ascending air parcels
(e.g., Mote et al., 1995). Comparison with HALOE measurements show in general excellent
agreement in the dry phases and also the speed of the tape recorder signal is well reproduced
(Figure 5.12). But these comparisons reveal also that in both modeling approaches too
much water (on average by about 1 to 1.5 ppm) is transported into the tropics at altitudes
above 17km during boreal summer. In the model calculations the ‘moist head’ of the tape
recorder is located at about 18 km which is not supported by the HALOE observations.
However, other measurements do indicate higher water vapor mixing ratios at 17 km and
above during boreal summer (Dessler and Sherwood, 2004; Hanisco et al., 2007; Jiang
et al., 2010). As stated above it is not clear if the discrepancy in water vapor between the
model and HALOE observations is a result of too much convective transport above the
cold point or whether the assumption that air detrains with 100% RH overestimates the
flux of water into the stratosphere.

5.5. Ozone

Ozone can be utilized as useful means for evaluating the transport mechanisms of the
CTM?. The linearized chemistry incorporated in the idealized run ID1 acts nearly identically
throughout the tropics on a given level of potential temperature. Likewise, the convective
detrainment mixing ratio is constant in this area, at about 20 ppbv. In addition, ozone
in the altitude range between 15 and 20km is relatively long-lived*, compared to typical
transport timescales (e.g., Brasseur and Solomon, 2005). Therefore, most of the ozone
variations in the modeled TTL can be attributed to transport and convection. Figure 5.14
shows ozone profiles of tropical sonde stations of the SHADOZ project (Thompson et al.,
2003, see also Figure 5.13) in comparison with corresponding data obtained from run ID1.
In general, the modeled profiles match the observations despite the simple treatment in
the model. However, especially the stations in South America and Central Africa show
significantly larger ozone concentrations compared to the model. This becomes clear when
considering that the ozone distribution in the free troposphere is not uniform throughout
the tropics as assumed in the idealized setup. Thompson et al. (2003) showed that there
“wave-1” structure (e.g., Shiotani, 1992) in free tropospheric ozone with increased
ozone mixing ratios between 50°W and 50°E, possibly due to ozone precursor emissions
from biomass burning or other sources. In regions where the amount of free tropospheric
ozone is similar, the modeled transport and convection are able to correctly reproduce the
key features of the measured ozone distribution.

Further comparisons of modeled ozone also from the full chemistry setup are presented
in Chapter 8, along with the impact of bromine VSLS on stratospheric ozone.

exists a

3This section is based mainly on the work presented in Aschmann et al. (2009).
4Under the assumption that there are no significant amounts of reactive halogens present.
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Figure 5.12.: Comparison of tropical water vapor mixing ratios (“tape recorder”) of run ID1
(top), FC1 (center) and HALOE observations (bottom, Groofl and Russell,
2005). Adapted from Aschmann et al. (2011).
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Figure 5.15.: Comparison of observed and modeled mean age of air, adapted from Waugh
and Hall (2002): latitudinal profile at 20km altitude (a), zonal averaged
profile at 5°S (b) and 40°N (c). The symbols represent observations: mean
age from in situ CO2 (diamonds, Boering et al., 1996; Andrews et al., 2001),
in situ SF¢ (triangles, Elkins et al., 1996; Ray et al., 1999), and whole air
samples of SF¢ (squares, Harnisch et al., 1996). Panel d) shows a zonal
cross-section of the modeled mean age of air.
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5.6. Mean Age of Air

The general circulation in the CTM is investigated using a passive AoA tracer as described
in Section 4.2.3. Figure 5.15 shows profiles of mean AoA obtained from observations of
long-lived species such as CO4 or SFg in comparison with model data of run ID2. In the
tropics, the modeled AoA generally matches the observations up to 25 km. Furthermore,
the average residence time of air parcels in the TTL, calculated from the mean heating
rate between 360 to 380 K, is about 42 days, which is in good agreement with previous
studies (e.g., Andrews et al., 1999; Kriiger et al., 2009; Ploeger et al., 2010).

However, at higher latitudes or altitudes the modeled AoA is significantly higher in
contrast to the observations. Even compared to a recent study of SF¢ distribution made by
Stiller et al. (2008), which suggests a slightly higher overall mean age than the measurements
presented in Figure 5.15, the modeled AoA deviates up to three years from the observational
basis, especially in polar regions. Apparently, the velocity of the large-scale stratospheric
flux in poleward direction (i.e. the Brewer-Dobson circulation, Figure 2.2) is underestimated
in the model. It is currently not clear whether this effect is caused by the ERA-Interim
input data or by the implementation of transport in the model. Although the primary focus
of this study is on the tropical UTLS where the circulation speed is adequately represented,
the deviations at higher latitudes/altitudes will affect the tropics due to mixing and must
be taken into account.

5.7. Discussion and Conclusion

An initial validation of the model with observations of bromine source and product gases,
water vapor and ozone shows in general good agreement (Sections 5.2-5.5). This means that
the approach of dividing the vertical transport into a large-scale component constrained by
diabatic heating rates on the one hand and convection in fast isolated updrafts on the other
hand is an appropriate tool for studying processes in the tropical tropopause, in particular
the impact of bromine VSLS. The modeled distribution of bromine source gases in the
TTL agrees generally well with the available aircraft observations (Section 5.2), however,
the assumption of a constant and uniform detrainment mixing ratio introduces a bias in
the source gas profiles, reflecting the uncertainties in the source gas emissions. On the
product gas side, BrO is used as proxy for stratospheric inorganic bromine in Section 5.3.
The modeled profiles agree well with observations in general, taking into account that the
uncertainty in the abundance of bromine source gases also propagates into the distribution
of stratospheric Bry.

Furthermore, there is some evidence from the ozone and water vapor comparisons that
could indicate too much convective transport into the 16 to 18 km altitude region. However,
a comparison of the convective turnover time scales in the TTL from the CTM with
estimates from Dessler (2002) shows excellent agreement (Section 5.1), so it may also be
that existing deviations from ozone and water vapor observations are a consequence of the
inherent limitations in the treatment of these species.

The general circulation in the model is realistically reproduced in the tropical UTLS
as shown by comparisons of the modeled phase speed in the water vapor tape recorder
(Section 5.4), the residence time in the TTL and mean age of air (Section 5.5) with available
observations. However, significant deviations are found in higher latitudes/altitudes
suggesting that the strength of the Brewer-Dobson circulation is underestimated in the
CTM. One consequence is that the model needs more time to reach a quasi-steady state,
about 20 years, which was considered in the setup of the model runs (Section 4.2.4, 4.3.5).
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Furthermore the response of the modeled atmosphere to changes is delayed. For example,
this becomes evident when the emission of source gases varies over time, as described in
Section 6.1.2 and 7.2. The impact of the underestimated poleward transport is also clearly
discernible in the abundance of polar ozone, which will be discussed in Section 8.



6. Impact of VSLS on Stratospheric
Bromine Loading

The contribution of bromine VSLS to stratospheric bromine loading is mainly dependent
on three important processes. The first one is the (vertical) transport in the tropical UTLS
region, which includes both the large-scale heating-rate-driven component and fast localized
convection. As shown in the evaluation of the CTM’s transport in Chapter 5, in general the
distribution of long and short-lived source gases in the TTL is adequately reproduced. The
second important process is the dehydration of tropospheric air masses during their ascent
into the stratosphere. Soluble species are likely to be scavenged by falling water/ice particles
during the dehydration process, however, important details of the TTL dehydration are not
fully understood (see Section 2.3). The impact of dehydration on stratospheric bromine
loading in the model will be discussed in Section 6.1. Finally, location and strength of
VSLS emission may have significant influence on the contribution of short-lived source
gases to stratospheric bromine. However, as pointed out earlier in Section 3.1.2, the few
available measurements of VSLS emissions show large variations which introduces severe
uncertainties in the assumed source strengths. Therefore, Section 6.2 presents a sensitivity
study to identify the impact of a more refined emission scenario for bromine VSLS whereas
Section 6.3 investigates the relative transport efficiency of different emission regions with
regard to stratospheric bromine loading.

6.1. Dehydration and Heterogeneous Chemistry

Dehydration in the TTL is assumed to have a significant impact on soluble halogenated
species and is subject to current research (e.g., Dvortsov et al., 1999; Sinnhuber and Folkins,
2006; Hossaini et al., 2010; Liang et al., 2010). A major part of Bry at the base of the TTL
is actually HBr and therefore highly soluble (e.g., Lary, 1996; Sinnhuber et al., 2002; Yang
et al., 2005, see also Figure 3.4), thus the estimate of VSLS contribution to stratospheric
bromine loading is highly sensitive to the implementation of uptake and scavenging in
a model'. Moreover, dissolved or adsorbed bromine species may undergo heterogeneous
reactions which are able to release active radicals again into the gas phase (e.g., von Glasow
et al., 2004; Law and Sturges, 2007), introducing another process that has to be considered.
This section is based mainly on the work presented in Aschmann et al. (2011).

As first step, the impact of these processes on the stratospheric bromine loading is
illustrated by comparing the idealized and full chemistry approach for a single year, 2006.
This particular year was chosen because it is in the last quarter of the covered time period of
the conducted model runs, minimizing the effect of initialization artifacts. More important,
2006 is a year relatively unaffected by the El Nifnio Southern Oscillation that is typically
accompanied by strong perturbations in sea surface temperature and convective activity
(e.g., Ramanathan and Collins, 1991; Barsugli and Sardeshmukh, 2002; Chiang and Sobel,

!Note that due to the general absence of liquid water in the UTLS, the region of primary interest in this
work, the terms “washout” and “scavenging” will be used in the following to refer to the uptake and
loss of trace gases on falling ice particles rather on droplets, unless stated otherwise.

63
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2002; Guilyardi et al., 2009) that would otherwise influence the results (see also Section 7.1).
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Figure 6.1.: Averaged tropical profiles of TT20, TT120 and soluble and insoluble Bry (Br;"l,
Briyns) for 2006 from run ID1. The dotted blue profile marks Br;Ol obtained

from sensitivity run ID2 where washout of Bry is restricted to within 40°N to
40°S. Adapted from Aschmann et al. (2011).

6.1.1. ldealized Setup

Figure 6.1 shows averaged tropical profiles for 2006 of bromine source and product gases of
run ID1 illustrating typical distributions. The suggested stratospheric bromine loading
is in the range of 3.14 pptv for the totally soluble tracer Br?f’l up to 5 pptv for the totally
insoluble tracer Briyns. Since both source gases, T'T20 and TT120, detrain with 1 pptv each
and produce upon their decay Bry corresponding to their number of included bromine
atoms?, a maximum of 5 pptv of bromine is available from VSLS. This means that at least
62% of all Br;/SLS is not affected by scavenging. Considering the sources gases individually,
TT20 and TT120 contribute about 1.58-3 pptv and 1.56-2 pptv to Br;/SLS, respectively.
Clearly, T'T20 is more affected by dehydration than TT120 due to its shorter lifetime.
The average amount of Br;,/ SLS entering the stratosphere by source or product gas
injection (SGI and PGI, see Section 3.1.2) can be estimated from the distribution of source
and product gases at 380 K, defined as the top of the TTL. Figure 6.2 shows that SGI is
the major pathway for VSLS into the stratosphere: At 380 K, the mixing ratio of TT20
is roughly 0.37 pptv, which represents 1.11 pptv Br;,/SLS. Likewise, TT120 has an average
mixing ratio of about 0.77 pptv at the same altitude, being equal to 1.54 pptv Br;,/SLS.
Consequently, the impact of PGI for both VSLS ranges from 0.47-1.89 pptv for TT20
and 0.02-0.46 pptv for TT120. The SGI of bromine VSLS sums up to 2.65 pptv while the

cumulative PGI is in the range of 0.49-2.35 pptv. These results agree well with the recent

%i.e. one unit of TT20 and TT120 yields three and two units of Bry, respectively.
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Figure 6.2.: Overview of average source (SGI) and product gas injection (PGI) of TT20
and TT120 in run ID1, in the case of a totally soluble (left) and insoluble Bry
tracer (right). The numbers represent the mixing ratios (pptv) of equivalent
Br;,/SLS with respect to TT20/TT120 (see text).

WMO report (Montzka and Reimann, 2010) which gives a range of 0.7-3.4 pptv for SGI
and 0.4-4.2 pptv for PGI of bromine VSLS.

Furthermore, the magnitude of PGI varies with the amount of water vapor in the TTL,
thus the distribution of B1r§,°1 shows a clear tape recorder signal (Figure 6.3). Br?,01 in the
TTL peaks during boreal summer and undergoes a minimum in boreal winter, the mixing
ratio at 380 K/17km ranging from about 0.8 to 1.8 pptv. Further above the abundance
of Br;Ol increases with altitude to typical values of 2.8 to 3.2 pptv depending on the tape
recorder phase. In general these phases remain discernible up to 30-35km altitude. A
detailed analysis of interannual variations of dehydration and its impact on stratospheric
bromine loading is given in Section 7.1.
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Figure 6.3.: Distribution of tropical Br;01 from run ID1 over time. Adapted from Aschmann
et al. (2009).
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Another aspect that influences the stratospheric bromine loading due to VSLS is the
assumption regarding the partitioning of Bry. In the idealized setup, Bry is either considered
totally soluble or insoluble throughout the atmosphere. In comparison, Figure 6.4 shows
the percentage of HBr to the total amount of Bry for the full chemistry run FC1. The
fraction of soluble inorganic bromine is large only at the base of the tropical tropopause
and diminishes rapidly with increasing altitude and latitude which is supported by earlier
studies (e.g., Lary, 1996; Sinnhuber et al., 2002; Yang et al., 2005). Since the Br;01 tracer
is designed to be affected uniformly by dehydration this significantly overestimates the
impact of washout especially near the South Pole which is shown in Figure 6.5: the left
panel illustrates the drastic decrease of B1"§’,°l in the southern polar region in standard run
ID1, which influences also the tropical mixing ratios by meridional transport. The right
panel shows the result of the sensitivity calculation ID2 where the scavenging of Bry is
restricted to within 40°N to 40°S. Switching off the scavenging process at higher latitudes
increases the lower limit of the contribution of VSLS from 3.14 to 3.4 pptv (dotted profile

in Figure 6.1).
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Figure 6.4.: Averaged ratio of HBr to Bry for 2006 obtained from run FC1. The left panel
covers the range from 0-100% whereas the right panel shows the detailed
structures in the range from 0-10%.
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Figure 6.5.: Annual mean distribution of B1”§‘,01 in 2006 for standard run ID1 (left) and
sensitivity run ID2 (right) where washout of Bry is restricted to within 40°N
to 40°S.
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Figure 6.6.: Averaged tropical profiles of long (CH3Br, Halon-1211, Halon-1301) and short-
lived bromine source gases (CHBr3, CH9Bry) and the inorganic bromine prod-
uct gases Bry (Br, BrO, HBr, HOBr, BrONO3, BrCl), for 2006 of run FC1.
The blue Bry profile denotes the reference run FC2 which does not contain
VSLS. The red dotted Bry profile is derived from the sensitivity calculation
FC3 where VSLS are included but the heterogeneous activation reactions (see
Table 4.5) are switched off. Adapted from Aschmann et al. (2011).
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6.1.2. Full Chemistry Setup

The full chemistry setup incorporates long-lived source gases that define the background
concentration of bromine in the stratosphere. Moreover, emissions of the long-lived source
gases are changing over time (Section 4.3.5) which makes the assessment of the impact of
VSLS on stratospheric bromine loading more complicated. To identify this background the
reference run FC2 was conducted which does not include bromine VSLS but is identical to
the standard run FC1 otherwise.

Figure 6.6 shows the averaged tropical profiles of bromine source and product gases in
2006 for the full chemistry runs. During 2006, the average detrainment mixing ratio of
long-lived source gases (CH3Br, CCIBrFy, CBrF3) is about 14.81 pptv (see Figure 3.1). At
the top of the tropopause (380 K), the mixing ratio of these source gases is 14.39 pptv in
comparison to 0.4 pptv of Br%,‘ong, derived from the reference run FC2. This means the
loss of BlrifOng due to scavenging is negligible with 0.02 pptv (0.018 pptv not rounded) as
the long-lived source gases are primarily photolyzed above altitudes where dehydration is
important (e.g., Sander et al., 2006; Hossaini et al., 2010). Consequently, about 14.79 pptv
of bromine originated from long-lived species enters the stratosphere in this particular
year. However, as shown in Figure 6.6, the mixing ratio of Bry in the stratosphere peaks
at about 14.07 at 32km altitude (run FC2) and decreases slowly with increasing height to
about 13.75 pptv at 53km. This effect is caused by the variable “emission” (to be precise:
the changing detrainment mixing ratio) of the long-lived bromine species. The relatively
slow transport in the stratosphere compared to the troposphere introduces a time lag in
the mixing ratio of Bry, i.e. some parts of the stratosphere still contain older air parcels
with less inorganic bromine which reduces the overall mixing ratios of these species. Note
that this effect is likely to be exaggerated by the slow stratospheric circulation in the model
as described in Section 5.6.

Long-lived
species

Figure 6.7.: Overview of average source (SGI) and product gas injection (PGI) of bromine
long and short-lived source gases in run FC1. The numbers represent the
mixing ratios (pptv) of equivalent Bry. Note that the fraction of Bry lost to
dehydration (combined for all source gases about 0.02 pptv) is omitted here to
maintain readability.

In run FC1 the mixing ratio of the additional VSLS is 0.49 pptv and 0.92 pptv at 380 K
for CHBr3 and CHyBra, respectively, which equals 1.47 pptv and 1.84 of Br;,/SLS (see
Section 6.1.1). Both species detrain with a mixing ratio of 1 pptv, each. The amount of
inorganic bromine at 380 K is 2.09 pptv. Considering that 0.4 pptv of Bry is originated
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from long-lived source gases (see above), 1.69 pptv are produced by VSLS. The sum of
these individual values gives 5 pptv of additional bromine (4.998 pptv not rounded) from
VSLS, which is practically the entire amount of VSLS detrained in the model. Apparently
the effect of dehydration and scavenging on stratospheric bromine loading is negligible in
the full chemistry setup. This leads to a total bromine loading of about 19.79 pptv for
2006, however, the stratospheric values of Bry are generally lower, around 19 pptv, due to
mixing with older air masses as described in the previous paragraph.

Figure 6.7 gives an overview of SGI and PGI of bromine source gases in run FCI.
Obviously SGI dominates for the long-lived species, but also for the VSLS the relative
importance of SGI is important, accounting for 49% and 92% of Br;,/SLS regarding CHBr3
and CHyBrs, respectively. Compared to the idealized setup the values for SGI are higher,
1.47 pptv to 1.11 pptv for CHBr3 and 1.84 to 1.54 pptv for CHyBrs, reflecting the longer local
photochemical lifetimes of VSLS in the TTL in the full chemistry approach (Figure 3.3).
The cumulative values for SGI and PGI for short-lived substances are 3.31 pptv and
1.69 pptv, respectively; well in range of the estimate of the WMO report (SGI: 0.7-3.4 pptv,
PGI: 0.4-4.2 pptv, Montzka and Reimann, 2010).
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Figure 6.8.: Relation between available ice particle surface area density in a model grid
box and the resulting fraction of adsorbed HBr on ice to total HBr derived
from Equation 4.9 (blue line, left ordinate). The red bars indicate the relative
frequency of occurrence of surface area density values in the tropical tropopause
(20°N to 20°S, 330K to 380K) for 2006 of run FC1 (right ordinate). The
fraction of adsorbed HBr is lower than 46% in 95% of all calculated surface
area densities. Adapted from Aschmann et al. (2011).

The presented results suggest that dehydration has apparently no significant effect on
stratospheric bromine loading, in contrast to the findings of previous studies (e.g., Dvortsov
et al., 1999; Warwick et al., 2006; Sinnhuber and Folkins, 2006; Hossaini et al., 2010). This
has several reasons. First, the mixing ratio of HBr in the transient altitude range between
the level of zero radiative heating and the cold point is relatively small (about 0.15 pptv),
the average fraction of HBr to Bry below 5% (Figure 6.4). Consequently, the majority of
inorganic bromine at this altitude is actually insoluble with respect to ice which is the
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most important particle surface in the TTL in the model (see below). Note that it is
assumed here that only HBr is adsorbed on ice. The SLIMCAT chemistry scheme includes
heterogeneous reactions for HOBr and BrONO3 on ice surfaces as well (Table 4.5), however,
as it is currently not clear how and to what extent HOBr and BrONO; are adsorbed on ice
(Crowley et al., 2010), the uptake of these species is not explicitly modeled in contrast to
HBr. The partitioning between HBr and Bry in the chemistry scheme is controlled mainly
by the gas phase reactions in Table 4.4 | the heterogeneous reactions in Table 4.5 and the
uptake and sedimentation on ice.
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Figure 6.9.: Tropical profiles of HBr from the standard full chemistry run FC1 (blue) and
the sensitivity calculation FC3 without heterogeneous activation (red) for 2006.
Adapted from Aschmann et al. (2011).

Furthermore, the fraction of adsorbed HBr on ice is relatively small as well. Figure 6.8
shows the relation of available ice particle surface area density and the resulting fraction
of adsorbed HBr to total HBr according to Equation 4.9 and the relative frequency of
occurrence of surface area density values in the tropical tropopause region for 2006: in 95%
of all model grid boxes where ice forms the percentage of HBr on ice is significantly lower
than 46%, thus limiting the possible impact of scavenging directly.

In addition, a major part of HBr on ice undergoes heterogeneous activation that releases
reactive bromine back into gas phase, supporting the assumption of Fitzenberger et al.
(2000). To investigate this effect the sensitivity run FC3 was conducted, being identical to
standard run FC1 but without the heterogeneous reactions for HBr on all particle surfaces
as listed in Table 4.5. Figure 6.9 presents tropical HBr profiles for both runs. In the
standard setup, the mixing ratio of HBr drops rapidly between 15 and 17 km altitude; a
distinctive feature that is also discernible in the zonal cross section in Figure 6.4. The
heterogeneous chemistry effectively depletes adsorbed HBr and releases bromine into gas
phase. In contrast, the mixing ratio of HBr in the UTLS is up to four times higher in the
sensitivity calculation without heterogeneous activation. Here, the partitioning of Bry is
shifted towards HBr which in turn leads to increased loss of bromine due to scavenging;
the resulting profile for Bry (Figure 6.6) is about 0.36 pptv lower than in the standard run.
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Consequently, 4.64 out of 5 pptv of bromine originating from VSLS are able to enter the
stratosphere when heterogeneous activation is ignored. An additional sensitivity calculation
shows that 96% of the observed effect can be attributed to heterogeneous reactions on ice
particles, in comparison to 3% and 1% for heterogeneous reactions on liquid aerosol and
NAT particles, respectively. This supports the assumption that ice particles are the most
important surface for heterogeneous chemistry in the TTL.

Finally, adsorbed HBr is not washed out instantaneously but sediments slowly downwards,
i.e. it is possible that a significant part evaporates again and eventually reaches the
stratosphere. This effect explains the local maximum of HBr at around 17 km in run FC3
(Figure 6.9): repeated sedimentation, evaporation and eventual ascent accumulates the
available HBr in a small vertical range. In fact the model likely overestimates the impact
of sedimentation in assuming a fixed fall velocity based on an average particle radius of 10
nm. According to Figure 6.8 most ice particles are actually smaller (about 0.5 to 2 pm).
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Figure 6.10.: VSLS emission scenario for run ID3 adapted from Warwick et al. (2006); Liang
et al. (2010): the detrainment mixing ratio of TT20 is 1 pptv in latitudes
above 30°N/S (green area), 0.7 pptv between 10°-30°N/S (cyan), 1.5 pptv
between 10°N-10°S (yellow) and 2 pptv on the coastlines between 20°N-20°S
(red). The values for TT120 in the same areas are 1.1, 0.9, 1.1 and 1.3 pptv,
respectively. There is no detrainment of VSLS over land (white areas).

6.2. Spatial Distribution of VSLS Sources

Strength and spatial distribution of the sources of bromine VSLS remain uncertain to this
day. The available measurements of these species are scarce and show large spatial and
seasonal variations (e.g., Carpenter and Liss, 2000; Quack and Wallace, 2003; Yokouchi
et al., 2005; Quack et al., 2007a; Butler et al., 2007). Effort has been invested into source
parametrizations that incorporate the available observational data (e.g., Palmer and Reason,
2009) or correlate the abundance of VSLS to specific phytoplankton functional groups (e.g.,
Quack et al., 2007b), but the resulting climatologies still contain significant deficiencies.
Recently, several top-down estimates of CHBr3 and CHsBrs emission have been used to
assess the impact of VSLS (e.g., Warwick et al., 2006; Kerkweg et al., 2008; Liang et al.,
2010). In general, these scenarios suggest that a major part of the emissions occur in the
tropical ocean, especially in coastal areas (Table 3.2).

To study the impact of a more detailed VSLS emission/detrainment scenario on strato-
spheric bromine loading the sensitivity run ID3 was conducted. Generally, it uses the
idealized setup of standard run ID1 and the restriction of Br;01 washout to within 40°N
to 40°S of run ID2. However, the detrainment mixing ratios for TT20 and TT120 (the
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idealized tracers representing bromoform and dibromomethane) are spatially varied as
depicted in Figure 6.10, based loosely on the emission scenarios of Warwick et al. (2006)
and Liang et al. (2010). The detrainment mixing ratios are especially high in a zonal
band between 10°N to 10°S and on the tropical coast lines whereas detrainment of VSLS
over land is ignored in this scenario (d. is zero for both species). The average tropical
detrainment mixing ratio for TT20 and TT120 is 0.96 pptv and 0.81 pptv, respectively.
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Figure 6.11.: Averaged tropical profiles of TT20, TT120 and soluble and insoluble Bry
(Br;‘)l7 Briyns) for 2006 from run ID3. This run is identical to ID2 except for the
detrainment mixing ratio distribution of TT20 and TT120 (see Figure 6.10).
In comparison, the dotted lines denote the tracer profiles obtained from 1D2.

Figure 6.11 presents a comparison of bromine source and product gases in the TTL for
runs ID3 and ID2. The main difference is located in the TT120 profile of run ID3, which is
approximately 0.2 pptv lower than its counterpart of ID2 in the TTL region. This value
matches the difference of average tropical detrainment mixing ratio of TT120 in run ID3
(0.81 pptv) to the assumed uniform value of 1 pptv in run ID2. Furthermore, taking into
account the difference of the detrainment mixing ratios of TT20 (0.96 pptv vs. 1 pptv for
ID3 and ID2, respectively) one would expect that the stratospheric BriynS abundance in
run ID3 is about 0.5 pptv lower than in ID2. In fact, the Blriy“S profile of run ID3 reaches
about 4.55 pptv in the stratosphere, i.e. the difference is only slightly smaller (5 pptv for
run ID2). Naturally, the difference of the B1r§,Ol profiles is shifted to lower values (3.08 pptv
to 3.4 pptv for ID3 and ID2, respectively), since the impact of the different detrainment
mixing ratios is reduced by the loss of inorganic bromine due to scavenging. Apparently
the amount of stratospheric bromine is predominantly sensitive to the averaged tropical
emission of VSLS3, while the spatial distribution of the sources plays a minor role only.
This confirms the findings of Schofield et al. (2011) who come to a similar conclusion using
a trajectory model with different emission scenarios.

In contrast to the averaged tropical mixing ratios of VSLS and Bry, the local abundance

3To be precise, the detrainment mixing ratio of VSLS.
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Figure 6.12.: Comparison of TT20 and TT120 with aircraft measurements of CHBr3 and
CH32Brj from Pre-AVE (left) and Cr-AVE (right) campaign like in Figure 5.6
but for run ID3. For comparison, the dashed lines denote the corresponding
profiles for run ID1.

of source gases is more affected by the utilized detrainment scenario. Figure 6.12 shows
the profiles of TT20/TT120 in comparison with aircraft measurements of bromoform and
dibromomethane similar to Figure 5.6 and the profiles from run ID1. Both VSLS show
generally lower values in the sensitivity run, with the most distinctive difference located at
the base of the tropopause (10-15km). According to transport efficiency analysis presented
in Section 6.3, approximately 40% of the air in this region and altitude is detrained above
the American continent (Figure 6.15). Since the detrainment mixing ratio of both VSLS is
zero above land in run ID3, the abundance of bromine source gases is significantly reduced
in the vertical region where continental air masses dominate. At higher altitudes, the
impact of continental detrainment decreases thus the differences between the profiles of
run ID1 and ID3 nearly diminish in the case of TT20, and approach an approximately
constant offset in the case of TT120, introduced by the difference between the averaged
tropical detrainment rates in both runs.

In general, the agreement with the observational data does not improve in run ID3,
especially the reduction of source gases below 15 km is not supported by the measurements.
This highlights the importance of continental detrainment for the bromine abundance in
the troposphere and lower tropopause. Although the major source of bromine VSLS is
assumed to be in the ocean (see above), it is likely that a significant amount of source
gases is transported landward in the boundary layer which cannot be explicitly calculated
in the model. At higher altitudes the impact of continental detrainment diminishes, as the
profiles of both VSLS are becoming mainly dependent on the average tropical detrainment
mixing ratio, which is especially distinctive for the shorter-lived TT20.
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Figure 6.13.: Map of the nine different source regions in run ID4. The regions are from left
to right: Eastern Pacific (EPa), America (Ame), Atlantic (Atl), Mediterranean
plus Black and Red Sea (Med), Africa plus Arabian Peninsula (Afr), Eurasia
(Eur), Indian Ocean (Ind), Australia plus Maritime Continent (Aus), Western
Pacific (WPa). Adapted from Aschmann et al. (2009).

6.3. Transport Efficiency of Individual Source Regions

Deep convection in the TTL generally tends to concentrate along the I'TCZ, however, the
strength of convective activity is not evenly distributed across the tropics but forms local
hot spots (e.g., Gettelman et al., 2002b; Liu and Zipser, 2005; Berthet et al., 2007, see
also Section 5.1). This has large impact on the transport of VSLS into the TTL since the
injection of short-lived species is directly related to the convective activity in the particular
region.
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Figure 6.14.: Snapshot of the TT20 distribution of run ID4 at 380 K (about 17km) on
February 16, 2004. The left panel shows the sum of all individual TT20
tracers (corresponds to left panel of Figure 5.4) whereas the right panel shows
the Western Pacific tracer, only.

To investigate the differences in the transport efficiency of individual regions with respect
to VSLS the run ID4 was conducted®. As shown in Figure 6.13, it comprises nine different
source areas which roughly resemble Earth’s oceans and land masses. Each region is
associated with a group of four tracers, which corresponds to the standard idealized setup

4This section is based mainly on the work presented in Aschmann et al. (2009).
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(Section 4.2): two source gases (TT20 and TT120) and the product gas tracer in a soluble
and insoluble variant (Br;d, Briyns). The detrainment mixing ratio of both VSLS is 1 pptv
in the particular region and zero outside. Note that by design this approach can only
reveal the differences of the transport efficiency in the individual regions. As indicated
before (Section 6.2), it is likely that there will be large differences in the source strengths
of VSLS among the investigated regions (see also Butler et al., 2007). These differences
are completely ignored in this approach by assuming an identical detrainment mixing ratio
for each source region.

Figure 6.14 clearly illustrates the importance of horizontal transport even for tracers
with a lifetime of only a few days: the left panel shows an arbitrary snapshot of the
combined TT20 distribution of all sources regions at 380 K, being practically identical to
the corresponding figure for run ID1 (Figure 5.4, left panel). In contrast, the right panel
shows the T'T20 distribution for the Western Pacific source region, only, i.e. the amount
of TT20 at the top of the tropopause that was originally detrained above this region.
Naturally, the highest concentrations are located above the emission region but there are
also significant mixing ratios thousands of kilometers away above Central America and the
Atlantic. Furthermore, a large fraction of total TT20 in the TTL is apparently originated
from the Western Pacific, which will be investigated more quantitatively below.
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Figure 6.15.: Relative contribution of individual source regions to the total amount of
TT20 (left) and TT120 (right) in January/February 2004 above 80-90°W,
20°N-3°S (area of the Pre-AVE campaign, see Figure 5.5), obtained from run
ID4. Each tick mark on the abscissa represents 10% relative contribution.
Adapted from Aschmann et al. (2009).

Considering these facts it is interesting to return again to the Pre-AVE measurements
above Central America conducted in early 2004 as discussed in Section 5.2. It was already
shown, that the model is generally able to reproduce the observed profiles of bromoform
and dibromomethane in this particular region (Figure 5.6). With the individual source
tracers of run ID4 it is possible to investigate the relative contribution of the different
regions to these profiles. Figure 6.15 shows the contribution of the different source regions
to the total amount of TT20/TT120 in the before mentioned Pre-AVE area, plotted against
height. At lower altitudes mainly three regions contribute to the amount of TT20/TT120,
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America, East and West Pacific. However, at the top of the tropopause the Western Pacific
clearly dominates all other regions, contributing up to 67% and 51% of TT20 and TT120,
respectively. Consequently, a major part of the VSLS measured above Central America
during the Pre-AVE campaign was likely originated from the Western Pacific.

As generalization, Figure 6.16 shows the averaged relative contribution of the individual
source regions to TT20/TT120 in the whole tropics. The picture is similar to the local
example presented above: at lower altitudes the relative contribution is roughly equal for
most of the source regions whereas at the top of the TTL the Western Pacific is clearly
identified as the most important area which contributes about 52% to the total TT20
abundance. As expected, the effect is slightly smaller for TT120 (47%) due to its longer
lifetime which reduces the impact of individual source regions. Apparently, the Western
Pacific and the Maritime Continent are the main regions where substantial high-reaching
(i.e. above the level of zero radiative heating) convection occurs. The combined contribution
of all oceanic source regions peaks around 75% at the top of the tropopause for both VSLS.
Thus oceanic regions, in particular the Western Pacific, represent the most important
transport pathway into the stratosphere, in agreement with earlier studies (e.g., Gettelman
et al., 2002b; Notholt et al., 2005; Liu and Zipser, 2005; Brioude et al., 2010; Pisso et al.,
2010). An interesting feature is the increase of relative contribution of the continental
source regions (Africa, America, Eurasia, Australia) at the top of the TTL. Although the
effect is small and the absolute abundance of VSLS, especially of T'T20, is very low above
18 km, this might indicate that the rare occurrences of very high-reaching convection are
predominantly found over land, as stated by Jorgensen and LeMone (1989).
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Figure 6.16.: Relative contribution of individual source regions to the total amount of TT20
(left) and TT120 (right) averaged over the tropics. Adapted from Aschmann
et al. (2009) and reproduced for WMO 2011 report.

6.4. Discussion and Conclusion

This chapter investigates the impact of the VSLS bromoform and dibromomethane on
stratospheric bromine loading with emphasis on the effect of dehydration (Section 6.1),
the spatial distribution of VSLS sources (Section 6.2) and the regional transport efficiency
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(Section 6.3).

The estimated contribution of these short-lived species to the stratospheric bromine
loading is 3.14/3.4 to 5pptv for the idealized setup (ID1/ID2) and 5pptv for the full
chemistry setup, assuming that both VSLS detrain with 1 pptv each. These values are in
agreement with observations ranging from 3 pptv (Sinnhuber et al., 2005) to 5 and 5.2 pptv
(McLinden et al., 2010; Dorf et al., 2008) to 8.4pptv (Sioris et al., 2006). Compared
to other modeling studies the estimations made in this study are rather at the higher
end. Considering only bromoform, the estimated contributions to stratospheric bromine
range from 0.8 to 1pptv (Dvortsov et al., 1999; Nielsen and Douglass, 2001) to 0.5 to
3 pptv (Sinnhuber and Folkins, 2006). When taking both bromoform and dibromomethane
into account recent studies suggest a contribution of 2.4 to 2.8 pptv (Hossaini et al., 2010;
Gettelman et al., 2009) up to 4.8/5 pptv (Schofield et al., 2011; Liang et al., 2010). Warwick
et al. (2006) suggest an even higher value of 6 to 7pptv but considers five short-lived
bromocarbons.

Table 6.1.: Overview of the contribution of VSLS to stratospheric bromine loading (SBL)
and the impact of dehydration in different modeling studies. The columns give
the average tropical mixing ratio of available bromine in the form of VSLS
and the stratospheric bromine loading due to VSLS. The ratio of both values
represents the loss of bromine due to dehydration. Adapted from Aschmann
et al. (2011).

Available SBL due to  Loss due to

Study VSLS [pptv] VSLS [pptv] dehydration
Hossaini et al. (2010) 6 2.4 60%
Schofield et al. (2011) 7.7 4.8 38%

Liang et al. (2010) 7 5 5/30%*
ID1 5 3.14 37%
ID2P 5 3.4 32%

FC1 5 >4.99 <0.2%

FC3¢ ) 4.64 %

* 30% of Bry from VSLS is lost in total. The fraction of Bry lost above 500 hPa

is 5%.
> Washout of Br{® restricted to within 40°N/S.
¢ No heterogeneous activation reactions.

One key question is the impact of dehydration and scavenging on soluble inorganic
bromine species. Depending on the representation of these processes in the model the
estimated contribution of VSLS to bromine loading differs significantly. Table 6.1 gives
an overview of the contributions of bromine VSLS to stratospheric bromine dependent on
the applied dehydration mechanism in recent modeling studies together with the results
from this study. Hossaini et al. (2010) assume a constant washout lifetime of 10 days
for Bry, resulting in a loss of 60% of bromine originated from VSLS. In the approach of
Schofield et al. (2011), 85% of Bry is removed at the cold point, resulting in a loss of 38%
of bromine contributed by VSLS. The idealized setup, which uses a comparable simple
approach for dehydration, suggests a loss of 32-37% of bromine produced by VSLS. In
contrast to the simple dehydration mechanisms, Liang et al. (2010) use a detailed wet and
dry deposition scheme to calculate the loss of Bry. They state that 30% of Bry produced by
VSLS is removed by wet scavenging, however, 85% of this wet removal occurs below 500 hPa
(56 km). Consequently, about 5% of Bry produced by VSLS is scavenged above 500 hPa.
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These findings are consistent with the results of the full chemistry setup, if heterogeneous
activation is ignored (about 7% loss). Taking into account the heterogeneous chemistry
lowers the loss of Bry to almost zero thus rendering the influence of dehydration in the
UTLS on bromine loading insignificant.

The impact of a spatially varied detrainment scenario for bromine VSLS on stratospheric
bromine similar to those applied in, e.g., Warwick et al. (2006); Kerkweg et al. (2008);
Liang et al. (2010); Schofield et al. (2011) is found to be rather small (Section 6.2). The
abundance of VSLS is sensitive to differences in the detrainment mixing ratio mainly in the
troposphere and lower tropopause; further above the source gas profiles are predominantly
dependent on the average tropical detrainment mixing ratio. Consequently, the impact of
the detrainment scenario on inorganic bromine at the top of the TTL is also only minor,
which is in agreement with Schofield et al. (2011) who come to a similar conclusion using a
trajectory model with different emission scenarios.

Finally, the transport efficiency of different regions regarding VSLS is investigated in
Section 6.3. The Western Pacific is clearly identified as the most important source region
for VSLS transport, contributing up to about 50% of TT20/TT120 at the top of the TTL
under the assumption of a uniform detrainment mixing ratio. This confirms the findings of
earlier studies (e.g., Gettelman et al., 2002b; Liu and Zipser, 2005; Brioude et al., 2010;
Pisso et al., 2010) that the Western Pacific and the Maritime Continent are the most
important pathways into the TTL and eventually the stratosphere, especially for short-lived
substances.



7. Long-term Variability of Stratospheric
Bromine

The estimations of stratospheric bromine loading due to VSLS given in the previous chapter
represent a snapshot of a specific point in time. However, as indicated before (e.g., tape
recorder signal of inorganic bromine, Figure 6.3), the amount of bromine in the UTLS
undergoes distinctive cycles as the major controlling mechanisms, convective activity,
dehydration and advection are not in a static equilibrium. Therefore, this chapter focuses
on the interannual variability of stratospheric bromine loading and the involved processes.
Section 7.1 presents tropical averaged timeseries of the most important variables that control
the amount of Br;,/SLS in the TTL. The temporal development of modeled stratospheric
bromine is compared to satellite observations in Section 7.2. Finally, Section 7.3 presents
two extraordinary distinctive ENSO seasons that are investigated to explore the impact of
a strong perturbation in convective transport on stratospheric bromine in detail.

7.1. Variations of VSLS Injection into the Stratosphere

The balance between the processes controlling bromine loading is not static but rather
varies significantly with ambient meteorological conditions'. To illustrate the connection
between the most important variables the following sections present timeseries of tropical
ECMWEF ERA-Interim sea surface temperature (SST) and detrainment rate d., bromine
short-lived source gases, inorganic bromine product gases and total bromine abundance (i.e.
the sum of source and product gases) and the corresponding monthly anomalies from 1990
to 2009 (1989 was discarded to reduce spin-up effects) for run ID1 and FC1. The values for
d. are averages over the altitude range being most relevant for bromine in the UTLS: from
the level of zero clear sky radiative heating at approximately 350 K (15.5km), which marks
the transition from large-scale subsidence to large-scale upwelling (e.g., Corti et al., 2005;
Sinnhuber and Folkins, 2006), to the cold point at about 380 K (17 km) where major parts
of tropopause air get effectively dehydrated (e.g., Gettelman et al., 2002a; Fueglistaler
et al., 2005). The cold point is also commonly regarded as a likely upper altitude limit for
deep convection (e.g., Dessler, 2002; Fueglistaler et al., 2009a). For the tracer timeseries
380K is picked for the same reasons: almost all detrainment and dehydration (in the
tropics, Figure 5.10) occurs below this level so tracers at this altitude are likely to enter
the stratosphere with their current mixing ratio at 380 K.

7.1.1. ldealized Setup

Firstly, Figure 7.1 illustrates the relation between sea surface temperature and convective
activity in the ECMWF ERA-Interim reanalysis: as expected, higher SSTs lead in general
to intensified convection denoted by higher values of d. (correlation coefficient between the
two timeseries is r = 0.53) which is in line with real world observations (e.g., Ramanathan
and Collins, 1991). Secondly, the calculations show clearly a tight coupling of bromine

!This section is based mainly on the work presented in Aschmann et al. (2011).
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source gas abundance in the UTLS and detrainment rate (r = 0.69 for d./TT20 and
d./TT120). Quantitatively, this affects mostly the short-lived species TT20, for example
its mixing ratio at 380 K increases by about 20% during the exceptional strong El Nifio
event 1997/98. For TT120 the magnitude of this effect is smaller (e.g., about 6% during
1997/98) due to its relatively long lifetime.

Time series Anomalies
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Figure 7.1.: Monthly timeseries of tropical sea surface temperature SST, detrainment rate
de, the VSLS TT20 and TT120, Bri®" and total bromine (left panels) and the
corresponding anomalies (right panels) from 1990 to 2009 obtained from run
ID1. The values represent the top of the TTL (380 K, about 17 km) for the
tracers or the average of the range between the level of zero radiative heating
and the cold point (350-380K) for d.. The red lines denote the corresponding
yearly average. Adapted from Aschmann et al. (2011).

However, for the product gas Bry the situation is more complex. The insoluble variant
(not shown here) has no sink in the model (Section 4.2.1) but is diluted by detraining air
([Bry]. = Opptv), leading to a robust anti-correlation to the detrainment rate (r = —0.70).
Since the insoluble Bry tracer is inert and all bromine VSLS eventually end up as Bry,
the mixing ratio of total bromine converges to a fixed value, in the case of the applied
setup 5 pptv. That means variations in convective activity cannot alter the amount of total
bromine once it reaches its equilibrium value of 5 pptv. In contrast, the soluble Bry tracer
is subject to washout as described in Section 4.2.1, which introduces an additional process
that disrupts the anti-correlation to d. (r = —0.40 for Blr;Ol /d.). Consequently, total
bromine abundance cannot reach equilibrium but varies with the amount of source gases
and the scavenging efficiency. This process is due to the model’s treatment of dehydration
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mainly controlled by relative humidity in the UTLS region, i.e. local water vapor content
and temperature. Which process dominates depends on the ambient conditions. Actually
there is a weak correlation of total bromine with d. (r = 0.44 for total Br/d.) which may
lead to the conclusion that the additional injection of bromine source gases during strong
convection tends to outweigh the decrease due to scavenging, however, there are also short
periods where total bromine is anti-correlated to convective activity.
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Figure 7.2.: Tropical timeseries and anomalies of sea surface temperature, detrainment rate,
bromine VSLS, inorganic and total bromine, similar to Figure 7.1 but for full
chemistry run FC1. Note: the values for Bry and total bromine are actually
the difference of standard run FC1 and the reference run FC2 without VSLS
to isolate the impact of the short-lived substances. Adapted from Aschmann
et al. (2011).

7.1.2. Full Chemistry Setup

The corresponding timeseries for run FC1 are presented in Figure 7.2. The picture for the
bromine VSLS, bromoform and dibromomethane, is essentially the same as in the idealized
setup (Section 7.1.1). Both are correlated to d. (r = 0.59, 0.61 for d./CHBrs, d./CHyBr2)
and bromoform is also more affected quantitatively than dibromomethane.

The pronounced difference to the idealized setup manifests in the mixing ratio of
Bry /total bromine at 380 K. To remove the influence of the variable long-lived source
gases (Section 4.3.5), the timeseries of Bry /total bromine in Figure 7.2 actually shows the
difference between the reference run FC2 without VSLS and the standard full chemistry
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setup as already described in Section 6.1.2. As stated earlier the model suggests that
virtually the entire amount of bromine originating from VSLS is able to reach the UTLS
region at 380 K. Temporal variations in convective activity and washout efficiency do not
have a significant effect; after about two years of spin-up time the mixing ratio of total
bromine stays at 5 pptv. In return, Bry acts as the insoluble product gas tracer discussed in
Section 7.1.1: since total bromine has reached the equilibrium value of 5 pptv, Bry is clearly
anti-correlated to convection (r = —0.62 for d./Bry) thus balancing out the changing
amount of available source gases. Apparently the loss of soluble inorganic bromine species
in the tropopause by uptake on ice is negligible in the full chemistry approach as stated in
Section 6.1.

Results from the sensitivity calculation FC3 without heterogeneous activation presented
in Figure 7.3 show that uptake of soluble Bry on ice causes an average loss of total bromine
of about 0.3 pptv that increases up to 0.5 pptv, for example, during the El Nifio season
1997/98 which is roughly 25% to 30% of the Bry originating from VSLS at 380 K. Interesting
to note is the time lag of the total bromine loss during the aforementioned El Nino season:
in the idealized setup with instantaneous washout the major loss of total bromine occurs at
December 1997 (Figure 7.1) in contrast to the full chemistry run FC3, where the minimum
is reached around May 1998. This delay is most likely caused by the repeated cycle of
adsorption, sedimentation and ascent as described in Section 6.1.2, which is not present in
the idealized setup where loss due to scavenging occurs instantaneously. Another notable
difference to the idealized approach is revealed in the La Nina season at the end of 1999.
The idealized run shows a small minimum in total bromine of about 0.1 pptv (Figure 7.1)
whereas the loss in the full chemistry run is doubled. Apart from these two major events the
effect of dehydration on total bromine is generally smaller in the full chemistry sensitivity
run than in the idealized setup.
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Figure 7.3.: Tropical timeseries and anomalies of Bry and total bromine as in Figure 7.2
but from sensitivity run FC3 without heterogeneous activation.

7.2. Temporal Development of Stratospheric Bromine Loading

The only currently available multi-year timeseries of bromine observations in the UTLS
stems from SCIAMACHY, which measures BrO in the range between 15 and 29 km
(Rozanov et al., 2010a, see also Section 5.3). Thus, the full chemistry simulation offers
the opportunity to compare the modeled temporal development of stratospheric bromine
with observations, as it explicitly calculates the partitioning of Bry. Figure 7.4 presents
timeseries of BrO obtained from simulation runs with and without VSLS (FC1, FC2) and
SCIAMACHY observations at the tropics and high latitudes at 17 and 27 km altitude. To
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Figure 7.4.: Timeseries of BrO from simulation FC1, FC2 and SCIAMACHY (Rozanov
et al., 2010a) at the tropics and high latitudes at 17 and 29 km. The model
results are given at SCIAMACHY local time to ensure comparability. In
addition, panel a) shows the detrainment mixing ratio of all bromine source
gases in the model, i.e. the long-lived species according to WMO scenario Al
(Daniel and Velders, 2010) plus 5 pptv from VSLS.

ensure direct comparability, the model output is shown here at the SCTAMACHY local
time. In addition, the black line denotes the detrainment mixing ratio of all bromine source
gases included in the model, i.e. the two VSLS that contribute constantly 5 pptv and the
long-lived species, whose detrainment mixing ratio varies according to the WMO scenario
A1 (see Figure 3.1; Daniel and Velders, 2010). In panel a), i.e. at the top of the tropical
tropopause at 17km (approximately 380 K, in analogy to Figure 7.2), hardly any trend of
modeled BrO is discernible: only 10% of total bromine at this altitude is in the form of
Bry, as the majority of bromocarbons is still intact. Furthermore, the difference between
run FC1 and FC2 reveals that about 75% of BrO is contributed by VSLS at 17 km, whose
detrainment mixing ratio stays constant over time. The interannual variability of the BrO
mixing ratio can be attributed to the variation of convective activity. As indicated in
the previous section, Bry is anti-correlated to d. and SST and one can expect the same
for BrO. In fact, the anti-correlation between modeled BrO and SST is relatively high
(r = —0.80). SCIAMACHY BrO shows a similar anti-correlation to SST (r = —0.69),
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however, in addition it exhibits a notable decrease, about —3.3%/yr in the period between
2003-2010. Since the decrease in long-lived source gases as projected by the WMO scenario
is only about —0.4%/yr in the same period, this change cannot be solely related to these
species.

This becomes especially clear at higher altitudes and latitudes, as shown in the panels
b)-d): Here, the model suggests a positive trend of BrO almost over the entire time
span which is not supported by the observations. It is likely that the modeled BrO
distribution responds too slowly to changes in the long-lived source gases due to the
underestimated Brewer-Dobson circulation (see Section 5.6). Furthermore, distortions
caused by initialization artifacts cannot be entirely ruled out. However, these arguments
alone can hardly explain the discrepancy between the model and observations. If the
observations do not contain a large systematic error, this effect must be caused by a possible
unknown mechanism or a poorly represented process in the model which causes a stronger
variability of stratospheric bromine than previously expected.

One possibility is the inter-hemispherical difference in the emission of the most abundant
bromocarbon, CH3Br. As indicated by Montzka and Reimann (2010), the mixing ratios
of CH3Br are found to be higher in the Northern Hemisphere, by about 1-2 pptv in the
years between 1996-2008, which is not included in the model. Therefore, changes in
the exchange between the Northern and Southern Hemisphere for example by ENSO or
other dynamical processes could possibly impact the abundance of stratospheric bromine.
Another important factor to consider here is the variability of VSLS emissions, which is
completely ignored in the model. As stated before (Section 3.1.2), the observed mixing
ratios of VSLS vary dramatically in the boundary layer, therefore it is definitely possible
that the variability of stratospheric bromine is predominantly controlled by short-lived
species. In addition, SCTAMACHY shows generally larger values of BrO compared to model
run FC1 (except in the tropical stratosphere), that means the contribution of VSLS may
easily exceed the assumed 5 pptv. However, little is currently known about the temporal
development of VSLS sources, which makes it difficult to prove this assumption. Definitely,
more research is needed to address this important question.

7.3. Spatial Anomalies during El Nifio/La Niiia Seasons

The special circumstances during the ENSO seasons offer the opportunity to investigate the
impact of convective transport and dehydration on stratospheric bromine under extreme
conditions?. As already stated in Section 7.1, the ENSO phases are accompanied by
anomalies in sea surface temperature and changes in convective activity, predominantly
in the Pacific region (e.g., Ramanathan and Collins, 1991; Barsugli and Sardeshmukh,
2002; Chiang and Sobel, 2002; Guilyardi et al., 2009). The following sections illustrate
the impact of an intense perturbation in convective transport, presenting spatial anomaly
maps of sea surface temperature, convective detrainment, bromine VSLS and inorganic
and total bromine for the exceptional strong El Nino/La Nina seasons 1997/98 and 1999.

7.3.1. Idealized Setup

Figure 7.5 shows the spatial anomaly distribution of the aforementioned variables for the
El Nifio/La Nina seasons 1997/98 and 1999, respectively. For the El Nino season 1997/98
there is an increase of SST in the equatorial East Pacific and to a lesser extent in the
western part of the Indian Ocean. Convective activity generally intensifies in these areas

2This section is based mainly on the work presented in Aschmann et al. (2011).
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Figure 7.5.: Averaged anomalies of sea surface temperature SST, detrainment rate d.,
the VSLS TT20 and TT120, relative humidity RH, B1"§‘,°l and total bromine.
The small boxes denote the corresponding potential temperature level. Left:
Averages over El Nifio season November 1997 to February 1998. Right: Aver-
ages over La Nina season September 1999 to December 1999. Adapted from
Aschmann et al. (2011).

although there is also a decrease of d. over the Maritime Continent. This dipole-type
structure is also discernible in the distribution of the bromine source gases, TT20 and
TT120, but the increase outweighs the loss considering the whole tropics. Interestingly, the
mixing ratios of both source gases are actually dropping over the Western Indian Ocean
although d. shows a positive anomaly there which might be a transport-related effect. The
relative humidity as indicator for scavenging efficiency shows two zonal bands of strong
positive anomalies at 20°N/S disrupted by an extensive negative anomaly over the Western
Pacific stretching as equatorial band eastward. Mixing ratios of Br;Ol are significantly
reduced in areas with positive anomalies of relative humidity, exceeding the effect of Bry
reduction due to dilution by detraining air.

The interpretation of the distribution of the total bromine anomalies is more complex.
During El Nino 1997/98, the main features of the distribution, i.e. the strong positive
anomaly over the equatorial Pacific next to the negative anomaly over the Indian Ocean,
generally correspond to the patterns of TT20 and TT120. However, as explained in the
previous section (Section 7.1.1), the amount of total bromine is also directly controlled
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by the scavenging efficiency, which may outweigh the effect of source gas injection. The
positive anomaly of total bromine in the equatorial pacific and the negative anomaly in the
Indian Ocean are examples where these two factors coincide: an increase in source gases
is accompanied by an decrease of relative humidity (i.e. scavenging efficiency). However,
at 20°N/S, this is not the case and total bromine is reduced due to increased washout,
although both source gases show a positive anomaly at this latitude (in the Pacific region).

In principle, the La Nina season 1999 shows a similar picture with inverted sign for the
detrainment rate and the source gases. However, there are notable differences, the most
important is the missing dipole-type structure of the previous El Nifio season. This leads
to a roughly uniform negative anomaly for the source gases and relative humidity in the
Pacific region, whereas Br;Ol shows a corresponding positive anomaly. The distribution of
total bromine is split up in a small northern positive anomaly and an extensive negative
anomaly in the South. The northern anomaly can be explained with the exceptionally
low scavenging efficiency in this region which restricts washout of Br;‘)l, however, this
explanation is not applicable for the Southern Hemisphere (SH) where total bromine is
reduced in spite of the low scavenging efficiency. It is likely that the reduced amount of
source gases outweighs the impact of scavenging in this region. Furthermore, it is possible
that the negative anomaly is intensified by transport of Bry-depleted air from other areas,
for example from India or the northern part of the Maritime Continent, where a positive

anomaly of relative humidity exists.

7.3.2. Full Chemistry Setup

The spatial anomaly patterns of the full chemistry run FC3 for the prominent El Nino/La
Nina seasons 1997/98 and 1999 are presented in Figure 7.6. The run FC3 is chosen here,
because it is on the one hand identical to the standard run FC1 with regard to the source
gases and the relative humidity. On the other hand, as shown in Section 7.1.2, there is no
discernible effect of dehydration on stratospheric bromine in run FC1, as heterogeneous
activation nullifies its impact, thus run FC3 without these reactions offers the opportunity
to study the isolated effect of dehydration. In addition, to remove the influence of changing
long-lived source gases and focus on bromine VSLS, the difference of run FC3 and FC2
(without VSLS) is shown for Bry and total bromine.

The anomaly patterns for the two VSLS and the relative humidity are very similar in
shape and magnitude to the idealized setup (Figure 7.5) during both seasons. The main
differences between the two approaches is present in the anomalies of inorganic and total
bromine. There is a certain resemblance in the patterns of those tracers compared to the
idealized approach, however, the magnitude differs significantly, especially in the case of
total bromine where FC3 shows a much smaller effect. These differences are caused by
the treatment of dehydration in the full chemistry setup. In contrast to the idealized run
ID1, the removal of inorganic bromine due to adsorption on ice is neither complete (only
HBr is removed) nor instantaneous. This treatment limits the impact of dehydration and
furthermore introduce a time lag, e.g. the major loss of total bromine during El Nino season
1997/98 occurs five months later in FC3 compared to ID1 (Section 7.1.2). The uniform
decrease of total bromine during La Nina 1999 in contrast to the partial increase in the
idealized run can be also explained by these differences. Since the effect of dehydration is
smaller and delayed in the full chemistry setup, illustrated by the weak anomalies of Bry
during the La Nina season, the uniform negative anomaly is mainly forced by the decrease
in source gas abundance.
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Figure 7.6.: Averaged anomalies for sea surface temperature, detrainment rate, bromoform,
dibromomethane, relative humidity and inorganic and total bromine for the
El Nifio season 1997/98 (left) and La Nina season 1999 (right) as in Figure 7.5
but for the full chemistry run FC3 without heterogeneous activation. Note:
the values for Bry and total bromine are actually the difference of run FC3
and the reference run FC2 to show the impact of dehydration and short-lived
substances (see also Section 7.1.2). Adapted from Aschmann et al. (2011).

7.4. Discussion and Conclusion

In this chapter, the long-term variability of stratospheric bromine is investigated using
21-year timeseries obtained from the idealized and full chemistry runs (Section 7.1) and
comparisons to available observations (Section 7.2). The impact of the intense perturbations
in convective activity during ENSO phases is discussed in Section 7.3.

In general, there is a tight coupling of sea surface temperatures and convective activity
in the conducted model runs (Section 7.1). Although the strongest variations of SST and
d. are predominantly located in the Pacific region (e.g., Figure 7.5), the mixing ratios
of bromine source and product gases are affected in the whole TTL, as the (Western)
Pacific region has been identified to be the most important gateway into the stratosphere
(Section 6.3). The abundance of the bromine VSLS bromoform and dibromomethane at
the top of the TTL is highly correlated with convective activity, especially in the case
of the shorter-lived bromoform. In contrast, Bry is generally anti-correlated to d. due
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to convective dilution, however, this is strongly dependent to the utilized treatment of
dehydration in the model. Likewise, the impact of varying deep convection on total bromine
loading in the stratosphere is also very sensitive to the implementation of the dehydration
mechanism. In the full chemistry setup, total bromine is practically unaffected by moderate
changes in the convective detrainment rate (Figure 7.2). In turn, the more “aggressive”
idealized approach suggests that on average more bromine reaches the stratosphere during
strong convective events and vice versa, but that is not necessarily the case for local areas
because the scavenging efficiency plays also an important role, which is mainly controlled by
ambient temperature and water vapor content, i.e. relative humidity. Of course, in reality
convection and relative humidity are not independent but form a complex interaction (e.g.,
Sherwood and Dessler, 2001; Gettelman et al., 2002b; Jain et al., 2006; Fueglistaler et al.,
2009a; Tost et al., 2010) which cannot be captured in detail by the simplified treatment of
convection in the model.

Comparisons between modeled BrO and SCTAMACHY observations reveal that the
satellite data shows a negative trend during 2003-2010 which exceeds the expected decrease
of long-lived bromine source gases by a factor of 8 and is not reproduced by the model
(Section 7.2). It is currently not entirely clear what causes this discrepancy but a likely
explanation could be that the variability of BrO in the UTLS region is largely controlled
by the changing emissions of VSLS which is not included in the model.

The ENSO phases offer an interesting opportunity to study the impact of bromine
VSLS under varying conditions of convective activity (Section 7.3). Several processes
simultaneously control the amount of bromine at the top of the TTL. The first is directly
related to convective transport. An increase of convection leads in general to an increase
of source gases in the TTL, resulting in rising concentrations of total bromine and vice
versa. However, the total amount of bromine becomes increasingly insensitive to variations
in convective transport if it converges to its possible maximum, i.e. if the loss of bromine
becomes negligible, which is the case for the insoluble Bry tracer in the idealized setup
and the inorganic bromine species in the standard full chemistry setup (e.g., Section 7.1).
The second process is dehydration, which is in part connected to convection (see above).
The formation of ice is controlled by the ambient temperature and content of water vapor,
which is similar for both modeling approaches. In the idealized setup, where dehydration is
approximated as instantaneous mechanism that immediately removes all ice and adsorbed
Bry, the resulting distribution of total bromine can be clearly identified as a superposition
of the anomaly patterns of convectively injected source gases and the dehydration efficiency
represented by the relative humidity (Figure 7.5). In the full chemistry setup without
heterogeneous activation this relationship is not as clear (Figure 7.6), since the loss
of inorganic bromine due to dehydration is not instantaneous in contrast to the quasi-
instantaneous convective transport. These different timescales introduce a time lag in the
response of total bromine. Finally, the last important process is the large-scale advection.
Its impact is closely connected to the dehydration process, as it enables air masses to be
transported in or out of areas where efficient dehydration occurs (“cold trap” hypothesis,
e.g., Holton and Gettelman, 2001; Fueglistaler et al., 2005, 2009a), however, this is difficult
to quantify as it does not produce distinctive features as the two previous processes.

The presented results confirm a tight coupling between SST, convective activity, abun-
dance of bromine VSLS in the TTL and, depending on the modeling approach, stratospheric
total bromine. Considering an increase SST in a changing climate (e.g. Rayner et al.,
2003; Kumar et al., 2004; Dong et al., 2009), this will likely alter the amount of VSLS
reaching the stratosphere (e.g., Dessens et al., 2009). In addition, Butler et al. (2007)
found a positive correlation between the oceanic emissions of bromine VSLS and SST, that
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means it is possible that an increase of SST not only makes the transport of VSLS into the
stratosphere more efficient, but the emission of these species will increase as well.
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8. Impact of VSLS on Stratospheric Ozone

The catalytic destruction of ozone caused by reactive halogens is a key process in the
stratospheric ozone chemistry, as outlined in Section 3.2.3. This applies in particular for
bromine, which is according to Sinnhuber et al. (2009) on average about 64 times more
efficient in the depletion of ozone than an equal amount of chlorine. Therefore, this chapter
evaluates the impact of short-lived bromine source gases on stratospheric ozone abundance.
Firstly, Section 8.1 compares the modeled ozone with available observations. In a second
step, the actual ozone decrease caused by bromine VSLS is investigated in Section 8.2.

8.1. Comparison of Modeled and Measured Ozone

In this section, the ozone distribution in the model is evaluated using observational data.
Panel d) of Figure 8.1 shows a zonal cross section of Oz mixing ratio of run FC1 for 2006,
which represents a typical distribution of ozone (e.g., Brasseur et al., 1999): Low mixing
ratios in the troposphere/tropopause region (typically below 100 ppbv), a strong gradient
between approximately 15 and 25km that lead to a local maximum in the stratosphere
around 25 to 35 km altitude. The highest mixing ratios, around 10 ppmv, can be found
above the tropics at around 30 km, where most stratospheric Og is produced.

A more quantitative comparison is given in the panels a) to ¢) in Figure 8.1, representing
O3 profiles in the tropics, mid and high latitudes of run ID1 and FC1, SHADOZ sonde
measurements (Thompson et al., 2003) and SCTAMACHY satellite observations (Rozanov
et al., 2007). In the tropics, both modeling approaches significantly underestimate the
ozone abundance in the UTLS region compared to the observations (about 30-70%). It is
possible that the assumed detrainment mixing ratios for Og are too low which would lead
to a reduction of ozone in the TTL caused by convective dilution. Furthermore, run FC1
predicts lower mixing ratios at the top of the stratosphere, in contrast to the idealized setup
that shows only slightly higher values than the SCTAMACHY observations. In between,
the amount of modeled O3 generally agrees with the observations, although especially the
full chemistry setup overestimates the amount of ozone around 20 to 25km. At mid and
high latitudes the picture is similar for the middle and upper stratosphere, however, here
the model simulations drastically overestimate the Oz abundance in the UTLS by up to
60-80%. Since both modeling approaches show a similar behavior this deviation is most
likely a transport effect, probably caused by the too slow Brewer-Dobson circulation in the
model (Section 5.6).

Figure 8.2 presents zonal cross sections of total column ozone (TO3) from multiple
modeling approaches and observations for different seasons in 2006. In addition to the
model runs ID1 and FC1, the ozone data set of Kiesewetter et al. (2010a) is shown here
who used the BSDCTM in an approach similar to the idealized setup but also assimilated
O3 observations from the SBUV satellite-borne instrument into their model. Note that
since the model does not explicitly contain the troposphere, an ozone climatology from
Fortuin and Kelder (1998) is used to calculate the column contribution from lower altitudes.
Furthermore, observational data from SCIAMACHY and the merged TOMS/SBUV data
set (Stolarski and Frith, 2006) is shown. The modeled TO3 obtained from run FC1 agrees
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Figure 8.1.: Comparison of averaged ozone profiles from model runs ID1/FC1 and SHADOZ
(Thompson et al., 2003) and SCTAMACHY (Rozanov et al., 2007) observations
for the tropics (a), mid and high latitudes (b and c) for 2006. The error bars
denote one standard deviation. Panel d) shows a zonal cross section of modeled
ozone (run FC1) for the same year.

well with the observations and the assimilated data set. The largest deviations can be
found during springtime in the Northern and Southern Hemisphere (MAM and SON),
where the major loss of ozone occurs in the corresponding polar vortex (e.g., Brasseur
et al., 1999). In both cases the full chemistry approach tends to overestimate the impact
of ozone depletion and suggests lower TO3 values compared to the observations. The
idealized run ID1 shows larger deviations in general, especially in the NH. There is an
offset in the calculated TO3 which is about 20 DU in the tropics, increasing up to 50 DU
in the northern polar region.
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Table 8.1.: Correlation coefficients between timeseries of total column ozone of run ID1/FC1
and TOMS/SBUV and SCIAMACHY observations at different latitudinal ranges

(Figure 8.3).

Run rroms 7scia

oo IDL 084 0.7
PIC po1 090 085

. DI 034 0.9
Midlat  peg 057 053
. DI 058  0.84
Highlat =~ poy 067 0.8
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Figure 8.2.: Comparison of total column ozone obtained from model runs ID1/FC1, as-
similated O3 data set by Kiesewetter et al. (2010a), TOMS/SBUV (Stolarski
and Frith, 2006) and SCTAMACHY (Rozanov et al., 2007) observations for

different seasons (DJF, MAM, JJA, SON) in 2006. The error bars denote one
standard deviation.
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The temporal evolution of TO3 is illustrated in Figure 8.3. Shown are timeseries for the
tropics, mid and high latitudes from the model runs ID1 and FC1, together with satellite
data from TOMS/SBUV and SCIAMACHY. The correlation coefficients between the model
and the observational data is summarized in Table 8.1. In the tropics, the model agrees
well with the observational data, although both approaches show a nearly constant offset
that is reached after about 10 years of spin-up time. In case of the idealized setup, TO3 is
about 20 DU units lower than the satellite measurements suggest. The offset of the full
chemistry setup is smaller (5 DU) and also the correlation of this run with the observational
data is higher compared to the idealized approach. At mid latitudes, the idealized setup
has problems to reproduce the annual cycle of TO3. The offset-corrected values are similar
to the TOMS/SBUV data, however, the correlation to the satellite measurements is low
(0.34). In contrast, TO3 from the full chemistry setup shows a higher correlation to the
TOMS/SBUV data set (0.57), but the offset-corrected values after the 10 years of spin-up
time are generally lower than the observations suggest. However, these values agree better
with the SCIAMACHY observations, which are also lower compared to the TOMS/SBUV
data set. TO3 from run ID1 is not only higher compared to SCTAMACHY, there is
furthermore almost no correlation between the two data sets (0.19) in this latitudinal range.
Finally, at high latitudes both modeling approach are able to replicate the annual cycle and
also the loss of TO3 during austral spring is quantitatively well reproduced!. However, both
runs show a smaller recovery of ozone during austral summer and autumn; the predicted
values of TO3 are significantly lower compared to the satellite observations, especially for
TOMS/SBUV. Since this feature exists both in the linearized and full chemistry scheme
this is a strong indication that the overall poleward circulation and therefore the poleward
O3 flux is systematically underestimated in the model, as already stated in Section 5.6.

!Taking into account the offset correction.
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Figure 8.3.: Timeseries of total column ozone obtained from model run ID1/FCI1,
TOMS/SBUV (Stolarski and Frith, 2006) and SCTAMACHY (Rozanov et al.,
2007) in the tropics (top), mid (center) and high latitudes (bottom). For com-
parison, the values of run ID1 and FC1 are offset by 20 and 5 DU, respectively.
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8.2. Ozone Loss Due to VSLS

In contrast to the idealized setup ozone in the full chemistry approach is sensitive to
the amount of bromine in the model. By comparing the standard run FC1 with VSLS
included to the reference run FC2 without VSLS it is possible to identify the impact of
the additional bromine on stratospheric ozone. As stated in Section 6.1 and 7.1, one can
safely assume that practically the entire amount of bromine originated from VSLS is able
to reach the stratosphere in the standard full chemistry setup, that means stratospheric
bromine loading in run FC1 is increased by 5 pptv compared to run FC2.
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Figure 8.4.: Relative loss of ozone due to additional bromine VSLS (5 pptv) in the tropics,
mid and high latitudes (left panel), calculated from run FC1 (with VSLS) and
FC2 (without VSLS) for 2006. The right panel shows the absolute difference
of ozone of run FC1 and FC2.

Figure 8.4 reveals the relative and absolute difference in the Oz profiles between run FC1
and FC2 averaged over 2006. The largest ozone losses occur around 50° to 70°N/S between
15 to 20 km, a region where heterogeneous activation of halogens plays an important role for
ozone depletion (e.g., Brasseur and Solomon, 2005). Ozone mixing ratios are reduced by a
maximum of 0.1 ppmv in the southern high latitudes compared to a maximum of 0.06 ppmv
in the North, which corresponds to about 3 to 6 % relative ozone loss compared to run
FC2. The impact of the additional bromine is also discernible near the stratopause around
40 km, where ozone loss by gas phase chemistry dominates (e.g., Brasseur and Solomon,
2005). Here, the ozone mixing ratio is decreased by about 0.06 ppmv in both hemispheres,
equal to about 1.5% relative loss. In the tropics, the ozone reduction is generally small.
Only at the lower stratosphere around 22 km the amount of ozone is reduced due to mixing
with air parcels from higher latitudes.

The seasonal variation of the relative and absolute TO3 loss due to VSLS in 2006 is
depicted in Figure 8.5. As the differences in the ozone profiles suggest (Figure 8.4), the
maximum TO3 loss occurs in the southern high latitude region from the end of austral
winter to austral spring. The O3 column is reduced by about 5-8 DU, i.e. 2.5-3.5% loss
compared to run FC2 without additional bromine. In the NH, the ozone loss is less intense,
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ranging from 4 to 5DU (1.5%) during DJF and MAM. Mixing reduces TO3 in the tropics
by about 2 DU during all seasons. In comparison, the global annually averaged loss of TO3
due to VSLS is about 3.5 DU, corresponding to a relative loss of approximately 1.3%.
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Figure 8.5.: Seasonal variations of relative (left panel) and absolute loss (right panel) of
total column ozone due to additional bromine VSLS (5 pptv) calculated from
run FC1 (with VSLS) and FC2 (without VSLS) for 2006.

The temporal evolution of TO3 loss due to VSLS over the complete modeled time span is
presented in Figure 8.6. The most prominent feature is the alternating decrease of column
ozone at high latitudes following the corresponding polar night. The peak amplitude
of the springtime signal is about 6-9 DU in the NH and 11-14DU in the SH. During
the following months, the springtime perturbation in column ozone is still discernible
as it propagates relatively intact into the mid latitudes producing a pattern comparable
to the water vapor tape recorder depicted in Figure 5.12. It takes approximately 3—4
months for the perturbation to reach the tropics where it disperses. The strongest and
most extensive signal can be seen in the years after the eruption of Mt. Pinatubo in June
1991. The volcano injected enormous amounts of sulfuric particles into the atmosphere
that significantly contribute to ozone depletion (e.g., McCormick et al., 1995). Since
the abundance of HoSOy4 in the full chemistry setup relies on an external data set (see
Section 4.3.5), the impact of the increased aerosol loading after the eruption is also visible
in the model. The peak amplitude of TO3 depletion by additional bromine of VSLS origin
is not increased, but the spatial and temporal extent of the signal is enlarged in both
hemispheres. For example, in the years from 1992 to 1994, the SH springtime signal is able
to penetrate deep into the tropics; furthermore TO3 remains significantly reduced even
during austral summer and autumn where ozone typically recovers.

8.3. Discussion and Conclusion

This chapter compares the modeled ozone distribution with several satellite-borne obser-
vations (Section 8.1). In a second step, the impact of additional bromine contributed by
VSLS on stratospheric ozone is investigated in Section 8.2.

Both modeling approaches are generally able to reproduce observed ozone profiles in the
tropics, mid and high latitudes (Figure 8.1). The relative deviations in the middle strato-
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Figure 8.6.: Temporal evolution of total column ozone loss due to additional bromine VSLS
(5pptv) calculated from run FC1 and FC2.

sphere are generally lower than 15% compared to SCTAMACHY observations. However, at
altitudes where the absolute ozone concentration is low, i.e. in the troposphere and to a
lesser extent near the stratopause, there are larger discrepancies between the model and
the observations, ranging from 30-70%. Total column ozone is well reproduced by the full
chemistry run FC1, compared to TOMS/SBUV and SCIAMACHY data (Figures 8.2, 8.3).
In contrast, the idealized setup generally shows lower values for TO3, particularly in the
NH. Both modeling approaches tend to underestimate the ozone recovery at high latitudes
in the hemisphere-specific summer and autumn seasons which is another indicator for the
too slow meridional circulation in the model.

The impact of additional bromine originated from VSLS on stratospheric ozone is
investigated using the two full chemistry runs FC1 and FC2. The only difference between
those runs is that FC1 incorporates 5 pptv of additional bromine in the form of CHBr3
and CHsBry which is not included in FC2. The major loss of ozone due to VSLS can be
observed at high latitudes between 15 and 20 km altitude, ranging up to 60 and 100 ppbv in
the Northern and Southern Hemisphere, respectively, which corresponds to about 3-6% of
the annual average of the local ozone mixing ratio (Figure 8.4). When considering the loss
of total column ozone, the maximum decrease is about 6-9 DU in the NH and 11-14DU in
the SH during the corresponding spring time season, being equal to a decrease of 1.5 and
3.5% relative to the annual average, respectively (Figures 8.5, 8.6). These results agree
well with the findings of Feng et al. (2007) who used a similar approach and predict an
average impact of 5 pptv additional bromine of about 10 DU at mid latitudes.
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9. Conclusions

The final chapter of this thesis summarizes the main results in Section 9.1. Possible future
work and scientific questions are outlined in Section 9.2.

9.1. Summary

In the course of this work, the existing chemistry transport model BSDCTM, originally
developed by Sinnhuber et al. (2003a), was modified and extended to study the impact of
very short-lived bromine source gases on stratospheric bromine loading. Multiple modeling
approaches have been applied to study important processes and mechanisms related to the
transport of VSLS in a physically motivated framework (Chapter 4).

An initial validation shows that the developed modeling approach is able to realistically
reproduce the interplay of horizontal advection, localized deep convection and large-scale
diabatic heating-rates in the tropical upper troposphere/lower stratosphere in general
(Chapter 5). The modeled distribution of bromine source and product gases agrees
reasonably well with available observations, taking into account the large uncertainties in
the source strength of short-lived species. Comparisons between a simple parametrized ozone
tracer and sonde measurements confirm that the spatial variability of convective updrafts
is adequately represented in the model; also the modeled water vapor distribution, which
is mainly dependent on convective detrainment and the applied dehydration mechanism,
shows generally good agreement with observations. However, there is also strong evidence
that the model tends to underestimate the large-scale meridional circulation. This becomes
especially clear when considering the mean age of air at high latitudes/altitudes, which is
significantly older compared to observations or other models.

When assuming that convectively detrained air contains both 1 pptv of bromoform and
dibromomethane, the two most important bromine VSLS, which is consistent with the
recent WMO recommendation for these species (Montzka and Reimann, 2010), the different
modeling approaches predict an increase of stratospheric bromine ranging from 3.1 to
5pptv (Chapter 6). An important question that is subject to current research is the impact
of dehydration on inorganic bromine at the tropopause, which may be scavenged by falling
ice particles. The conducted modeling runs show that at least 50% of the detrained VSLS
are able to reach the stratosphere intact as source gas, which is insoluble and therefore
unaffected by dehydration; in contrast, the other half already decays into inorganic bromine
within the TTL and is susceptible to scavenging. A simple modeling approach, relying on
idealized bromine source and product gas tracers, predicts that 3.1 out of 5 pptv of bromine
originated from VSLS is able to reach the stratosphere when assuming total solubility
of inorganic bromine, i.e. the complete amount of Bry is removed whenever dehydration
occurs in a model grid box. However, when applying a more realistic setup with detailed
chemistry including a parametrization for adsorption and sedimentation the model suggests
that virtually the entire amount of bromine contributed by VSLS reaches the stratosphere,
in contradiction to most earlier modeling studies which assumed a flat washout mechanism
for inorganic bromine. The main reasons for this discrepancy are that the fraction of
HBr to Bry — according to the current state of research the only bromine species which is
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efficiently adsorbed on ice — is small in the TTL, generally lower than 5%. Furthermore,
the partitioning of gas and solid phase HBr is inclined towards the gas phase, i.e. on
average only about 30-40% of HBr is adsorbed on ice. Finally, heterogeneous reactions
release the small amount of bromine that is actually adsorbed, rendering dehydration to
be insignificant for inorganic bromine in the full chemistry setup.

Source strength and distribution of bromine VSLS remain highly uncertain to this
day. This study contributes to current research by investigating the impact of a more
refined emission scenario for VSLS on stratospheric bromine, which is similar to typical
scenarios used in earlier modeling studies. The results suggest that the amount of bromine
reaching the stratosphere is not very sensitive to the spatial distribution of VSLS sources.
Furthermore, the transport efficiency of individual source regions is evaluated by dividing
the model domain in different areas. According to the model calculations, the Western
Pacific alone contributes about 50% to the total VSLS distribution in the TTL, being
clearly identified as the most important source region for short-lived species.

The long-term variation of VSLS injection into the stratosphere is analyzed over a
time span of 21 years (Chapter 7). There is a robust correlation between sea surface
temperature, convective activity and the amount of bromine source gases in the TTL. This
connection becomes especially clear during the El Nino/La Nina seasons which induce
a strong perturbation in sea surface temperatures and convection patterns. However,
the impact on total bromine loading in the model depends on the applied dehydration
mechanism. In case of the full chemistry setup, where dehydration has no discernible
effect on Bry, total bromine is insensitive to changes of convective activity, as the complete
amount of bromine provided by source gases is able to reach the stratosphere anyway.
In contrast, the idealized setup, where dehydration removes a certain part of inorganic
bromine, suggests a weak but statistically significant correlation between convective activity
and stratospheric bromine.

Interestingly, comparisons with long-term SCIAMACHY measurements show that the
observed negative trend of BrO is much larger than expected from the decrease of long-lived
source gases. This discrepancy is currently subject to intensive research but if drastic
systematic errors could be ruled out this might indicate that another previously undetected
or underestimated process affects the abundance of stratospheric bromine, for example
strong variability in the emissions of VSLS.

In the final part of this work, the modeled ozone distribution is compared to observations
(Chapter 8). The modeled ozone profiles agree well with observations, except near the
boundaries of the model, i.e. in the troposphere and at the stratopause, where the deviations
are larger. The seasonal and interannual variability of total column ozone is also well
reproduced, especially in the full chemistry setup which only shows a small constant offset
of about 5 DU compared to the observations. In a second step, the impact of the additional
bromine contributed by VSLS on stratospheric ozone is investigated. The maximum loss
of ozone in the model due to 5 pptv of additional bromine occurs in the high latitudes of
the Southern Hemisphere during austral spring and accounts for about 11-14 DU, which
corresponds to 5-7% of the annually averaged total ozone column in this region. The global
effect on total ozone is smaller, around 3.5DU (1.3%).

0.2. Outlook

The conducted study raises some important questions that should be considered in further
research. One important result of this work is that dehydration has apparently no impact
on inorganic bromine in the TTL when using a more complex scheme instead of a simple
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washout mechanism commonly used in earlier models. This should be verified by a more
detailed microphysical representation of the associated processes, for example an explicit
treatment of ice crystal growth with spectral size distribution, that would affect the
adsorption of gaseous species as well as sedimentation and evaporation.

Furthermore, the representation of convection in the model is relatively simple and is
artificially hampered by the lack of an explicitly modeled troposphere and boundary layer.
It would be advisable for a future study to extend the model down to the surface using a
hybrid vertical coordinate approach to overcome this limitation.

A central question is whether the injection of short-lived bromine source gases into the
stratosphere will respond to global warming and an associated increase of sea surface
temperature in the future. The analysis of VSLS transport during El Nifio perturbations
conducted in this study is a first step and could be further investigated by either using
future projections from long-running general circulation models as input for the CTM
presented here or by migrating the applied modeling approach to a chemistry climate
model.

Arguably the most challenging task is to achieve a realistic representation of VSLS
sources in the model. All current simulation studies about VSLS share the common
problem that the strength and distribution of VSLS sources is highly uncertain, relying
predominantly on top-down estimates. Sophisticated source parametrizations, for example
based on satellite-borne chlorophyll observations, may help to solve this problem, however,
the current research in this direction is still in its early stages.

To conclude, one can state that this study provides some new insights on the impact of
VSLS on stratospheric bromine but raises new questions at the same time. Definitely, more
work has to be done to better our understanding of these processes, especially against the
background of a possible future climate change.
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Appendix A.

List of Conducted Simulation Runs

Table A.1.: Overview of conducted model runs with idealized and full chemistry setup.
Refer to Section 4.2.4 and 4.3.5 for details.

Name Description
~ | ID1 Standard setup, 6 tracers
K| ID2 Restricted washout, additional AoA tracer, 7 tracers
?3 1D3 Emission scenario for VSLS, 6 tracers
= | ID4 Regional emission for VSLS, 38 tracers
g FC1 Standard setup, 59 tracers
5 FC2  Reference run w/o VSLS, 57 tracers
o FC3 No heterogeneous reactions, 59 tracers
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Appendix B.

Reactions Included in SLIMCAT Chemistry

Scheme

B.1. Gas Phase Reactions

O+0+M—0,+M (B.1) N,O+O('D) — N, + 0,
O0+0,+M — O;+M (B.2) HO,+HO, — H,0,+ O,
0+0, — 20, (B.3) H,0,+ OH — H,0 + HO,
O('D) +0; — 20, (B.4) H,0, + rain —

O('D)+N, — O +N, (B.5) OH+CH, — CH; +H,0
O('D) + 0, — O+ O, (B.6) O('D)+CH, — CH; + OH
O('D) + H,0 —» 20H (B.7) O('D)+CH; — HCHO + H,
OH+0 — H+0, (B.8) O('D)+H, — OH+H
O,+H+M — HO, + M (B.9) CO+OH— CO,+H

HO, + O — OH + O, B.10) NO+4HO, — NO, + OH
OH + 0, — HO, + O, B.11) HO, +0; — OH+20,
H+0O; — OH+ O, B.12) HO, +NO, + M — HO,NO, + M

OH + HO, — H,0 + O,

OH + OH — H,0 + O B.14) HO,NO, + M —» HO, + NO, + M
OH + OH +M — H,0, + M B.15) HO,NO, + OH —» H,0 + O, + NO,
H+ HO, — OH + OH B.16) HO,NO, + rain —
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)

)
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)

)
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B.13) HNOj + rain —
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) CFCl; +O('D) — 2Cl+ COFCI
)
)
)
)
)
)
)

(
(
(
(
(
(
(
H+HO, — H, + O, (B.17
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(
(

H+HO, — H,0+ O B.18) CF,Cl, + O('D) — 2Cl + COF,
NO, + O — NO + O, B.19) Cl+ O3 — ClO + O,

05 + NO — NO, + O, B.20) ClO+0 — Cl+ 0O,

NO, + 05 — O, + NO, B.21) Cl+ H,0, — HCl + HO,

HNO, + OH — H,0 + NO, B.22) CIONO, + OH — HOCI + NO,
NO, + OH +M — HNO, + M B.23

N,O + O('D) — 2NO B.24
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CIONO, + Cl —» 2C1+ NO, (B.47)  CH,CCl, + O('D) — 3C1+R (B.72)
ClO + NO —s Cl + NO, (B.48)  CH,CCl, + OH — 3CI+ R (B.73)
CH, + Cl — CH, + HCI (B49)  CH;Cl+O('D) — Cl+R (B.74)
H, + Cl — H + HCl (B.50)  CH4Cl+OH —» C1+R (B.75)
HO, 4 Cl — O, + HC1 (B.51)  CHF,Cl+ O('D) — C1+R (B.76)
HO, + Cl — OH + CIO (B.52)  CHF,Cl+ OH — C1+R (B.77)
OH +HCl — H,0 + Cl (B53)  ¢,F,Cly 4+ O('D) — 3CI+ R (B.78)
CIO +NO, +M — CIONO, + M (B54)  NO, 4 NO, + M —> N,O, + M (B.79)
CIONO, + O — CIO + NO4 (B.55) N,O5 + M — NO, + NO, + M (B.80)
HOCI + C1 — HCI 4 C1O (B.56)  NO, + NO — NO, + NO, (B.81)
HO, + C10 —s HOCI + O, (B57)  NO, + 0 — NO, + O, (B.82)
HO, + C10 — HC1 + Oy (B58)  CH, + 0, +M — CH;0, + M (B.83)
OH + HOCI — H,0 + C1O (B59)  CH,0, + NO — CH,0 + NO, (B.84)
O +HOCl — OH + CIO (B-60)  cH,0, + HO, — CH,00H+0,  (B.85)
ClO 4 C10 + M — Cl,0, + M (B.61)  CH,0, + CH,0, — 2CH,0 + O,  (B.86)
ClO +CI0 — Cl+ Cl1+ 0, (B-62)  CH,00H + OH — CH,0, + H,0  (B.87)
ClO +CI0 — OCI0 + C (B-63)  CH,00H + OH — HCHO + OH + H,0

Cl,0, + M — CIO + C10 + M (B.64) (B.88)
N+NO — N, +0 (B.65)  CH,0 + 0, — HCHO + HO, (B.89)
N+0, — NO+0 (B.66)  HCHO + OH — CHO + H, O (B.90)
N+ O3 — NO+ 0O, (B.67)  HCHO + O — CHO + OH (B.91)
OH + CIO — HO, + Cl (B.68)  HCO + 0, — CO + HO, (B.92)
OH + CIO — HCl + O, (B.69) H,+OH — H,0+H (B.93)
Cl,0y +Cl — 3C14 0, (B.70)  HCHO + C1 — HCI + CHO (B.94)
CCl, + O('D) — 4C1+R (B.71)  HCHO + rain —» (B.95)
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CH,Br + OH — Br + R (B.96)  CH3Br+O('D) — Br+R (B.118)
CCIBrF, + O('D) — Br + Cl + COF, + R BrONO, + O — BrO + NO, (B.119)
(B97)  CH,Br, + O('D) — 2Br+R (B.120)
CBrF; + O('D) — Br + COF, + HF + R CH,Br, + OH —» 2Br + R (B.121)
(B.98) CHBr; + O('D) — 3Br +R (B.122)
CH; OOH + rain — (B-99)  GHBr, + OH —» 3Br + R (B.123)
CH,0, + Cl0 — Cl+ CH,0 + O, (B.100) COF, + O('D) —s 2HF + R (B.124)
Br Oy — Bro+0, (B101) pl £ O(1D) —s HF + CI4 R (B.125)
BrO + O — Br+ 0, (B.102)
BrO + NO — Br + NO, (B.103)
BrO + OH —» Br + HO, (B.104)
BrO + C10 —s Br + OCIO (B.105)
BrO + CIO —s» Br + Cl + O, (B.106)
BrO + CIO — BrCl + O, (B.107)
BrO +BrO — Br+ Br + O, (B.108)
BrO + NO, + M —s BrONO, + M (B.109)
BrO + HO, — HOBr + O, (B.110)
BrO + HO, —» HBr + O, (B.111)
HOBr + O — BrO + OH (B.112)
Br + HCHO —» HBr + HCO (B.113)
Br + HO, — HBr + O, (B.114)
HBr + OH — Br + H,0 (B.115)
HBr + O('D) — Br + OH (B.116)
HBr + O — Br + OH (B.117)
B.2. Heterogeneous Reactions
N,Os (g) + H,0(s) — 2HNO4(s) (B.126)
CIONO,(g) + H,0O(s) — HOCI(g) + HNO4(s) (B.127)
CIONO,(g) + HCl(s) — 2 C1(g) + HNO4(s) (B.128)
N,O.(g) + HCI(s) — Cl(g) + NO,(g) + HNO,(s) (B.129)
HOCI(g) + HCl(s) — 2 Cl(g) + H,O(s) (B.130)
HOBr(g) + HBr(s) — 2Br(g) + H,O(s) (B.131)
HOBr(g) + HCl(s) — BrCl(g) + H,O(s) (B.132)
HOCI(g) + HBr(s) — BrCl(g) + H,O(s) (B.133)
BrONO,(g) + HBr(s) —» 2Br(g) + HNO4(s) (B.134)
BrONO,(g) + HCl(s) —s BrCl(g) + HNO4(s) (B.135)
CIONO,(g) + HBr(s) — BrCl(g) + HNO4(s) (B.136)
BrONO,(g) + H,O(s) — HOBr(g) + HNO4(s) (B.137)
N,O4(g) + HBr(s) — Br(g) + NOy(g) + HNO4(s) (B.138)
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B.3. Photolysis Reactions

O, +hv — 20 (B.139) HOCI + hy — OH + CI (B.161)
O; +hv — 0, +0O (B.140) OCIO +hv — O + C1O (B.162)
O3 +hvy — 0, + O('D) (B.141) ClO+hy — O +Cl (B.163)
NO+hy — N+ 0 (B.142) Cl,0, +hy — O, +2Cl (B.164)
NO, + hv — NO + O (B.143) BrO+hv — Br+0 (B.165)
NO, + hy — NO + O, (B.144) HOBr +hy — Br + OH (B.166)
NO, +hy — NO, + O (B.145) HBr+hvy — Br+H (B.167)
HNO, + hy — NO, + OH (B.146) BrONO, + hv — Br + NOy (B.168)
HO,NO, + hry — NO, + HO, (B.147) BrCl+hr — Br+ Cl (B.169)
N,O +hy — N, + O('D) (B.148) HCHO +hv — H+ CHO (B.170)
N,O; 4 hy — NO, + NO, (B.149) HCHO +hv — H, + CO (B.171)
H,04+hy — OH+H (B.150) CH300H + hy — CH30 + OH (B.172)
HO, +hv — OH+ O (B.151) CH3Br+hy — Br+ CHy (B.173)
H,0, + hv — 20H (B.152) CH3CCly+hy — 3Cl+R (B.174)
CIONO, + hy —» Cl+ NO, (B.153) CHBry+hy — 3Br+R (B.175)
CIONO, + hy —» ClO + NO, (B.154) CHyBry +hy — 2Br+R (B.176)
CF,Cl, + hv — 2C1+2F + R (B.155) CH,+hy — CHy;+H (B.177)
CHF,Cl+hy — C1+2F +R (B.156) CCIBrF, +hy — Br+Cl+2F + R (B.178)
CF,CFCl, + hv — 2C1+2F + R (B.157) CBrF3+hy — Br+3F +R (B.179)
CH,Cl + hy — CH, + Cl (B.158) COFy +hv — 2F +R (B.180)
CCl, +hv — 4C1+R (B.159) COFCl+hy — Cl4+F+R (B.181)
HCl 4+ hy — H + Cl (B.160)



Appendix C.
Glossary and Abbreviations

Abbreviations

3-D Three-dimensional.

AoA Age of Air; refers to a passive tracer utilized to determine the mean age of the
modeled atmosphere.

AVE Aura Validation Experiment; in this work data from the Pre-AVE and Cr-AVE
campaign is used.

B3DCTM Bremen 3D CTM; CTM framework originally developed by Sinnhuber
et al. (2003a).

BL (Planetary) Boundary Layer.

CAPE Convectively Available Potential Energy.

CCM Coupled Chemistry-Climate Model.

CFC ChloroFluoroCarbon.

CTM Chemistry Transport Model.

DJF December-January-February.

DU Dobson Unit; unit of measurement of total column ozone; corresponds to 2.69
%106 molec cm 2.

ECMWEF European Centre for Medium-Range Weather Forecasts.

ENSO El Nino Southern Oscillation.

FCax Denotes model run = with full chemistry setup, see appendix A, Table A.1.

GCM General Circulation Model.

HALOE HALogen Occultation Experiment, satellite-borne instrument.

IDz Denotes model run = with idealized setup, see appendix A, Table A.1.

ITCZ InterTropical Convergence Zone.

JJA June-July-August.

JPL Jet Propulsion Laboratory.

LNB Level of Neutral Buoyancy.

LPMA /DOAS Limb Profile Monitor of the Atmosphere/Differential Optical Absorp-
tion Spectroscopy; balloon-borne instrument.

LZRH Level of Zero clear sky Radiative Heating, located at around 360 K.

MAM March-April-May.

MBL Marine Boundary Layer.

NAT Nitric Acid Trihydrate.

NH Northern Hemisphere.

ODS Ozone Depleting Substances.

OSIRIS Optical Spectrograph and Infra-Red Imager System; satellite-borne instru-
ment.

PGI Product Gas Injection, commonly refers to the injection of product gases into
the stratosphere.

ppbv Part Per Billion by Volume; unit of volume mixing ratio.

ppmv Part Per Million by Volume; unit of volume mixing ratio.
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pptv Part Per Trillion by Volume; unit of volume mixing ratio.

PSC Polar Stratospheric Cloud.

RH Relative Humidity with respect to ice.

SAQOZ Systeme d’Analyse par Observations Zenithales; balloon-borne instrument.

SBUYV Solar Backscatter UltraViolet, satellite-borne instrument.

SCIAMACHY Scanning Imaging Absorption Spectrometer for Atmospheric CHar-
tographY; satellite-borne instrument.

SGI Source Gas Injection, commonly refers to the direct injection of source gases into
the stratosphere.

SH Southern Hemisphere.

SHADOZ Southern Hemisphere ADditional OZonesondes, network of ozone sonde
stations.

SLIMCAT In the context of this work this name denotes the chemistry scheme of
the SLIMCAT CTM originally developed by Chipperfield et al. (1993).

SON September-October-November.

SST Sea Surface Temperature.

TO3 Total column ozone.

TOMS Total Ozone Mapping Spectrometer, satellite-borne instrument.

TT120 Test Tracer with 120 days lifetime; idealized CHyBra tracer.

TT20 Test Tracer with 20 days lifetime; idealized CHBr3 tracer.

TTL Tropical Tropopause Layer.

UKMO United Kingdom Met Office.

UTC Coordinated Universal Time.

UTLS Upper Troposphere/Lower Stratosphere.

UV Ultra-Violet.

VMR Volume Mixing Ratio.

VSLS Very Short-Lived Substances; commonly refers to source gases whose average
tropospheric lifetime is shorter than half a year.

WMO World Meteorological Organization.

Glossary

Artifact In this context artificial (unwanted) features in atmospheric models, for
example in the trace gas distribution.

Brewer-Dobson Circulation Large-scale wave-driven circulation between low and
high latitudes.

Cold Point Level that marks a local minimum in atmospheric temperature at the
top of the tropopause, located at about 380 K.

Convective Updraft Refers to an upward directed flow of air driven by convection,
typically accompanied by convective clouds.

Deep Convection Vigorous convective activity that is able to reach the upper
troposphere and in rare cases the lower stratosphere.

Dehydration In this context refers to efficient removal of water vapor in the TTL.

Detrainment Refers to the flux of air out of a convective updraft.

El Nino/La Nina Recurrent anomaly of SST and convective activity predominantly
located in the Western Pacific.

Entrainment Refers to the flux of air into a convective updraft.

ERA-Interim Data product based on model reanalyses provided by the ECMWEF.

Heterogeneous Activation In this context refers to the transformation of halogen
reservoir species into highly reactive radicals by reactions on aerosol or particle
surfaces.
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Isentropic Means “with constant potential temperature”, e.g., an isentropic surface

is a surface of constant potential temperature.

Maritime Continent Alias of the Southeast Asia region that comprises shallow seas
and many islands.

Montreal Protocol Montreal Protocol on Substances That Deplete the Ozone Layer;
international treaty to restrict production and usage of ozone depleting substances,
signed in 1987.

Polar Vortex Large and persistent cyclone that forms over the poles in the cor-
responding winter season. Air within the vortex is relatively isolated from the
surrounding mid latitudes.

Reservoir Species Commonly refers to halogen species which do not directly partici-
pate in ozone depletion.

Scavenging Refers to the removal of trace gases by rain or particle sedimentation.

Spin-Up In context of atmospheric modeling the time needed to minimize the impact
of initialization artifacts.

Transport Efficiency In the context of this work refers to the efficiency of transport
processes in a confined area, such as convection or advection, with respect to the
injection of VSLS into the stratosphere.

Tropics In this study, the tropics are defined to be the region between 20°N to 20°S.

Symbols and Chemical Species

A Arrhenius frequency factor for bimolecular second-order reaction; unit: cm3molec™!s™

E/R Activation energy coefficient; unit: Jmol .

W, Saturation mixing ratio of water vapor over ice.

A Available particle surface area density; unit: cm?

~ Heterogeneous uptake coefficient.

[X]. Detrainment mixing ratio of tracer X; unit: VMR.

0 Potential temperature; vertical coordinate of the B3DCTM, unit: K.

d. Detrainment rate; obtained from ECMWEF ERA-Interim data set, denotes detrain-
ment mass flux relative to the model grid box, unit: 1/s.

kg4 Rate constant for bimolecular second-order reaction; unit: cm®molec™ s~

ky, Rate constant for heterogeneous second-order reaction; unit: cm®molec s~

r Correlation coefficient.

re Effective particle radius; unit: cm.

BrCl Bromine monochloride; bromine product gas, reservoir species.

BrONO3 Bromine nitrate; bromine product gas, reservoir species.

BrOy Family of odd bromine species.

BrO Bromine monoxide; bromine product gas, reactive species, major constituent of
stratospheric Bry.

Br]}jOlﬂg Inorganic bromine originated from long-lived source gases.

1

Cmf?’.

1
1

Br;fSLS Inorganic bromine originated from VSLS.

Br;nS Totally insoluble Bry tracer in the idealized setup.

Br;01 Totally soluble Bry tracer in the idealized setup.

Bry Family of inorganic bromine product gases.

Br Atomic bromine; bromine product gas, reactive species.

CBrF3 Industrial name: Halon-1301; important long-lived bromine source gas.
CCIBrF5 Industrial name: Halon-1211; important long-lived bromine source gas.
CHBr3 Bromoform; one of the major bromine VSLS.

CH2Br2 Dibromomethane; one of the major bromine VSLS.
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CH3Br Methyl bromide; the most abundant long-lived bromine source gas.

Cly Family of inorganic chlorine product gases.

HBr Hydrogen bromide; bromine product gas, reservoir species, highly soluble on ice
and in liquid water.

HOBr Hydrogen bromide; bromine product gas, reservoir species, highly soluble in
liquid water.

HOy Family of odd hydrogen species.

NOy Family of odd nitrogen species.

O3 Ozone.

Oy Family of odd oxygen species.
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