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Abstract

The Antarctic ozone hole is a phenomenon of substantially reduced polar ozone that reoc-

curs every winter and spring over Antarctica since many decades (Müller et al. 2018). Polar

ozone depletion is driven by anthropogenic chlorine and bromine substances released to the

atmosphere due to human activities. The Montreal Protocol has been successful in control-

ling stratospheric chlorine loading, the first signs of declination in stratospheric halogen and

recovery of the Antarctic ozone hole are observed around year 2000. However due to the long

lifetime of chlorine source gases, they are still causing and will be causing ozone depletion

in the foreseeable future.

The characteristics of the global total column ozone field can be reproduced Chemistry-

climate models, however the simulation of the Antarctic ozone hole is often not satisfactory

due to deficiencies in the model dynamics or in the stratospheric chemistry scheme (Dhomse

et al. 2018).

Chlorine species in the atmosphere exist mainly in the form of HCl and ClONO2. Strato-

spheric ozone depletion requires these so-called reservoirs to convert into active chlorine

species by heterogeneous reactions on polar stratospheric clouds (PSCs) and cold sulphate

aerosol particles (WMO 2018). Ozone depletion occurs in the presence of light, which first

returns in early spring in the Antarctica, this time period is characterised by further activa-

tion and maintenance of high levels of active chlorine(Müller et al. 2018.

In this thesis, we follow earlier work [Grooß et al., 2011, Müller et al., 2018, Zafar et al.,

2018] on the chemical processes in the core of the vortex, in the lower stratosphere (16 –

18 km, 85–55 hPa, 390–430 K), where extremely low ozone mixing ratios are reached. In

these studies the ”HCl null cycles” were intensively studied. However, two aspects were

neglected in the previous study: namely the impact of Antarctic dehydration (Kelly et al.

1989, Nedoluha et al. 2002, Poshyvailo et al. 2018, Rolf et al. 2015, Schoeberl and Dessler

2011, Vömel et al. 1995) and HCl destruction in Antarctic winter (the exact chemical pro-

cess remains to be investigated, Grooß et al. 2018). To study the effects of these aspects,

box-model simulations were performed. We used similar setup and initiations with small
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variations that can represent the above-discussed circumstances. The validity of ”HCl null

cycles” and other previous studies are tested in these new simulations.

The studies so far were based on the recommendations of Sander et al. 2011. Since year

2011, two revised editions are published (Burkholder et al. 2020, 2015) in which the kinetic

parameters of some important reactions are revised. We have conducted calculations that

employed the most recent edition (Burkholder et al. 2020) and made comparison to those

with Sander et al. 2011. This recommendation was also applied in multi-trajectory simula-

tions.

Simulations with the projection of the future, namely less chlorine species, were also con-

ducted using the recommendation Burkholder et al. 2020.

Overall the results have shown that neither of these two assumptions on the initial con-

ditions has a strong effect on the simulated chemical ozone depletion, small changes have

been observed and we have analyzed their causes. The simulations with the recommendation

Burkholder et al. 2020 have also shown similar results to the previous studies, however the

revised parameters do have a small impact on the patterns of the trajectory trends.
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Chapter 1

Introduction

1.1 Ozone in Our Atmosphere

Ozone is an inorganic molecule with the chemical formula O3. It is composed of three oxygen

atoms, naturally it can be found in the atmosphere. The discovery and determination of

its structure trace back to mid-1800s. The molecule has a bent structure (Figure 1.1), it

is unstable compared to the more common oxygen O2. Ozone is present in nature and

also widely used in the industry. Although high concentration (above 0.1 ppm) ozone is

potentially hazardous, ozone layer in the atmosphere is of critical importance in absorbing

most of the sun’s ultraviolet (UV) radiation.

Ozone can be found in two regions in the atmosphere. Figure 1.2 is a schematic profile

Figure 1.1: The structure of an ozone molecule.

of ozone abundance in relation to altitude in the tropics. In lower troposphere there exist

about 10% of the atmospheric ozone, which is mainly a result of the human activities. The

remaining 90% is located in the stratosphere, from 10 kilometers to up to 50 kilometers

above Earth’s surface, this region is commonly known as the ”ozone layer”. Although called

”ozone layer”, the ozone concentrations in this region are only two to eight parts per million.

The thickness of the ozone layer also largely depends on the regions and seasons. Total

ozone varies intensely with latitude: Ozone production is high in the tropics due to strong

solar ultraviolet radiation, but large-scale air circulation in the stratosphere transports ozone

1
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Figure 1.2: Ozone distribution along altitude. (WMO 2018)

to middle and high latitudes. Therefore the thickness is lowest at the equator and highest

in polar regions. Figure 1.3 is a typical example of this phenomenon.

Figure 1.4 also shows the seasonal variation on the globe. Total ozone in the tropics

(20◦N - 20◦S latitudes) over all seasons are relatively stable and at low level. Ozone-rich air

travels from the tropics and accumulates at higher latitudes, hence ozone at higher latitudes

shows higher dependence on the season. A maximum can be seen at high latitudes in the

Northern Hemisphere during winter and spring season.

Figure 1.4 depicts an area of low total ozone values (known as the ”Ozone Hole”) over Antarc-

tica in September, which is the consequence of the ozone-depleting substances produced by

human activities.
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Figure 1.3: The vertical profile of ozone mixing ratio against altitude for polar (equivalent
latitude 72.5◦N ) and tropical (equivalent latitude 2.5◦N) conditions in March. The ozone
data are from the climatology of Grooß and Russell III 2005. (Müller 2010)

Figure 1.4: Global satellite maps of total ozone in 2009. (WMO 2018)
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1.2 Ozone Formation and Ozone depletion

1.2.1 Ozone Formation

Stratospheric ozone formation The main source of formation is the natural chemical

reaction of oxygen molecules under solar ultraviolet radiation (Chapman 1930). The process

includes complex catalytic cycles and heterogeneous reactions which we will discuss in this

thesis, in this introductory section only a very simplified version is described. At certain

altitude (about 30 km), molecular oxygen photodissociates into oxygen atoms:

O2 + hν −−→ 2O

In the presence of another molecule M (usually oxygen or nitrogen molecules), oxygen atoms

reacts with a unit of oxygen to form ozone:

O + O2 +M −−→ O3 +M

Ozone can also decompose under ultraviolet radiation in the wavelength range of 240 to

320 nm or by reacting with an oxygen atom:

O3 + hν −−→ O2 +O

O3 +O −−→ O2 +O2

Tropospheric ozone formation Ozone near Earth’s surface often forms from pollution

gases. The primary source of pollutant is fossil fuel combustion. Tropospheric ozone is small

in amount and it usually does not transport to the stratosphere effectively.

1.2.2 The Ozone Depletion Process

Emission The main sources of emissions are manufactured halogen source gases, espe-

cially manufactured halocarbon refrigerants, solvents, propellants, and foam-blowing agents

(chlorofluorocarbons (CFCs), HCFCs, halons), these chemicals are often referred to as ozone-

depleting substances (ODS). CFCs were the most important materials in refrigeration and

air conditioning systems, halons were used in fire extinguishers. Oceanic and terrestrial

ecosystems also emit a large amount of some halogen sources gases, namely methyl chloride



CHAPTER 1. INTRODUCTION 5

(CH3Cl) and methyl bromide (CH3Br). Natural emissions make up about 17% to the total

chlorine and 30% to the total bromine in the stratosphere (statistics from year 2012).

Non-halogen gases caused by human activities can also have a negative effect stratospheric

ozone. Methane (CH4) and nitrous oxide (N2O) are the important emissions from human

activities that can react in the stratosphere into water vapor and reactive hydrogen and

nitrogen oxides. These are the substances that can destroy stratospheric ozone.

Accumulation and Transportation The lifetime of the halogen source gases is relatively

long (from one year to several hundred years). Short living gases (HCFCs, methyl bromide,

methyl chloride, etc.) are able to convert to other gases, which are effectively removed by

the rain in the troposphere. Halogen source gases with long lifetime are stable in the lower

atmosphere, therefore they accumulate in the lower atmosphere and are transported to the

stratosphere by natural air motions.

Conversion and Reaction Under ultraviolet radiation, halogen source gases in the strato-

sphere convert to reactive halogen gases. These include chemical reservoirs like bromine

nitrate (BrONO2), hydrogen chloride (HCl) and chlorine nitrate (ClONO2). Reservoirs do

not directly react with ozone. Very reactive halogen gases like chlorine monoxide (ClO),

bromine monoxide (BrO), bromine atoms (Br) and clorine atoms (Cl) take part in catalytic

reaction cycles that decompose ozone directly.

Cl + O3 −−→ ClO +O2

ClO +O −−→ Cl + O2

Net: O3 +O −−→ 2O2

ClO + ClO −−→ Cl2O2

Cl2O2 + hν −−→ ClOO+Cl

ClOO −−→ Cl + O2

2 (Cl + O3 −−→ ClO +O2)

Net: 2O3 −−→ 3O2
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Figure 1.5: Chemical conditions in the ozone layer over Antarctica. Observations of the
chemical conditions in the Antarctic region highlight the changes associated with the forma-
tion of the ozone hole. Satellite instruments have been routinely monitoring ozone, reactive
chlorine gases, and temperatures in the global stratosphere. Results are shown here for
autumn (May) and late winter (September) seasons in the Antarctic region, for a narrow
altitude region near 18 km (11.2 miles) within the ozone layer. WMO 2018)
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1.3 Ozone Hole

Figure 1.6: Antarctic total ozone. Long-term changes in Antarctic total ozone are demon-
strated with this series of total ozone maps derived from satellite observations. Each map
is an average during October, the month of maximum ozone depletion over Antarctica. In
the 1970s, no ozone hole was observed, as defined by a significant region with total ozone
values less than 220 DU (dark blue and purple colors). The ozone hole initially appeared in
the early 1980s and increased in size until the early 1990s. A large ozone hole has occurred
each year since the early 1990s.(WMO 2018)

In 1985, it was reported that in Antarctic spring strongly reduced total ozone values

occurred at the British Antarctic Survey station at Halley (Mahieu et al. 2004, Rinsland
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et al. 2003). It is one of the most astonishing examples of direct impact of human activities

on the atmosphere. The term ”ozone hole” for this phenomenon was first used in Stolarski

1988. Obviously, it is not a true ”hole”, there still exists some column ozone. In the core

of the ozone hole, value of about 100 DU ozone still remains. The most recent satellite

measurements of ozone hole from year 1971 to year 2017 is shown in figure 1.6.

Ozone-depleting substances are produced mostly in areas with high density on human ac-

tivities. Air motions transport these substances throughout the stratosphere, yet severe

depletion of ozone layer is mostly only found in the Antarctic. The Antarctic ozone layer

has a very special meteorological and chemical conditions. In Autumn, a large vortex forms

over Antarctica as the polar stratosphere radiatively cools, creating a thermal contrast be-

tween polar and mid-latitude air. As the cooler polar air descends, mid-latitude air moves

in the direction of pole and a strong wind jet forms, when the Coriolis force deflects the air

eastward. This wind jet is the reason why the Antarctic polar vortex is strongly isolated from

the mid-latitude stratosphere (Yokouchi et al. 2005). The isolated vortex ensured a stably

low enough temperature increased effectiveness of ozone destruction by reactive chlorine-

containing gases. In spring, temperatures in the polar lower stratosphere increase, stopping

the most effective chemical cycles that destroy ozone.

1.4 Implications of Ozone Depletion and the Montreal

Protocol

Ozone depletion is not the principal cause of global climate change. However, both ozone-

depleting substances and their substitutes are greenhouse gases, ozone depletion and global

climate change are closed linked. Ozone itself is also a greenhouse gas, stratospheric ozone

depletion leads to surface cooling. On the other hand, escalating tropospheric ozone and

other greenhouse gases level lead to surface warming. The cooling effect from ozone deple-

tion is small compared to the warming from the greenhouse gases responsible for observed

global climate change.

The important consequence of a hole in the ozone layer is an increased flux of UV radiation

at the earth’s surface and in the top layers of the ocean (Smith et al. 1992). Ozone depletion

does not simply increase all UVB-related effects, because adaptive reactions will dampen or

even neutralize the impact of an increase in UVB radiation even if sun-exposure behaviour

remains the same (de Gruijl and Leun 2000). Changes in stratospheric ozone and climate

over the past 40-plus years have already altered the solar ultraviolet (UV) radiation condi-
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tions at the Earth’s surface. These changes are interacting in complex ways to affect human

health, food and water security, and ecosystem services (Barnes et al. 2019).

In response to the growing concern on ozone hole, in 1987 the Montreal Protocol on

Substances that Deplete the Ozone Layer was signed and entered into force in 1989.

The Montreal Protocol was strengthened with Amendments and Adjustments with the de-

velopment of researches on ozone depletion as well as substitutes and alternatives. Each

Amendment is named after the city where the Meeting of the Parties to the Montreal Pro-

tocol took place and by the year. Montreal Protocol controls are based on several factors

that are considered separately for each ODS. The factors include (1) ozone depleting poten-

tial, (2) the availability of suitable substitutes for domestic and industrial use, and (3) the

potential impact of controls on developing nations (UNEP 1987).

The Montreal Protocol has most certainly been successful in reducing ozone-depleting sub-

stances in the atmosphere. Figure 1.7 shows the development of stratospheric halogen load-

ing measured as the equivalent effective stratospheric chlorine. The past increases of CFCs,

along with those of carbon tetrachloride, methyl chloroform, halon-1211, and halon-2402,

have slowed and reversed in the last three decades. The abundances of most HCFCs, which

are used as transitional substances to replace CFCs, will likely continue to increase in the

next one to two decades before production and consumption are completely phased out. The

abundance of halon-1301 has nearly peaked and is expected to decline in coming decades.

Future decreases in methyl bromide are expected to be modest, since industrial production

is now much smaller than occurred in the 1990s. The abundance of methyl chloride is pro-

jected to be constant in the future as it is not controlled under the Montreal Protocol.

Equivalent effective stratospheric chlorine values (EESC) are a measure of the potential for

ozone depletion in the stratosphere, obtained by summing over adjusted amounts of all chlo-

rine and bromine gases. Effective stratospheric chlorine levels as shown here for mid-latitudes

will return to 1980 values around 2050. The return to 1980 values will occur around 2065 in

polar regions (Newman et al. 2007). Overall emissions and atmospheric concentrations have

decreased and will continue to decrease given international compliance with the provisions

of the Montreal Protocol.
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Figure 1.7: Halogen source gas changes. The surface abundances of individual gases shown
here were obtained using a combination of direct atmospheric measurements, estimates of
historical abundances, and future projections of abundances assuming compliance with the
Montreal Protocol. The gases are all ODSs except for methyl chloride, which is produced
by natural processes. (WMO 2018)
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1.5 Stratosphere Ozone in the 21st Century

Around the middle of 21st century, we expect a substantial recovery of the ozone layer. As

ODSs and reactive halogen gases in the stratosphere decreases, ozone recovery is also ob-

servable in the presence. On the other hand, as a result of climate change, the ozone layer

will not return precisely to its unperturbed state when the abundance of halogens returns

to background levels. Furthermore, climate change complicates the attribution of ozone re-

covery to the decline of ODSs (Waugh et al. 2009).

To project the future evolution of stratospheric ozone and attribute its change in response to

the different constraints, numeric models that can adequately represent the chemistry and

the dynamics of the ozone layer are practical. These models include inputs of historical and

projected concentrations of ODSs, CO2, CH4, N2O, air pollutant gases, as well as solar out-

put, they evaluate the complex interactions of the processes that control ozone and climate

involving radiation, chemistry, and transport. Thus we are able to analyze how changes in

ozone are expected to vary across geographic regions.

Such Chemistry-Climate Models (CCMs) are three dimensional atmospheric circulation mod-

els with fully coupled chemistry. CCMs are key tools for the detection, attribution and

projection of the response of stratospheric ozone and solar ultraviolet (UV) radiation levels

to be studied (Eyring et al. 2007).

Over the past decade several international projects evaluating stratospheric CCMs as well

as related General Circulation Models (GCMs) were developed. Most of them are orga-

nized under the auspices of the WCRP’s (World Climate Research Programme) SPARC

(Stratospheric Processes and their Role in Climate) project. For example, the GCM-Reality

Inter-comparison Project (GRIPS) and the Chemistry-Climate Model Validation (CCM-

Val) Activity (Eyring et al. 2005, Pawson et al. 2000). These multi-model projects have

contributed directly to the assessment of CCMs during the preparation of the World Meteo-

rological Organization/ United Nations Environment Programme (WMO/UNEP) Scientific

Assessments of Ozone Depletion (CCMVal 2010, Eyring et al. 2005, 2006, 2007, 2010, Oman

et al. 2010, Pawson et al. 2000).

The model used in this thesis is the Chemical Lagrangian Model of the Stratosphere

(CLaMS). It is a modular chemistry transport model (CTM) system developed at Research

Centre Jülich, Germany.

CLaMS was first described in year 2000 and was expanded into three dimensions in Konopka

et al. 2004. CLaMS has been employed in various European aircraft field campaigns including

THESEO, EUPLEX, TROCCINOX, SCOUT-O3, RECONCILE and STRATOCLIM with
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a focus on simulating ozone depletion and water vapour transport.

The advantage of CLaMS in comparison to other CTMs are (Krämer et al. 2003):

• its low diffusive Lagrangian transport scheme with the ability to reproduce small-scale

structures and gradients of trace species;

• its applicability for reverse domain filling studies;

• its anisotropic mixing scheme;

• its integrability with arbitrary observational data;

• comprehensive chemistry scheme.

The details of the model CLaMS are well documented and published in the scientific

literature. The details of the model is described in the following chapter.



Chapter 2

Theoretical Fundation and Methods

2.1 Polar Stratospheric Clouds

Polar stratospheric clouds (PSCs) are clouds in the winter polar stratosphere at altitudes of

15 – 25km. Normally, the water vapour mixing ratio of stratospheric air is very low, because

most of the moisture freezes out as the air transits the tropopause, where temperatures are

extremely low (Peter and Grooß 2012b). Further cloud formation is usually impossible due

to the extremely dryness of the air, except in the polar winter stratosphere, where ice satu-

ration is approached at 188 K ± 4 K as the Antarctic is extremely cold. There are two main

types of PSCs: Type I clouds contain water, nitric acid (HNO3) and sulfuric acid (H2SO4)

and are a source of polar ozone depletion. Type II clouds consist solely of water ice, which

are very rarely observed in the Arctic. The PSCs references in this thesis signify type I PSCs

only.

Solid water ice particles can exist only below the frost point Tice (typically below 188 K

in the lower stratosphere), because only then the vapor pressure of ice drops below water

partial pressures prevalent in the lower stratosphere. However, below the so-called ”NAT-

temperature”, TNAT = 195 K, crystalline nitric acid trihydrate (NAT) particles can nucleate

and exist steadily (Hanson and Mauersberger 1988, Peter and Grooß 2012a). Balloon-borne

mass spectrometric measurements have confirmed the stoichiometric HNO3 : H2O = 1 : 3

inside solid PSCs (Voigt et al. 2000).

NAT-PSCs can form in different pathways, depending on whether solid inclusion exists: they

nucleate heterogeneously on pre-existing sold inclusion at or slightly below TNAT = 195 K,

subsequently ice nucleates heterogeneously below Tice = 188 K; Or NAT nucleate hetero-

geneously on ice below (Tice - 3 K) without previous solid inclusions. Different hypotheses

13
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remain to be proven for the detailed mechanisms behind. Although the nucleation process

is not identified, the estimated nucleation rates have been used to simulate the vertical re-

distribution of HNO3. The simplified assumption is that, if T drops lower than TNAT, the

NAT nucleation rate is a constant. Davies et al. 2002, Grooß et al. 2005 have adapted this

assumption.

Figure 2.1 shows profiles of NOy redistribution measured (crosses) in January 2003 and

Figure 2.1: Denitrification derived from measurements (black crosses) and model simulations
(lines and gray circles). (Grooß et al. 2005)

simulated by CLaMS (lines and gray circles). The vertical axis is roughly linear in geometric

altitude with 350 K potential temperature corresponding to ≈ 14 km, and 600 K to ≈ 24 km.

The model uses a constant nucleation rate of 7.8×10−6 cm-3 air h-1. The thick gray line cor-

responds to the modeled vortex average and the dotted lines indicate the standard deviation

(variability is massive due to the sedimentation process, despite the generally widespread

nucleation wherever T is smaller than TNAT. Crosses show measurements onboard the Geo-

physica high-altitude aircraft. Results from the CLaMS simulations for the location of these

observations are shown as gray circles(Grooß et al. 2005).

This figure shows that the vertical redistribution of NOy can be generally well described by

the model, although the model can miss specific measurement points by more than 50%.

Simulations in this thesis continue to apply this assumption.
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2.2 Stratospheric Halogen Chemistry

Before we dive into details, first the concept of ”active chlorine” ClOx needs to be defined:

ClOx = ClO + 2× Cl2O2 + Cl (E1)

Active chlorine, contrary to chlorine reservoir species (HCl, ClONO2), reacts with ozone

molecules directly.

As already shortly discussed in section 1.2.2 Chapter 1, the decomposition of anthropogeni-

cally emitted source gases releases chlorine in the stratosphere. In the presence of sunlight,

ozone is depleted by catalytic cycles involving several chlorine species.

The most fundamental ozone destroying catalytic cycle is:

O3 + hν −−→ O2 +O

XO+O −−→ X+O2

X+O3 −−→ XO+O2

Net(X1): 2O3 −−→ 3O2

The X in cycle (X1) could be any halogen atom. Fluorine reacts with CH4, due to the high

stability of reservoir gas HF, the loss of Fluorine in the stratosphere takes place fast. The

concentration of iodine in the stratosphere is insignificant. Therefore, X is mainly chlorine

and bromine (von Hobe and Stroh 2011).

More complex catalytic cycles exist as radicals like HOx or NOx interact with halogens. For

example, chlorine monoxide can react with HO2, the cycles is commonly called as HOCl

cycle(Johnson et al. 1995, Kovalenko et al. 2007, Poulet et al. 1992), the same works for Br

and accordingly HOBr cycle:

O3 +OH −−→ O2 +O2

XO+HO2 −−→ HOX+O2

HOX+ hν −−→ X+OH

X+O3 −−→ XO+O2

Net(X2): 2O3 −−→ 3O2

The production of a halogen atom upon photolysis of the reservoir gases ClONO2 (Toumi

et al. 1993) also leads to ozone destruction cycle (X3). In this cycle, the presence of sufficient
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aerosol surface area is necessary as these reactions are not purely gas phase but heteroge-

neous. They also need to have the potential to simultaneously generate HOx from HCl (Lary

et al. 1996).

NO +O3 −−→ NO2 +O2

XO+NO2 +M −−→ XONO2 +M

XONO2 + hν −−→ X+NO3

NO3 + hν −−→ NO+O2

X+O3 −−→ XO+O2

Net(X3): 2O3 −−→ 3O2

In addition to cycle (X3), ClOx and NOx could interact in gas-phase catalytic cycle:

O3 + hν −−→ O2 +O

O+NO2 −−→ NO+O2

NO+ClO −−→ NO2 +Cl

Cl + O3 −−→ Cl + O2

Net(X4): 2O3 −−→ 3O2

The relative contribution to ozone depletion of cycle (X3) and (X4) in different regions and

under different conditions has been studied thoroughly in Grenfell et al. 2006.

2.3 Heterogeneous Chemistry

The abundance of atomic oxygen is sufficiently low at high latitudes in the lower stratosphere

to limit the rate of ozone depletion. The catalytic cycles explained in the previous section

are inadequate to fully explain the formation of ozone hole. Molina and Molina 1987 and

McElroy et al. 1986 have proposed two further catalytic cycles that does not require atomic

oxygen, yet they remove ozone from the stratosphere effectively: the ClO dimer cycle and

the ClO/BrO cycle. Figure 2.2 shows the reaction schemes and the interactions between

them.
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Figure 2.2: Schematic of the two most important catalytic cycles and their interaction. (von
Hobe and Stroh 2011)

The ClO Dimer Cycle The ClO dimer cycle (X5) starts with the recombination of two

ClO radicals. In the polar stratosphere in winter, PSCs leads to significant growth of ClO

concentration, this favors the initialization of (X5):

ClO + ClO +M ←−→ Cl2O2 +M

Cl2O2 + hν −−→ Cl + ClO2

ClO2 +M −−→ Cl + O2 +M

2 [ Cl + O3 −−→ ClO +O2 ]

Net(X5): 2O3 −−→ 3O2

The heterogeneous reaction of ClOO proceed principally instantaneously with Cl+O3, there-

fore they do not limit the overall rate of the catalytic cycle. Of importance is the photolysis

rate of Cl2O2, because under twilight conditions, it is the rate determining step of (X5).

The ClO/BrO Cycle In this cycle (X6), ClO and BrO recombination forms Cl, Br atoms

BrCl and OClO, no mixed diner formation occurs.
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ClO + BrO −−→ Cl + Br + O2 (a)

−−→ BrCl + O2 (b)

−−→ OClO + Br (c)

BrCl + hν −−→ Br + Cl

Cl + O3 −−→ ClO +O2

Br + O3 −−→ BrO +O2

Net(X6): 2O3 −−→ 3O2

Reaction (c) in (X6) does not result in ozone depletion, as OClO is photolysed upon forma-

tion, which yields an oxygen atom afterwards. Oxygen atom react with O2 to produce an

ozone molecule. Therefore, the branching of this reaction is one of the key parameters in

this catalytic cycle in terms of quantifying ozone loss.

2.4 HCl Null Cycles

The initial step of chlorine activation proceeds via the heterogeneous reaction /Solomon et al.

1986):

ClONO2 +HCl −−→ Cl2 +HNO3 (R1)

As temperature drops low enough for heterogeneous chlorine activation to occur, reaction

(R1) proceeds very rapidly during polar night (mid May). Initial ClONO2 concentration

is extremely low (Jaeglé et al. 1997, Santee et al. 2008), therefore the production of Cl2

through (R1) is constraint (Crutzen et al. 1992, Salawitch et al. 1988). ClONO2 or HOCl

are required for heterogeneous reactions with HCl. It is crucial that, heterogeneous reaction

HOCl + HCl −−→ Cl2 +H2O (R2)

as well as the gas-phase reaction (Crutzen et al. 1992)

CH3O2 + ClO −−→ CH3O+ ClOO (R3)

occur for the efficacy of HCl null cycles. The product ClOO in (R3) decomposes rapidly to

Cl and oxygen. Additionally, the formation of HOx from CH3O is also necessary.
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The maintenance of chlorine activation Crutzen et al. 1992 first formulated cycle

(C1) to explain the importance of (R3). Together with the CH3 formed in (R4), they form

a radical HO2.

CH4 +Cl −−→ HCl + CH3 (R4)

CH3 +O2 +M −−→ CH3O2 +M (R5)

CH3O2 +ClO −−→ CH3O+ClOO (R3)

CH3O+O2 −−→ HO2 +HCHO (R6)

ClO + HO2 −−→ HOCl + O2 (R7)

HOCl + HCl −−→ Cl2 +H2O (R2)

Cl2 + hν −−→ 2Cl (R8)

2 [ Cl + O3 −−→ ClO +O2 ] (R9)

Net(C1): CH4 + 2O3 −−→ HCHO+H2O+ 2O2 (R10)

Both reactions (R4) and (R11) produce HCl, for each molecule formed, an HO2 is generated

(via (R6) in cycle C1 and via (R12) in cycle C2). Each HO2 proceed to form one HOCl

molecule. As HOCl and HCl undergoes heterogeneous reaction R2 with 1:1 stoichiometry,

there is no net production of HCl.

HCHO+Cl −−→ HCl + CHO (R11)

CHO+O2 −−→ CO+HO2 (R12)

ClO + HO2 −−→ HOCl + O2 (R7)

HOCl + HCl −−→ Cl2 +H2O (R2)

Cl2 + hν −−→ 2Cl (R8)

Cl + O3 −−→ ClO +O2 (R9)

Net(C2): HCHO+O3 −−→ CO+H2O+O2 (R10)

Therefore we call cycles C1 and C2 the ”HCl null cycles”. In these cycles, Reaction (R3)

dominates the loss of CH3O2. Müller and Crutzen 1994 have also proposed alternative

reactions for CH3O2, the competition of these different reactions were analyzed in Lehmann
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2004.

The effectiveness of these HCl null cycles in maintaining the HCl level is confirmed in Müller

et al. 2018. The simulations have shown no net production of HCl despite the fact that the

reaction rate of (R4) and (R11) increased and thus the production increased by two orders

of magnitude in September, 2003. Cycles C1 and C2 constitute the chemical mechanism

responsible for the maintenance of high levels of active chlorine.

Full activation of HCl Lehmann 2004, Müller et al. 2018 identified two further chemical

cycles that are responsible the the activation of HCl.

HCHO+ hν −−→ CHO+H (R14a)

H + O2 +M −−→ HO2 +M (R15)

CHO+O2 −−→ CO+HO2 (R12)

2 [ ClO + HO2 −−→ HOCl + O2 ] (R7)

2 [ HOCl + HCl −−→ Cl2 +H2O ] (R2)

2 [ Cl2 + hν −−→ 2Cl ] (R8)

4 [ Cl + O3 −−→ ClO +O2 ] (R9)

Net(C3): HCHO+ 2HCl + 4O3 −−→ CO+ 2ClO + 2H2O+ 4O2 (R10)

O3 + hν −−→ O(1D) + O2 (R17)

O(1D) + H2O −−→ 2OJ (R18)

2 [ OH +O3 −−→ HO2 +O2 ] (R19)

2 [ ClO + HO2 −−→ HOCl + O2 ] (R7)

2 [ HOCl + HCl −−→ Cl2 +H2O ] (R2)

2 [ Cl2 + hν −−→ 2Cl ] (R8)

4 [ Cl + O3 −−→ ClO +O2 ] (R9)

Net(C4): 2HCl + 7O3 −−→ 2ClO + H2O+ 9O2 (R10)

Cycle C3 and C4 both require sufficiently fast heterogeneous reactions to be present. In

contrast to cycles C1 and C2, the production of HO2 proceeds without simultaneous HCl
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formation. Therefore, as HO2 forms HOCl via (R7), it result in net loss of HCl via (R2).

Reactions (R9), (R17) and (R19) are fast enough to sustain cycles C3 and C4 at extremely

low ozone concentrations and are not rating-determining for cycles C3 and C4 (Müller et al.

2018). For Cycle C3, the photolysis reaction (R14a) is the rate-determining step, and for

cycle C4 is reaction (R18).

The primary source of HOx in polar lower stratosphere in late winter and in early spring is

the photolysis of HCHO (reaction (R14a)). The photolysis consists of two channels, namely

the radical channel and the molecular channel:

HCHO+ hν −−→ HCO+H (R14a)

HCHO+ hν −−→ H2 + CO (R14b)

The molecular channel produces hydrogen and carbon monoxide, which does not continue

to take part in the production of HOx (Crowley et al. 1994, Crutzen et al. 1992, Müller and

Crutzen 1994). The sensitivity of the ozone in relation to the branching ratio of HCHO is

studied in Müller et al. 2018.

2.5 Pathway Analysis

When the output of a complex chemical model is analysed, a typical topic is the determi-

nation of pathways, i.e., reaction sequences, that produce or destroy a chemical species of

interest. A representative example is the investigation of catalytic ozone destruction cycles

in the stratosphere. An algorithm for the automatic determination of pathways in any given

reaction system is presented in Lehmann 2004 and is employed here. Reaction rates are

assumed to be given, the algorithm finds all pathways with a rate above a predetermined

threshold. The algorithm forms pathways step by step, starting from single reactions. The

chemical species in the system are consecutively considered as ”branching points”. For every

branching-point species, each pathway producing it is connected with each pathway consum-

ing it. Rates proportional to ”branching probabilities” are calculated. Pathways with a rate

that is smaller than a prescribed threshold are discarded. If a newly formed pathway con-

tains sub-pathways, e.g., null cycles, it is split into these simpler pathways.

(Special acknowledgement: note that in this thesis, the pathway analysis results

are the contribution of Ralph Lehmann from his unpublished research on ”Rapid

net HCl formation in the Antarctic spring stratosphere despite counteracting

heterogeneous chemistry, and implications for minimum ozone concentration”.
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Some results and discussions of Chapter 4 are based on the calculations of path-

way analysis of this work. By the time of completion of this thesis, the above-said

work is still in the planning phase of publishing.)



Chapter 3

Model Description

3.1 ClaMS

The details of the model CLaMS are well described in McKenna et al. 2002a,b and Grooß

et al. 2014. Major updates and developments are: Calculation of photolysis rates by Becker

et al. 2000); Extension to 3-dimension model version by Konopka et al. 2004; Improved

agrangian sedimentation by Tritscher et al. 2019; Extension to the (upper) troposphere us-

ing hybrid vertical coordinate zeta by Konopka et al. 2007; Incorporation of the concept

of air mass origin tracers by Günther et al. 2008; Climatological simulation and simplified

chemistry by Pommrich et al. 2014; Integration of Lagrangian transport into the climate

model EMAC by Hoppe et al. 2014; Tropospheric mixing and parametrization of unresolved

convective updrafts by Konopka et al. 2019.The model grid points are air parcels that follow

trajectories and are therefore distributed irregularly in space. Mixing between the air parcels

is calculated by an adaptive grid algorithm that depends on the large-scale horizontal flow

deformation (McKenna et al. 2002a). The change of composition by chemistry and especially

heterogeneous chemistry is calculated along the trajectories (Grooß et al. 2014, McKenna

et al. 2002b). The replacement of previous chemistry solver routine IMPACT by a Newton-

Raphson method derived from Wild and Prather 2000 is also updated. In Grooß et al. 2014

the Lagrangian PSC particle sedimentation scheme only include simulation for NAT parti-

cles, from Tritscher et al. 2019 on, an improvement that also simulates ice particles. This

parameterisation should allow the model to sufficiently reproduce the observed PSC types

and distribution.

The simulations in this thesis focus on air parcel trajectories in the Antarctic of time period

late winter to early spring, where the ozone hole appears (WMO 2018). Wind and tempera-

23
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ture data for the single air parcel trajectory are subtracted from the ERA-Interim reanalysis

with 1°× 1 °resolution (Dee et al. 2011). Diabatic descent rates use the radiation code

from Morcrette 1991, Zhong and Haigh 1995, they assume cloud free atmosphere based on

temperatures from the ERA-Interim reanalysis and climatological ozone and water vapour

profiles (Grooß and Russell III 2005, Grooß et al. 2011).

The chemical kinetics of the trajectory are based on Sander et al. 2006. Dimer Cl2O2 cross

section is taken from von Hobe et al. 2009, but scaled by a factor of 1.48 so that the results

fit the study of Lien et al. 2009. The photolysis rates are calculated for spherical geome-

try (Becker et al. 2000, Meier et al. 1982) using climatological ozone profile and ozone hole

conditions from HALOE measurements (Grooß and Russell III 2005, Grooß et al. 2011). Het-

erogeneous chemistry is calculated on ice, NAT, liquid ternary particles (H2O/H2SO4/HNO3)

and cold liquid binary aerosols (Grooß et al. 2011). The temperature dependent uptake co-

efficients of heterogeneous reactions on liquid ternary and binary aerosols are parameterized

by Shi et al. 2001. The uptake coefficients of reactions on NAT are parameterized by Carslaw

et al. 1997, Hanson and Ravishankara 1993. The NAT number density is 0.003 cm-3.

SVODE solver (Brown et al. 1989) is applied in the simulations of the thesis. It is applied

so that different reactions with different rates do not proceed the next time step before the

previous time step is finished. SVODE allows for a higher accuracy in the interpolated re-

sults.

The CLaMS model contains a wide range of reactions, including full chlorine and bromine

chemistry, photolysis and heterogeneous reactions in the stratosphere. The model chem-

istry is integrated from Atmospheric Chemistry Code (ASAD) by Carver et al. 1997, which

provides subroutines to time dependent problems in the atmospheric chemistry as well as

a chemical reaction database. In Appendix A.1 all the reactions that are involved in the

stratosphere in this model are listed. These reactions are organized in four groups: binary

reactions (numbered with B), ternary reactions (numbered with T), photolysis reactions

(numbered with J) and heterogeneous reactions (numbered with H). The reaction rates are

calculated by temperature and pressure dependent routines from Burkholder et al. 2020,

2015, Sander et al. 2011 respectively, which will be discussed in details in the next section.

Reaction rates are updated on an hourly basis in the simulations.
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3.2 JPL Recommendations

The Jet Propulsion Laboratory, California Institute of Technology and NASA publish and

update chemical kinetics and photochemical data regularly. These data are used primarily

to model stratospheric and upper tropospheric processes, with particular emphasis on the

ozone layer and its possible perturbation by anthropogenic and natural phenomena.

The CLaMS model also employ this recommendation. There are three versions of recom-

mendations that were applied in this thesis, namely JPL2011 (Sander et al. 2011), JPL2015

(Burkholder et al. 2015) and JPL2020 (Burkholder et al. 2020). JPL2015 is no longer the

most recent edition and it contains a typo in the publication (see detail in the following

subsection), therefore only a couple of exemplary simulations using this recommendation are

presented in the Appendix A.3 and will not be discussed in Chapter 4.

3.2.1 A Comparison of JPL2011, JPL2015 and JPL2020

Below are the tables of the reactions which are involved in the CLaMS model that have been

changed from JPL2011 to JPL2015 and JPL2020:

Adjusted reactions from JPL2011 to JPL2015

Cl + CH4 −−→ HCl + CH3 (R4)

ClO + CH3O2 −−→ Cl + HCHO+HO2 (This adjustment has typo) (R3)

CFC12 +O(1D) −−→ Products –

HCFC22 +O(1D) −−→ Products -

CFC113 +O(1D) −−→ Products -

HCFC22 +OH −−→ Products -

CH3Cl + OH −−→ Products -

HO2 +NO2 −−→ HO2NO2 -

HO2NO2 −−→ HO2 +NO2 (CR1)

NO2 +NO3 −−→ N2O5 (CR2)

ClO + ClO −−→ Cl2O2 (CR3)
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Cl2O2 −−→ ClO + ClO (CR4)

BrO + NO2 −−→ BrONO2 -

OH + CO −−→ CO2 +H (CR5)

CH2O+ hν −−→ Products (R14)

Table 3.1: Changes from JPL2011 to JPL2015

Adjusted reactions from JPL2015 to JPL2020

ClO + CH3O2 −−→ Cl + HCHO+HO2 (The typo in JPL2015 is removed) (R3)

CO +OH −−→ CO2 +H (CR6)

O(3P) + NO2 −−→ NO+O2 (CR7)

HO2 +HO2 −−→ H2O2 +O2 (CR8)

HNO3 +OH −−→ NO3 +H2O (CR9)

HO2 +NO −−→ NO2 +OH (CR10)

NO+NO3 −−→ NO2 +NO2 (CR11)

H + O2 −−→ HO2 (R15)

CH3O2NO2 + hν −−→ CH3O2 +NO2 (CR12)

Table 3.2: Changes from JPL2015 to JPL2020

The rate of ClO+CH3O2 This paragraph is dedicated to the reaction ClO+CH3O2 −−→
Cl + HCHO + HO2. The role of this reaction for ”ozone hole” chemistry is important to a

certain degree (Crutzen et al. 1992, Zafar et al. 2018), the adjustments are discussed in this



CHAPTER 3. MODEL DESCRIPTION 27

paragraph. The temperature dependent rate constant in Sander et al. 2011 is listed as:

kjpl11(T ) = 3.3× 10−12 · exp
(
− 1

115
· 1
T

)
(A1)

where T is temperature. This recommendation was updated and the correct equation is:

kjpl15/20(T ) = 1.8× 10−11 · exp
(
− 1

600
· 1
T

)
(A2)

however in both Burkholder et al. 2015 and (unchanged) in Burkholder et al. 2020 the A-

factor is listed as A = 1.8 × 10−12. The correct value should be A = 1.8 × 10−11. This is

confirmed by the author personally.

The calculation of room temperature rate with equation (A2) is consistent with earlier

Figure 3.1: The temperature dependent rate constant for reaction ClO + CH3O2 −−→ Cl +
HCHO + HO2 from a variety of sources. Note that the results for Burkholder et al. 2020,
2015 (line color red) is calculated with the corrected value A = 1.8× 10−11. (Plot courtesy
Rolf Müller)

work and also reproduces the k(298 K) value given in Burkholder et al. 2020, 2015, these are

listed in the table below. The formulation with equation (A2) as well as the recommendation

Sander et al. 2011 and other measurements (Leather et al. 2012, Ward and Rowley 2016)

are presented in the same figure 3.1. Using the incorrect value A = 1.8 × 10−12 results in

inconsistency with the laboratory measurements.
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k(298K) Source

2.2434510−12 Sander et al. 2011

2.4035610−12 Burkholder et al. 2020, 2015

2.3985410−12 Leather et al. 2012

2.5515010−12 Ward and Rowley 2016

Table 3.3: The rate constant k of reaction ClO+CH3O2 −−→ Cl +HCHO+HO2 at 298 K.
The entry for Burkholder et al. 2015 and Burkholder et al. 2020 is for A = 1.8× 10−11.

Cl2O2 Canty et al. 2016 has proven that the recent laboratory-determined absorption cross

sections of Cl2O2 that report larger values than found by prior studies are more consistent

with atmospheric measurements of Cl2O2 and ClO. Model results based on the JPL 2015

cross sections of Cl2O2 are in agreement with atmospheric observations for a wide range of

ClO + ClO dimerization reaction rate constant.

Other adjustments From JPL2011 to JPL2015 new bromine species are included but

they should not interfere with the simulations as they are initialized with 0, from JPL2015

to JPL2020 they are once again removed. From JPL2015 to JPL2020 New formula for

association/dissociation reactions are updated (namely CO+OH, O(3P)+NO2, HO2+HO2

and HNO3 +OH). Temperature changed from 300 K by 298 K in all formulas.
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Results and Discussion

4.1 Standard Run

A series of research has been performed on the trajectory we employed in this work, namely

in the study by Grooß et al. 2011, Müller et al. 2018 and Zafar et al. 2018. The results

reported earlier indicate that at 16 - 18 km (85 - 55 hPa) in the core of the vortex, high

levels of active chlorine are maintained by HCl null cycles, where the formation of HCl is

balanced by immediate reactivation. In this section the calculations were performed under

the same condition using JPL2011 recommendation (Sander et al. 2011) in order to reproduce

the results in the studies.

The trajectory covers the time period when the ozone mixing ratios are the lowest, it is

selected to study the stratospheric chemistry in the vortex core during late winter and early

spring. The trajectory intersects an observation of South Pole Station of about 10 ppbv

ozone at the pressure level 70 hPa on September 24th, 2003. The duration of the simulations

performed by CLaMS is from June 1st to November 30th, 2003. The trajectory stays in the

vortex core around 70◦ South with a standard deviation of 5◦.

The initial values for the main trace gases on 1st June, 2003 are: O3 = 2.2 ppm, H2O = 4.1

ppm, CH4 = 1.2 ppm, HNO3 = 4.5 ppb, HCl = 1.05 ppb, ClOx = 1.01 ppb, ClONO2 = 12

ppt, HOCl = 5 ppt, Bry = 17 ppt, CO = 16 ppb.

The assumptions in these initial conditions are: the initial step of heterogeneous activation

has occurred in the air parcel, therefore the ClOx values are high while HCl values are low.

Secondly, denitrification is also represented in the initial conditions by assuming HNO3 = 4.5

ppb. The sensitivity of the results of the simulations on the initial ozone and initial HNO3

mixing ratios, as well as the impact of assumptions on the chemistry of methylhypochlorite

29
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and the methyl peroxy radical has been discussed in previous work Müller et al. 2018.

A selection of the trajectory characters are presented in figure 4.1.

Figure 4.1: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24th September,
2003 (with recommendations of Sander et al. 2011). The different panels show a time series
of the relevant parameters: (a) potential temperature of the air parcel, (b) temperature,
(c) solar zenith angle, (d) surface area density of ice (magenta, scaled by 0.1), NAT (green,
scaled by 5) and liquid aerosol particles (blue), (e) ClOx (blue) and HCl (red), (f) ozone.

Panel (a) shows that the potential temperature of the air parcel descends to 390 K when
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lowest ozone concentrations are observed. Panel (b) shows temperature, where a dashed

line of 195 K is also included. This temperature is the threshold temperature, below which

crystalline nitric acid trihydrate (NAT) is thermodynamically stable and can exist if they

nucleate (Hanson and Mauersberger 1988, Peter and Grooß 2012a). In winter and early

spring the temperature is typically below this threshold. Panel (c) displays solar zenith

angle along the trajectory. Panel (d) includes surface area density of ice, NAT and liquid

aerosol particles. In Panel (e), HCl declines gradually and ClOx increases as a result of the

chlorine activation process in winter. In panel (f) ozone concentration is shown. The effect

of ClOx is minimum in winter, however in early spring, as solar zenith angle decreases, ozone

begins to deplete rapidly. Accordingly, in panel (d) ClOx is consumed while HCl increases

significantly. Ozone depletion stops because ozone reached an extremely low value although

temperatures are still low enough for PSCs and heterogeneous processing.

The calculations successfully reproduced those in the studies mentioned above. Based on

this result we conducted further calculations with small variations to initial values of the

trajectory, these will be discussed in the following section.
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4.2 Impact of Initial Water Vapour Value (JPL2011)

In this section, we present further results that are based on the earlier recommendation

JPL2011 (Sander et al. 2011) so that a straightforward comparison is possible.

The initial value H2O = 4.1 ppm neglects the dehydration of the Antarctic stratosphere. It

has already been reported for both in-situ and remote sensing measurements as well as for

model simulations (Kelly et al. 1989, Nedoluha et al. 2002, Poshyvailo et al. 2018, Rolf et al.

2015, Schoeberl and Dessler 2011, Vömel et al. 1995), there exists strong dehydration in the

Antarctic vortex in June, July and August.

Water vapour in the air is removed at sufficiently low temperatures through ice formation.

Irreversible dehydration occurs every year through the sedimentation of ice particles. There

is also a certain year-to-year variability in the extent and timing of the severity of Antarctic

dehydration. Therefore, in this section we changed the initial mixing ratio of H2O = 2.05

ppm, we believe that this constitutes a more realistic initial condition considering the dehy-

dration in Antarctica.

The results in section 4.1 are compared with the simulation using this more realistic initial

value. Figure 4.2 shows the result of the simulations.

In general the change in initial value does not result in significant change of the chlorine

chemistry and ozone loss, the progression along the time are consistent. For initial value

H2O = 2.05 ppm, the minimum value of ozone is slightly higher that for H2O = 4.11 ppm,

which are separately plotted on a linear scale in figure 4.3. Ozone mixing ratio began to

differentiate on August and reached the maximum difference of ozone on 19th September,

after October there were no significant difference. The value of the difference is less than

0.09 ppm.

Although the differences are small, we dedicate the following subsections to a more detailed

comparison on certain important reactions and cycles.
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Figure 4.2: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24th September,
2003 (with recommendations of Sander et al. 2011). The results for initial value H2O = 4.11
ppm and H2O = 2.05 ppm are both presented in the plot: (a) HCl and ClOx, (b) HOCl, (c)
ClONO2, (d) Cl2O2, (e) ozone.
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Figure 4.3: A different depiction of figure 4.2 panel (e). Ozone for initial value H2O = 4.11
ppm and H2O = 2.05 ppm on linear scale (black Y-scale on the left) and their difference (red
Y-scale on the right).

4.2.1 PSCs and HNO3

The ice PSCs and the mixing ratio of water vapour in the gas phase are shown in figure 4.4.

For initial value H2O = 2.05 ppm, ice surface is significantly lower than that for H2O = 4.11

ppm. This difference has little impact on the development of HCl and active chlorine (figure

4.2 (a)). It is consistent with the notion that the specific rates of the heterogeneous reactions

in the HCl null cycles are of little relevance for the efficacy of the HCl null cycles.

From figure 4.4 (a) and (b) we conclude that the change in initial water vapour value directly

lead to huge difference in both surface density of ice PSCs and the mixing ratio of water

vapour in the gas phase. Figure 4.4 (c) shows the concentration of HNO3 in the gas phase.

The results for initial value H2O = 2.05 ppm displays a much higher HNO3 concentration

throughout the time period. This can be explained by ice particles absorption of HNO3.

Lower initial water vapour produces less ice and ice surface, leaving more HNO3 in the gas

phase. This results in a decrease in HCl and an increase in ClOx, which is consistent with
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figure 4.2 (a). NOx species go through chemical reaction:

Figure 4.4: A comparison on simulations for initial value H2O = 4.11 ppm and H2O = 2.05
ppm with recommendation Sander et al. 2011: (a) Surface density of ice, (b) Water vapour
in the gas-phase, (c) gas-phase HNO3 concentrations.

ClO + NO2 +M −−→ ClONO2 +M (T9)

ClONO2 then proceed to involve in reactions with chlorine species. However, these reactions

are of little importance. Heterogeneous reaction N2O5 +H2O converts the majority of NOx

into HNO3 in polar nights, furthermore, PSCs that have NAT exist continuously throughout

the simulation, these leads to low NO2 concentrations in both polar nights and in sunlight.

The rate of ClONO2 formation is rather slow, causing the rate of reactions ClONO2 + HCl

significantly slower than HOCl + HCl (up to four orders of magnitude slower). Therefore

it is usally considered that the NOx cycle plays only a rather small role in ozone depletion.

Although we have changed the initial water vapour value, the significant decrease in HNO3

does not result in any substantial changes in ozone depletion.
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4.2.2 O(1D) + H2O

As the value of initial water vapour is modified, we want to consider the influence on reac-

tion that directly involves water in the gas phase and produces OH, and its role in the O3

depletion process.

O(1D) + H2O −−→ OH+OH (R18)

Two simulations were performed under the setting where the reaction rate of this reaction

is set to zero, we call this ”turning the reaction off”. One simulation is for H2O = 4.11 ppm

and one is for H2O = 2.05 ppm.

Figure 4.5 shows the difference between having the reaction rate unchanged and setting it

to zero under the initial value H2O = 4.11 ppm. The mixing ratio of OH is fundamentally

identical under these two settings. It can be seen that, although water vapour is involved in

the reaction directly, the reaction itself have a fairly minimal impact on the mixing ratio of

HCl and ClOx and other chlorine species. In consequence the change in O3 is also negligible.

Figure 4.6 shows the same comparison but for the simulation with initial value H2O = 2.05

ppm. In this simulation there are less water vapour, therefore the relevance of the reaction

to O3 depletion is even more insignificant. As can be seen in the figure the progressions on

every panel are almost identical.
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Figure 4.5: Box-model simulations for initial value H2O = 4.11ppm. A comparison of
different reaction rate settings for reaction O(1D) + H2O −−→ OH + OH (on, off) for (a)
HCl and ClOx, (b) OH, (c) HOCl, (d) Cl2O2, (e) ozone. JPL version uses recommendation
Sander et al. 2011.
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Figure 4.6: Box-model simulations for initial value H2O = 2.05ppm. A comparison of
different reaction rate settings for reaction O(1D) + H2O −−→ OH + OH (on, off) for (a)
HCl and ClOx, (b) OH, (c) HOCl, (d) Cl2O2, (e) ozone. JPL version uses recommendation
Sander et al. 2011.
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4.2.3 HCHO

It is concluded in the previous section that O(1D) radical reaction with H2O has very limited

impact. There is, however, another dominant source of HOx that we could consider. The

formaldehyde photolysis is an important step in the ozone hole chemistry. It consists of two

channels, namely the radical channel and the molecular channel:

HCHO+ hν −−→ HCO+H (R14a)

HCHO+ hν −−→ H2 + CO (R14b)

The molecular channel produces hydrogen and carbon monoxide, which does not continue

to take part in the production of HOx (Chapter 3 section 3.4). The radical channel product

HCO undergoes oxidation and produces HOx:

HCHO+ hν −−→ HCO+H

H+O2 −−→ HO2

CHO+O2 −−→ CO+ 2HO2

Net: HCHO+ 2O2 −−→ CO+ 2HO2

To observe the difference in this process between H2O = 4.11 ppm and H2O = 2.05 ppm, the

mixing ratio of HCHO and the reation rate of the radical channel are plotted in figure 4.7.

Granted that the trends are similar in early stage of the simulation, two weeks before ozone

minimum, the difference starts to become visible. For H2O = 2.05 ppm the mixing ratio of

HCHO increases slower than that for H2O = 4.11 ppm, the reaction rate also grows slower

and reaches peak later. It has been studied in Zafar et al. 2018 that, faster HO2 production

would result in faster HCl decline, which then leads to higher ClOx. This is consistent with

the slightly delayed plateau of HCl and ClOx for H2O = 2.05 ppm in figure 4.2 panel (a).
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Figure 4.7: Box-model simulations for initial value H2O = 4.11 ppm and H2O = 2.05
ppm: (a) HCHO, (b) photolysis rate of HCHO + hν −−→ HCO + H. JPL version uses
recommendation Sander et al. 2011.
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4.2.4 Sensitivity on Ozone

In this section we conducted six further simulations with initial value H2O = 2.05 ppm, where

the initial ozone mixing ratios range from 2.0 to 2.6 ppm. This is to check if the sensitivity of

the simulated development of chlorine chemistry and ozone mixing ratios behave like those

for H2O = 4.11 ppm in the previous settings.

Figure 4.8: Simulations for different ozone initial value from O3 = 2.0 ppm to O3 = 2.6 ppm:
(a) HCl, (b) ClOx, (c) O3.

The simulations are shown in figure 4.8. It is natural that the higher the initial value,

the higher the minimum ozone mixing ratio. We can also see that the timing of the rapid

increase in HCl and chlorine deactivation vary slightly for different initial values, but the
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trends and patterns, especially before 20th of September, are almost identical. In the case of

initial ozone O3 = 2.60 ppm (line color magenta), maximum chlorine activation is achieved

latest. The explanation for this could simply be that, there are more ozone to be depleted

therefore it takes longer. In this case the ozone is abundant, it does not drop low enough

that the HCl null cycles are disrupted. In the beginning of October, temperature rises to

above 195 K, this disrupts HCl null cycles and HCl begins to increase.

For lower ozone abundance, for example O3 = 2.00 ppm (line color cyan), it drops rapidly and

reaches an sufficiently low value that HCl null cycles can not be maintained anymore. As HCl

increases, O3 depletion stops, the slow recovery of ozone already begins before temperatures

rises above the threshold.

These results are consistent with the ozone sensitivity study for H2O = 4.11 ppm. (Müller

et al. 2018)
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4.3 Impact of Initial HCl Value (JPL2011)

Grooß et al. 2018 reported a discrepancy between simulations and observations of HCl during

the onset of chlorine activation (between May and July in the Antarctic), during this period

model simulations significantly overestimate HCl. This section discusses the result and effects

of modifying HCl and chlorine species.

The simulation is conducted for initial values H2O = 2.05 ppm and HCl = 0 ppb. In order

to maintain the total amount of total chlorine, an equivalent increase in initial Cl2O2 value

is added:

Cl2O2(new)init = Cl2O2(old)init +
1

2
HCl(old)init (Init. Adjustment)

In this setting we have more active chlorine at the beginning of the simulation, the progres-

sions along these trajectories are shown in figure 4.9. This simulation is also performed on

initial value H2O = 4.11 ppm (see appendix A.2).

From figure 4.9 (e) it can be concluded that more active chlorine leads to earlier and more

ozone depletion. Table 4.1 lists the exact date when ozone reaches a minimum and its value

for all four trajectories. The interpretation is that the more initial water vapour and the

more initial active chlorine, the earlier (faster) and the more severe ozone depletion takes

place.

H2O = 4.11 ppm H2O = 2.05 ppm

HCl = 1.05 ppb Sep 30th,06:00 Sep 30th, 06:00

4.14× 10−2 ppm 8.91× 10−2 ppm

HCl = 0 ppb Sep 26th, 11:00 Sep 26th, 14:00

3.28× 10−2 ppm 3.01× 10−2 ppm

Table 4.1: Day of reaching Ozone minimum and value

Panel (a) of figure 4.9 shows that the HCl and ClOx species remain rather stable before

August. From August, activation process slowly consumes HCl for the previously discussed

setup, whereas for initial HCl =0, the mixing ratio remains steady.

Figure 4.9 (b) displays a substantially high HOCl mixing ratio for HCl = 0 ppb before

September, around twice as much as that for HCl = 1.05 ppb in the time frame from mid
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Figure 4.9: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24 September 2003
(Sander et al. 2011). The results for initial value HCl = 1.05 ppb and HCl = 0 ppb are both
presented in the plot: (a) HCl and ClOx, (b) HOCl, (c) ClONO2, (d) Cl2O2, (e) ozone.
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June to September. The very low HCl mixing ratios also allow the abundance of HOCl to be

greater than in a case with higher initial HCl value, especially from mid June to mid August.

In this period HCl mixing ratio remains rather stable for both trajectories, we could infer

that HCl null cycles keep HCl mixing ratio low. This is also the case for H2O = 4.11 ppm.
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4.3.1 HCl null cycles

In chapter 2 the HCl null cycles have been explained. The reactions

CH4 + Cl −−→ HCl + CH3 (R4)

CH2O+ Cl −−→ HCl + CHO (R11)

are of major importance in the maintenance of chlorine activation. After changing the initial

value of HCl, we want to look closer into these key processes.

A comparison of the reaction rates are presented in figure 4.10 on logarithmic scales. It is

straightforward that these reaction rates are higher for initial HCl = 0 almost at all times.

The HCl null cycles ensure that the net production of HCl remains around zero. When the

initial value is zero and ClOx concentration is high, the speed of the above reactions are

correspondingly higher, HCl level remains stable.

From middle September to October, the reaction rates increase substantially, up to two

Figure 4.10: Simulation for initial value H2O = 2.05 ppm, HCl = 1.05 ppb and 0 are plotted
in comparison with ecommendation Sander et al. 2011: (a) HClRates of reaction of atomic
chlorine with (a) CH4, (b) CH2O. The reaction rates in the panels are plotted as 24 h
running averages.
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orders of magnitude. For initial value HCl = 0, the growth of the reactions rates is faster

and reaches peak value much earlier. Overall the HCl null cycles are maintained regardless

of the initial values.

4.3.2 Activation of HCl

The increase in (R4) and (R11) reflects the consumption and reproduction of HCl, yet the

cycles responsible for the full activation are (C3) and (C4). This again calls for attention

on the study of HCHO photolysis. Figure 4.11 presents the HCHO mixing ratio and its

Figure 4.11: Box-model simulations for initial value H2O = 2.05ppm, HCl = 1.05 ppb and
HCl = 0: (a) HCHO, (b) photolysis rate of HCHO+ hν −−→ HCO+H. The reaction rates
in the panels are plotted as 24 h running averages.

photolysis rate (radical channel). Shortly before October, the photolysis of HCHO rises

intensely for initial HCl = 1.05 ppb, at the same time for initial HCl = 0, the photolysis rate

remains steady with minor drop. In the case of initial HCl = 0, there is little activation taking

place, as most of the chlorine species are already in the form of ClOx. The interpretation

could again confirm the earlier study for the full activation of HCl in Müller et al. 2018.
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4.4 Simulations for JPL2020

In this section we use chemical kinetics and photochemical data from the recommendation

JPL2020 (Burkholder et al. 2020), there remains a lot to be discussed on the simulations

using this recommendation as this is the most recent one. The JPL2015 version (Burkholder

et al. 2015) is not the main focus of this thesis, (some discussions were made, see Appendix

A.3 for detail). Similar simulations like the previous sections as well as multi-trajectory

simulations are discussed.

4.4.1 Impact of Revised Kinetic Parameters

The same trajectory in the section 4.2 is selected here as an example to study the difference

between JPL2011 and JPL2020. The same initialization was used, namely H2O = 2.05 ppm

and HCl = 1.05 ppb. Figure 4.12 makes a comparison between these two recommendations.

Overall, the results are similar. The HCl level begins to sink lower in JPL2011 than JPL2020

from early August until the end of September. On the day where the simulation for JPL2011

reached O3 minimum, O3 mixing ratios for JPL2020 has not reached minimum yet. In the

simulation of JPL2020, the O3 mixing ratio already decreases fast from two weeks before

September 28th, however it still continues to decrease, but slower, until reaching minimum

on October 09th, 04:00, which is significantly later than JPL2011.

Panel (b), (c) and (d) show similar differences. In general, the HOCl, ClONO2 and Cl2O2

mixing ratios at local peaks are higher in JPL2011 than in JPL2020. However after 28th

of September, there exists a new peak for ClONO2 which simulations for JPL2011 do not

have. This is also visible in HOCl. The delay in HCl/ClOx reaching plateau correspond

these differences.

Difference on 18th to 19th September In figure 4.12 panel (c), ClONO2 has a sig-

nificantly higher peak in JPL2011, almost five times as much as in JPL2020. On this day,

temperature shortly rises above TNAT = 195 K, causing heterogeneous reactions on PSCs to

reduce rapidly. In this time of year, solar zenith angle already began to decrease.

We extracted the reaction rates on this day. The rate of reaction (R1) is 2.8 × 102 ppb d-1

in JPL2020 and 1.2 × 103 ppb d-1 in JPL2011. Some of the reactions that have changed in

the recommendations also exhibit differences. The rate of reaction (CR11) is 0.39 ppb d-1

for JPL2020 and 15.9 ppb d-1 for JPL2011. The same huge gap between rates are also found

for (CR7): 0.7 ppb d-1 for JPL2020 and 29.7 ppb d-1 for JPL2011. Smaller differences are

found for reaction (CR1) and (CR9), the values for JPL2011 are approximately three times
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Figure 4.12: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24th September,
2003. The results are both for initial value H2O = 2.05 ppm, using recommendation Sander
et al. 2011 and Burkholder et al. 2020 respectively: (a) HCl and ClOx, (b) HOCl, (c)
ClONO2, (d) Cl2O2, (e) ozone.
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the rates in JPL2020.

One deduction from these reaction rates is that, the lower value of ClONO2 in JPL2020 is

a result of lower NO2 caused by changes in the recommendations. The validity of deduction

is however challenged by the fact that the overall NO2 turnover are very low for both cases,

whether the differences at these low levels do have an impact on ClONO2 remains to be

tested.

Difference after September 28th This paragraph explores the behaviours of the trajec-

tory using different recommendations after ozone hits minimum in JPL2011. As discussed

in Chapter 2 section 2.4, the photolysis reaction (R14) is very important to understand the

process of HCl full activation, especially that the parameters regarding this reaction has

changed since JPL2015.

Already before 28th September the difference in radical channel becomes visible, the rate

Figure 4.13: Photolysis rate of HCHO for H2O = 2.05 ppm, using JPL2011 and JPL2020
respectively: (a) radical channel, (b) molecular channel. The reaction rates are plotted as
24 h running averages.

of photolysis increases slower in JPL2020 than in JPL2011 yet the peak value is higher. The

rate of photolysis in JPL2020 reaches a local maximum value on 30th September, which then
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decrease, but remains evidently higher than in JPL2011. The molecular channel of (R14)

does not exhibit any noticeable difference between the two versions of recommendation. Fig-

Figure 4.14: Simulation for initial value H2O = 2.05 ppm, HCl = 1.05ppb using recommen-
dation Sander et al. 2011 and Burkholder et al. 2020 respectively: (a) HClRates of reaction
of atomic chlorine with (a) CH4, (b) CH2O. The reaction rates in the panels are plotted as
24 h running averages.

ure 4.14 displays the reaction rates for the important reactions (R4) and (R11) in HCl null

cycles. Both reactions have the same characteristics: in JPL2020 both reaction rates rise

slower, peak later and smaller in value. However, the decreases afterwards both stop at

higher rates and remain steady and higher than in JPL2011. This does not affect the gen-

eral efficacy of HCl null cycles, but the change in the rates of the cycle is rather interesting.

Appendix A.4 lists a selection of the reactions that have been revised in the recommendation

of roughly two weeks after 28th September, these reactions have shown visible differences,

mainly linked with HOx species and NOx species.
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4.4.2 Impact of Initial HCl Value (JPL2020)

The same setup in section 4.2 is used here for simulation but the recommendation JPL2020

(Burkholder et al. 2020) is employed. First we compare the results with those in section

4.4.1, the sole difference is the initial value of HCl.

Figure 4.15 shows that as the initial HCl value is set to zero, the transition in ozone

depletion rate after October disappears. This is easily explained by the abundance of ClOx

at the beginning of the simulation. It allows a faster full HCl activation and thus faster ozone

depletion. On 1st October ozone already reaches a value of 0.088 ppm, which is already too

low a concentration for further ozone depletion process.

Figure 4.16 is a comparison of the version difference of the recommendation. It is similar to

figure 4.12 but for the trajectory set up of H2O = 2.05 ppm, HCl = 0 ppb. From this figure

and some of the results in the previous section, that the recommendation Burkholder et al.

2020 leads to a generally milder ozone depletion. This is valid for different initial values of

H2O and HCl tested in this thesis.
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Figure 4.15: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24 September 2003
(Burkholder et al. 2020). The results for initial value HCl = 1.05 ppb and HCl = 0 ppb are
both presented in the plot: (a) HCl and ClOx, (b) HOCl, (c) ClONO2, (d) Cl2O2, (e) ozone.
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Figure 4.16: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24 September 2003.
The results for initial value H2O = 2.05 ppm, HCl = 0 ppb are presented under both Sander
et al. 2011 recommendation and Burkholder et al. 2020 recommendation: (a) HCl and ClOx,
(b) HOCl, (c) ClONO2, (d) Cl2O2, (e) ozone.
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4.4.3 Multi-trajectory simulation

Similar as in earlier work (Grooß et al. 2011, Müller et al. 2018), we present here results for

several trajectories passing the South Pole (in late September/early October) at the 400 K

potential temperature level; these trajectories include diabatic descent and latitude varia-

tion.

From early August to early October these trajectories show roughly the same diabatic de-

scent of ≈ 10 K, similarly as for the single trajectory discussed in sections 4.1 and 4.2.

However, over this period, the different trajectories show strong variations in latitude (and

thus exposure to sunlight); the latitude varies between the South Pole and ≈ 65◦S with some

equatorward excursions to ≈ 60◦S and, sometimes to ≈ 55◦S.

The initial values of HCl, ClOx and H2O were chosen consistently with the simulation pre-

sented in the previous sections. The same initial water vapour concentration (H2O = 2.05

ppm) was employed for all trajectories, which approximately takes into account dehydration

in the Antarctic lowermost stratosphere (see section 4.2). Further, we employ an initial

value for HCl of zero (Grooß et al. 2018) and a corresponding increase in initialClOx . The

adjustment follows the principal of equation (Init. Adjustment) in section 4.3. The initial

value of ClOx is therefore different for the individual trajectories. The recommendations by

(Burkholder et al. 2020) was used.

The results of the multi-trajectory simulations (4.17) show a certain variability in the ozone

loss rate, which depends strongly on solar insulation and on the initial value of ClOx ; also

note that initial ozone is different for the individual trajectories. The minimum ozone is

reached for the individual trajectories between mid-September and early October. There is

also a certain variability of the temporal development of HCl, with some trajectories showing

intermittent rapid increases in HCl for certain periods.

However, all trajectories show strongly enhanced values of ClOx over the period of strong

ozone loss in August and September, consistent with suppressed values of HCl. Minimum

ozone values for all trajectories are very low; below 50 ppb for all and below 10 ppb for several

trajectories. The period of rapid ozone loss (driven by high levels of ClOx ) ends abruptly

with chlorine deactivation through very rapid formation of HCl (Lehmann et al., 2022(see

Chapter 2.5)). After deactivation, HCl values remain high and practically unchanged in the

box model simulation.

.
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Figure 4.17: Results from multi-trajectory simulations of the CLaMS box-model. The tra-
jectories are consistently initialised with HCl = 0 and H2O = 2.05 ppm. Initial ClOx and
ozone are different (details are described above and in Grooß et al. 2011). Simulations were
performed for a set of trajectories passing the South pole at 400 K (Grooß et al. 2011). The
results are shown for the time period from 1st August to 1st November, 2003.A few trajec-
tories showing very little diabatic descent (and thus much smaller values of total chlorine)
were neglected. Individual trajectories are shown in different colours.
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4.5 Impact of Initial Cly Value

Chlorine- and bromine-containing ozone-depleting substances (ODSs) are controlled by the

1987 Montreal Protocol. In consequence, atmospheric equivalent chlorine peaked in 1993

and has been declining slowly since then (Chipperfield et al. 2015). We expect that in the

coming decades, the composition of the Antarctic lower stratosphere continue to change.

Specifically, the stratospheric halogen loading should decrease continually. The impact of

this expectation and its assessment are discussed in this section.

The term Cly in our model includes 10 chlorine species: Cl, BrCl, Cl2, Cl2O2, ClNO2, ClO,

ClONO2, HOCl, OClO and HCl. We performed sensitivity run based on initialization in

section 4.2, where we adjusted Cly to the expectation unter Montreal Protocol. This means

setting all the species in Cly to half of its initial value. Recommendation Burkholder et al.

2020 is employed. A setup like this is a typical anticipated condition around year 2050.

The results are presented in Figure 4.18. Lower active chlorine ClOx and thus slower

and smaller ozone depletion are observed as expected (Panel (f)). In the case of half Cly ,

the ozone depletion reaches a plateau of Ozone mixing ratio on 19th October around 0.54

ppm. Different from the cases (ozone minimum) in the previous section, the ozone mixing

ratio does not recover afterwards but continues to decrease very slowly until the very end of

the simulation to 0.49 ppm in December. The interpretation is that, the impact of reduced

amount of Cly on ozone depletion is effective in September. This is consistent with the study

in Solomon et al. 2016, in which observations and model calculations together indicated that

healing of the Antarctic ozone layer has begun to occur during the month of September. For

half Cly , ozone does not drop low enough that the depletion process stops, therefore the loss

of ozone still continues after November at an extremely low rate.

Panel (c), (d) and (e) show that, the processes take place in the same pattern before October,

merely at a lower level of mixing ratios. The differences are mainly observant in the month

October. In the case of lower Cly , heterogeneous processing continues in correspondence

to temperature fluctuation (Figure 4.19). Ozone depletion becomes significantly slower and

rather stable as temperature grows significantly in late October and November.
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Figure 4.18: Sensitivity of the ozone hole chemistry on stratospheric chlorine levels: (a)
radical channel, (b) molecular channel. Running average
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Figure 4.19: Sensitivity of the ozone hole chemistry on stratospheric chlorine levels: (a)
radical channel, (b) molecular channel. Running average



Chapter 5

Summary and Outlook

The results of our simulations corroborate earlier findings that effective HCl null cycles (C1

and C2) allow high levels of active chlorine to be maintained in the Antarctic lower strato-

sphere during the period of strong ozone depletion. During this period, HCl production

rates in the gas-phase are high and increase with decreasing ozone (Grooß et al. 2011, Müller

et al. 2018). The HCl null cycles require the heterogeneous reaction (R2) to proceed at a

substantial rate and further the gas-phase reaction (R3) is essential (Crutzen et al. 1992,

Zafar et al. 2018).

The results from the simulations that take the observed dehydration in the Antarctic lower

stratosphere in winter into account are similar to the unchanged simulations. The ice clouds

are substantially reduced in the model, but does not affect strongly the overall results of

chlorine chemistry and ozone loss. The most important impact of the simulated difference

in ice clouds in the model is caused by the uptake of HNO3 from the gas-phase, which is

different, when ice particle surface is available. Reaction (R18), which directs involves water,

does not have an impact on the overall outcome of the simulated ozone loss.

Assuming an HCl mixing ratio of zero after polar night (consistent with Grooß et al. 2018)

leads to a temporal development of the chlorine chemistry that is somewhat different than

when assuming a higher initial HCl (in particular HOCl is enhanced from about mid-June

to mid-August and HCl mixing ratios remain very low until chlorine deactivation into HCl).

However the overall ozone depletion in the Antarctic lower stratosphere is not strongly af-

fected (which is consistent with Grooß et al. 2018). Our simulations indicate extremely low

minimum ozone values at the South Pole (below 50 ppb) in late September/early October

in agreement with observations (Grooß et al. 2011).

Using the most recent recommendation for chemical kinetic and photochemical data (Burkholder

et al. 2020), does not change the results of the simulations substantially compared to earlier

60



CHAPTER 5. SUMMARY AND OUTLOOK 61

work (where Sander et al. 2011 was used). However there were some differences in terms of

the rate of ozone loss and the amount of ClONO2 on certain days, the cause for this lies in

the reaction parameters that have been updated in Burkholder et al. 2020. A comparison of

the updated reactions with respect to the change in ozone has been made but the detailed

mechanism of these changes remains to be studied.

The results of the multi-trajectory simulations show a a certain variability in the ozone loss

rate, which depends strongly on solar insulation and on the initial value of active chlorine.

The initial ozone could also have an impact on the results as they are different for the indi-

vidual trajectories. All of the trajectories show strongly enhanced values of ClOx over the

period of strong ozone loss in August and September, which is caused by the suppressed

values of HCl at the start of the simulation.

Using an initial setup with the anticipation of 2050s under the Montreal protocol has shown

that despite the overall declining chlorine species, ozone still decreases in a logarithmic scale.

However the situation would already be significantly better than the current results from

observation and simulation.

In conclusion, the results in this thesis have updated the previous studies with the considera-

tion of dehydration and initial HCl values. The differences caused by the revised recommen-

dation (Burkholder et al. 2020) have also been studied. The results have shown consistency

with previous studies overall, however the underlying mechanism of small variations could

require further research.
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Appendix A

Appendix

A.1 Reactions in CLaMS model

This section lists all the reactions included in the CLaMS Model: Gas-phase binary reactions

(B1 - B64) (McKenna et al. 2002a), updated with gas-phase reactions (B65 - B 83) (Grooß

et al. 2014); Ternary reaction (T13) and photolysis reactions (J28 - J36) updated from Grooß

et al. 2014; Heterogeneous reactions (McKenna et al. 2002a).

Binary Reaction

B1 O(3P) + O3 −−→ O2 +O2

B2 O(1D) + O2 −−→ O(3 P) + O2

B3 O(1D) + H2O −−→ OH+OH

B4 O(1D) + H2 −−→ OH+H1

B5 O(1D) + N2 −−→ O(3P) + N2

B6 O(1D) + CH4 −−→ OH+CH3

B7 OH+O3 −−→ HO2 +O2

B8 OH+HO2 −−→ H2O+O2

B9 OH+H2O2 −−→ H2O+HO2

B10 HO2 +O3 −−→ OH+ 2O2

72
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B11 HO2 +HO2 −−→ H2O2 +O2

B12 O(3P) + NO2 −−→ NO+O2

B13 OH+NO3 −−→ HO2 +NO2

B14 OH+HNO3 −−→ H2O+NO3

B15 OH+HO2NO2 −−→ NO2 +H2O+O2

B16 HO2 +NO −−→ NO2 +OJ

B17 HO2 +NO3 −−→ NO2 +OH+O2

B18 NO+O3 −−→ NO2 +O2

B19 NO+NO3 −−→ NO2 +NO2

B20 NO2 +O3 −−→ NO3 +O2

B21 OH+CO −−→ CO2 +H

B22 OH+CH4 −−→ H2O+CH3

B23 OH+HCHO −−→ H2O+HCO

B24 OH+CH3OH −−→ H2O+HCHO+H

B25 OH+CH3OOH −−→ CH3OO+H2O

B26 OH+CH3OOH −−→ HCHO+OH+H2O

B27 HO2 +CH3OO −−→ CH3OOH+O2

B28 CH3OO+CH3OO −−→ CH3OH+HCHO+O2

B29 CH3OO+NO −−→ NO2 +HCHO+H

B30 CH3OOH+Cl −−→ HCl + HCHO+OH

B31 O(3P) + ClO −−→ Cl + O2

B32 OH+Cl2 −−→ HOCl + Cl

B33 OH+ ClO −−→ HO2 +Cl
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B34 OH+ ClO −−→ HCl + O2

B35 OH+HCl −−→ H2O+Cl

B36 OH+HOCl −−→ H2O+ClO

B37 HO2 +Cl −−→ HCl + O2

B38 HO2 +Cl −−→ OH+ClO

B39 HO2 +ClO −−→ HOCl + O2

B40 Cl + O3 −−→ ClO +O2

B41 Cl + H2 −−→ HCl + H

B42 Cl + CH4 −−→ HCl + CH3

B43 Cl + HCHO −−→ HCl + HCO

B44 Cl + CH3OH −−→ HCl + HCHO+H

B45 Cl + OClO −−→ ClO + ClO

B46 Cl + HOCl −−→ Cl2 +OH

B47 Cl + HOCl −−→ ClO + HCl

B48 Cl + ClONO2 −−→ Cl2 +NO3

B49 ClO + NO −−→ NO2 +Cl

B50 ClO + CH3OO −−→ Cl + HCHO+HO2

B51 O(3P) + BrO −−→ HOBr + HCO

B52 OH+HBr −−→ H2O+Br

B53 HO2 +Br −−→ HBr + O2

B54 HO2 +BrO −−→ HOBr + O2

B55 Br + O3 −−→ BrO +O2

B56 Br + HCHO −−→ HBr + HCO
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B57 BrrO + NO −−→ NO2 +Br

B58 BrO + ClO −−→ Br + OClO

B59 BrO + ClO −−→ Br + Cl + O2

B60 BrO + ClO −−→ BrCl + O2

B61 BrO + BrO −−→ Br + Br + O2

B62 BrO + BrO −−→ Br2 +O2

B63 O(3P) + HOBr −−→ OH+BrO

B64 OH+ Br2 −−→ HOBr + Br

B65 H +O3 −−→ OH+O2

B66 H +HO2 −−→ OH+OH

B67 H +HO2 −−→ H2O+O(3P)

B68 H + HO2 −−→ H2 +O2

B69 H2 +OH −−→ H2O+H

B70 OH+O(3P) −−→ H+O2

B71 OH+OH −−→ H2O+O(3P)

B72 HO2 +O(3P) −−→ OH+O2

B73 H2O2 +O(3P) −−→ OH+HO2

B74 O(3P) + HOCl −−→ OH+ClO

B75 N2O+O(1D) −−→ N2 +O2

B76 N2O+O(1D) −−→ NO+NO

B77 CCl3F +O(1D) −−→ ClO + 2Cl + products

B78 CCl2F2 +O(1D) −−→ ClO + Cl + products

B79 CHClF2 +O(1D) −−→ ClO + H+ products
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B80 CCl3F3 +O(1D) −−→ ClO + 2Cl + products

B81 CCl4 +O(1D) −−→ 3Cl + ClO + products

B82 CHClF2 +OH −−→ Cl + H2O+ products

B83 CH3Cl + OH (+O2) −−→ ClO + CH3OOH

Ternary Reaction

T1 O(3P) + O2 +M −−→ O3

T2 OH+NO2 +M −−→ HNO3

T3 HO2 +NO2 +M −−→ HO2NO2

T4 HO2NO2 +M −−→ HO2 +NO2

T5 NO2 +NO3 +M −−→ N2O5

T6 N2O5 +M −−→ NO2 +NO3

T7 CH3OO+NO2 +M −−→ CH3O2NO2

T8 CH3O2NO2 +M −−→ CH3OO+NO2

T9 ClO + NO2 +M −−→ ClONO2

T10 ClO + ClO +M −−→ Cl2O2

T11 Cl2O2 +M −−→ ClO + ClO

T12 BrO + NO2 +M −−→ BrONO2

T13 H +O2 +M −−→ HO2

Photolysis Reaction

J1 BrONO2 + hν −−→ BrO +NO2

J2 BrONO2 + hν −−→ Br + NO3

J3 BrCl + hν −−→ Br + Cl

J4 Cl2 + hν −−→ Cl + Cl
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J5 Cl2O2 + hν −−→ Cl + ClOO

J6 ClNO2 + hν −−→ Cl + NO2

J7 ClONO2 + hν −−→ Cl + NO3

J8 ClONO2 + hν −−→ ClO + NO2

J9 H2O2 + hν −−→ OH+OH

J10 HCHO+ hν −−→ HCH+O

J11 HCHO+ hν −−→ H2 +CO

J12 HO2NO2 + hν −−→ HO2 +NO2

J13 HO2NO2 + hν −−→ OH+NO3

J14 HOBr + hν −−→ OH+Br

J15 HOCl + hν −−→ OH+Cl

J16 HNO3 + hν −−→ OH+NO2

J17 CH3O2NO2 + hν −−→ CH3OO+NO2

J18 CH3OOH+ hν −−→ HCHO+OH+H

J19 N2O5 + hν −−→ NO3 +NO2

J20 NO2 + hν −−→ NO+O(3P)

J21 NO3 + hν −−→ NO2 +O(3P)

J22 NO3 + hν −−→ NO2 +O(3P)

J23 O2 + hν −−→ O(3P) + O(3P)

J24 O3 + hν −−→ O2 +O(3P)

J25 O3 + hν −−→ O2 +O(1D)

J26 OClO + hν −−→ O(3P) + ClO

J27 Br2 + hν −−→ Br + Br
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J28 HCl + hν −−→ H+Cl

J29 H2O+ hν −−→ H+OH

J30 CCl3F + hν −−→ 3Cl + products

J31 CCl2F2 + hν −−→ 2Cl + products

J32 CHClF2 + hν −−→ Cl + H+ products

J33 CCl3F3 + hν −−→ 3Cl + products

J34 CH3Cl + hν (+O2) −−→ CH3OO+Cl

J35 CCl4 + hν −−→ 4Cl + products

J36 N2O+ hν −−→ O(1D) + N2

Heterogeneous Reaction

H1 ClONO2 +H2O −−→ HOCl + HNO3

H2 ClONO2 +HCl −−→ Cl2 +HNO3

H3 HOCl + HCl −−→ Cl2 +H2O

H4 N2O5 +H2O −−→ HNO3 +HNO3

H5 N2O5 +HCl −−→ ClNO2 +HNO3

H6 ClONO2 +HBr −−→ BrCl + HNO3

H7 BrONO2 +HCl −−→ BrCl + HNO3

H8 HOCl + HBr −−→ BrCl + H2O

H9 HOBr + HCl −−→ BrCl + H2O

H10 HOBr + HBr −−→ Br2 +H2O

H11 BrONO2 +H2O −−→ HOBr + HNO3
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A.2 Supplement to Chapter 4 Section 4.3

Figure A.1: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24 September 2003
(Sander et al. 2011), Initial water vapour H2O = 4.11 ppm. The results for initial value
HCl = 1.05 ppb and HCl = 0 ppb are both presented in the plot: (a) HCl and ClOx, (b)
HOCl, (c) ClONO2, (d) Cl2O2, (e) ozone.
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A.3 Simulations with JPL2015

Figure A.2: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24th September,
2003 (Burkholder et al. 2015), Initial water vapour H2O = 4.11 ppm and H2O = 2.05 ppm
are both presented in the plot: (a) HCl and ClOx, (b) HOCl, (c) ClONO2, (d) Cl2O2, (e)
ozone.
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Figure A.3: Box-model simulations along a trajectory passing through the location of the
ozone sonde observation at South pole of 14 ppbv on 740 hPa (391K) on 24th September,
2003. Initial water vapourH2O = 2.05 ppm for all simulations. Recommendation uses Sander
et al. 2011, Burkholder et al. 2015 and Burkholder et al. 2020 respectively: (a) HCl and ClOx,
(b) HOCl, (c) ClONO2, (d) Cl2O2, (e) ozone.
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A.4 Supplement to Chapter 4 Section 4.4.1

Figure A.4: Box-model simulations for initial value H2O = 2.05 ppm, using recommendation
Sander et al. 2011 and Burkholder et al. 2020 respectively, rates of selected reactions during
27th September to 11th October are shown. These reactions are changed in JPL2020 in
comparison to JPL2011 and showed differences in the simulation. The reaction rates are
plotted as 24 h running averages.


