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Abstract

Halogens have an established impact on atmospheric composition, but further quantifi-

cation of their global air-quality and climatic impacts is needed. This thesis documents

the development of a simulation to represent the atmospheric chemistry of iodine within

a wider halogen framework. Following the development of the iodine simulation (Chap-

ter II-III), a coupled model is presented (Chapter IV) that brings together and builds upon

previous halogen (Cl,Br) studies in GEOS-Chem. Finally this model is used to investigate

impacts of halogens on climate (Chapter V), and iodine sourced aerosol (Chapter VI).

Significant implications of halogens on oxidants are shown. Iodine alone reduces the

tropospheric O3 burden by ∼9 %, with “coupled” halogens (Cl,Br,I) reducing it by ∼15 %.

Global mean OH concentrations decrease by 4.5 % on inclusion of halogens. However, this

is due to competing factors. The O3 loss decreases primary production, whereas conversion

of HO2 to OH via photolysis of hydrohalic acids tends to increase it. Chlorine provides

a potent new oxidant in the model. For some VOCs (C2H6, (CH3)2CO) Cl oxidation

provides up to ∼20 % of their sink.

The effect of halogens on the tropospheric O3 radiative forcing (RFTO3) is investigated.

Halogens cause a feedback effect, dampening the increase of tropospheric O3 between the

pre-industrial and the present day by ∼20 %, therefore reducing RFTO3. Aerosol-phase

iodine is also investigated and shown to regionally contribute up to 101 % of DMS sourced

sulfate aerosol mass. In the pre-industrial, iodine aerosol can regionally contribute up to

21 % of the sulfate mass.

Iodine and halogen chemistry in general are required to understand tropospheric composi-

tion and processes. Uncertainty in the emissions, chemistry and loss processes for halogens

is high. Further in-situ observations and elucidation of key parameters in laboratories are

urgently needed to refine our understanding of this important aspect of atmospheric chem-

istry.

3





Contents

Abstract 3

Contents 5

List of tables 11

List of figures 13

Acknowledgements 17

Declaration 19

1 Introduction 21

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.2 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.2.1 Climate change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.2.2 Air-quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.3 Chemistry in the troposphere: the air we breathe . . . . . . . . . . . . . . . 24

1.3.1 Composition and structure . . . . . . . . . . . . . . . . . . . . . . . 25

1.3.2 Tropospheric oxidants and chemistry . . . . . . . . . . . . . . . . . . 25

1.3.2.1 HOx chemistry . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.3.2.2 NOx chemistry . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.3.3 Tropospheric ozone (O3) . . . . . . . . . . . . . . . . . . . . . . . . 28

1.4 Atmospheric modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.4.1 Chemical Transport Models (CTMs) . . . . . . . . . . . . . . . . . . 30

1.4.1.1 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.4.1.2 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.4.1.3 Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.4.1.4 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.5 Halogens in the troposphere . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

1.6 Atmospheric iodine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.6.1 Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.6.1.1 Organic iodine . . . . . . . . . . . . . . . . . . . . . . . . . 36

5



Contents

1.6.1.2 Inorganic iodine . . . . . . . . . . . . . . . . . . . . . . . . 39

1.6.2 Chemistry of iodine and its destruction of ozone (O3) . . . . . . . . 40

1.6.2.1 HOx interactions . . . . . . . . . . . . . . . . . . . . . . . . 42

1.6.2.2 NOx interactions . . . . . . . . . . . . . . . . . . . . . . . . 43

1.6.2.3 Iodine self reactions and higher oxide chemistry . . . . . . 44

1.6.2.4 IO + BrO cross-over reactions . . . . . . . . . . . . . . . . 45

1.6.2.5 Iodine interactions with aerosols . . . . . . . . . . . . . . . 46

1.6.2.6 Heterogeneous cycling . . . . . . . . . . . . . . . . . . . . 48

1.6.2.7 Uncertainties in iodine chemistry . . . . . . . . . . . . . . . 48

1.6.3 Atmospheric processing . . . . . . . . . . . . . . . . . . . . . . . . . 49

1.6.3.1 Dry and wet deposition . . . . . . . . . . . . . . . . . . . . 49

1.6.3.2 Photolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

1.6.4 Observational constraints . . . . . . . . . . . . . . . . . . . . . . . . 50

1.6.4.1 Organic iodine species . . . . . . . . . . . . . . . . . . . . . 50

1.6.4.2 Inorganic iodine species . . . . . . . . . . . . . . . . . . . . 50

1.6.4.3 Iodine deposition and terrestrial interactions . . . . . . . . 52

1.6.4.4 Iodine aerosol . . . . . . . . . . . . . . . . . . . . . . . . . 53

1.7 Previous global modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

1.8 Pre-industrial (PI) concentrations . . . . . . . . . . . . . . . . . . . . . . . . 55

1.9 Goals of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

1.10 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2 Development of an iodine simulation 59

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.1.1 GEOS-Chem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.2 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.2.1 NOx, SOx, VOC, and aerosol emissions . . . . . . . . . . . . . . . . 61

2.2.2 Organic iodine emissions . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.2.3 Inorganic iodine emissions . . . . . . . . . . . . . . . . . . . . . . . . 62

2.2.4 Total iodine emissions . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.3 Gas-phase chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

2.3.1 Reactions included, but not present in JPL/IUPAC . . . . . . . . . 67

2.4 Heterogeneous chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.5 Photolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6



Contents

2.6 Iodine and bromine cross-over chemistry . . . . . . . . . . . . . . . . . . . . 72

2.7 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3 Iodine’s impact on oxidants in the present-day troposphere 77

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.2 Evaluation of the new simulation (“Br+I” ) . . . . . . . . . . . . . . . . . . 78

3.2.1 Organic iodine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.2.2 Inorganic iodine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.2.3 Iodine oxide (IO) observations . . . . . . . . . . . . . . . . . . . . . 82

3.3 Iodine deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.4 Modelled distribution of iodinated compounds . . . . . . . . . . . . . . . . . 89

3.4.1 Iy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.4.2 The iodine oxide family: IOx (I+IO) . . . . . . . . . . . . . . . . . 91

3.5 Impacts on oxidants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.5.1 Ozone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.5.1.1 Tropospheric O3 burden . . . . . . . . . . . . . . . . . . . . 93

3.5.1.2 Surface O3 concentration . . . . . . . . . . . . . . . . . . . 94

3.5.1.3 Tropospheric Ox budget . . . . . . . . . . . . . . . . . . . . 94

3.5.2 OH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.6 Combined impact of bromine and iodine . . . . . . . . . . . . . . . . . . . . 102

3.7 Sensitivity studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.7.1 Just organic iodine emissions . . . . . . . . . . . . . . . . . . . . . . 108

3.7.2 Heterogeneous uptake and cycling . . . . . . . . . . . . . . . . . . . 109

3.7.3 Uncertainties in photolysis parameters . . . . . . . . . . . . . . . . . 110

3.7.4 Marine boundary layer BrO concentration . . . . . . . . . . . . . . . 111

3.7.5 Ocean surface iodide (I−) concentration . . . . . . . . . . . . . . . . 112

3.7.6 Higher iodine oxide lifetime . . . . . . . . . . . . . . . . . . . . . . . 113

3.7.7 Summary of sensitivity simulations . . . . . . . . . . . . . . . . . . . 113

3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4 The impact of “coupled” halogen chemistry in the present-day 115

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.2 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7



Contents

4.3 Model results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.3.1 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.3.2 Deposition of halogens . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.3.3 Halogen species concentrations . . . . . . . . . . . . . . . . . . . . . 124

4.3.4 Comparison with halogen observations . . . . . . . . . . . . . . . . . 129

4.3.4.1 Iodine monoxide (IO) . . . . . . . . . . . . . . . . . . . . . 129

4.3.4.2 Bromine monoxide (BrO) . . . . . . . . . . . . . . . . . . . 129

4.3.4.3 Nitryl chloride (ClNO2), hydrochloric acid (HCl), hypochlor-

ous acid (HOCl), and molecular chlorine (Cl2) . . . . . . . 133

4.4 Impact of halogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.4.1 Ozone (O3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.4.2 HOx (OH+HO2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.4.3 Organic compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.4.4 Other species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

4.5 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5 Impact of halogen chemistry on tropospheric O3 radiative forcing 149

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.2 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.3.1 Changes from pre-industrial to present-day . . . . . . . . . . . . . . 153

5.3.2 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

6 Global modelling of tropospheric iodine aerosol 165

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

6.2 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.3.1 Present-day iodine aerosol . . . . . . . . . . . . . . . . . . . . . . . . 169

6.3.2 Observational comparisons . . . . . . . . . . . . . . . . . . . . . . . 170

6.3.3 Comparisons with other secondary aerosol sources . . . . . . . . . . 173

6.3.4 Pre-industrial concentrations . . . . . . . . . . . . . . . . . . . . . . 176

6.4 Implications and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 177

7 Summary and future perspectives 179

8



Contents

7.1 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

7.2 Outlook to future work on halogen modelling . . . . . . . . . . . . . . . . . 182

7.2.1 Ocean-atmosphere parameterisation . . . . . . . . . . . . . . . . . . 182

7.2.2 Impacts on air-quality . . . . . . . . . . . . . . . . . . . . . . . . . . 183

7.2.3 Stratospheric role of iodine . . . . . . . . . . . . . . . . . . . . . . . 184

7.3 Final thoughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

Appendix 187

A Full implemented halogen mechanism 187

A.0.1 Heterogeneous reactions . . . . . . . . . . . . . . . . . . . . . . . . . 187

A.0.2 Aerosols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

A.0.3 Reactive uptake coefficients . . . . . . . . . . . . . . . . . . . . . . . 192

A.0.3.1 HOBr+Cl–/Br– . . . . . . . . . . . . . . . . . . . . . . . . 192

A.0.3.2 ClNO3+Br– . . . . . . . . . . . . . . . . . . . . . . . . . . 193

A.0.3.3 O3+Br– . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

B Tabulated burden changes on inclusion of halogens 197

C Supplementary Figures and Information 201

C.1 Monthly iodine emissions of iodine species . . . . . . . . . . . . . . . . . . . 201

C.2 Full and binned iodine cross-sections . . . . . . . . . . . . . . . . . . . . . . 204

Abbreviations 217

References 219

9





List of Tables

1.1 Average modelled values for key O3 processes in the troposphere. . . . . . . 29

1.2 Reported estimates of global iodine species and total emissions budget . . . 38

1.3 Measured iodine aerosol mass concentrations for open ocean observations. . 54

2.1 Total simulated emissions for iodinated species. . . . . . . . . . . . . . . . . 67

2.2 Bi-molecular and uni-molecular iodine reactions. . . . . . . . . . . . . . . . 68

2.3 Termolecular iodine reactions. . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.4 Heterogeneous reactions of iodine species. . . . . . . . . . . . . . . . . . . . 71

2.5 Photolysis reactions of iodine species. . . . . . . . . . . . . . . . . . . . . . 72

2.6 Henry’s law coefficients and molar heats of formation of iodine species. . . . 75

3.1 Comparison between global tropospheric Ox budgets of simulations “BROMINE”,

“Br+I” , “IODINE” and “NOHAL” . . . . . . . . . . . . . . . . . . . . . . 100

3.2 Effects of sensitivity runs on relevant variables . . . . . . . . . . . . . . . . 106

3.3 Table 3.2 continued . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.1 Additional halogen reactions included in this simulation that are not de-

scribed in previous GEOS-Chem studies . . . . . . . . . . . . . . . . . . . . 118

4.2 Global sources of reactive tropospheric inorganic halogens . . . . . . . . . . 121

4.3 Comparison between modelled and observed ClNO2 . . . . . . . . . . . . . 136

4.4 Comparison between global tropospheric Ox budgets of simulations “Cl+Br+I”

and “NOHAL” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.1 Emission of halogen source gases for the pre-industrial (PI) and present-day

(PD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5.2 Global tropospheric Ox budgets of pre-industrial and present-day with and

without halogens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

6.1 Comparison between measured and modelled iodine aerosol mass concen-

trations for open-ocean observations. . . . . . . . . . . . . . . . . . . . . . . 175

A.1 Bimolecular halogen reactions included in scheme. . . . . . . . . . . . . . . 188

A.2 Continued Table A.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

11



List of Tables

A.3 Termolecular halogen reactions included in the scheme. . . . . . . . . . . . . 190

A.4 Photolysis reactions of halogens included in scheme. . . . . . . . . . . . . . 191

A.5 Halogen multiphase reactions and reactive uptake coefficients (γ) . . . . . 192

A.6 Henry’s law coefficients and molar heats of formation of halogen species. . . 195

B.1 Tropospheric burden of species and families with (“Cl+Br+I”) and without

halogens (“NOHAL”), and % change. . . . . . . . . . . . . . . . . . . . . . 198

B.2 Continued Table B.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

12



List of Figures

1.1 Radiative forcing for the period 1750-2011 . . . . . . . . . . . . . . . . . . . 24

1.2 Temperature profile of the atmosphere up to ∼100km . . . . . . . . . . . . 26

1.3 Schematic representation of the main halogen processes in the troposphere . 33

1.5 Simplified schematic of atmospheric iodine photochemistry . . . . . . . . . . 37

1.6 Simplified inorganic iodine gas-phase chemistry schematic. . . . . . . . . . . 41

1.7 Marine boundary layer iodine monoxide (IO) observations from ship cruise

and coastal station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.1 Calculated annual mean organic iodine emissions . . . . . . . . . . . . . . . 62

2.2 Calculated annual mean ocean-surface iodide concentrations . . . . . . . . . 64

2.3 Latitudinal variation in surface iodide concentrations . . . . . . . . . . . . . 65

2.4 Spatial plot of global annual average HOI emissions implemented in GEOS-

Chem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.5 Spatial plot of global annual average I2 emissions implemented in GEOS-

Chem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.6 Annual global average surface concentration of BrO in “Br+I” simulation . 73

3.1 Annual mean zonal tropospheric mixing ratios for precursor and reactive

iodine compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.2 Annual mean surface mixing ratios for precursor and reactive iodine . . . . 80

3.3 Vertical comparison of observations from the CAST campaign . . . . . . . 81

3.4 Comparison of iodine oxide (IO) observations and model at the surface . . 83

3.5 Vertical comparison of modelled (“Br+I”) and measured iodine oxide (IO)

during the TORERO research campaign . . . . . . . . . . . . . . . . . . . . 84

3.6 Degree of public health importance of iodine nutrition by country . . . . . . 86

3.7 Annual average global iodine deposition . . . . . . . . . . . . . . . . . . . . 86

3.8 Annual average iodine deposition over land (logarithmic) . . . . . . . . . . . 87

3.9 Annual average iodine deposition over land (linear) . . . . . . . . . . . . . . 87

3.10 Schematic representation of implemented iodine chemistry in simulation

(“Br+I”) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.11 Global annual mean gas-phase iodine speciation with altitude . . . . . . . . 91

13



List of Figures

3.12 Zonal breakdown of global annual mean iodine speciation by family . . . . . 92

3.13 Decreases in annual mean tropospheric column, surface, and zonal O3 with

inclusion of iodine chemistry (“Br+I”-“BROMINE”) . . . . . . . . . . . . . 94

3.14 Comparison between annual modelled O3 profiles and sonde data . . . . . 95

3.15 Seasonal cycle of near-surface O3 at a range of GAW global sites . . . . . . 96

3.16 Vertical profile of simulated fractional global annual Ox loss by route . . . . 98

3.17 Global annual O3 mean zonal chemical lifetime for different Ox loss routes . 99

3.18 Global annual mean surface O3 loss from both bromine and iodine . . . . . 104

3.19 Effects of sensitivity runs on global O3, Iy, and IO . . . . . . . . . . . . . . 108

4.1 Average annual halogen spatial emission . . . . . . . . . . . . . . . . . . . . 122

4.1 Fig 4.1 continued. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.2 Annual global Xy (X=Cl, Br, I) deposition . . . . . . . . . . . . . . . . . . 124

4.3 Tropospheric distribution of Xy (X=Cl, Br, I) concentrations . . . . . . . . 125

4.4 Tropospheric distribution of IO, BrO and Cl concentrations. . . . . . . . . 126

4.5 Modelled global average vertical Xy (X=Cl, Br, I) concentrations . . . . . . 128

4.6 Annual mean integrated model tropospheric column for BrO and IO . . . . 128

4.7 Comparisons of modelled and observed IO surface concentrations . . . . . 130

4.8 Vertical comparison of the model (“Cl+Br+I”) and measured IO during

TORERO aircraft campaign . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.9 Seasonal variation of zonal mean tropospheric BrO columns in different

latitudinal bands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4.10 Vertical comparison of the model (“Cl+Br+I”) and measured BrO during

TORERO aircraft campaign . . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.11 Comparison of bromine oxide (BrO) surface observations and model at Cape

Verde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.12 Change in tropospheric O3 on inclusion of halogen chemistry . . . . . . . . 137

4.13 Modelled and observed O3 seasonal cycle at GAW global sites . . . . . . . . 138

4.14 Comparison between annual modelled O3 profiles and sonde data . . . . . . 139

4.15 Global annual average tropospheric vertical odd oxygen (Ox) loss . . . . . 140

4.16 Global loss routes (+hν, +Br, +NO3, +Cl, +OH) of organic compounds . . 144

4.17 Changes in tropospheric burden of species and families on inclusion of halo-

gens (“Cl+Br+I”) compared to no halogens (“NOHAL”) . . . . . . . . . . 145

14



List of Figures

4.18 Global annual average surface and zonal change (%) in HOx, NOx and SOx

families on inclusion of halogens . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.19 Global annual average surface and zonal change (%) in VOCs on inclusion

of halogens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.1 Vertical distribution of inorganic tropospheric halogens . . . . . . . . . . . . 155

5.2 Change from pre-industrial to present-day in tropospheric distribution of

Iy, Cly, and Bry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.3 Annually averaged surface and zonal O3 percentage increases between the

pre-industrial and the present-day . . . . . . . . . . . . . . . . . . . . . . . 156

5.4 Inorganic emission flux (HOI, I2) in the pre-industrial and % change from

pre-industrial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.5 O3 surface concentration in present-day and % change in O3 from pre-

industrial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.6 Change in surface Iy concentration from the pre-industrial to present-day . 157

5.7 Modelled and observed O3 present-day seasonal cycle at GAW global sites . 158

5.8 Comparison between observed and modelled pre-industrial O3 . . . . . . . . 159

5.9 Increases in tropospheric O3 column between the pre-industrial (PI) and

present-day (PD) with and without halogens . . . . . . . . . . . . . . . . . 160

6.1 Annual mean surface fluxes for iodine precursors and DMS. . . . . . . . . . 168

6.2 Simulated annual averaged surface concentrations of iodine aerosol precur-

sor species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.3 Monthly modelled iodine surface aerosol field . . . . . . . . . . . . . . . . . 170

6.4 Global annual zonal distribution of iodine aerosol species and their % con-

tribution to total iodine aerosol . . . . . . . . . . . . . . . . . . . . . . . . . 171

6.5 Global annual surface distribution of iodine aerosol species and their %

contribution to total iodine aerosol. . . . . . . . . . . . . . . . . . . . . . . . 172

6.6 Simulated and observed surface iodine aerosol. . . . . . . . . . . . . . . . . 174

6.7 Annual average present-day modelled surface mass concentrations of total

and DMS sourced SO4
2− aerosol . . . . . . . . . . . . . . . . . . . . . . . . 175

6.8 Annual average present-day modelled zonal mass concentrations of total

and DMS sourced SO4 aerosol, and iodine mass fraction as % of aerosol

species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

15



List of Figures

6.9 Annual average pre-industrial modelled surface mass concentrations of total

sulfate and the mass of iodine aerosol as a fraction of this . . . . . . . . . . 178

7.1 Schematic representation of implemented iodine chemistry in the simulation

presented in chapter IV (“Cl+Br+I”) . . . . . . . . . . . . . . . . . . . . . 181

C.1 Modelled monthly CH3I emissions . . . . . . . . . . . . . . . . . . . . . . . 201

C.2 Modelled monthly CH2I2 emissions . . . . . . . . . . . . . . . . . . . . . . 202

C.3 Modelled monthly CH2ICl emissions . . . . . . . . . . . . . . . . . . . . . . 202

C.4 Modelled monthly CH2IBr emissions . . . . . . . . . . . . . . . . . . . . . . 203

C.5 Modelled monthly HOI emissions . . . . . . . . . . . . . . . . . . . . . . . 203

C.6 Modelled monthly I2 emissions . . . . . . . . . . . . . . . . . . . . . . . . . 204

C.7 Full and binned cross-section of CH3I . . . . . . . . . . . . . . . . . . . . . 205

C.8 Full and binned cross-section of CH2I2 . . . . . . . . . . . . . . . . . . . . 206

C.9 Full and binned cross-section of HOI . . . . . . . . . . . . . . . . . . . . . . 207

C.10 Full and binned cross-section of I2 . . . . . . . . . . . . . . . . . . . . . . . 208

C.11 Full and binned cross-section of IO . . . . . . . . . . . . . . . . . . . . . . 209

C.12 Full and binned cross-section of OIO . . . . . . . . . . . . . . . . . . . . . 210

C.13 Full and binned cross-section of I2O2 . . . . . . . . . . . . . . . . . . . . . 211

C.14 Full and binned cross-section of IBr . . . . . . . . . . . . . . . . . . . . . . 212

C.15 Full and binned cross-section of ICl . . . . . . . . . . . . . . . . . . . . . . 213

C.16 Full and binned cross-section of INO . . . . . . . . . . . . . . . . . . . . . . 214

C.17 Full and binned cross-section of INO2 . . . . . . . . . . . . . . . . . . . . . 215

C.18 Full and binned cross-section of INO3 . . . . . . . . . . . . . . . . . . . . . 216

16



Acknowledgements

I thank you Mat and Lucy for giving me the opportunity to undertake a PhD. You gave

tireless feedback, encouragement, and direction.

The research group at WACL is brilliant, friendly, and highly collaborative. I am grateful

for all the discussion, collaboration, general fun, and most of all the willingness to bounce

ideas off each other. I especially thank Sina, Rosie, Pete, Rachel, Kelly, Steve, Eric, Ben,

Dan... and everyone else in the WACL/Evans group!

To my many co-authors and collaborators: I thank you all for your time, for everything

you have helped me learn and do, and for the jokes that have kept the PhD fun. I look

forward to working with you all in the future and appreciate all your contributions so far.

The short time I spent visiting the Jacob group really helped crystallise the ideas in this
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Chapter 1: Introduction

1.1 Introduction

This chapter provides some background on the composition (Sect. 1.3), structure, and

key chemical cycles of oxidants in the atmosphere closest to the surface on Earth ( Sect.

1.3.2). In particular, focus is given to ozone (O3) due to its importance for air-quality

(Sect. 1.2.2) and climate change (Sect. 1.2.1). The models that are used to represent

the physics and chemistry of the atmosphere are described (Sect. 1.4), with more detail

describing chemical transport models (CTMs, Sect. 1.4.1). The chemistry and effects

of halogens in the troposphere are then considered (Sect. 1.5), with particular focus on

iodine (Sect. 1.6.2).

After discussing the background science for this thesis, this chapter presents the goals of

this work (Sect. 1.9), and concludes with a brief description the content of the following

chapters within this thesis (Sect. 1.10).
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1.2 Motivations

1.2.1 Climate change

A large body of scientific evidence has established that humans are having a warming effect

the planet (Myhre et al., 2013). This comes from atmospheric composition changes, from

pre-industrial to present-day, altering the amount of energy absorbed at different levels of

Earth’s atmosphere. This change is quantified in terms of the difference between present-

day and pre-industrial in energy per unit area (in units of W m−2) at the tropopause, and

referred to as the “radiative forcing” (Myhre et al., 2013). The radiative forcing caused

by the changing concentration of different species is shown by species in Figure 1.1a.

In the case of O3, the emissions of precursors that form O3 have increased from pre-

industrial times to present, leading to an increase in the tropospheric O3 burden (Marenco

et al., 1994) as shown in Figure 1.1b (Young et al., 2013). Increase in O3 from has been

shown to cause a warming effect with a radiative forcing amounting to ∼0.4 W m−2 (Myhre

et al., 2013). This compares with the total anthropogenic effective radiative forcing over

the industrial era (1750-2000) of 2.3 (1.1 to 3.3) W m−2 (Myhre et al., 2013) as shown

diagrammatically in Figure 1.1a.

1.2.2 Air-quality

The detrimental impact of air-quality pollutants (e.g. O3, benzene, NO2, aerosols, etc) is

also well established (Ainsworth et al., 2012; Fowler et al., 2008). Many species that are

climate gases (see Fig 1.1a) are also air-quality gases or lead to the formation of air-quality

gases.

A good example of this is O3, which is not only a strong long-wave light-absorber, but is

also toxic to plants, animals, and humans (Ainsworth et al. 2012, and citations within)

and associated with aerosol formation (Finlayson-Pitts and Pitts, 1997). One metric for

the scale of air-quality as an issue is annual excess attributable deaths, which have been

estimated at 7 million in 2010 (World Health Organistion, 2014). Although estimates of

health impacts exist, improving understanding of impacts and the spatial distribution in

present and future remains a significant scientific question.
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(B)	
  (A)	
  

Figure 1.1 – (A)“Radiative Forcing bar chart for the period 1750-2011 based on emitted com-

pounds (gases, aerosols or aerosol precursors) or other changes.” Reproduced from Myhre et al.

(2013). (B) Tropospheric O3 burden in pre-industrial (1850) and present (1980, 2000). Reproduced

from Young et al. (2013).

1.3 Chemistry in the troposphere: the air we breathe

As humans, we live and breathe in the bottom ∼15 km of the atmosphere, which is referred

to as the troposphere. This is where majority (∼90 %) of the earth’s atmospheric mass

resides. From life’s perspective the chemistry, composition, and climate in this part of the

atmosphere is vital. The composition is largely inert, in the form of nitrogen (N2, 78%),

oxygen (O2, 21%), water (H2O, ∼1%) and noble gases (e.g. Ar, ∼1%). However reactive

minor constituents have a significant role in defining the rate of processes that determine

the concentration of both climate and air-quality gases. The chemistry of the troposphere

is driven by the sun’s energy, which drives photolysis of molecules to give highly reactive

intermediates.

A range of species are emitted into the troposphere by humans (anthropogenic), biological

(biotic), or by physical (abiotic) processes. The fate of an emitted species is generally

increasing chemical oxidation until they are removed from the atmosphere by wet and dry

deposition, or biological uptake. The cycles of the chemical families of oxides of nitrogen
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1.3 Chemistry in the troposphere: the air we breathe

(NOx=NO+NO2) and oxides of hydrogen (HOx=HO+HO2) drive the chemical pathways

of most emitted species.

1.3.1 Composition and structure

The atmosphere can be split into regions based on changes temperature, as shown in Figure

1.2. The two regions closest to the surface, are separated by a region (tropopause) where

air with decreasing temperature with altitude (troposphere) meets air with increasing

temperature with altitude (stratosphere). Mixing between these regions is limited by the

stability of the stratosphere, leading to a timescale of mixing from the troposphere to the

stratosphere of 5-10 years (Brasseur and Jacob, 2016).

The air closest to the surface experiences the direct effects of the surface (e.g. heating,

cooling and friction) causing it to be more turbulent than the air above. This air is

referred to as the planetary boundary layer (PBL) and its extent is highly variable from

a few hundred meters to a few kilometers (Brasseur and Jacob, 2016). This region is

where essentially all life resides and where almost all chemical compounds are emitted

from biogenic and anthropogenic sources.

The chemistry in the troposphere is driven by photons from the sun. The photons that

reach the surface have been attenuated by the atmosphere above. Notably the O3 in the

stratosphere significantly reduces the number of ultra-violet (UV) photons which make it

to the troposphere. Thus some compounds are essentially inert in the troposphere (e.g.

N2O, Halons, Chlorofluorocarbons etc.).

1.3.2 Tropospheric oxidants and chemistry

The chemistry of the troposphere controls the concentration of a range of climate gases

including ozone (O3), methane (CH4) (Kim et al., 2011; Voulgarakis et al., 2013; Young

et al., 2013) and aerosols (Koch et al., 2011). The chemistry also determines human

and agriculture’s exposure to air-quality pollutants such as O3 and aerosols (Ainsworth

et al., 2012; Fiore et al., 2012; Fowler et al., 2008). The chemical cycles maintaining

concentrations of these atmospheric constituents are complex, and depend strongly upon

the concentrations of O3 and of the hydroxyl radical (OH) as key oxidants. Understanding
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Figure 1.2 – Temperature profile of the atmosphere up to ∼100km, with named regions and

boundaries annotated. Figure reproduced from Brasseur and Jacob (2016).

the budgets and controls on these gases is therefore central to assessments of tropospheric

chemistry (Voulgarakis et al., 2013).

1.3.2.1 HOx chemistry

The chemistry of O3 and OH in the troposphere is coupled and the main factors have been

understood for about 30 years (Logan, 1983). The photolysis of O3 produces an electron-

ically excited oxygen atom (O1D), which can react with a water molecule to produce two

OH radicals (Eqns. 1.1 and 1.2). OH dictates the lifetimes of many pollutants, including

CO and CH4, which it ultimately oxidises to H2O and CO2. This leads to OH often being

described as “nature’s cleanser” (Wayne, 2000) as it oxidises emitted species (e.g. volatile

organic compounds (VOCs)) leading to their increased solubility and therefore removal

from the atmosphere.

O3
hν−→ O1D + O2 (1.1)

O1D + H2O→ OH + OH (1.2)

OH can then react with O3 to produce HO2, which leads to a catalytic destruction of O3

(Eqns. 1.3-1.4).
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OH + O3 → HO2 + O2 (1.3)

HO2 + O3 → OH + 2 O2 (1.4)

Net : 2 O3 → 3 O2

Subsequent reactions of OH with organic compounds (hydrocarbons, oxygenates, CH4,

CO, etc.), produces peroxy radicals (RO2=HO2+organic peroxy radicals). The two major

OH loss pathways in clean air (low NOx conditions) for CO (Reactions 1.5-1.7) and CH4

(Reactions 1.8-1.10) are shown below. Under higher NOx conditions the major pathways

are different, as we now discuss (Sect. 1.3.2.2).

CO + OH→ H + CO2 (1.5)

H + O2 + M→ HO2 + M (1.6)

HO2 + HO2 + M→ H2O2 + M (1.7)

Net : CO + OH + HO2 → CO2 + H2O2

CH4 + OH→ CH3 + H2O (1.8)

CH3 + O2
M−→ CH3O2 (1.9)

CH3O2 + HO2
M−→ CH3OOH + O2 (1.10)

Net : CH4 + OH + HO2 → CH3OOH + H2O

1.3.2.2 NOx chemistry

The fate of the RO2 depends critically on the concentration of oxides of nitrogen (NOx).

NO reacts with O3 and produces NO2 (eqn 1.11), which is photolysed to back to NO (eqn.

1.12 ). This does not lead to O3 production or loss and is referred to as a “null cycle”

(Eqns. 1.11-1.13).
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NO + O3 → NO2 + O2 (1.11)

NO2
hν−→ NO + O (1.12)

O2 + O + M→ O3 + M (1.13)

Net : null cycle

The effect on O3 of HOx and NOx chemistry depends on NO and VOC concentrations

in a complex way and is extensively discussed in the literature (e.g. Atkinson 2000).

Essentially, if sufficient nitrogen oxide (NO) is available, the dominant fate of peroxy

radicals (HO2, RO2) is to oxidise NO to nitrogen dioxide (NO2) (Eqn. 1.14), allowing

the formation of O3 via photolysis of NO2 (Eqn. 1.16)). However if NOx concentrations

are lower (e.g. in the remote atmosphere) O3 destruction through HOx cycling dominates

(Eqns. 1.3-1.4) .

HO2 + NO→ NO2 + OH (1.14)

NO2
hν−→ NO + O (1.15)

O2 + O
M−→ O3 (1.16)

Net : null cycle

At very high NOx concentrations the reaction between NO2 and OH becomes significant.

This leads to lower RO2 concentrations and therefore lower O3 concentrations.

1.3.3 Tropospheric ozone (O3)

Tropospheric O3 is not directly emitted in the troposphere, but is produced by the ox-

idation of CO, CH4, and VOCs in the presence of oxides of nitrogen (NOx) as already

described above. As O3 concentrations are highly spatially and temporally variable, and

cannot be measured everywhere for reasons of practicality, numerical models are often
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1.4 Atmospheric modelling

required to give the answers required for scientific questions (e.g. on air-quality). Fur-

thermore, as O3 is too reactive to have an ice core record, models are required to simulate

pre-industrial O3 concentrations, which are required to calculate radiative forcings.

Models are used to describe the production and loss of O3 globally, and constraints for

global O3 concentrations are possible from surface, ozone-sonde, and satellite measure-

ments. Tropospheric O3 has a source via transport from the stratosphere (∼500 Tg, Young

et al. 2013), and is lost to the Earth’s surface via dry deposition (∼1000 Tg, Hardacre

et al. 2015). The production of O3 in the troposphere is ∼5000 Tg O3 yr−1, which after

subtracting its chemical loss leads to a net chemical production of the order of ∼500 Tg O3

yr−1 (Young et al., 2013). Average values for these terms and standard deviation between

atmospheric chemistry models are given in Table 1.1, these values are taken from the

Atmospheric Chemistry and Climate Model Inter-comparison Project (ACCMIP, Young

et al. 2013).

Table 1.1 – Average modelled values for key O3 processes in the troposphere. The standard devia-

tion is given in brackets. Table/values are reproduced from Young et al. (2013). POx=chemical pro-

duction(Z), LOx=chemical loss (X), Deposition=deposition to the surface(Y), Stratosphere=flux

from the stratosphere, and lifetime = burden/(X + Y)

Chemical Production Chemical Loss Deposition Stratosphere Lifetime

(POx) / Tg Yr−1 (LOx) / Tg Yr−1 Tg Yr−1 Tg Yr−1 Days

5110 (±606) 4668 (±727) 1003 (±200) 552 (±168) 22.3 (±2.0)

1.4 Atmospheric modelling

Models of the atmosphere are used to represent our current understanding of chemical

and physical processing, thus enabling prediction of composition for the past, present

and future. These models can be more or less spatially complex, e.g. from zero dimen-

sional (box-) models, which represent processes occurring in a single air parcel, to models

with three dimensional (3D) representation of transport, emission, chemical and physical

processes in the atmosphere. Models can also be more or less encompassing, from consid-

ering one aspect of the Earth system (e.g. atmospheric) to models that consider coupling

between different aspects (e.g. cryosphere and ocean) like General Circulation Models

(GCMs) or Earth System Models (ESMs).
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To study effects of chemical or physical processes on the atmosphere over large spatial

scales, 3D models need to be used. These models need to calculate the role of transport

on concentration of atmospheric composition. They can either calculate meteorological

parameters online for each time-step or use offline variables from other models to reduce

computational cost. These models have been extensively described previously, for instance

by Brasseur and Jacob (2016). This thesis’ focus is the chemistry of the troposphere

so, instead of considering the chemistry of the whole atmosphere (i.e. troposphere and

stratosphere) and interactive linking of other parts of the Earth system (e.g. hydrosphere,

geosphere, and cyrosphere), a model that only considers tropospheric processes is used.

Chemical Transport Models (CTMs) are ideally suited for this. They have more detailed

chemistry than ESMs or GCMs. These models are typically run for annual time scales and

use “offline” meteorology. This makes them useful tools for comparing with observations

and evaluating processes.

1.4.1 Chemical Transport Models (CTMs)

Chemical transport models tend to be Eulerian (with a fixed spatial reference frame)

and either regional (e.g. CMAQ, WRF-Chem), or global (e.g. TOMCAT, GEOS-Chem)

in perspective. Some Lagrangian/semi-Lagrangian (moving reference frame) models ex-

ist like CLaMs (McKenna, 2002a,b), STOCHEM (Collins et al., 2000) or MPI-ECHAM5

(Roeckner et al., 2003). Due to the need to solve continuity equations that represent

chemistry and physical processing for all boxes, these models can fast become compu-

tationally expensive. Some processes are therefore calculated offline or parameterised to

allow computation cost to be spent on answers to a particular scientific question, such as

the global distribution of O3.

These model have consider a range processes to calculate the concentrations of compounds

in the atmosphere. These processes are explained below.

1.4.1.1 Emissions

Chemical Transport Models need to consider the emissions from biogenic and anthro-

pogenic sources. These emissions are built in a variety of different ways. For anthro-

pogenic emissions theses are essentially built up from country/industry sectorial emissions
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that have been reported by industry and government, and these can be constrained to

observations. For biogenic and abiotic emissions, inventories are based on observations

and typically scaled to parameters available to models (e.g. land type) or from satellites

(e.g. chlorophyll) to form climatologies or just spatial datasets. These emissions then

can be scaled with activity factors, such as season, day of week, on-line variables such as

temperature and wind speed, and diurnal variations (e.g. Keller et al. 2014).

Biogenic emissions include carbon monoxide (CO, e.g. from combustion), methane (CH4,

e.g. from wetlands), a range of VOCs (e.g. Isoprene, Monoterpenes, Methyl Butenol),

NOx (e.g. soils, lightning), sulfur dioxide (SO2, e.g. from degassing and eruptive volcanos),

biomass burning, and aerosols (e.g. Black and organic carbon, mineral dust, and sea-salt).

Anthropogenic emissions include CO, CH4 (e.g. from fossil-fuels), alkenes (e.g. C2H2,

propene), alkanes (e.g. C3H8), a range of higher weight VOCs (e.g. benzene, toluene, and

xylene), ammonia (NH3), SO2 (e.g. from power plants), NOx (e.g. industrial, automative,

aircraft and shipping), biofuel emissions, and aerosols (e.g. Black and organic carbon,

PM10, PM2.5).

Some emissions such as biomass burning can arguably be a mixture of anthropogenic and

natural, due to displaced agriculture causing land-use change or anthropogenically driven

climate change effects on wildfire regions.

1.4.1.2 Chemistry

Chemical transformations within a grid-box for a given time-step are solved by consid-

ering concentrations of species at the end of the previous time-step, then integrating the

chemical rate equations (Jacobson and Turco, 1994) forwards. The chemical equations are

represented as a series of ordinary differential equations, one per reaction in the model’s

chemistry scheme. Integrating these simultaneous differential equations is the most nu-

merically intense part of the CTM calculation. Once a solution is converged upon within

the set tolerances, the CTM outputs the data or continues to the next time-step. CTMs

typically include HOx, NOx, VOC chemistry and a representation of aerosol processes.

Processes such as calculating phase equilibrium reactions or detailed, explicit VOCs ox-

idation chemistry are not included due to expense. Instead, a play off between explicit

chemistry and representation of key observable components is made.
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A central part of calculating the rate of reaction is calculation of a photolysis rate. Sim-

plified representations of photolysis are used by CTMs which consider a limited binning

of a spectrum by wavelength (e.g. FAST-J, Wild et al. 2000), instead of an entire high

resolution absorption spectrum. This is then combined with fields of key absorbing species

(e.g. aerosols, clouds, and O3) to allow for photolysis rates to be calculated.

1.4.1.3 Transport

Transport in a CTM framework is driven by the stored output from other models. The

models that are used for this purpose tend to be GCMs, ESMs, or weather forecasting

models. These are run with observational assimilation in them and “nudged” to match

observations. The input to CTMs typically includes meteorology variables such as wind

vectors, temperature, pressures, and water content fields. The downside of using these

offline fields in CTMs is that chemistry-climate interactions cannot be quantified as feed-

backs between the chemical composition and transport are not possible.

1.4.1.4 Deposition

Atmospheric removal via wet deposition occurs in both frontal and convective clouds. This

can be calculated from the inputted meteorology, which typically includes liquid water/ice

content of each grid box and is combined with Henry’s law values for a given species (Liu

et al., 2001) to evaluate loss of a particular compound to rain.

Dry deposition is typically calculated using a resistance in series scheme (Wesely, 1989).

This is dependent on surface type, which is defined in models by land type maps (e.g.

Olson et al. 2001). Where deposition occurs on to water, the deposition will be highly

dependent on ions and DOM present in the aqueous phase (Sarwar et al., 2016). When

deposition occurs to land with vegetation present, then resultant uptake will be heavily

dependent on the uptake into the plant’s stomata and the meteorology (Wesely and Hicks,

2000). For some species like O3, dry deposition is very uncertain and highly dependent

on land type (Hardacre et al., 2015).
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1.5 Halogens in the troposphere

The aims of thesis are to better understand the role of halogens in defining the composition

of the troposphere. Historically the scientific focus on atmospheric halogens (Cl, Br, I)

has been on the stratosphere. A lot of this work was driven by discovery of polar O3

column depletion in the 1980s and 1990s, and led to a detailed understanding of halogen’s

ability to catalytically destroy O3. A large body of work exists to explain O3 loss in the

stratosphere (e.g. Montzka et al. 2011; Reimann et al. 2014; Solomon et al. 1994). Over

the decades that followed, the understanding of the impacts of reactive halogens in the

troposphere has been increasing. Techniques to measure species at lower concentrations

have been developed along with the accompanying theory on their reactions and sources

(Simpson et al., 2015). The main sources and processes are shown schematically in Figure

1.5a, alongside a simplified halogen reaction scheme in Figure 1.5b.

Figure 1.3 – (A) Schematic representation of the main halogen processes in the troposphere.

Reproduced from Saiz-Lopez and von Glasow (2012). (B) Simplified schematic reaction scheme

for tropospheric halogens (“X”, X=Cl, Br,I). Reproduced from Simpson et al (2015).

Bromine and iodine have been identified as additional sinks for tropospheric O3 and as

sources of perturbations to OH cycling (Chameides and Davis, 1980; von Glasow et al.,

2004). However, other than at the surface at polar spring time, halogen chemistry had

not been considered significant on a global scale in the troposphere. This started to

change in the late 2000s with observations reported by Read et al. (2008). These mea-

surements showed the potential for a global impact of bromine and iodine as significant

concentrations of IO and BrO (∼1-4 pmol mol−1) were seen at Cape Verde in the North

Atlantic. These observations were thought to be representative of the open ocean, rather
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then previous measurements which all had been coastal, and thus suggested a widespread

role for halogens. The observed diurnal O3 loss at this location was greater than that

shown by models that only included conventional NOx and HOx chemistry, but could be

accounted for by including halogen chemistry. This is shown by Figure 1.4 from Read

et al. (2008) which shows modelled concentrations with and without halogen chemistry

alongside observations.

Figure 1.4 – Observed (diamonds) and modelled average monthly diurnal cycle (∆O3, over 8

h (09:00-17:00 UT) at Cape Verde. Modelled values are from GEOS-Chem (triangles), from a

box-model with (squares) and without halogen chemistry (circles). Reproduced from Read et al.

(2008).

Halogens are known to destroy O3 through catalytic cycles (Chameides and Davis, 1980),

such as those shown in reactions 1.17-1.19 and 1.21-1.24. Tropospheric halogens have

also been shown to change OH concentrations (Bloss et al., 2005a) and perturb OH to

HO2 ratios towards OH (Chameides and Davis, 1980) by photolysis of HOX (Reactions

1.17-1.19). Halogens perturb the NO to NO2 ratio towards NO2 (Reactions 1.21-1.24) and

reduce NOx concentrations by hydrolysis of XNO3 (Reaction 1.20). These perturbations

also indirectly decrease O3 formation (von Glasow et al., 2004; Schmidt et al., 2016).

O3 + X −→ XO + O2 (1.17)

HO2 + XO −→ HOX + O2 (1.18)

HOX
hν−→ OH + X (1.19)

Net : HO2 + O3 → 2O2 + OH
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XNO3 + H2O
aq.−−→ HOX + HNO3 (1.20)

X + O3 → XO + O2 (1.21)

XO + NO2
M−→ XNO3 (1.22)

XNO3
hν−→ X + NO3 (1.23)

NO3
hν−→ NO + O2 (1.24)

net : O3 + NO2 → NO + 2 O2

Halogens directly oxidise organics species via hydrogen abstraction to RO2 species, with

Cl radical reactions proceeding the fastest (Atkinson et al., 2006; Sander et al., 2011).

This can lead to significant O3 formation (Knipping and Dabdub, 2003), for instance on

regional scale when Cl concentrations are high where ClNO2 concentrations are elevated

(Sarwar et al., 2014).

They also play an important role in determining the chemistry of mercury (Holmes et al.,

2009; Parrella et al., 2012; Wang et al., 2015; Coburn et al., 2016) by converting elemental

mercury to methyl mercury (Reactions 1.25-1.27).

Hg + Br
M−→ HgBr (1.25)

HgBr
M−→ Hg + Br (1.26)

HgBr + X
M−→ HgBrX (1.27)

The literature on tropospheric halogens has been the topic of several recent reviews, which

cover the background in more detail (Simpson et al., 2015; Saiz-Lopez et al., 2012b; Saiz-

Lopez and von Glasow, 2012). However, many uncertainties still exist, notably with

heterogeneous halogen chemistry (Abbatt et al., 2012; Crowley et al., 2010; Saiz-Lopez and

von Glasow, 2012), and gas-phase iodine chemistry (Saiz-Lopez et al., 2014; Sommariva

et al., 2012).
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1.6 Atmospheric iodine

Much of the focus for the stratospheric work has been on the chemistry of bromine and

chlorine. However, in the troposphere iodine is thought to play the dominant role (Simpson

et al., 2015). Historically, the dominant source of iodine in the atmosphere was thought to

be iodinated organic compounds from the ocean (Carpenter, 2003). Initially methyl iodide

(CH3I) was considered the largest source, but it was realised that, despite their low con-

centrations, other organo-halogens (CH2I2, CH2IBr, CH2ICl) with faster photolysis rates

would lead to these compounds having a greater flux (Chuck et al., 2005; Jones et al., 2010;

Law and Sturges, 2006). More recently, the emission of inorganic halogen compounds (I2

and HOI) has been identified as a significant flux of iodine into the atmosphere (Carpenter

et al., 2013).

Due to the short lifetimes and their low atmospheric concentrations, measuring iodine

species poses significant challenges and so the observational dataset is sparse. For decades,

measurements have focused on organic compounds and mainly on CH3I (Saiz-Lopez and

von Glasow, 2012). Technique development for in-situ measurements has led to an increase

in data availability over the last decade, for both organic (e.g. CH3I and CH2IX, with

X=Cl, Br, I) and inorganic (e.g. IO, OIO, I2) species (Saiz-Lopez et al., 2012b). In

addition, satellites have attempted to obtain global coverage, but retrieval at tropospheric

concentrations is problematic (Schönhardt et al., 2008).

The tropospheric chemistry of iodine has been described in detail in recent publications

(Saiz-Lopez and von Glasow, 2012; Sommariva et al., 2012) and is shown schematically

in Figure 1.5. The following sections describe the chemistry of iodine from its sources

(Sect. 1.6.1), to its effects on key oxidant cycles (Sect. 1.6.2), its loss processing in the

atmosphere (Sect. 1.6.3), and previous modelling (Sect. 1.7).

1.6.1 Sources

1.6.1.1 Organic iodine

Organo-iodine emissions are overwhelmingly oceanic and these are highly spatially vari-

able. Sources are from biotic (e.g. micro- and macro- algae) and abiotic (e.g. reactions
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Figure 1.5 – “Simplified schematic of atmospheric iodine photochemistry, based upon current

knowledge of gas- and condensed-phase processes”. “Dashed lines represent photolysis, whereas

dotted lines illustrate phase equilibration from aerosols. X and Y are halogen atoms, DOM is

dissolved organic matter, and SOI is soluble organic iodine”. Figure and caption reproduced from

Saiz-Lopez et al. (2012b).
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in surface waters) processes in the oceans, as well as some small terrestrial processes (e.g.

biomass burning, rice paddy emissions; Bell et al. 2002). Higher fluxes associated with

macroalgae have been noted in coastal regions relative to open oceans (Saiz-Lopez et al.,

2012b). However, when the area of oceans are considered, this coastal flux is considered a

small fraction of the total global (Saiz-Lopez et al., 2012b). The majority of CH3I is biotic

and abiotically sourced from the oceans (Bell et al., 2002), from oxidation of dissolved

organic matter (DOM) and iodide. In addition to oceanic sources, terrestrial sources (e.g.

from rice paddies) have also been suggested to contribute significantly (Bell et al., 2002).

Di-halogen species (CH2I2, CH2IBr, CH2ICl) can be formed through biotic or abiotic pro-

cess, for instance CH2ICl from CH2I2. This is occurs through photolysis of CH2I2, then

reaction with Cl− in oceanic surface waters. Following production in the ocean, the trans-

fer of these species into atmosphere is dictated by surface conditions (e.g. wind speed and

temperature), species concentrations on both the water and gas side, and the individual

species’ Henry’s law value.

Limited gas and water observations are available for organo-halogens and only a couple

flux studies are in the literature for organo-iodine species (Jones et al., 2010; Carpenter

et al., 2015). However, as shown in Table 1.3, recent work has brought together available

data to estimate global emissions for multiple halogen species (CH3I, CH2I2, CH2ICl,

CH2IBr; Ordóñez et al. 2012) and solely CH3I (Ziska et al., 2013).

Table 1.2 – Reported estimates of global iodine species emission budgets in Tg (I) yr−1. Header

abbreviations equate to the following publications: J10=Jones et al. (2010); B02=Bell et al. (2002),

Z13= Ziska et al. (2013); O12=Ordóñez et al. (2012); B10=Breider (2010). (*) Ziska et al. (2013)

CH3I emissions only include oceanic sources.

Species J10 B02 Z13 O12 B10

CH3I 0.3 0.275 0.16-0.18(*) 0.271 0.223

CH2I2 0.11 - - 0.11 0.105

CH2ICl 0.17 - - 0.168 0.012

CH2IBr 0.05 - - 0.05 0.053

CH2H5I 0.02 - - - 0.023

CH3H7I <0.01 - - - 0.008

Total 0.65 - - 0.588 0.528
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1.6.1.2 Inorganic iodine

Similarly to organo-iodine, significant coastal concentrations of I2 have been measured

(McFiggans et al., 2000), but until I2 was measured by Lawler et al. (2013), no remote

open ocean mixing ratio observations were available of inorganic iodine. Furthermore,

no measurements of in-situ emission fluxes of inorganic iodine species have been made

in the open-ocean. However, multiple studies have found that observed open-ocean IO

concentration and diurnal profiles cannot be explained with the known organic sources

(Großmann et al., 2013; Jones et al., 2010; Mahajan et al., 2010). These studies have

invoked an additional iodine flux from a short-lived compound, assumed to be I2, to

reproduce surface IO observations.

Proposed mechanisms for this missing ocean source have been: UV stimulated emission

(Miyake and Tsunogai, 1963); reaction between DOM, O3, and iodide (stimulating release

of organo-iodide species, Martino et al. 2009); laminar layer reactions of iodide and O3

(Carpenter et al., 2013; Garland and Curtis, 1981); and underestimated I2 release from

sea-salt aerosol (Großmann et al., 2013). Further laboratory and field based observations

have enabled testing of these proposed mechanisms. For instance, the UV stimulated

release has been shown to operate too slowly to contribute significantly within environ-

mental conditions (Truesdale, 2007). Anti-correlation of gaseous IO to ocean DOM and

chlorophyll-a concentrations has been measured (Gómez Mart́ın et al., 2013b; Mahajan

et al., 2012), which implies a biotic release mechanism or one requiring DOM is not re-

sponsible for observed IO concentrations. Furthermore, the suppression of iodine flux with

increased DOM concentrations has also been observed under laboratory conditions (Shaw

and Carpenter, 2013).

Work has shown aqueous surface oxidation reactions lead to release of inorganic iodine

(HOI and I2) under laboratory conditions (Carpenter et al., 2013; MacDonald et al., 2014;

Reeser and Donaldson, 2011). This mechanism was originally proposed by Garland and

Curtis (1981) whereby O3 uptake to the ocean and its subsequent reaction with iodide

(I−) leads to volatilisation of inorganic iodine from the ocean. Prior to Carpenter and co-

workers, a direct oxidation source for I2 had been shown (Hayase et al., 2010; Sakamoto

et al., 2009). Significantly, however Carpenter and co-workers found that the magnitude

of the inorganic source was “similar” to that from previously reported organic fluxes
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and majority in the form of HOI (opposed to I2). The modelled fluxes for HOI (∼7

x107 molecules cm−2 s−1) and I2 (∼7 x106 molecules (I2) cm−2 s−1) from this source

were shown to replicate gaseous iodine (IO) measured at Cape Verde (Read et al., 2008;

Mahajan et al., 2012). This laboratory work gave a parameterisation for HOI and I2 fluxes

as a function of surface iodide concentration, O3 concentration, wind speed at 10 meteres,

and surface temperature (Carpenter et al., 2013; MacDonald et al., 2014). Considering

these inorganic iodine fluxes in global models has lead to an estimation of the inorganic

iodine flux of 1.9 Tg (I) yr−1 (Saiz-Lopez et al., 2014; Prados-Roman et al., 2015b), larger

than the previously assumed I2 flux of ∼1.2 Tg (I) yr−1 (Saiz-Lopez et al., 2012a)

Prior to the laboratory work of Carpenter and co-workers (2013), box modelling found

that the best fit between modelled and measured IO was by achieved by with a daytime

peak in I2 emissions following actinic flux (Mahajan et al., 2010). The first open-ocean

observation of I2, made at Cape Verde (Lawler et al., 2013), showed a diurnal profile with a

night-time peak. The accompanying 1D modelling work, showed that using the laboratory

parameterised scheme from Carpenter et al. (2013) or an emission of I2 fitted to actinic

flux gave best comparison with observations.

The global oceanic depositional flux of O3 is estimated to be 200-350 Tg O3 yr−1 (Ganzeveld

et al., 2009), however this number is highly uncertain with recent estimates above this

range (361 Tg O3 yr−1, Hardacre et al. 2015). Considering this O3 loss is thought to

be in large part due to O3 reaction with ocean iodide (Ganzeveld et al., 2009; Sarwar

et al., 2015, 2016) and the range in modelled O3 dry deposition values (Hardacre et al.,

2015), it is clear that further work is needed resolve this possibly large contribution to the

biogeochemical O3 budget.

1.6.2 Chemistry of iodine and its destruction of ozone (O3)

Although uncertainties exist, the main iodine cycles that lead to the destruction of O3

were originally highlighted by Chameides and Davis (1980) and are mostly well defined

(Atkinson et al., 2000, 2007; Sander et al., 2011), these are discussed below.

Reactions of iodine are now considered in the following sections. Firstly, in terms of

interactions with HOx (Sect. 1.6.2.1) and NOx cycles (Sect. 1.6.2.2). Then iodine self

reactions (IOx) are then considered (Sect. 1.6.2.3). Finally, the heterogeneous reactions
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Figure 1.6 – Simplified inorganic iodine gas-phase chemistry schematic. Reproduced from Som-

mariva et al. (2012). “The unfilled square indicates the iodine source I2 or iodinated hydrocarbons

(RI) the circles indicate the species thought to be involved in new particle formation and the trian-

gles indicate inter-halogen species. Species for which aerosol uptake represents a significant sink are

shown in white on black background. Only the most important reactions and species are shown.”
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of iodine are considered (Sections 1.6.2.5 - 1.6.2.6).

1.6.2.1 HOx interactions

Atomic iodine reacts directly with O3 forming IO (Reaction 1.28), but this reaction does

not directly deplete O3 as the atomic oxygen is regenerated (Reaction 1.30) after IO is

photolysed (Reaction 1.29), completing a “null cycle”.

I + O3 → IO+O2 (1.28)

IO
hν−→ I+O (1.29)

O2 + O + M→ O3 + M (1.30)

Net : null cycle

Although the majority of IO is photolysed to regenerate atomic iodine and oxygen (Re-

action 1.29), secondary reactions between IO and other trace gases allow for transfer of

this odd oxygen (Ox). If reactions can then regenerate atomic iodine without releasing

Ox then a catalytic cycle is formed causing loss of Ox and therefore a net decrease in O3.

An effective example of this is the IO reaction with the hydroperoxy radical (Reaction

1.32) forming HOI, which is photolysed (Reaction 1.33) to regenerate atomic iodine with-

out producing an Ox molecule. This also perturbs the HO2:OH ratio and therefore also

decreases O3 production, and perturbs lifetimes of species which are dependent on OH

(e.g. CH4) (Saiz-Lopez et al., 2012b). This IO reaction route through HO2 is the major

loss route at lower (< 1 pmol mol−1) IO concentrations (Saiz-Lopez et al., 2012a).

I + O3 → IO + O2 (1.31)

IO + HO2 → HOI + O2 (1.32)

HOI
hν−→ I + OH (1.33)

net : O3 + HO2 → OH + 2 O2
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1.6.2.2 NOx interactions

In semi polluted or polluted atmospheres where NOx is present in relatively high con-

centrations (e.g. 1 nmol mol−1), IO interacts significantly with both NO2 (Reactions

1.35-1.38) and NO (Reactions 1.40-1.42). The efficiency of the reaction of IO with NO2

reaction (Reaction 1.35) as an ozone-depleting route is limited by the channel for NO3

photolysis (Reaction 1.38) that releases 2 Ox thus forming a null cycle for Ox.

In addition, the reaction of NO with IO converts NO to NO2, which increases the NO2:NO

ratio (Saiz-Lopez et al., 2012a) which again shifts the chemical system to reduce O3 pro-

duction, but forms a null cycle (Reactions 1.40-1.42).

I + O3 → IO + O2 (1.34)

IO + NO2
M−→ INO3 (1.35)

INO3
hν−→ I + NO3 (1.36)

NO3
hν−→ NO + O2 (1.37)

hν−→ NO2 + O (1.38)

net : O3 + NO2 → NO + 2 O2 (assuming 1.37)

I + O3 → IO + O2 (1.39)

IO + NO
M−→ I + NO2 (1.40)

NO2
hν−→ NO + O (1.41)

O2 + O + M→ O3 + M (1.42)

Net : null cycle

In addition to catalytic destruction through gas-phase chemistry, halogens can interact

with NOx chemistry by removing NOx heterogeneously through halogen nitrate/nitrite

hydrolysis as discussed further in Section 1.6.2.5, which again leads to lower O3 concen-

trations.
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1.6.2.3 Iodine self reactions and higher oxide chemistry

At higher IO concentrations (>2 pmol mol−1, Saiz-Lopez et al. 2012b) IO can also react

with itself (Reactions 1.44-1.59), creating another effective catalytic Ox loss cycle through

the I + O2 product channel (Reaction 1.46). The alternate channel (Reaction 1.59) forming

I2O2 can either form a “null cycle” by photolysing back to OIO+I or thermally decom-

posing to IO+IO (Reaction 1.47), or be physically lost (e.g. deposition or aerosol uptake)

resulting in a termination step.

I + O3 → IO + O2 (1.43)

IO + IO
M−→ OIO + I (1.44)

M−→ I2O2 (1.45)

OIO
hν−→ I + O2 (1.46)

I2O2
M−→ I + O2 (1.47)

I2O2
M−→ IO + IO (1.48)

net : 2 O3 → 3 O2 (assuming 1.46 or 1.47)

Iodine has been shown to form iodine oxide particles (Burkholder et al., 2004; Gómez

Mart́ın et al., 2007; McFiggans et al., 2004) primarily through condensation of higher io-

dine oxides (IxOy). However measurements for specific reactions rate constants between

higher iodine oxides remain poorly defined and debate continues about possible formation

routes as described by recent reviews (Saiz-Lopez et al., 2012b; Sommariva et al., 2012).

Essentially the proposed routes are sequential growth through addition of OIO, e.g. con-

tinuation of Reactions 1.53, or through sequential addition of O by reaction of I2OX with

O3 to form I2OX+1 (Sommariva et al., 2012). However, the latest work has cast doubt on

the latar of these routes, suggesting the formation of I2O4 is the key step in iodine particle

formation (Gómez Mart́ın et al., 2013a).

The reason that higher iodine oxides routes have received so much attention within the

literature is because of their potential to form particles within the marine boundary layer.

The marine atmosphere represents the most pristine environment on the planet, and is

very sensitive to changes and feedbacks in the nature and abundance of these aerosol
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precursors (Quinn and Bates, 2011). A new route to forming particles, e.g. a source of

cloud condensation nuclei (CCN), within the marine boundary layer could have significant

climatic effects.

I + O3 → IO + O2 (1.49)

IO + IO→ OIO + I (1.50)

→ I2O2 (1.51)

IO + OIO→ I2O3 (1.52)

OIO + OIO→ I2O4 (1.53)

IxOy → aerosol (1.54)

The “cut-off” point for oxidation of iodine to higher oxides varies between studies. Some

studies include O3 loss via I2O2 + O3 oxidation (Breider, 2010) or do not include reactions

past I2O2 (Ordóñez et al., 2012). This decision of which reactions to include is highly

uncertain, due to unknowns on the reversibility of the higher oxide loss route. One study

particularly highlights this, where the majority of iodine driven O3 loss is observed through

the included I2O2 + O3 oxidation route (Breider, 2010), which is effectively treating all

higher iodine oxides as completely stable. The stability of these compounds get significant

attention within literature (Saiz-Lopez et al., 2012b), and some recent work has even

considered global impacts of iodine without higher oxides photolysis (Saiz-Lopez et al.,

2014).

1.6.2.4 IO + BrO cross-over reactions

The gas-phase chemistry of iodine and other halogens (Br, Cl) chemistry can couple

(Sander et al., 2011). With bromine, this can directly lead to Ox loss through reaction of

IO + BrO to reform atomic I and Br (Reaction 1.58), or indirectly through production of

OIO (Reaction 1.57) which results in the same end products.
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I + O3 → IO + O2 (1.55)

BrO + O3 → BrO + O2 (1.56)

IO + BrO→ OIO + Br (1.57)

IO + BrO→ Br + I + O2 (1.58)

OIO
hν−→ I + O2 (1.59)

net : 2 O3 → 3 O2

This coupling of iodine and bromine chemistry has been shown to increase O3 depletion

four fold (Saiz-Lopez et al., 2012b), and that the total halogen loss of O3 (inc. Reaction

1.58) is greater than the sum of individual halogen O3 loss routes (Read et al., 2008).

Equivalent reactions to the reactions 1.55 and 1.58 are known for chlorine species. How-

ever, for chlorine these reaction are slower (Sander et al., 2011), due to the relatively less

labile nature of chlorine vs. bromine.

1.6.2.5 Iodine interactions with aerosols

The aerosol phase is known to be an iodine sink with I:Na ratios showing enrichment of

iodine in marine aerosol relative to the ocean (Duce and Hoffman, 1976). Although iodine

uptake take to the aerosol phase has been measured for certain inorganic species (Crowley

et al., 2010) the aqueous processing and interactions with the gas phase are complex and

considerable uncertainties remain. Of particular note is the speciation of iodine within

aerosol, where iodine, iodate and organic iodine are all present (Baker, 2005).

The loss rate of a molecule (X) due to multiphase processing on aerosol can be calculated

using Equation 1.60 (as described in detail by Jacob 2000). Where r is the aerosol effective

radius, Dg is the gas phase diffusion coefficient of X, c is the average thermal velocity of

X, γ is the reactive uptake coefficient, A is the aerosol surface area concentration, and nX

is the gas phase concentration of X.

dnX
dt

= −
(
r

Dg
+

4

cγ

)−1
AnX (1.60)
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Varying assumptions are made in different modelling studies as to which species to consider

uptake for. This varies from a majority of soluble reservoir species (HI, HOI, IO, OIO,

HIO3, INO2, INO3; Saiz-Lopez et al. 2007b) to solely HOI, INO2 and INO3 (Ordóñez

et al., 2012). Uptake values for HOI, INO2, INO3, HI, and I2OX are described below.

The JPL compilation notes a single experimental study of HOI uptake on H2SO4, yield-

ing mass accommodation coefficients (α) in the range 0.02 to 0.07 (Sander et al., 2011).

Another two studies on ice and salt are reported in JPL 10-6 with lower limits of >0.0022

and >0.01 respectively (Sander et al., 2011). IUPAC evaluates two experimental studies

which “concur [the] uptake coefficient is large”, but no recommendation is given due to

possible uncertainties in reversibility (Crowley et al., 2010). The γ values used in litera-

ture range between 0.01 (Mahajan et al., 2009; Breider, 2010) and 0.5 (Saiz-Lopez et al.,

2007b). The higher end of this range originates from an investigation of the sensitivity to

this parameter within THAMO by Saiz-Lopez et al. (2007b), for which the base-case was

set as 0.02.

For INO2 and INO3 no experimental work is available on the uptake parameters and values

have previously been estimated by analogy with measured equivalent bromine species. For

INO3 a γ value of 0.01 has been frequently used (Mahajan et al., 2009; Ordóñez et al.,

2012), but values have been used up to 0.2 (Bloss et al., 2010). For INO2 γ values of 0.01

(Mahajan et al., 2009) or 0.02 (Ordóñez et al., 2012; Saiz-Lopez et al., 2007b) have often

been used, but γ values up to 0.1 have also been used (Bloss et al., 2010).

The IUPAC compilation includes a recommendation for HI uptake γ on ice of 0.2 (Crowley

et al., 2010), based on three experimental studies. A γ value of 0.1 has most often been

used in modelling studies (Breider, 2010; Mahajan et al., 2009; Saiz-Lopez et al., 2008).

For I2OX (X = 2,3,4) no experimental data is available for reactive uptake coefficients.

The uptake has been discussed in the literature, including a box model study which tested

sensitivity around a base value of 0.02 (Saiz-Lopez et al., 2008). This value is highly

uncertain and values up to 1 have been used for gamma in modelling studies (Bloss et al.,

2010).

As well as a role as possible source, sink, or cycling for a given halogen, the uptake

of soluble halogen species (e.g. XNO2, XNO3) provides a sink for NOy/NOx from the

atmosphere leading to “de-noxifcation”. This indirectly will reduce O3 concentrations,
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due to suppression of O3 production routes via NOx (Sect. 1.3.2.2).

1.6.2.6 Heterogeneous cycling

Following uptake of iodine onto sea-salt aerosols, acid catalysed cycling of I+ can lead to

the release of IX (X=Cl, Br, I) (McFiggans et al., 2000; Braban et al., 2007). This proceeds

via hydrolysis of I+ (from HOI, INO2, INO3) to HOI then oxidation to IX (Reaction 1.61).

IX easily volatilises into the gas phase due to its Henry’s law solubility.

HOI(aq) + X−(aq) + H+ → IX(aq) + H2O(aq) (1.61)

The ability of this process to occur is acid dependent (Eqns. 1.61), and the resulting split

between ICl and IBr will be highly dependent on halide concentrations, which in turn

depends on age of aerosol as marine aerosol is known become significantly depleted in

bromine and chlorine over time. McFiggans et al. (2002) noted IBr release may dominate

ICl production from fresh sea-salt aerosols. More recent laboratory work by Braban et al.

(2007) further shown that unless bromide is significantly depleted, that IBr will be the

major emission.

This cycling between the gas and aerosol phase has been studied explicitly (Vogt et al.,

1999; Pechtl et al., 2007), however it remains a large source of uncertainty. In addition

when recent observations of I2 were made at a remote marine site (Cape Verde, Lawler et al.

2013), the inability to measure di-halogen species (BrCl, ICl, IBr) “strongly suggest[ed]”

that models may over predict aerosol recycling.

1.6.2.7 Uncertainties in iodine chemistry

There are significant uncertainties in iodine’s chemical kinetics. The reaction mechanisms

of iodine have been covered in depth by a range of reviews (Carpenter, 2003; Saiz-Lopez

et al., 2012b,a; Simpson et al., 2015), with further recent work assessing uncertainties

within known reactions through box-modeling (Sommariva et al., 2012). A schematic

representation of the main pathways is shown in Figure 1.6, reproduced from Sommariva

et al. (2012).
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Through JPL (Sander et al., 2011) and IUPAC (Atkinson et al., 2000, 2006, 2007, 2008)

compilations, a large body of experimental and theoretical work on iodine has been evalu-

ated. However the experimental rate data are limited or non-existent for certain processes.

For example the ultimate chemical fate of all higher iodine oxides (I2OX, where X ≥2 ) is

poorly quantified, yet these reactions can significantly affect the IOx lifetime (Sommariva

et al., 2012). I2OX forms through combination reactions (see Sect. 1.6.2.3), however

questions remain about their polymerisation, photolytic properties and eventual fate as

discussed further by Saiz-Lopez et al. (2012b). Recent work has shown some of the key

iodine species to be well buffered to mechanism uncertainties, but highlights the sensitiv-

ity of iodine concentrations and hence atmospheric impacts of this higher oxide chemistry

(Sommariva et al., 2012).

1.6.3 Atmospheric processing

1.6.3.1 Dry and wet deposition

Methods for calculating dry and wet deposition require knowledge of Henry’s law values

and enthalpies of formation for given species. For iodine these values are known for most

species (Sander, 1999, 2015) or have been estimated by analogy with similar most studied

bromine species previously (Saiz-Lopez et al., 2007b). For less well defined species, such as

I2OX, theoretical calculation calculations exist for enthalpies of formation (Kaltsoyannis

and Plane, 2008).

1.6.3.2 Photolysis

Iodine has a low ionisation energy and forms labile species. This leads to species with short

lifetimes with seconds (I2/HOI), minutes (CH2I2), hours (CH2ICl), and days (CH3I).

Absorption cross-sections are recommended for all key iodine species (I2, HOI, IO, OIO,

INO, INO2, INO3, CH3I, CH2I2, CH2IBr and CH2ICl) within the latest JPL compilation

(Sander et al., 2011). Temperature dependencies are not given (except for CH3I) and

uncertainties remain for quantum yields. Higher iodine oxide (for IxOy where x and y

are greater than 1) cross-sections are not reported in current JPL/IUPAC compilations

(Sander et al., 2011). A single study has reported values “likely” values for I2O2 and
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I2O3 from data extracted from a study of the IO spectrum (Spietz et al., 2005). Other

modelling studies have assumed IxOy to have cross sections equivalent to INO3 by analogy

(Bloss et al., 2010) based on “estimates of Bloss et al. (2001) and Gómez Mart́ın et al.

(2005), and ab initio results (Kaltsoyannis and Plane, 2008)”.

A previous controversy existed with the magnitude of cross-section of OIO (Carpenter,

2003) as the species was observed in daytime (Stutz et al., 2007). However this is now

resolved following work by Gómez Mart́ın et al. (2009). Photolysis has been shown to occur

at 500-650 nm and the recommended cross-section is given by JPL (Sander et al., 2011).

A second historical controversy revolved around the photolysis channels of INO3 and this

limited the understanding of effectiveness of iodine initiated O3 destruction (Carpenter,

2003), and this has now also been resolved (Saiz-Lopez et al., 2012b).

1.6.4 Observational constraints

1.6.4.1 Organic iodine species

Making observations of iodine species is challenging as they are very short-lived, due to

rapid destruction routes by photolysis or oxidation. The longest lifetime iodine species

CH3I (6 days, Bell et al. 2002) is unsurprisingly the most measured. With that said,

the increased availability of observations has enabled increased comparisons with models

and the development of global organic halogen emission schemes (Ordóñez et al., 2012).

Ordóñez and co-workers (2012) used the correlation between observations of species and

their sources (e.g. biotic, abiotic), using satellite chlorophyll-a as a proxy for concentration,

and accounted for increased emission in coastal regions versus open oceans using scaling

factors. This work included iodo-carbon species (CH3I, CH2IBr, CH2ICl, CH2I2) as well

as bromo-carbon (CHBr3, CH2Br2, CH2BrCl,CHBrCl2, CHBr2Cl) species. Recently Ziska

et al. (2013) have used the growing dataset of ocean surface concentrations to calculate

fluxes of halogen species, however CH3I was the only iodine species calculated.

1.6.4.2 Inorganic iodine species

Differential Optical Absorption Spectroscopy (DOAS) methods led to the first measure-

ments of IO (Alicke et al., 1999). Since then a few studies have explored coastal regions,
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where iodine fluxes are higher and observed concentrations from a few to tens of pmol

mol−1 (see Saiz-Lopez et al. 2012b and citations within). Observations have also shown

IO in the Antarctic, over salt lakes, and in volcanic plumes. However for many years

the observations were more indicative of localised iodine processes, than of a globally

significant phenomena.

Improved approaches allowed detection of lower concentrations of IO from ground stations

in open-ocean/remote environments, which are arguably more representative of the global

atmosphere over oceans (Mahajan et al., 2010; Read et al., 2008). This suggested that

reactive iodine chemistry was more widespread than previously thought. Then with the

onset of DOAS techniques that do not require a stationary point (e.g. MAXI-DOAS),

detection of IO from ships in the open ocean in the Atlantic, Western Pacific (Großmann

et al., 2013), Eastern Pacific (Gómez Mart́ın et al., 2013b; Mahajan et al., 2012) and more

recently a circumnavigation (Prados-Roman et al., 2015b) was possible. This increase in

observations has enabled datasets of IO observations with extensive geographical coverage

(Prados-Roman et al., 2015b), to be produced (Fig 1.7). This has established the global

ubiquity of iodine oxide over the open oceans.

Figure 1.7 – Marine boundary layer iodine monoxide (IO) observations from ship cruise and

coastal stations in pmol mol−1. Reproduced from Prados-Roman et al. (2014).

Spatial variability in reported iodine (IO) observations is apparent, with reported values in

the eastern Pacific (Gómez Mart́ın et al., 2013b) lower compared to those in the Atlantic

(Read et al., 2008) and western Pacific (Großmann et al., 2013). This further poses
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questions about precursor sources and source mechanisms. Concurrent measurements

of other related parameters (e.g. chlorophyll concentrations, salinity, DOM levels, and

O3; Gómez Mart́ın et al. 2013b) show correlations (e.g. positive to salinity, negative to

chlorophyll and DOM) suggesting that an inorganic source mechanism (e.g. Carpenter

et al. 2013) is more probable than proposed mechanisms dependent on DOM (Martino

et al., 2009). It also raises questions about the role of DOM affecting the flux of iodine,

which has also been noted in laboratory work (Shaw and Carpenter, 2013).

In addition to surface measurements, measurements of inorganic iodine within the free

troposphere from aircraft (Dix et al., 2013; Volkamer et al., 2015; Wang et al., 2015),

balloons (Butz et al., 2009), and mountain tops (Puentedura et al., 2012) have been

made. The high (2370 m a.s.l.) ground-based measurements in Tenerife estimate IO

concentrations of 0.2-0.4 pmol mol−1 (Puentedura et al., 2012). Vertical profiles by aircraft

in the East Pacific show values of 0.1-0.2 pmol mol−1 in the free troposphere (Dix et al.,

2013), and more recent aircraft measurements with larger coverage (Volkamer et al., 2015;

Wang et al., 2015) again found sub pmol mol−1 concentrations of IO throughout the

troposphere and again suggesting iodine’s ubiquitous vertical presence.

Detection of IO from space using satellites has also been reported (Schönhardt et al.,

2008; Saiz-Lopez et al., 2007a). This suggested localised iodine at high concentrations

over the Antarctic continent. It also offered the possibility of a substantially new capac-

ity for increase the spatial coverage of iodine observations. However, when IO was also

observed from ships based in the same region, it was at lower concentrations. This either

contradicted the satellite values or suggested the presence of iodine much higher in the

troposphere (Mahajan et al., 2012) than would be expected.

1.6.4.3 Iodine deposition and terrestrial interactions

Other active areas of iodine research, other that for atmospheric chemistry, are on iodine

deficiency for public health and iodine radionuclides. There is little overlap of this research

and that on the atmospheric cycles of iodine. Datasets exist for iodine within top-soils,

sub-soils and rivers (Johnson, 2003a; Selminen, 2013; Shacklette and Boerngen, 1984), and

if this could be combined with knowledge of the uptake to the geosphere and biosphere it

would be possible to model cycles between the geosphere, hydrosphere, and atmosphere.
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The understanding of the processing of iodine from deposition to the ground to uptake

into the biosphere has been the subject of some study (Bowley, 2013; Landis et al., 2012;

Shetaya, 2011; Shetaya et al., 2012), however due to large differences between soil and

plant types, the ability to generally conceptualise global cycles remains out of reach.

Measurements of deposition of iodine could provide a useful constraint when considering

atmospheric cycles of iodine, as emitted iodine must balance that deposited. Miyake and

Tsunogai (1963) attempted to quantify an iodine budget from the iodine content of rainfall,

however the approach taken has been criticised due to uncertainties (Garland and Curtis,

1981). Motivated by quantifying radionuclides from the nuclear industry, larger datasets

have since been reported in the literature for Northern Europe (Aldahan et al., 2009) and

Germany (Krupp and Aumann, 1999). A 15 month dataset of dry and wet deposition in

the marine environment off the East coast of England has also been reported (Baker et al.,

2001). If comparable deposition fluxes could be modelled, then this could provide a useful

test of a model’s representation of iodine cycling.

1.6.4.4 Iodine aerosol

Iodine enrichment within marine aerosols is well known (Duce and Hoffman, 1976). How-

ever speciation within aerosols is poorly defined (Baker, 2005; Pechtl et al., 2007), as is

our understanding of the magnitudes of sources: e.g. uptake of gas-phase species vs. en-

richment processes at point of aerosol formation. Observations of iodine concentrations in

aerosol have been reported (Baker et al., 2001; Baker, 2004, 2005; Gilfedder et al., 2010;

Lai et al., 2008; Rancher and Kritz, 1980). Values of coastal, island and continental iodine

aerosol observations have been compiled within a recent review (Table 5 of Saiz-Lopez

et al. 2012b). Few of these are free from coastal influence and therefore fail to give a

picture relevant to the majority of the marine environment. A summary of observations

in the literature representative of remote marine boundary layer are given in Table 1.3.

1.7 Previous global modelling

Global and regional tropospheric climate and air-quality models have historically not con-

sidered halogen chemistry. The majority of previous halogen chemistry work has used
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Table 1.3 – Measured iodine aerosol mass concentrations for open ocean observations.

Reference Location Observed aerosol iodine

min-mean-max

ng (I) m−3

Baker (2004) North Atlantic 1.1-3.9-11.6

Baker (2005) Atlantic 1.9-3.2-8.0

Gilfedder et al. (2010) Eastern Tropical Atlantic 4.6-8.9-13

Lai et al. (2008) Western Pacific 1.3-3.0-5.1

Rancher and Kritz (1980) Equatorial Atlantic 2.0-5.9-17

box models (e.g. Sander et al. 1997; Mahajan et al. 2009; McFiggans et al. 2000, 2010;

Read et al. 2008; Saiz-Lopez et al. 2007b). More recent work using chemistry transport

models has focused on bromine (von Glasow et al., 2004; Parrella et al., 2012) and only

more recently considered iodine (Ordóñez et al., 2012; Saiz-Lopez et al., 2012b, 2014;

Prados-Roman et al., 2015a).

Iodine chemistry has been shown to effectively destroy O3 by catalytic chemical cycles

(Sect. 1.6.2). When considered alongside bromine chemistry, box model studies have

shown the magnitude of these halogen driven O3 loss processes to be up to 45 % of the

total loss (Mahajan et al., 2009; Read et al., 2008).

Within global modelling studies, up to ∼30 % of the O3 loss in the marine boundary layer

(900 hPa <p) has been found to be driven by halogens (Prados-Roman et al., 2015b; Saiz-

Lopez et al., 2012b, 2014). Similarly, high levels of halogen-driven O3 loss are also found

in the upper troposphere (350 hPa > p > tropopause), with lower (10-15 %) impacts in

the free troposphere (350 hPa < p < 900 hPa ) (Saiz-Lopez et al., 2012b, 2014). Combined

decreases in tropospheric O3 burden from halogens of 10-15 % have been reported from

simulations considering chlorine, bromine and iodine (Saiz-Lopez et al., 2012b, 2014). This

contrasts to values from studies that just consider bromine of 6.5 % (Parrella et al., 2012),

and 14 % from work considering bromine and chlorine (Schmidt et al., 2016).

Possibly large impacts on O3 from iodine in the lower stratosphere have been theorised

(Solomon et al., 1994). However, due to reported low concentrations and lack of observa-

tions, it was thought that iodine could only have a minor role (Saiz-Lopez et al., 2012b).

More recently though observations and modelling have suggested that this may not be the

case (Saiz-Lopez et al., 2015).
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Iodine can change the local HO2:OH ratio due to the production of HOI from HO2 + IO

and its subsequent photolysis (as discussed in Sect. 1.6.2.1), or through reducing O3 and

reducing OH’s primary source (Sect. 1.6.2). The effect of increasing OH concentrations has

been noted by multiple box modelling studies accompanying observations (e.g. Bloss et al.

2005b; McFiggans et al. 2000; Saiz-Lopez et al. 2008). In global studies not considering

iodine, the effects of OH have been reported to increase OH:HO2 (Long et al., 2014;

Parrella et al., 2012; Schmidt et al., 2016). In a global simulation including bromine and

chlorine chemistry, a 11 % decrease in tropospheric OH was seen (Schmidt et al., 2016).

However, in a previous study within the same model, but just considering bromine, a

decrease of 4 % was found (Parrella et al., 2012).

Perturbation to the NO:NO2 ratio has been shown to be significant at higher IO concen-

trations in polluted coastal locations (McFiggans et al., 2010), due to the ability of IO to

oxidize NO into NO2 (Section 1.4.2.2). The ability of halogens to reduce O3 production

through removal of NOx by halogen photolysis has been reported from global modelling

studies (von Glasow et al., 2004; Parrella et al., 2012; Long et al., 2014; Schmidt et al.,

2016). In a recent global model study, which included bromine and chlorine chemistry,

the impacts of halogens on NOx were shown to decrease O3 production by 10 % (Schmidt

et al., 2016).

1.8 Pre-industrial (PI) concentrations

For bromine and chlorine species which have a natural and anthropogenic source (e.g.

CH3Br, CH3Cl, CHCl3, and CH2Cl2), the concentrations were lower in the pre-industrial

troposphere. For bromine the Bry is lower within the stratosphere as well (Montzka et al.,

2011; Reimann et al., 2014).

As well as direct emission changes in halogen emissions, indirect oxidant changes such as

the increase in pollutants (SO2) leading to more acidic marine aerosols has been suggested

to lead to a greater sea-salt bromine source (Sander et al., 2003). Reductions in tropo-

spheric O3 concentrations relative to the present-day (See Sect. 1.2.1), would also cause

a reduction in iodine flux due to its recently established dependence on O3 (Carpenter

et al., 2013; Garland and Curtis, 1981). This negative feedback loop has also recently

been explored within a global model (Prados-Roman et al., 2015a).
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The lack of inclusion of halogen chemistry within chemistry and climate models has been

suggested as a possible contributing factor of why chemistry-climate models find capturing

pre-industrial tropospheric O3 observations problematic (Parrella et al., 2012; Saiz-Lopez

et al., 2012a; Young et al., 2013). This has been apparent and known in the literature for

over a decade (Mickley et al., 2001a).
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1.9 Goals of this work

This work aims to build a simulation of iodine chemistry to allow for our understanding to

be tested on global tropospheric scale. The established global chemistry transport model

GEOS-Chem (Bey et al., 2001) will be used as a starting point, with additional chemical

and physical processes added to the existing scheme. This will enable quantification of

iodine’s budget and impacts on O3, HOx and NOx. This will also allow for the testing of

recently suggested inorganic fluxes (Carpenter et al., 2013) and their implications.

1.10 Thesis outline

Chapter II (“Development of an iodine simulation”) describes the additional processes

considered in the iodine simulation (e.g. emissions, chemistry, photolysis, and deposition).

Chapter III (“Iodine’s gas phase impacts in the present-day”) first evaluates the simulation

developed in chapter II against observations. Then it considers the impacts of iodine

chemistry globally on oxidants (O3 and OH). The sensitivity of the simulation to key

variables is then considered and compared against observations.

Chapter IV (“Global impacts of tropospheric halogens (Cl, Br, I) on present-day oxi-

dants and composition”) describes further developments to the simulation to incorporate

bromine (Parrella et al., 2012; Schmidt et al., 2016) and chlorine chemistry (Eastham

et al., 2014; Schmidt et al., 2016), with associated cross-over chemistry (JPL/IUPAC) and

additional tropospheric sources and chemistry. Changes in the modelled distributions are

presented and then the resultant impacts of this “coupled” halogen (Cl, Br, I) simulation

are considered on the present-day atmosphere.

Chapter V (“Impact of halogen chemistry on tropospheric O3 radiative forcing”) evalu-

ates the impacts of halogen chemistry on O3 radiative forcing between pre-industrial and

present-day.

Chapter VI (“Global modelling of tropospheric iodine aerosol”) considers modelled aerosol-

phase iodine. The impacts of iodine on aerosol formation in the marine environment are

considered. The modelled concentrations are compared against available observations.

57



Chapter 1: Introduction

Chapter VII summarises the conclusions of preceding chapters and the key overview mes-

sages.
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Chapter 2

Development of an iodine

simulation

The majority of the content of this chapter has been published in “Iodine’s impact on

tropospheric oxidants: A global model study in GEOS-Chem.”: T. Sherwen, M. J. Evans,

L. J. Carpenter, S. J. Andrews, R. T. Lidster, B. Dix, T. K. Koenig, R. Sinreich, I. Ortega,

R. Volkamer, A. Saiz-Lopez, C. Prados-Roman, A. S. Mahajan and C. Ordóñez, Atmos.

Chem. Phys., 2016, 16, 11611186.
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2.1 Introduction

Iodine plays an important role in the atmosphere. It is crucial for human health in diet

(WHO, 2009), perturbs the ozone (O3) budget and therefore can impact air-quality, crop

yields and climate change (Saiz-Lopez et al., 2012b).

The chemistry of reactive halogens and especially iodine is discussed in Chapter I. This

Chapter describes the development of a simulation of tropospheric iodine chemistry based

within the framework of the GEOS-Chem chemical transport model. It will be used in

subsequent chapters to explore the impact of iodine (Chapter III) and the wider halogen

chemistry (Chapter IV) on the composition of the present day atmosphere. It is then used

to explore the potential role of halogen chemistry on the changing concentration of ozone

between the pre-industrial and the present day (Chapter V) and on aerosol production in

the atmosphere (Chapter VI).

In this chapter the GEOS-Chem model will be described (Sect. 2.1.1). The chemistry

and physics of iodine used in the model is described from emissions (Sect. 2.2), gas-phase

chemistry (Sect. 2.3), heterogeneous chemistry (Sect. 2.4), photolysis (Sect. 2.5), iodine

and bromine cross-over chemistry (Sect. 2.6), and finally deposition (Sect. 2.7).

For readability the “of-the-shelf” version (v9.2) of the model is referred to as “BROMINE”,

as it includes a description of bromine chemistry (Parrella et al., 2012). The iodine simu-

lation developed in this chapter is referred to as “Br+I”.

2.1.1 GEOS-Chem

GEOS-Chem (http://www.geos-chem.org) is 3D Eulerian chemical transport model (CTM)

developed and owned by a global community (Bey et al., 2001). Transport within the

model is driven by assimilated meteorological and surface data fields (GEOS-5/GEOS-FP)

from NASA’s Global Modelling and Assimilation Office (GMAO). The model includes a

chemistry scheme which describes Ox, HOx, NOx, and VOC chemistry (Mao et al., 2013),

bromine chemistry (Parrella et al., 2012), and a mass-based aerosol scheme (Alexander

et al., 2012; Jaeglé et al., 2011; Fairlie et al., 2007; Pye and Seinfeld, 2010; Wang et al.,

2011). Stratospheric chemistry is climatologically represented based on LINOZ (McLinden
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et al., 2000) for O3 and a linearised chemistry is applied for other species from the Global

Modelling Initiative (GMI) as described previously (Murray et al., 2012a). The deposition

scheme in GEOS-Chem has recently been updated (Amos et al., 2012).

2.2 Emissions

In addition to the NOx, SO2, VOCs, organic and black carbon, dust, and sea-salt emissions

incorporated in GEOS-Chem (Sect. 2.2.1), iodine is emitted into the atmosphere in both

organic and inorganic forms (See Sections 1.6.1 and 1.6.1.2 in chapter I) which we discuss

now in Sections 2.2.2 and 2.2.3.

2.2.1 NOx, SOx, VOC, and aerosol emissions

The GEOS-Chem CTM used here includes set of natural and anthropogenic emissions that

are processed and inputted into the model by the Havard-NASA EMission COmponent

(HEMCO, Keller et al. 2014), which also applies any diel or seasonal scaling. Inventories

included are biogenic emissions (MEGAN, Guenther et al. 2012), anthropogenic emissions

(EDGAR, Janssens-Maenhout et al. 2011; Olivier et al. 1999; RETRO, Schultz et al. 2008;

GEIA, Benkovitz et al. 1996; C2H6, Xiao et al. 2008), biomass burning (GFED-3, van der

Werf et al. 2010), biofuel emissions (Yevich and Logan, 2003), NOx (soils, Hudman et al.

2012; lightning, Murray et al. 2012a; ships, Vinken et al. 2011; and aircraft, Stettler et al.

2011), and aerosol emissions (e.g. sea-salt, Jaeglé et al. 2011; dust, Fairlie et al. 2010;

Black and organic carbon, Bond et al. 2007). In addition to global inventories, higher

resolution inventories are used to overwrite regions such as Europe (e.g. EMEP, Vestreng

et al. 2009).

2.2.2 Organic iodine emissions

The monthly emission inventory of Ordóñez et al. (2012) for organic iodine compounds

(CH3I, CH2I2, CH2IBr, and CH2ICl) has been implemented here. This attempts to syn-

thesise the limited observation dataset for these compounds. For CH3I the work of Bell

et al. (2002) is used by Ordóñez et al. (2012). For the other compounds the treatment is
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split between the tropics and the extra tropics. For the tropics, fluxes are scaled based on

chlorophyll-a determined from satellite. In the extra-tropics two constant uniform fluxes

are used in oceanic regions and in coastal regions to provide a 2.5:1 ratio between the

two regions. Figure 2.1 shows the distribution and magnitudes of the emissions of organic

compounds.

Figure 2.1 – Calculated annual mean organic iodine emissions 1x10−13 kg m−2 s−1. Monthly

emissions are given in the Appendix (Sect. C.1).

2.2.3 Inorganic iodine emissions

Inorganic emissions in this simulation are parameterised following laboratory studies and

modelling published by Carpenter et al. (2013). This work parameterised the release of

inorganic iodine compounds (HOI, I2) formed from the uptake of O3 to the ocean and the

subsequent ocean-surface reaction of O3 with iodide (I−). The parameterisations for HOI

and I2 are given by Equations 2.2 and 2.1 respectively. Where [I−(aq)] is in units of mol

dm−3, wind speed is in m s−1, O3 is in nmol mol−1, and the resultant flux is in nmol m−2

d−1.

Flux(I2) = [O3(g)]× [I−(aq)]
1.3
(
1.74× 109 × 6.54× 108 × ln(ws)

)
(2.1)
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Flux(HOI) = [O3(g)]×

4.15× 105 ×

√
[I−(aq)]

ws
− 20.6

ws
− 2.36× 104 ×

√
[I−(aq)]

 (2.2)

The parameterisation of Carpenter et al. (2013) requires knowledge of sea surface iodide

concentrations. A compilation of surface iodide and iodate concentrations observed from

ship cruises and stations was recently published by Chance et al. (2014). Chance and

co-workers considered the correlation of iodine species with various physical quantities

typically available in global models. They found the greatest correlation of I− was with

the square of sea surface temperature (eqn. 2.3), where sea surface temperature (SST) is

in Kelvin, and the resultant iodide concentration [I−(aq)] is in units of mol dm−3. This is

used in the “Br+I” simulation to parameterise ocean-surface I−(aq) concentration.

I−(aq) = 0.225T 2 + 19 (2.3)

Other work used a subset of the same database from Chance et al. (2014), but only consid-

ered the Atlantic region to derive another parameterisation (MacDonald et al., 2014). This

gave an Arrhenius type parameterisation (Eqn. 2.4). A comparison of the derived ocean

I− concentrations between Chance et al. (2014) and (MacDonald et al., 2014) is shown

in Figure 2.3 and 2.2. The parameterisation of Chance et al. (2014) is used here, and in

Chapter III, as it considers all available global data and therefore is most appropriate for

a global study.

I−(aq) = 1.46× 106 + exp

(
−9134

T

)
(2.4)

By combining the parametrisation of Chance et al. (2014) for sea surface iodide with

online O3, wind speed at 10 metres, from model input meteorological fields, and sea

surface temperature it is possible to calculate inorganic iodine flux online using Equations

2.2, 2.1 and 2.3. The resultant modelled fluxes are shown in Figure 2.4 and 2.5.
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Figure 2.2 – Calculated annual mean ocean-surface iodide concentrations (I−) in nM. Values are

calculated from the highest correlation relationship (square of temperature) presented in Chance

et al. (2014) (top) and from Arrhenius relationship from Eq. (1) in MacDonald et al. (2014)

(bottom). Annual total emissions are given in Table 2.1.
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Figure 2.3 – Latitudinal variation in surface iodide concentrations (I−) in nM. The bold line

shows the mean, and shaded areas show 1st and 3rd quartiles. SST = sea surface temperature.

Figure 2.4 – Spatial plot of global annual average HOI emissions implemented in GEOS-Chem.

Average monthly emissions by species are given in the Appendix (Section C.1).
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Figure 2.5 – Spatial plot of global annual average I2 emission implemented in GEOS-Chem.

Average monthly emissions by species are given in the Appendix (Section C.1).

2.2.4 Total iodine emissions

Global emission totals from this modelling work are presented in Table 2.1. The or-

ganic emissions are consistent with recent work (Saiz-Lopez et al., 2014) as they both use

Ordóñez et al. (2012). The inorganic fluxes calculated in this study are however 47 %

higher than in previous work (Saiz-Lopez et al., 2014), despite using the same inorganic

iodine (HOI, I2) flux parameterisation (Carpenter et al., 2013). Although model specific

differences exist in sea surface temperatures, 10 m wind speeds and O3 concentration the

largest differences lie in the choice of parameterisation for sea surface iodide (See Fig 2.3

and further discussion in chapter III Section 3.7.5). Recent work from Saiz-Lopez et al.

(2014) uses MacDonald et al. (2014) and this work uses Chance et al. (2014). Fig. 2.3

shows the significantly higher fluxes found from using the Chance et al. (2014) parame-

terisation.

HOI represents the single largest source of oceanic iodine (76 %) with averaged oceanic

emissions of 1.4 x 108 atoms (I) cm−2 s−1. This value is towards the lower end of flux values

required to reproduce IO observations in recent box modelling studies (Großmann et al.,

2013; Jones et al., 2010; Mahajan et al., 2009). Previous studies that did not consider an

inorganic iodine source give much lower emissions of iodine (0.58 Tg (I) yr−1, Ordóñez

et al. 2012; 0.65 Tg (I) yr−1, Jones et al. 2010). However, these emissions are consistent

with organic emissions used here.
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Table 2.1 – Total simulated emissions for iodinated species used in this modelling. Values are

given as annual totals in Tg (I) yr−1 of iodine.

Species Emissions

Tg (I) yr−1

CH3I 0.26

CH2I2 0.11

CH2ICl 0.18

CH2IBr 0.05

I2 0.32

HOI 2.91

Total 3.83

2.3 Gas-phase chemistry

The gas-phase iodine chemistry used in this modelling is shown in Tables 2.2 and 2.3.

This is based on the recent IUPAC (Atkinson et al., 2007, 2008) or JPL 10-6 (Sander

et al., 2011) evaluations. In addition some reactions are included based on recent work

(Sommariva et al., 2012; von Glasow et al., 2002) and these are described in section 2.3.1.

2.3.1 Reactions included, but not present in JPL/IUPAC

The field of iodine chemistry is still young, and some reactions that are used within box

model and global studies are not in the IUPAC/JPL compilations due to the uncertainties

in the laboratory studies or for other reasons. Different choices have been made regarding

reactions included in previous box- (Bloss et al., 2010; Mahajan et al., 2009; Read et al.,

2008; Saiz-Lopez et al., 2008; Sommariva et al., 2012) and global- (Breider, 2010; Ordóñez

et al., 2012; Saiz-Lopez et al., 2012b, 2014) model studies. The following reactions have

been included within this simulation’s chemistry scheme (Tables 2.2 and 2.3) although

they are not in the IUPAC/JPL compilations.

HOI + OH→ IO + H2O (2.5)

Uncertainties exist over product channels for reaction 2.5 (Sommariva et al., 2012). Fol-

lowing the work of Sommariva and co-workers, this study assumes the products of IO
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Chapter 2: Development of an iodine simulation

Table 2.2 – Bi-molecular and uni-molecular iodine reactions. These are given in the Arrhenius

form with the rate equal to A · exp (−Ea
RT ). Unknown values are represented by a dash and these

are set to zero in the model, reducing the exponent to 1. The bi-molecular reactions with an

M in them represent termolecular reactions where the pressure dependence is not known or are

uni-molecular decomposition reactions. Reactions included, but not in IUPAC/JPL are discussed

further in Section 2.3.1.

Rxn ID Reaction A Ea/R Citation

cm3 molecules−1 s−1 K

M1 I + O3 → IO + O2 2.10× 10−11 −830 Atkinson et al. (2007)

M2 I + HO2 → HI +O2 1.50× 10−11 −1090 Sander et al. (2011)

M3 I2 + OH→ HOI +I 2.10× 10−10 – Atkinson et al. (2007)

M4 HI + OH→ I +H2O 1.60× 10−11 440 Atkinson et al. (2007)

M5 HOI + OH → IO + H2O 5.00× 10−12 – Riffault et al. (2005)

M6 IO + HO2 → HOI + O2 1.40× 10−11 540 Atkinson et al. (2007)

M7 IO + NO → I + NO2 7.15× 10−12 300 Atkinson et al. (2007)

M8 HO + CH3I → H2O + I (CH2I) 4.30× 10−12 −1120 Atkinson et al. (2008)

M9 INO + INO → I2 + 2NO 8.40× 10−11 −2620 Atkinson et al. (2007)

M10 INO2 + INO2 → I2 + 2NO2 4.70× 10−12 −1670 Atkinson et al. (2007)

M11 I2 + NO3 → I + INO3 1.50× 10−12 – Atkinson et al. (2007)

M12 INO3 + I → I2 + NO3 9.10× 10−11 −146 Kaltsoyannis and Plane (2008)

M13 I + BrO → IO + Br 1.20× 10−11 – Sander et al. (2011)

M14 IO + Br → I + BrO 2.70× 10−11 – Bedjanian et al. (1997)

M15 IO + BrO → Br + I + O2 3.00× 10−12 510 Atkinson et al. (2007)

M16 IO + BrO → Br +OIO 1.20× 10−11 510 Atkinson et al. (2007)

M17 OIO + OIO → I2O4 1.50× 10−10 – Gómez Mart́ın et al. (2007)

M18 OIO + NO → NO2 + IO 1.10× 10−12 542 Atkinson et al. (2007)

M19 IO + IO→ I +OIO 2.16× 10−11 180 Atkinson et al. (2007)

M20 IO + IO
M−→ I2O2 3.24× 10−11 180 Atkinson et al. (2007)

M21 IO + OIO
M−→ I2O3 1.50× 10−10 – Gómez Mart́ın et al. (2007)

M22 I2O2
M−→ IO + IO 1.00× 1012 −9770 Ordóñez et al. (2012)

M23 I2O2
M−→ OIO + I 2.50× 1014 −9770 Ordóñez et al. (2012)

M24 I2O4
M−→ 2 OIO 3.80× 10−2 – Kaltsoyannis and Plane (2008)

M25 INO2
M−→ I +NO2 9.94× 1017 −11859 McFiggans et al. (2000)

M26 INO3
M−→ IO + NO2 2.10× 1015 −13670 Kaltsoyannis and Plane (2008)
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2.3 Gas-phase chemistry

Table 2.3 – Termolecular iodine reactions. The lower pressure limit rate (k0) is given by: A0 ·

( 300
T )x. The high pressure limit is given by k∞. Fc characterises the fall off curve of the reaction

as described by (Atkinson et al., 2007)

Rxn ID Reaction A0 x k∞ Fc Citation

cm6 molecules−2 s−1 cm3 molecules−1 s−1

T1 I + NO + M→ INO +M 1.80× 10−32 1 1.70× 10−11 0.60 Atkinson et al. (2007)

T2 I + NO2 + M→ INO2 +M 3.00× 10−31 1 6.60× 10−11 0.63 Atkinson et al. (2007)

T3 IO + NO2 + M→ INO3 +M 7.70× 10−31 5 1.60× 10−11 0.40 Atkinson et al. (2007)

and H2O based on laboratory experiments (Riffault et al., 2005) and previous box model

analysis (Sommariva et al., 2012).

INO3 + I→ I2 + NO3 (2.6)

Reaction 2.6 reaction’s rate is based on a single theoretical study (Kaltsoyannis and Plane,

2008). The impact of inclusion within a box model was found to be minimal, except in

high iodine and O3 conditions (Sommariva et al., 2012).

OIO + OIO→ I2O4 (2.7)

Reaction 2.7 reaction rate is from a single experimental study (Gómez Mart́ın et al.,

2007), which yielded a lower limit of 1.2±0.3x10−10 cm3 molecules−1 s−1. This reaction

is included in this work, along with the reverse reaction (Reaction I2O4 →2 OIO).

INO3
M−→ IO + NO2 (2.8)

Reaction 2.8 is included in IUPAC (Atkinson et al., 2007) without direct experimental

observation. No recommendation is given in the recent JPL compilation (Sander et al.,

2011). The INO3 thermal stability rate used by previous modelling studies has a significant

range (298 K) from 1.08x10−2 (Read et al., 2008) to 2.51x10−5 cm3 molecules−1 s−1

(Sommariva et al., 2012). The latter uses the most recent theoretical study (Kaltsoyannis
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and Plane, 2008), which is also used here. The reverse reaction ( IO + NO2
M−→ INO3) has

been included ubiquitously in iodine modelling work; and forward reaction (INO3
M−→ IO

+ NO2) is employed in the majority of, but not all studies (Ordóñez et al., 2012). Both

reactions are included in this work.

IO + OIO
M−→ I2O3 (2.9)

For reaction 2.9, a single experimental study (Gómez Mart́ın et al., 2007) gives an upper

limit and lower rate limit of 1.5 x10−10 and 1.5 x10−11 cm3 molecules−1 s−1, respectively.

The higher value is used in this work as in others studies (Saiz-Lopez et al., 2008; Som-

mariva et al., 2012).

I2O2
M−→ IO + IO (2.10)

I2O2
M−→ I2O3 (2.11)

These reactions (2.10 and 2.11) have only been studied theoretically (Kaltsoyannis and

Plane, 2008). A temperature dependent rate was calculated theoretically (Ordóñez et al.,

2012) which is used in this work.

I2O4
M−→ 2 OIO (2.12)

The rate for this reaction (Rxn. 2.12) is calculated from the value for binding energy of

the dimer (Kaltsoyannis and Plane, 2008). The reverse reaction (OIO+OIO → I2O4) is

also included at the Kaltsoyannis and Plane (2008) rate.

2.4 Heterogeneous chemistry

Reactions occurring within aerosol following uptake (HI, HOI, INO2, INO3, I2OX) are not

treated explicitly but are parameterised using a reactive uptake coefficient (γ).

Heterogeneous uptake rates are computed using the GEOS-Chem standard code (Jacob

2000, as described in Chapter I Sect. 1.6.2.5) from the values of γ given in Table 2.4.
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2.5 Photolysis

In line with previous studies (McFiggans et al., 2000), this implementation assumes that

the uptake of HOI, INO2 and INO3 leads to the acid catalysed recycling of iodine back

into the gas-phase as IX on sea-salt (as discussed in Section 1.6.2.5). Irreversible loss via

uptake of HI on seasalt is assumed to lead to the generation of aerosol-phase iodine. The

uptake of I2OX (X = 2,3,4) is assumed to lead to the generation of aerosol-phase iodine

on any aerosol.

Table 2.4 – Heterogeneous reactions of iodine species. Where measured values have not been

reported estimated values are used and no reference is given, further detail on uptake choices is in

Sect. 2.4. Stared (∗) reactions proceed only on sea-salt aerosols, whereas other reactions proceed

on other aerosols.

ID Reaction Reactive uptake coefficient (γ) Reference

K1 HI → iodine aerosol 0.10∗ Crowley et al. (2010)

K2 INO3 → 0.5I2 0.01∗ see Chap. I Sect. 1.6.2.5

K3 HOI → 0.5I2 0.01∗ Sander et al. (2011)

K4 INO2 → 0.5I2 0.02∗ see Chap. I Sect. 1.6.2.5

K5 I2O2 → iodine aerosol 0.02 see Chap I. Sect. 1.6.2.5

K6 I2O4 → iodine aerosol 0.02 see Chap. I Sect. 1.6.2.5

K7 I2O3 → iodine aerosol 0.02 see Chap. I Sect. 1.6.2.5

Stoichiometric emission of I2 following uptake of species that hydrolyse to I+ (INO2, INO3,

HOI) is assumed. This avoids double counting of Br2 release already included within the

model as described by (Parrella et al., 2012). ICl release was not included, due to the lack

of inclusion of tropospheric Cly chemistry in GEOS-Chem.

Lack of, or limited experimental data reduces certainty on heterogeneous processing of

halogens. The reactive uptake coefficients (γ) used in this study are experimentally con-

strained wherever possible or follow previously estimated values in the literature as de-

scribed in Chapter I (Sect. 1.6.2.5). The γ values used for each species are shown in table

2.4. The implication of the choice of these value and varying this is considered in Chapter

III Section 3.7.2.

2.5 Photolysis

Photolysis rates are calculated online using the standard FAST-J code implementation in

GEOS-Chem (Wild et al., 2000). Cross-sections are processed to the 7 wavelength bins
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used by FAST-J (Bian and Prather, 2002) as described by (Mao et al., 2010).

For most cross-sections JPL 10-6 (Sander et al., 2011) values were used. For I2OX (X =

2,3,4) the same absorption cross section as INO3 is assumed, an approach used previously

(Bloss et al., 2010). For most species (I2, HOI, IO, OIO, INO, INO2, I2O2, CH3I, CH2I2,

CH2IBr and CH2ICl) a quantum yield of 1 is assumed, but for INO3 a quantum yield

of 0.21 (Sander et al., 2011) is used. Full literature cross-sections and spectra binned for

FAST-J are are shown in Appendix (Sect. C.2)

Table 2.5 – Photolysis reactions of iodine species. For I2OX (X=2,3,4) the cross-section of INO3

is used as described in Sect. 2.5.

ID Reaction Cross-section reference

J1 I2
hν−→ 2I Sander et al. (2011)

J2 HOI
hν−→ I + OH Sander et al. (2011)

J3 IO
hν−→ I + [O3] Sander et al. (2011)

J4 OIO
hν−→ I + O2 Sander et al. (2011)

J5 INO
hν−→ I + NO Sander et al. (2011)

J6 INO2
hν−→ I + NO2 Sander et al. (2011)

J7 INO3
hν−→ I + NO3 Sander et al. (2011)

J8 I2O2
hν−→ I + OIO see caption

J9 CH3I
hν−→ I + CH2O2 Sander et al. (2011)

J10 CH2I2
hν−→ 2I +(CH2) Sander et al. (2011)

J11 CH2ICl
hν−→ I +(CH2Cl) Sander et al. (2011)

J12 CH2IBr
hν−→ I +(CH2Br) Sander et al. (2011)

J20 I2O4
hν−→ 2OIO see caption

J21 I2O3
hν−→ OIO + IO see caption

Notably this work differs from recent global iodine simulations (Saiz-Lopez et al., 2014) in

its treatment of I2OX (X=2,3,4). In this work, “Br+I” considers the photolysis of these

compounds whereas Saiz-Lopez et al. (2014)’s “Base” simulation does not. This means

that this “Br+I” simulation would be expected to have more active iodine chemistry than

is reported in (Saiz-Lopez et al., 2014).

2.6 Iodine and bromine cross-over chemistry

The bromine simulation in GEOS-Chem is described in (Parrella et al., 2012). Parrella

et al. (2012) presented a range of comparisons of the model against satellite BrO obser-

72



2.6 Iodine and bromine cross-over chemistry

vations. Although in general the model reproduces many of the observed features, there

is a systematic underestimation of tropospheric BrO. New aircraft observations show that

tropospheric BrO (Volkamer et al., 2015; Wang et al., 2015) may be higher than calcu-

lated by the Parrella et al. (2012) scheme. This simulation (“Br+I”) also underestimates

surface BrO observed in the tropical Atlantic marine boundary layer (900 hPa ¡p) (∼2

pmol mol−1, Read et al. 2008) by a ratio of ∼5 (0.4 pmol mol−1). The uncertainty in BrO

concentration is considered as a part of the sensitivity study in Chapter II Section 3.7.4.

In addition to the model low bias at the surface noted already at Cape Verde, it is worth

highlighting that BrO concentrations peak in model in the southern oceans with annual

average concentrations of ∼5 pmol mol−1 (Fig. 2.6) in GEOS-Chem (version v9-2). This

peak concentration is attributable to the sea-salt de-bromination flux implemented in

Parrella et al. (2012). However, this peak concentration is expected to be lower than that

in Parrella et al. (2012) as the bromine scheme implemented in the “off the shelf” GEOS-

Chem version v9-2 used here actually uses a different size dependant Br2 flux (Yang et al.,

2008). The fact that the “off the shelf” GEOS-Chem we use here is updated to follow

Yang et al. (2008) means that the sea-salt is reduced flux by 64 % (1.4 to 0.51 Tg (Br)

yr−1) relative to Parrella et al. (2012). Thus, the source of bromine considered here and

the impacts would be expected to be lower that those presented in Parrella et al. (2012).

Figure 2.6 – Annual global average surface concentration of BrO in “Br+I” simulation.
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2.7 Deposition

Dry deposition of the new iodine compounds is computed via the standard GEOS-Chem

implementation of the “resistance-in-series” approach (Wesely, 1989) using literature Henry’s

law coefficients (Sander, 1999, 2015). This approach is applied to I2, HI, HOI, INO2, INO3,

I2O2, I2O3 and I2O4. Aerosol iodine is assumed to have the same dry deposition properties

as sulfate aerosol.

Wet deposition is calculated for I2, HI, HOI, INO2, INO3, I2O2, I2O3 and I2O4 for both

large scale (frontal) and convective rain by applying scavenging in and below clouds (Liu

et al., 2001) using species-specific values for Henry’s law coefficients (Sander, 1999, 2015;

Vogt et al., 1999) and molar heats of formation (Kaltsoyannis and Plane, 2008; Sander,

1999, 2015) as shown in Table 2.6. Fractionation between gas and liquid on ice is considered

(Parrella et al., 2012; Stuart and Jacobson, 2003). Aerosol iodine is assumed to have the

same wet deposition properties as sulfate aerosol.

In the simulation iodine deposition is predominantly through HOI (51 %). The remainder

is mostly through deposition of INO3 (20 %) and aerosol iodine formed by heterogeneous

loss of gaseous iodine (HI, I2OX; 24 %). The majority of the deposition sink is back into

the ocean (91 %). The global Iy (Iy is defined in Footnote 1) lifetime is 3.3 days but where

depositional scavenging is weakest (upper troposphere, 350 hPa > p > tropopause) this

can increase by three orders of magnitude.

2.8 Conclusions

This chapter presents a representation of the tropospheric chemistry of iodine in the

GEOS-Chem model. This includes organic and inorganic iodine sources, standard gas-

phase iodine chemistry and simplified higher iodine oxide (I2OX, X = 2,3,4) chemistry,

photolysis, deposition and parametrised heterogeneous reactions.
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Table 2.6 – Henry’s law coefficients and molar heats of formation of iodine species. Where Henry’s

law constant equals infinity a very large value is used within the model 1x1020 M atm−1. The INO2

Henry’s law constant is assumed equal to that of BrNO3, from Sander (1999, 2015), by analogy.

For I2OX (X=2,3,4) a Henry’s law constant of infinity is assumed by analogy with INO3. (∗)

Effective Henry’s law of HI is calculated for acid conditions through K∗H(T ) = KH(T )×(1 + Ka

[H+]
),

where Ka =1×109 M is the acid dissociation constant (Bell, 1973).

Num. Species Henry’s Law Reference Molar Heat of Reference

Constant Formation

M atm−1 298 K/R (K)

D1 HOI 1.53× 104 Sander (1999, 2015) −8.37× 103 Sander et al. (2006)

D2 HI 2.35× 100(*) Sander (1999, 2015) −3.19× 103 Sander et al. (2006)

D3 INO3 ∞ Vogt et al. (1999) −3.98× 104 Kaltsoyannis and Plane (2008)

D4 I2O2 ∞ see caption text −1.89× 104 Kaltsoyannis and Plane (2008)

D5 I2 2.63× 100 Sander (1999, 2015) −7.51× 103 Sander et al. (2006)

D6 INO2 3.00× 10−1 see caption text −7.24× 103 Sander et al. (2006)

D7 I2O3 ∞ see caption text −7.70× 103 Kaltsoyannis and Plane (2008)

D8 I2O4 ∞ see caption text −1.34× 104 Kaltsoyannis and Plane (2008)
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Chapter 3

Iodine’s impact on oxidants in the

present-day troposphere

The majority of the content of this chapter has been published in the article entitled

“Iodine’s impact on tropospheric oxidants: A global model study in GEOS-Chem.”: T.

Sherwen, M. J. Evans, L. J. Carpenter, S. J. Andrews, R. T. Lidster, B. Dix, T. K. Koenig,

R. Sinreich, I. Ortega, R. Volkamer, A. Saiz-Lopez, C. Prados-Roman, A. S. Mahajan and

C. Ordóñez, Atmos. Chem. Phys., 2016, 16, 11611186.
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3.1 Introduction

Over the last few decades significant research has gone into understanding the production

of O3, due to its adverse impact on health and food security and climate change (Ainsworth

et al., 2012; Fowler et al., 2008). Less emphasis has been placed on its loss processes. As

discussed in Chapter I, O3 is chemically lost in the troposphere through its photolysis, in

the presence of water vapour, to produce OH and through its reactions with HO2 and OH.

Previous studies (Bloss et al., 2005b; Saiz-Lopez et al., 2008, 2012b) have identified the

potential for iodine in the troposphere to provide an additional loss route. This chapter

aims to quantify the magnitude of this loss route using the model described in the previous

chapters.

First this chapter assesses the new simulation against a range of key observational datasets

(Sect. 3.2). The possibly to constrain the model against Iodine deposition is considered in

Section 3.3. The modelled composition of simulation “Br+I” is then presented in Section

3.4. The impacts of iodine chemistry are then considered on oxidants in Section 3.5 and

3.6.

For budgets and general analysis the model is run at 2ox2.5o resolution for two years (2004

and 2005) discarding the 1st “spin up” year and using the final year (2005) for analysis and

budgets. For the sensitivity study (Section 3.7) the model is run with the same period

for analysis, but at 4ox5o resolution. The model output is discussed with focus on the

marine boundary layer (900 hPa < p); the free troposphere (350 hPa < p <900 hPa); and

upper troposphere (350 hPa > p > tropopause). Comparisons with observations involve

separate spin-up simulations, run with the date appropriate meteorology, sampled at the

spatially and temporally nearest grid box to the observations.

3.2 Evaluation of the new simulation (“Br+I” )

In this section the iodine simulation (“Br+I”, described in chapter II Sections 2.2-2.7) is

evaluated against a range of observations. Initially the focus is on observational constraints

for those iodine compounds that are directly emitted (Sections 3.2.1-3.2.2), and then on

the secondary iodine species which has been most extensively observed (IO, Section 3.2.3).
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3.2.1 Organic iodine

Figures 3.1 and 3.2 show annually averaged zonal (Fig. 3.1) and surface (Fig. 3.2) con-

centrations of organic and inorganic iodine precursors and their degradation products.

These figures clearly illustrate the oceanic nature of iodine source species (CH3I, CH2I2,

CH2ICl, CH2IBr, HOI, I2), with the highest concentrations over the tropical ocean. These

plots also highlight the contribution of the terrestrial CH3I paddy field source (25 %) to

global CH3I concentrations from the Bell et al. (2002) emissions included in Ordóñez et al.

(2012).

Figure 3.1 – Annual mean zonal tropospheric mixing ratios for precursor and reactive iodine

compounds (pmol mol−1). No calculations of concentrations are made within the stratosphere and

so this region is left blank.

The emissions used here for organic iodine species have been assessed against observations

by Ordóñez et al. (2012) and so a detailed comparison is not made here. A brief compar-

ison is presented here between observations of CH3I and CH2ICl (Fig. 3.3) made during

the UK Combined Airborne Studies in the Tropics (CAST) campaign over the tropical

Pacific (Guam) from January and February of 2014. These observations were made by gas

chromatography mass spectrometry (GC-MS) as described in Andrews et al. (2015), using

whole air samples from the Facility Airborne Atmospheric Measurement (FAAM) BAe
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Figure 3.2 – Annual mean surface mixing ratios for precursor and reactive iodine (pmol mol−1).
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3.2 Evaluation of the new simulation (“Br+I” )

146-301 atmospheric research aircraft with techniques described in Andrews et al. (2013).

The model captures the trend of decreasing concentration with height, but appears to

underestimate the CH3I concentrations (Fig. 3.3). Concentrations of CH2ICl appear to

be better simulated (Fig. 3.3). Although not definitive, this brief comparison suggests the

model, if anything, underestimates the concentration of organic iodine.

Figure 3.3 – Vertical comparison of observations from the CAST (Combined Airborne Studies

in the Tropics) campaign in the mid Pacific (Guam). The observations are shown in black and

modelled values in red. The observations are from the FAAM BAE-146 research aircraft Whole

Air Samples (WAS) analysed by Gas Chromatography-Mass Spectrometry (GC-MS). The boxplot

extents give the inter-quartile range, with the median shown within the box. The whiskers give

the most extreme point within 1.5 times the inter-quartile range.

3.2.2 Inorganic iodine

The first in-situ remote open ocean I2 concentration measurements were made at Cape

Verde (Lawler et al., 2014). This dataset reported daytime measurements below the limit

of detection and increasing concentrations between dusk and dawn, peaking in the range

0.2 to 1.7 pmol mol−1. The model captures the diurnal variation in I2 of essentially zero

during the day and increasing I2 concentration during the night peaking just before dawn.

However the calculated concentrations peak in the range 2.5 and 7.5 pmol mol−1. Some

component of this overestimate probably relates to the assumption made in this model that

the heterogeneous recycling of HOI, INO3 and INO2 on sea-salt leads to the production of
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I2. In reality this probably leads to the production of ICl and IBr (Braban et al., 2007).

In the “Cl+Br+I” version of the model discussed in Chapter IV the chemistry scheme is

adapted in this way and the concentrations of I2 decrease to within the range of 0.07 and

0.13 (for equivalent dates in the 2005 analysis year), which is more consistent with the

observations.

3.2.3 Iodine oxide (IO) observations

Effectively, the only secondary iodine compound that has been observed is IO. A compar-

ison of a range of surface observations is shown in Fig. 3.4. Good agreement is seen in

the West Pacific (TransBrom, Großmann et al. 2013) and tropical Atlantic at Cape Verde

(Mahajan et al., 2010; Read et al., 2008), but the model has a generally high bias compared

with other datasets (HALOCast-P, Mahajan et al. 2012; Malasapina, Prados-Roman et al.

2015b).

Biases between the daytime modelled and measured IO at Cape Verde and during the

TransBrom cruise biases are 22 and 16 %, respectively. However, the model overestimates

the Malasapina cruise IO concentrations (bias +50 to 250 %), and both under- and over-

estimates values from the HALOCast-P cruise (bias -92 to +280 %). When all observations

are latitudinally averaged (onto a 20o grid) a median bias of +66 % is found.

In Fig. 3.5 a comparison is shown with recent aircraft IO observations from the TORERO

campaign (Volkamer et al., 2015; Wang et al., 2015), which took place over the eastern

Pacific. The model captures the vertical profile of IO but overestimates the observations

(average bias of +82 % within the binned comparison). Biases in the comparison are

greatest (bias = +125 %) in the marine boundary layer (900 hPa < p) and lowest (bias =

+73 %) in the free troposphere (350 hPa < p <900 hPa ). The median bias in the upper

troposphere (350 hPa > p > tropopause) is +95 %.

From these comparisons it is evident that the model has some skill in simulating the

average global surface distribution of IO (within a factor of 2) and similar skill at re-

producing average vertical profiles. However, there is significant variability between loca-

tions, datasets and measurement groups. Increased global coverage, especially vertically,

and inter-comparison of observational techniques are needed to better constrain the IO

distribution.
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3.2 Evaluation of the new simulation (“Br+I” )

Figure 3.4 – Iodine oxide (IO) surface observations (red) by campaign compared against model

(black). Cape Verde measurements are shown against hour of day and others are shown as a

function of latitude. Observations are from Cape Verde (Tropical Atlantic, Mahajan et al. 2010;

Read et al. 2008), TransBrom (West Pacific, Großmann et al. 2013), the Malaspina circumnavi-

gation (Prados-Roman et al., 2015b), and HaloCAST-P (East Pacific, Mahajan et al. 2012). The

number of data points within each latitudinal bin are shown as “n”. The boxplot extents give the

inter-quartile range, with the median shown within the box. The whiskers give the most extreme

point within 1.5 times the interquartile range.
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Figure 3.5 – Vertical comparison of modelled and measured iodine oxide (IO) during the TORERO

research campaign. Model and observations are in red and black respectively. Measurements were

taken aboard the NSF/NCAR GV research aircraft by the University of Colorado airborne Multi-

Axis DOAS instrument (CU AMAX-DOAS) as part of the TORERO campaign (Volkamer et al.,

2015; Wang et al., 2015) in the eastern Pacific in January and February 2012. The boxplot extents

give the inter-quartile range, with the median shown within the box. The whiskers give the most

extreme point within 1.5 times the interquartile range.
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3.3 Iodine deposition

As discussed in Chapter I (Sect 1.6.4.3) iodine’s availability in the biosphere is impor-

tant due to its role as bio-nutrient (WHO, 2009) and for understanding the distribution

of its radionuclides (I131 and I129) which may be released from nuclear power stations

(Reithmeier et al., 2010). This section describes the deposition of iodine as within the

model.

The majority of iodine deposition occurs over the water (see Sect. 3.4.1). However, a

proportion of this does occur over the land and it is this deposition that is important

for public health as it is this iodine which can be taken up by soils and end up in the

food-chain. This deposition is shown as an annual cumulative value per unit area, over

all land and oceans (Fig. 3.7), and then just over the land in logarithmic (Fig. 3.8) and

linear units (Fig. 3.9).

Measurements of deposition exist from the science community focused on isotopes (Krupp

and Aumann, 1999; Aldahan et al., 2009) and some exist from the atmospheric science

community (Baker et al., 2001). There are also measurements from the geological com-

munity of resultant concentrations in the geosphere (Fuge and Johnson, 1986; Johnson,

2003a,b). To compare against these observations, the processing in the hydrosphere or

geosphere following deposition would need to be modelled. However, as the model pre-

sented here does not include coupling to a model of hydrosphere or geosphere, it is not

possible to include the processing following deposition needed to compare between these

values.

The assumption used within the epidemiology community is that the transfer of iodine to

the land surface, estimated at 1x10−11 g (I) yr−1 (J Risher, 2009), decreases from distance

from the coast. However, as shown by Figure 3.8, this is more dependent on meteorology

(e.g. storm tracks) than distance from coast. This “rule of thumb”’ has previously been

brought into question (Johnson et al., 2003; Fuge, 2007), and when compared against

the country reported iodide deficiency disorder (Fig. 3.6) the correlation is not visually

evident. The estimates used by the WHO for fluxes to land are from Whitehead (1984)

and give values of deposition of iodine to the soil from rainfall and snowfall 16 g (I) ha−1

yr−1 and 9.6 g (I) ha−1 yr−1, for wet and dry deposition respectively.
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Figure 3.6 – “Degree of public health importance of iodine nutrition in SAC based on median

UIC in 2011. SAC, school-age children; UIC, urinary iodine concentration.” reproduced from

Andersson et al. (2012).

Figure 3.7 – Annual average iodine deposition in mg (I) m−2 yr−1.
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3.3 Iodine deposition

Figure 3.8 – Annual average iodine deposition over land and ice in mg (I) m−2 yr−1. Scale is

logarithmic.

Figure 3.9 – Annual average iodine deposition over land and ice in mg (I) m−2 yr−1.
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The observations are broadly in the range of 0.3-1.5 mg (I) m−2 yr−1 (0.3-1.5 mg (I) m−2

yr−1, Baker et al. 2001, 0.3-1.5, Aldahan et al. 2009; 1.3-1.7 m−2 yr−1) and the model

broadly captures the observed range at sites in Weybourne, Denmark, and Germany.

However, it significantly (three times) over-estimates the deposition. This may reflect

the excess iodine in the model consistent with the IO observation over-estimates or issues

with the coarse spatial representation of the model. Interestingly too, the estimated total

iodine source from the oceans used by the WHO (J Risher, 2009) is from Kocher (1981)

and gives a total flux of 2 Tg (I) yr−1, which compares well with values estimated herein

(3.8 Tg (I) yr−1 in Chapter II-III and 2.75 Tg (I) yr−1 in Chapter IV-VI).

Further work with higher time resolution observations and spatial resolution model output

would provide more insight into the model’s performance in reproducing iodine deposition.
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3.4 Modelled distribution of iodinated compounds

This section considers the averaged distribution of modelled iodine compounds. The global

budget of inorganic iodine (Iy, as defined in the Footnote1) is considered in Section 3.4.1,

with the budget of reactive iodine (IOx=I+IO) described in Section 3.4.2.

3.4.1 Iy

The modelled iodine system is schematically shown in Figure 3.10. Iodine emissions total

3.8 Tg (I) yr−1 with most of this (3.2 Tg (I) yr−1) coming from the inorganic source (84

%). This is comparable to the 83 % calculated by Prados-Roman et al. (2015b) (Ocean

only, 60oS-60oN). Most (56 %) of the emissions occur in the tropics (22oS-22oN). The

modelled emissions, which include inorganic emissions, are higher than reported values of

1.8 Tg yr−1 (Saiz-Lopez et al., 2012a) and 2.6 Tg (I) yr−1 (Saiz-Lopez et al., 2014) which

also included an inorganic (fixed) source.

Figures 3.11 and 3.12 show the average vertical and zonal distribution of iodine compounds

through the troposphere. As expected given the surface source, the concentration of

iodine drops with altitude. This drop is rapid across the top of the boundary layer. The

concentrations of the short-lived source gases (CH2IX (X=Cl,Br,I) and I2) are negligible

outside of the lowest model levels but the concentrations of others (CH3I and HOI) persist

further through the column. For CH3I this is due to its longer lifetime of ∼4 days.

However, the lifetime of HOI is shorter (∼4 min) and its persistence at higher altitudes

reflects secondary chemical sources. From the top of the boundary layer to ∼10 km the

Iy profile is flat due to the rapid convective mixing within the tropics, however above this

mixing zone the concentrations decrease. The inorganic iodine within the tropical (22oS-

22oN) upper troposphere (>10 km) is approximately equally sourced from an upwards Iy

flux (6.6 Gg yr−1) and organic iodine photolysis (7.9 Gg yr−1), overwhelmingly of CH3I.

Overall, atmospheric iodine is dominated by three IOy species (HOI, IO, and INO3) with

HOI representing the greatest fraction (∼70 %) in the free troposphere (350 hPa < p <900

hPa ).

1Iy is defined here as Iy= 2I2 + HOI + IO + OIO + HI + INO + INO2 + INO3 + 2I2O2 + 2I2O3 +

2I2O4.
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Figure 3.10 – Schematic representation of implemented iodine chemistry in simulation “Br+I”.

Average global annual mean burdens (Gg I) are shown below key Iy species, with fluxes (Tg

(I) yr−1) shown on arrows. Red lines=photolysis, blue=chemical pathways, green lines=emission

source, orange lines=heterogeneous pathway, and purple lines=depositional pathway. This equates

to a total iodine source and sink of 3.8 Tg (I) yr−1. Oceanic O3 deposition in Tg is also shown to

illustrate the driving force behind the inorganic emissions.
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Figure 3.11 – Global annual mean gas-phase iodine speciation with altitude. Mixing ratios are

shown in pmol mol−1, with higher iodine oxides (I2OX, X = 2, 3, 4) and di-halogenated organics

(CH2IX, X = Cl, Br, I ) grouped.

3.4.2 The iodine oxide family: IOx (I+IO)

Global IOx production is dominated by inorganic iodine Iy photolysis (HOI, 76 %; OIO,

11 %). The major loss route for IOx is HOI production through IO’s reaction with HO2

(77 %), with additional loss routes through self-reaction, reaction with NOx, and BrO

contributing 10, 7.7, and 4.6 % respectively.

The global average IOx lifetime with respect to chemical loss is ∼1 min, but this increases

within the tropical upper troposphere (350 hPa > p > tropopause) by up to a factor of

nine and beyond latitudes of 80oN and S (up to four times) due to colder temperatures.

The major IO formation route (I + O3) slows in these regions due to colder temperatures,

moving the partitioning of IOx from IO to I. As the IOx loss routes proceed predominantly

through IO, the overall IOx lifetime thus increases. This causes an increase in the annually

averaged I to IO ratio which peaks with a ratio of 0.7-1.4 within the tropical upper tro-

posphere (350 hPa > p > tropopause), where the coldest temperatures are located. This

is at the lower end of the daytime range of 1-4 previously calculated (Saiz-Lopez et al.,

2014).
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Figure 3.12 – Zonal breakdown of global annual mean iodine speciation by fam-

ily. First panel shows total gas phase iodine concentration and the following

panels show percentage of different compounds to this. Total gas phase iodine

(“All iodine”) = CH3I+2CH2I2+CH2IBr+CH2ICl+2I2+HOI+IO+OIO+HI+INO2+INO3+2I2O2

+2I2O3+2I2O4+I+INO; Iy=2I2+HOI+IO+OIO+HI+INO+INO2+INO3 +2I2O2+2I2O3+2I2O4;

IOx =I+IO.
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3.5 Impacts on oxidants

This section considers the iodine simulation (“Br+I”) as described in chapter II (Sections

2.2-2.7) on oxidants (OH and O3). First, the impacts on O3 are considered in terms

of changes in tropospheric O3 burden (section 3.5.1.1), surface concentrations (section

3.5.1.2), and then the Ox (as defined in the Footnote2) budget (section 3.5.1.3). The

impacts on OH are then considered in section 3.5.2.

3.5.1 Ozone

3.5.1.1 Tropospheric O3 burden

On inclusion of iodine (“Br+I”), the calculated global tropospheric O3 burden drops from

367 to 334 Tg (9.0 %). Figure 3.13 shows the annual average tropospheric column, surface

and zonal change in O3. On average, the O3 burden in the marine boundary layer (900

hPa < p) decreased by 19.5 %, the free troposphere (350 hPa < p <900 hPa)by 9.8 %,

and the upper troposphere (350 hPa > p > tropopause) by 6.2 %. The decrease is greater

in the Southern Hemisphere (9.5 %), than the Northern Hemisphere (8.5 %).

Figure 3.14 shows a comparison between a selection of annually averaged O3 sonde profiles

for 2005 (WOUDC, 2014) and the model simulation with (“Br+I”) and without iodine

(“BROMINE”). A decrease in O3 concentration is evident throughout the troposphere

(average of 3.1 nmol mol−1). No clear decline in model skill at capturing the annual

sonde profiles is apparent on inclusion of iodine, with some locations improving and others

degrading. An exception to this are O3 observations in the tropical free troposphere (350

hPa < p <900 hPa ) where model O3 biases are decreased.

2Here Ox is defined here as O3 + NO2 + 2NO3 + PAN + PMN + PPN + HNO4 + 3N2O5 + HNO3 +

BrO + HOBr + BrNO2 + 2BrNO3 + MPN + IO + HOI + INO2 + 2INO3 + 2OIO + 2I2O2 + 3I2O3 +

4I2O4 where PAN = peroxyacetyl nitrate, PPN = peroxypropionyl nitrate, MPN = methyl peroxy nitrate,

and MPN = peroxymethacryloyl nitrate
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Figure 3.13 – Decreases in annual mean tropospheric column, surface and zonal O3 with inclusion

of iodine (“Br+I”-“BROMINE”) chemistry are shown on left, middle and right panels respectively.

Upper panels show changes in Dobson units (DU) or nmol mol−1 and lower panels show changes

in percentage terms.

3.5.1.2 Surface O3 concentration

Surface (lowermost model level) O3 shows an average decrease of 3.5 nmol mol−1 globally,

with large spatial variability (Fig. 3.13). These decreases are greater over the oceans (21

%) than the land (7.3 %). Comparing against the Global Atmospheric Watch (GAW,

GAW 2014) surface O3 observations, there is no obvious decrease in the ability of the

model to capture seasonality in surface O3 although there is systematic decrease in O3

concentration with the inclusion of iodine (Fig. 3.15).

As with comparison of sonde observations (Fig. 3.14), no clear decline in model skill at

capturing annual surface concentrations is apparent on inclusion of iodine. Some locations

improve and others degrade. An exception to this is O3 observations south of ∼60oS where

bias are increased.

3.5.1.3 Tropospheric Ox budget

The impact of iodine on O3 can be diagnosed by calculating the model’s tropospheric odd

oxygen (Ox, as defined in Footnote 2) budget as shown in Table 3.1. Iodine provides a

global tropospheric Ox loss of 748 Tg yr−1 (15 % of the total). This is significantly larger

than the 178 Tg yr−1 from the bromine chemistry included in the model and is comparable

to the sink from the O3+OH reaction. Overwhelmingly this loss is from the photolysis

of HOI after its production from the reaction of IO with HO2. The O3 production term
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Figure 3.14 – Comparison between annual modelled O3 profiles and sonde data (2005, WOUDC

2014 ). Profiles shown are the annual mean of available observations from World Ozone and

Ultraviolet Radiation Data Centre (WOUDC, 2014) and model data for 2005 at given locations.

Red indicates standard GEOS-Chem (v9-2) including bromine chemistry (“BROMINE”) and green

with inclusion of iodine chemistry (“Br+I”). Observations (in black) show mean concentrations

with upper and lower quartiles given by whiskers.
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Figure 3.15 – Seasonal cycle of near-surface O3 at a range of Global Atmospheric Watch (GAW,

GAW 2014) sites (Sofen et al., 2016). Observational data shown is a 6 year monthly average

(2006-2012). Model data is for 2005. Data is from GAW compiled and processed as described

in Sofen et al. (2016). Red indicates standard GEOS-Chem (v9-2) including bromine chemistry

(“BROMINE”) and green with inclusion of iodine chemistry (“Br+I”).
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increases slightly (1 %) with the inclusion of iodine reflecting small changes in the total

reactive nitrogen partitioning.

Iodine induced O3 loss within the marine (land masked between 50oS-50oN) troposphere

of ∼540 Tg yr−1 is comparable to the previous reported value of ∼500 Tg yr−1 for the

simulation when I2OX (X=2,3,4) photolysis is included (Saiz-Lopez et al., 2014).

Figure 3.16 shows the relative importance of different Ox sinks in the vertical. The “classi-

cal” O3 loss routes (hν+H2O, HOx) dominate. Globally within the boundary layer iodine

represents ∼23 % of the loss. Within the marine boundary layer however, iodine repre-

sents ∼33 % of the total O3 loss routes, which is comparable to the 28 % reported in

Prados-Roman et al. (2015a). The mid-troposphere shows a lower significance for iodine

chemistry at only 10 % reflecting the lower of IO concentrations (see Figs. 3.8 and 3.9). In

the upper troposphere (350 hPa > p > tropopause), 26 % of the total loss is attributable

to iodine. The higher IOx and BrOx concentrations found in the upper troposphere lead

to this increase in the O3 destruction.

Figure 3.17 shows the zonal variation in the different Ox destruction terms (in terms of the

O3 lifetime). It is evident that, in the model (“Br+I”), iodine destruction is more spatially

prevalent than bromine destruction, which is confined predominantly to the Southern

Ocean (see Chapter II Fig.2.6 for surface BrO concentrations). The impact of iodine is

hemispherically asymmetric reflecting the higher NOx in the Northern Hemisphere, higher

BrO concentrations in the southern oceans and the larger ocean area in the Southern

Hemisphere increasing emissions. Convective transport in the tropics rapidly lifts iodine

species into the free troposphere (350 hPa < p <900 hPa) where they can destroy O3.

3.5.2 OH

The inclusion of iodine in the model has little impact on the global mean OH concen-

trations with it slightly increasing from 12.2 to 12.5x105 molecules cm−3 (1.8 %). This

is in contrast to previous box model studies which investigated the impact of iodine on

OH concentration in the Antarctic (Saiz-Lopez et al., 2008), mid-latitude coastal (Bloss

et al., 2005b), tropical marine regions (Mahajan et al., 2010), and the free troposphere

(Wang et al., 2015) which simulate significant increases in the OH concentration due to

IO enhancing conversion of HO2 to OH.
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Figure 3.16 – Vertical profile of simulated fractional global annual mean Ox loss by route in the

“Br+I” simulation. Ox definition is given in Footnote 2. Photolysis represents loss of Ox due to

O3 photolysis in the presence of water vapour. HOx loss includes routes via minor NOx channels.

The magnitude of the bromine route is probably underestimated as discussed in Chapter II 2.6
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3.5 Impacts on oxidants

Figure 3.17 – Global annual O3 mean zonal chemical lifetime for different Ox loss routes (Pho-

tolysis, HOx, Iodine, Bromine, and Total) in the “Br+I” simulation. Values are shown on a log on

a scale.
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Table 3.1 – Comparison between global tropospheric Ox budgets of simulations “BROMINE”,

“Br+I” , “IODINE” and “NOHAL” are described here. “BROMINE” includes just bromine chem-

istry, “Br+I” which includes both iodine and bromine chemistry, “IODINE” only includes iodine

chemistry, and “NOHAL” is simulation without iodine or bromine chemistry. Recent average model

values from ACCENT (Young et al., 2013) are also shown. For the IO+BrO halogen crossover

reaction we allocate half the O3 loss to bromine and half to iodine. Values are rounded to the

nearest integer value.

Scenario “NOHAL” “IODINE” “BROMINE” “Br+I” ACCENT

O3 burden (Tg) 390 357 367 334 340± 40

Chemical Ox sources (Tg Yr−1)

NO + HO2 3667 3680 3512 3529 –

NO + CH3O2 1332 1383 1269 1307 –

Other Ox sources 502 518 505 521 –

Total chemical Ox sources (POx) 5501 5581 5286 5357 5110± 606

Chemical Ox sinks (Tg Yr−1)

O3 + hν + H2O → 2OH + O2 2579 2271 2425 2119 –

O3 + HO2 → OH + O2 1391 1186 1274 1080 –

O3 + OH → HO2 + O2 687 627 621 560 –

HOBr + hν → Br + OH – – 166 143 –

HOBr + HBr → Br2+H2O (aq. aerosol) – – 8 8 –

BrO + BrO → 2Br + O2 – – 12 10 –

BrO + BrO → Br2+O2 – – 3 3 –

BrO + OH → Br + HO2 – – 6 5 –

IO + BrO → Br + I + O2 – – – 7 –

Other bromine Ox sinks – – 1 1 –

Total bromine Ox sinks (Tg Yr−1) – – 195 178 –

HOI + hν → I + OH – 639 – 583 –

HOI → 0.5I2 (sea-salt aerosol) – 2 – 2 –

IO + BrO → Br + I + O2 – – – 7 –

OIO + hν → I + O2 – 114 – 156 –

Other iodine Ox sinks – 1 – 1 –

Total iodine Ox sinks (Tg Yr−1) – 756 – 748 –

Other Ox sinks 176 181 172 179 –

Total chem. Ox sinks (LOx) 4833 5021 4687 4864 4668± 727

O3 P(Ox)-L(Ox) (Tg Yr−1) 668 560 599 493 618± 251

O3 Dry deposition (Tg Yr−1) 949 850 886 791 1003± 200

O3 Lifetime (days) 25 22 24 22 22± 2

O3 STE (POx-LOx-Dry dep.) (Tg Yr−1) 281 290 287 298 552± 168
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The small increase that we calculate here is surprising given the 12 % reduction in the

primary source (O3+H2O+hν) due to lower O3 concentrations. However, this is more than

compensated for by an increase in the rate of conversion of HO2 to OH by IO. Previous

studies using constrained box models (Bloss et al., 2005b; Saiz-Lopez et al., 2008) could

not consider this impact of iodine on the primary production of OH and it appears from

the simulations here that the overall impact of iodine on OH essentially cancels out.
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3.6 Combined impact of bromine and iodine

The importance of halogen cross-over reactions (BrO+IO) for O3 loss has been previously

highlighted and found to be required to reproduce observed diurnal surface O3 loss in the

marine boundary layer (Read et al., 2008).

To explore these interactions a further, two additional runs were performed. A simulation

with iodine but without bromine (“IODINE”) and a simulation without any halogens

(“NOHAL”).

Table 3.1 shows the global tropospheric burdens of O3 without halogens (”NOHAL”),

with just bromine (”BROMINE”), with just iodine (”IODINE”) and the combined impact

(Br-I). Bromine alone gives a reduction in burden of 5.9 %, iodine alone a reduction of

8.5 % and the combined impact is 14.5 %. The sum of the changes in O3 burden for

the runs considering halogens individually is slightly lower (0.1 %) than when considered

simultaneously. Figure 3.18 shows the combined daily surface loss rate of O3 driven by

bromine and iodine (upper panel). This correlates with IO concentrations (Fig. 3.4).

Figure 3.18 also shows modelled and observed fractional diurnal fractional O3 change at

Cape Verde in the remote marine boundary layer (lower panel). For this comparison,

observations (2006 to 2012, Carpenter et al. 2010) and model data were first processed to

average fractional diurnal change by averaging the values by hour of day, then subtracting

the maximum average value of the diurnal. This fractional change was then divided by the

average maximum value and multiplied by 100, allowing comparison between simulation

runs with different O3 concentrations. The simulation’s fidelity increases significantly

with the inclusion of iodine (Fig. 3.18) but there is little impact from bromine. Whereas

modelled IO concentrations at Cape Verde shows agreement with observations (Fig. 3.18),

BrO concentrations (∼0.4 pmol mol−1) are significantly lower than reported (∼2 pmol

mol−1, Read et al. 2008). This underestimate of surface BrO in the model is a systemic

problem (see Chapter II, Section 2.6) and so model estimates of the impact of Br on

atmospheric composition described here are probably an underestimate.

Global mean tropospheric concentrations of OH are 12.80, 12.24, 13.02, and 12.47 x105

molecules cm−3 for the simulations without halogens (“NOHAL”), with just bromine

(“BROMINE”), with just iodine (“IODINE”), and with both iodine and bromine chem-
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istry (“Br+I”) respectively. OH shows a differing response to bromine and iodine chem-

istry. As discussed in Sect. 3.5.2, inclusion of iodine leads to a small increase in OH

concentrations. When solely iodine is considered, OH concentrations increase by 1.8 %

compared to when no halogens are included. Bromine chemistry alone leads to a reduc-

tion in OH (4.3 %), as reported previously (Parrella et al., 2012), due to enhanced pro-

duction by HOBr photolysis not compensating for a decrease in the primary OH source

(O3+H2O+hν) from a reduced O3 burden. The net impact overall on inclusion of halogens

is a global reduction in OH (2.6 %). Again this impact of bromine is roughly comparable

to the addition of iodine and bromine chemistry.

In the simulation “Br+I”, the global impact of Br and I chemistry are essentially additive

with apparently limited impact from the cross reactions. The global impact of iodine

appears significantly larger than that of bromine, however, given that the model under-

estimates the concentrations of Br compounds this should be subject to future study.

These interactions between halogens are studied further in Chapter IV, for which the

representation of tropospheric chlorine is added and the bromine simulation is updated.
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Figure 3.18 – Global annual mean surface O3 loss (nmol mol−1 day−1) in the “Br+I” simulation

from both bromine and iodine (top). Comparison between modelled and observed fractional diurnal

O3 cycles at the Cape Verde Observatory for “NOHAL”, “BROMINE”, “IODINE” and “Br+I”

simulations (bottom). Calculation is described in text in Section 3.6. Diurnal changes are averaged

over the whole dataset. Lines are black, purple, red, blue and green for mean of observations,

“NOHAL”, “BROMINE”, “IODINE” and “Br+I” respectively. Individual years of observational

data are shown in grey.
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3.7 Sensitivity studies

As discussed in the introduction (Chapter I), a range of uncertainties exist within tropo-

spheric iodine chemistry. This section describes some sensitivity analysis performed on

some of these parameters using the 4ox5o version of the “Br+I” simulation. The chosen

parameters are: iodine emissions, heterogeneous loss and cycling, photolysis rates and

ocean surface iodide concentration.

Values are quoted as a % change from the “Br+I” simulation described in Chapter II,

and all differences in key parameters are listed in Table 3.2. Figure 3.19 summarises the

fractional impact of these experiments on the globally averaged vertical distribution of Iy,

O3 and vertical profile comparison of observations of IO from the TORERO campaign

(Volkamer et al., 2015; Wang et al., 2015).
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Table 3.2 – Effects of sensitivity runs on relevant variables. Values are shown as percentage change

from the simulation with both iodine and bromine chemistry (“Br+I”) in the troposphere as global

means unless otherwise stated. MBL = Marine Boundary Layer (900 hPa<p), Ox is defined as in

Footnote 2. CH4 lifetime is calculated globally in the troposphere with respect to loss by reaction

with OH.

Mean IO Chem. Ox Chem. Ox POx O3 O3

MBL surface loss (LOx) prod. (POx) -LOx burden deposition

concentration

NOHAL -100.00 2.34 -0.75 40.91 15.99 17.75

BROMINE -100.00 -1.79 -3.90 24.50 9.12 10.42

IODINE 9.63 3.87 2.89 16.16 6.90 6.87

Br+I 0.00 0.00 0.00 0.00 0.00 0.00

Just org. I −83.45 −1.64 −3.11 17.69 5.53 7.19

I2Ox loss (γ) ×2 −4.26 −0.15 −0.28 1.61 0.54 0.59

I2Ox loss (γ)/2 3.93 0.13 0.24 −1.34 −0.44 −0.52

Het. cycle (γ) ×2 2.21 0.04 0.16 −1.61 −0.69 −0.56

Het. cycle (γ)/2 −1.84 −0.06 −0.14 1.07 0.56 0.45

No Het. cycle −48.03 −1.15 −2.20 12.60 4.09 5.23

Sulphate Uptake −22.49 −1.25 −2.26 12.06 4.54 4.94

Ocean iodide −34.28 −0.66 −1.26 7.24 2.06 3.01

I2Ox X-sections ×2 4.30 0.11 0.22 −1.34 −0.40 −0.47

I2Ox exp. X-sections 6.73 0.19 0.35 −1.88 −0.60 −0.73

No I2Ox Photolysis −39.35 −1.10 −2.12 12.33 5.05 4.86

MBL BrO 2 pmol mol−1 −6.78 −3.59 −2.71 −15.28 −3.73 −6.03
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Table 3.3 – Continued.

OH mean HO2 mean HO2 Iy IOx Iy CH4

concentration concentration :OH lifetime lifetime burden lifetime

NOHAL 2.49 8.44 5.81 -100.00 105.16 -100.00 -3.73

BROMINE -1.65 5.72 7.50 -100.00 89.64 -100.00 0.80

IODINE 4.30 2.31 -1.91 -1.31 -1.82 6.96 -4.67

Br+I 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Just org. I −0.64 3.53 4.19 123.92 16.09 −64.26 0.21

I2Ox loss (γ) ×2 −0.08 0.27 0.36 −8.38 −0.93 −5.08 0.03

I2Ox loss (γ)/2 0.05 −0.22 −0.27 8.00 0.55 4.27 −0.01

Het. cycle (γ) ×2 0.09 −0.39 −0.49 4.61 1.13 5.98 0.00

Het. cycle (γ)/2 −0.09 0.32 0.41 −3.89 −0.96 −5.04 0.02

No Het. cycle −0.47 2.58 3.07 −61.18 5.38 −46.69 0.15

Sulphate Uptake −0.87 2.70 3.60 −59.60 0.49 −48.49 0.52

Ocean iodide −0.17 1.22 1.39 16.90 2.77 −23.42 0.01

I2Ox X-sections ×2 0.05 −0.20 −0.25 5.26 0.61 3.10 −0.01

I2Ox exp. X-sections 0.08 −0.31 −0.39 8.31 0.84 4.81 −0.01

No I2Ox Photolysis −0.90 2.54 3.48 −46.41 −17.68 −34.58 0.32

MBL BrO 2 pmol mol−1 −3.31 −1.44 1.93 −3.72 3.33 −10.07 4.17
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Figure 3.19 – Sensitivity impacts. Upper and middle panels show global mean vertical percentage

changes in concentrations of O3, and Iy, Lower panel gives vertically averaged iodine oxide (IO)

mixing ratios (pmol mol−1) calculated along the TORERO (Volkamer et al., 2015; Wang et al.,

2015) flight-paths. The legend (bottom) is shared by all plots. The boxplot of IO observations

(black) represents the quartiles of the data, with the median shown within the box.

3.7.1 Just organic iodine emissions (“Just I Org”)

Until recently, many studies solely considered organic iodine (Jones et al., 2010; Ordóñez

et al., 2012) emissions, as the inorganic source was unknown. As discussed in Chapter II

(Section 2.2), the “Br+I” simulation uses the Carpenter et al. (2013) inorganic emission

parameterisation as well as organic iodine emissions from Ordóñez et al. (2012). Switching

off the inorganic iodine emissions (simulation (”Just org. I”)) leads to an 85 % reduction

in the emission of iodine into the atmosphere. Global Iy burdens decrease (65 %), and

mean surface marine boundary layer (900 hPa < p) IO decreases (83 %). The median

bias against TORERO IO observations decreases by 68 % to become a negative bias of

∼25 %. The decreased Iy leads to the mean global OH decreasing by 0.64 % and global
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tropospheric O3 increasing by 5.5 % compared to the base “Br+I” simulation.

Inorganic iodine emissions thus have a profound impact on the role of iodine on the

composition of the atmosphere. Understanding their magnitude is thus central to our

ability to understand the role of iodine in impacting tropospheric composition.

3.7.2 Heterogeneous uptake and cycling

There is limited experimental data for the reaction probability (γ) for iodine species on

aerosol. The model (Chapter II Sect. 2.4) follows previous work McFiggans et al. (2000)

and assumes a heterogeneous recycling of unity (e.g. HOI → 0.5I2) on sea-salt which is

not limited by aerosol acidity. However, the acidity of aerosol may limit iodine cycling as

not all sea-salt aerosols are acidic (Alexander, 2005) and other aerosols may irreversibly

uptake iodine. To explore these uncertainties, four simulations were run: (1) with the

values that lead to I2 release doubled (“het. cycle x2”), (2) with the values halved (“het.

cycle/2”), (3) with all uptake reactions leading to a net loss of iodine (“No het. cycle”),

and (4) a run where sulfate aerosol leads to a sink for iodine with the reactive uptake

coefficients as used for sea-salt (“Sulfate uptake”).

Increasing the heterogeneous cycling (“het. cycle x2”) converts more HOI (the dominant

Iy species) into I2, thus reducing the rate of HOI deposition. The global Iy burden increases

by 6 %, the mean surface marine boundary layer (900 hPa < p) IO concentration increases

by 2 % and the median bias with respect to the TORERO IO observations increases by

26 % to 100 % (Fig. 3.19). Decreasing the heterogeneous cycling (“het. cycle/2”) has the

opposite impact of roughly the same magnitude, global average Iy burden decreases (4.3

%), average surface marine boundary layer IO decreases (1.8 %) and the median bias with

respect to the TORERO IO observations decreases (18 %) to 66 %. The impacts of theses

changes is small overall; increased iodine cycling leads to a decrease in the tropospheric O3

burden of 0.69 % and a global mean OH increase of 0.05 %, and decreased iodine cycling

leads to the tropospheric O3 burden increasing by 0.56 % and OH decreasing by 0.09 %.

Making more significant changes by removing entirely the release of I2 to the gas-phase

following uptake of iodine (”no het. cycle”) or by considering irreversible iodine loss to

sulfate aerosol (“Sulfate uptake”) decreases the global Iy burden significantly by 47 and 48

%, respectively. Surface marine boundary layer (900 hPa < p) IO concentration decreases
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by 48 % and 22 %, respectively. The median bias with respect to the TORERO IO

observations decreases in the case of ”no het. cycle” (by 84 %) to 13 % and decreases in

“Sulfate uptake” (by 92 %) to 6.7 %. The “Sulfate uptake” scenario shifts the median

bias with the TORERO IO observations to be negative, instead of positive (+80% for

“Br+I” at 4ox5o resolution).

These large decreases in Iy reduces the potency of iodine chemistry. The reductions in

the tropospheric O3 burdens (4.1 and 4.5 % for ”no het. cycle” and “Sulfate uptake”)

are comparable to the simulation where only organic iodine sources are considered (5.5 %,

“Just I Org.”). Global mean OH decreases slightly by 0.54 and 0.87 % under these two

scenarios. These two sensitivity runs represent large perturbations to the iodine system,

highlighting the importance and uncertainties in heterogeneous chemistry.

The model shows limited sensitivity to the values of γ used here. They are fast enough

not to be rate limiting on a global scale. Switching them off entirely though leads to large

changes.

3.7.3 Uncertainties in photolysis parameters

Absorption cross-sections and quantum yields for iodine species are few and their temper-

ature dependencies are not known. Notably, the absorption cross sections for the higher

iodine oxides (I2O2, I2O3, I2O4) are highly uncertain (Bloss et al., 2001; Gómez Mart́ın

et al., 2005; Spietz et al., 2005) and for this study the INO3 spectrum is used as a surro-

gate. This uncertainty was tested in three simulations: (1) absorption cross-sections were

doubled (“I2OX X-sections x2”), (2) tentative literature assignments of spectra were used

for I2O3 and I2O2 (Bloss et al., 2001; Gómez Mart́ın et al., 2005; Spietz et al., 2005), with

I2O2 used for I2O4 (“I2OX exp. X-sections”), (3) and finally no I2OX photolysis at all

was considered (“No I2OX photolysis”). Sensitivity runs “I2OX X-sections x2”and “I2OX

exp. X-sections” increase photolysis rates, resulting in an increase in the Iy lifetime of

5.3 and 8.3 % and the Iy burdens by 3.1 and 4.8 %, respectively. The average surface

marine boundary layer (900 hPa < p) IO concentration responds by increasing by 4.3

and 6.7 % for ”I2OX X-sections 2” and “I2OX exp. X-sections” respectively. Both these

simulations increase median bias with TORERO IO observations by 4.8 to 84 % and 7.6

to 86 %, respectively. The impacts on O3 burden are small with a decrease of 0.4 and 0.6
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% for “I2OX X-sections x2”and “I2OX exp. X-sections” respectively. Global mean OH

concentrations increase by 0.05 and 0.09 % respectively.

The removal of I2OX (X = 2,3,4) photolysis reduces the global tropospheric Iy burden (35

%), reduces surface marine boundary layer (900 hPa < p) IO (40 %), increases tropospheric

O3 burden (5.1 %) and decreases global mean OH (0.9 %) with respect to “Br+I”. The

median bias with respect to the TORERO IO observations becomes negative and decreases

by 81 to 16 %, illustrating a large change in the simulated IO profile by removing the I2OX

photolysis (Fig. 3.19). This was also noted by Prados-Roman et al. (2015b) with respect

to surface observations.

The “No I2OX photolysis” simulation is akin to the “base” simulation of Saiz-Lopez et al.

(2014). This was presented as a lower bounds for iodine chemistry. Their “JIxOy” sim-

ulation, is akin to the “Br+I” simulation presented here. Saiz-Lopez et al. (2014) find a

decrease in marine tropospheric O3 column burden of 3.0 and 6.1 % compared to a sim-

ulation with no iodine chemistry for their “base” and “JIxOy” simulations respectively.

Considering the same domain the comparable simulations show values of 4.0 to 8.7 %.

3.7.4 Marine boundary layer BrO concentration

As discussed in Sect. 3.6 and Chapter II (Section 2.6), bromine and iodine chemistry are

coupled. GEOS-Chem underestimates BrO (Parrella et al., 2012), with for example, the

simulation “Br+I” underestimating the BrO concentrations at Cape Verde (Read et al.,

2008) (2 pmol mol−1) by a factor of ∼5.

To test the sensitivity of the model to BrO concentrations, a simulation with BrO concen-

tration fixed at 2 pmol mol−1 in the daytime marine boundary layer was run (“MBL BrO 2

pmol mol−1”). Increased BrO leads to increased OIO concentrations (BrO+IO→OIO+Br),

which leads to increased higher oxide production which in turn increases Iy loss and de-

creases the Iy burden (10 %). The median bias in vertical comparisons with TORERO IO

observations decreases by 12 to 71 %. Although the overall tropospheric O3 burden de-

creases by 3.7 %, the average O3 change at the surface is larger and shows a decrease of 8 %

(Fig. 3.19) which is the largest decrease in O3 found within these sensitivity simulations.

As there is huge potential for coupling within the halogens (Cl, Br, I) system, it is impor-
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tant for all halogens to be well represented within a simulation. The problems with BrO

simulation that motivated this sensitivity study are addressed in (Schmidt et al., 2016)

and discussed in Chapter IV.

3.7.5 Ocean surface iodide (I−) concentration

Chance et al. (2014) compiled the available ocean surface iodide (I−) observations and

investigated correlations with various environmental parameters. They found that ocean

surface iodide correlated most strongly with the square of sea surface temperature, as used

in this work. However MacDonald et al. (2014), using a subset of the Chance et al. (2014)

data, found that an Arrhenius parameterisation gave best agreement. Figure 2.2 (Chapter

II) shows annual averaged ocean surface iodide generated from both parameterisations.

The sea surface temperatures are taken from the annual mean GEOS field used in GEOS-

Chem.

The area weighted ocean mean concentrations are 37.6 and 80.8 nM for MacDonald et al.

(2014) and Chance et al. (2014), respectively. Both approaches reproduce the latitudinal

gradient observed in Fig. 1 of Chance et al. (2014), however large differences are ap-

parent in magnitude. The dataset reported in Chance et al. (2014) has a median value

of 77 nM and interquartile range of 28-140 nM, which appears more consistent with the

parameterisation published.

Inclusion of the MacDonald et al. (2014) iodide parameterisation (“Ocean Iodide”) reduces

the inorganic iodine flux by 51 % to 1.9 Tg, which in turn decreases the global tropospheric

iodine Iy burden (23 %) and surface IO concentrations (34 %). The median bias in

comparison with TORERO vertical profiles decreases by 47 to 42 %. Tropospheric O3

burden increases by 2.1 % and global mean OH increase by 0.17 % with respect to “Br+I”.

The current ocean surface iodide parameterisations offers a new window into global iodine

modelling, however further work is required to evaluate their performance on a global scale.

Although one scheme appears to give a better comparison with gas-phase observations,

it is not clear if this is due to a better representation of global ocean surface iodide or

whether this reflects another error somewhere else in the model.
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3.7.6 Higher iodine oxide lifetime

Within the model uptake of I2OX (X = 2,3,4) to aerosol is considered as an irreversible

loss of iodine, with the same reactive probability (γ) as INO2 (0.02). The sensitivity to

this assumption is assessed by running simulations doubling (“I2OX (γ) x2”) and halving

this value (“I2OX (γ)/2”).

The effect of doubling leads to decreasing global tropospheric Iy burden (5.1 %), decreasing

surface marine boundary layer (900 hPa < p) IO (4.6 %), and decreases the median bias in

vertical comparisons with TORERO IO (6.9 %) to 75 %. This leads to a slightly increased

global tropospheric O3 burden (0.54 %), and marginally decrease in global mean OH (0.08

%). The effect of halving is essentially symmetrical, with an increased global tropospheric

Iy burden (4.3 %), increased surface marine boundary layer (900 hPa< p) IO concentration

(4.3 %), and an increased median bias in vertical comparisons with TORERO IO by 4.4

to 84 %. This leads to slightly decreased global tropospheric O3 burden (0.44 %), and

marginally increase in OH (0.05 %).

The end fate of I2OX is highly uncertain. For further work to evaluate impacts of this

chemistry, more constraints will be required on the reversibility of this chemistry.

3.7.7 Summary of sensitivity simulations

Uncertainties in the atmospheric chemistry of iodine lead to some significant uncertain-

ties on iodine’s impact on atmospheric composition. Further laboratory studies on the

photolytic properties of higher oxides would reduce uncertainty, as would a more detailed

understanding of the rates of heterogeneous cycling on a range of aerosols. The inter-

play between bromine and iodine chemistry is also potentially significant for the oxidant

budgets. Given the inorganic iodine emission’s role as the largest source of iodine into

the atmosphere, improved constraints on the concentration of oceanic iodide would also

reduce uncertainties. This sensitivity study could be extended by further work in which

the select parameters could be perturbed by unit sigma values within laboratory uncer-

tainties to give a Monte-Carlo type assessment. It is clear that the understanding of iodine

chemistry in the atmosphere is not complete and further laboratory and field observations

are necessary to provide a stronger constraint.

113



Chapter 3: Iodine’s impact on oxidants in the present-day troposphere

3.8 Conclusions

The model (“Br+I”) yields an estimated global emission of 3.8 Tg yr−1 of iodine, which

is consistent with previous work. Iodine emissions are overwhelmingly dominated by the

inorganic ocean source, with 76 % of this emission from hypoiodous acid (HOI). The

emissions are dominated by the inorganic ocean source (84 %), and the majority (91 %)

of deposition is back to the oceans. HOI is also found to be the dominant iodine species

in terms of global tropospheric Iy burden (contributing up to 70 %).

Iodine reduces the global tropospheric O3 burden by ∼9 % in simulation (“Br+I”). Global

mean OH concentrations are increased (1.8 %) by the presence of iodine due to the re-

duction in the O3-H2O primary source being compensated for by an increased conversion

of HO2 into OH via the photolysis of HOI. Both changes involve HOI production and

destruction cycles. The iodine-driven Ox loss rate (748 Tg Ox yr−1) is by photolysis of

HOI (78 %), photolysis of OIO (21 %), and reaction of IO and BrO (1 %).

The understanding of iodine chemistry is hampered by limited laboratory studies of both

its gas and aerosol phase chemistry, by limited field measurements of atmospheric iodine

compounds and poor understanding of ocean surface iodide and its chemistry. The sensi-

tivity study was performed on a range of parameters and concluded that the simulation’s

(“Br+I”) impacts on O3 and OH are sensitive to the uncertainty of ocean iodine emissions,

the parameterisation of iodine recycling in aerosol, to the photolysis parameters for the

higher oxides and to the assumed Br chemistry. Given its role as the largest component

of atmospheric iodine, and its central role in both O3 destruction and HO2 to IO cycling,

a priority should be given to instrumentation to measure HOI.

The new iodine chemistry (“Br+I”) combines with previously implemented bromine chem-

istry (“BROMINE”) to yield a total bromine and iodine driven tropospheric O3 burden

decrease of 14.4 % compared to a simulation without iodine and bromine chemistry in the

model (“NOHAL”).

The following chapter considers the impact of halogen chemistry as a whole (Cl, Br, I) on

tropospheric composition by bringing together an updated representation of bromine and

chlorine chemistry (Schmidt et al., 2016) with the new iodine chemistry described in this

chapter.
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The impact of “coupled” halogen

chemistry in the present-day

The content of this chapter is in review as “Global impacts of tropospheric halogens (Cl,

Br, I) on oxidants and composition in GEOS-Chem”: T. Sherwen, J. A. Schmidt, M. J.

Evans, L. J. Carpenter, K. Großmann, S. D. Eastham, D. J. J., B. Dix, T. K. Koenig, R.

Sinreich, I. Ortega, R. Volkamer, A. Saiz-Lopez, C. Prados-Roman, A. S. Mahajan and

C. Ordóñez, Atmos. Chem. Phys. Discuss., 2016.

Figures 4.10 and 4.9 were prepared by Dr. Johan A. Schmidt from the University of

Copenhagen.
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4.1 Introduction

Previous studies of halogen chemistry within the GEOS-Chem (www.geos-chem.org) model

have focussed on either bromine or chlorine chemistry. Parrella et al. (2012) presented

a bromine scheme and its effects on oxidants in the past and present atmosphere. East-

ham et al. (2014) presented the Unified tropospheric-stratospheric Chemistry eXtension

(UCX), which added a stratospheric bromine and chlorine scheme. This chlorine scheme

was then employed in the troposphere with an updated heterogeneous bromine and chlo-

rine scheme by Schmidt et al. (2016). Iodine chemistry was employed in the troposphere

in Chapters II/III to consider present day impacts of iodine on oxidants, which used the

representation of bromine chemistry from Parrella et al. (2012). However, this field of

research is quickly evolving, but up to this point, the chlorine, bromine and iodine simu-

lations within the GEOS-Chem model have been somewhat disparate. This chapter aims

to produce a coupled Cl, Br and I scheme which will be able to investigate the full impact

of halogen chemistry on the composition of the troposphere.

The simulations in chapter and the thesis from this point onwards uses recent updates to

the chlorine (Eastham et al., 2014; Schmidt et al., 2016), bromine (Parrella et al., 2012;

Schmidt et al., 2016), and iodine (Chapter II-III and Sherwen et al. 2016a) chemistry

in GEOS-Chem with further updates and additions described in Section 4.2. In Section

4.3 the modelled distribution of inorganic halogens is described (Section 4.3.1-4.3.3), and

compared with observations (Section 4.3.4). The impact of halogens on oxidants (Section

4.4.1-4.4.2), organic compounds (Section 4.4.3), and other species (Section 4.4.4) is then

described.

4.2 Model description

This work uses the GEOS-Chem chemical transport model (www.geos-chem.org, version

10) run at 4ox5o spatial resolution. The model is forced by assimilated meteorological and

surface fields from NASA’s Global Modelling and Assimilation Office (GMAO, GEOS-5).

The model chemistry scheme includes Ox, HOx, NOx, and VOC chemistry as described

in Section 2.1.1. Dynamic and chemical time-step are 30 and 60 minutes, respectively.

Stratospheric chemistry is modelled using a linearised mechanism (see Murray et al. 2012b
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and Section 2.1.1).

The standard model chemistry is updated to give a representation of chlorine, bromine and

iodine chemistry. This version of the model is described as “Cl+Br+I”. It is based on the

iodine chemistry described in Chapters II Section 2.3, with updates to the bromine and

chlorine scheme described by Schmidt et al. (2016) and Eastham et al. (2014). Updated or

new reactions not included in Chapters II (Sherwen et al., 2016a), Schmidt et al. (2016),

or Eastham et al. (2014) are given in Table 4.1 with a full description of the halogen

chemistry scheme used given in Appendix Tables A.1-A.6.

The cross-sections of higher iodine oxides were updated from that of IONO2 used in

Chapter II (see Section 2.5) and III. The photolysis of I2O3 and I2O4 uses the absorption

cross-sections reported by Gómez Mart́ın et al. (2005) and Spietz et al. (2005). The

photolysis of I2O2 uses the cross-section for I2O4. A quantum yield of unity was assumed

for all I2OX species. It is noted that recent work has used an unpublished spectrum for

I2O4 that is much lower than that I2O3 Saiz-Lopez et al. (2014), but this is not expected

to have a large effect on conclusions presented here as I2O4 is a minor component of I2OX

(5 % of global tropospheric mass) and only represents a small proportion the I2OX loss

route to “iodine aerosol” (9 %) .

The parameterisation for oceanic iodide concentration was changed from Chance et al.

(2014) used in Chapter II (Section 2.2.3) and III (Sherwen et al., 2016a) to MacDonald

et al. (2014). This was motivated by the latter resulting in an improved comparison with

observations (see Chapter III Section 3.7.5/Section 7.5 of Sherwen et al. 2016b).

The product of acid catalysed di-halogen release following I+ (HOI, INO2, INO3) uptake

was updated from I2 as in Chapter II (see Section 2.4) and III (Sherwen et al., 2016a) to

yield IBr and ICl following McFiggans et al. (2002). Sea-salt acidity is calculated online

through titration of sea salt aerosol by uptake of sulfate dioxide (SO2), nitric acid (HNO3),

and sulfuric acid (H2SO4) as described by Alexander (2005). Re-release of IX (X=Cl,Br)

is only permitted to proceed if the sea salt is acidic (Alexander, 2005), otherwise uptake

results in iodine aerosol production. Thus aerosol cycling of IX in the model is not a

net source of Iy (and may be a net sink on non-acid aerosol) but alters the speciation

(Sherwen et al., 2016a). The ratio between IBr and ICl was set to be 0.15:0.85 (IBr:ICl),

instead of the 0.5:0.5 used previously (Saiz-Lopez et al., 2014; McFiggans et al., 2000).
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Table 4.1 – Additional halogen reactions included in this simulation that are not used in previous

GEOS-Chem studies (Eastham et al., 2014; Schmidt et al., 2016; Sherwen et al., 2016a). The full

reaction scheme is given in the Appendix (Sections A.1-A.6). The rate constant is calculated using

a standard Arrhenius expression Aexp(
−Ea
RT ). (•) Reaction from JPL, only considering the major

channel ( Dale and Poulet. 1996 ) and product of CH3O reacts to form CH2O + HO2 ( CH3O

+O2 → CH2O + HO2). (?) Only first channel from JPL considered. the 2nd channel forms a

criegee (HCl + C2H4O2 ) and therefore cannot be represented by reduced GEOS-Chem chemistry

scheme.(�) Reaction defined by JPL and interpreted as proceeding via hydrogen abstraction,

therefore the acetaldehyde product is assumed. ($) K(infinity) rate given in table, K(0) rate =

4.00x10−28 with Fc=0.6 as shown in Table A.3). (	) Reaction only proceeds on sea-salt aerosol. (*)

Reactions which were included in previous work (Sherwen et al. (2016a)), but di-halogen products

have been updated split between ICl and IBr (See Section 4.2) and only proceed on acidic sea-salt

aerosol following McFiggans et al. (2000). Acidity of aerosol is calculated as described in Alexander

(2005). Abbreviations for tracers are expanded in footnote 3.

Rxn ID Reaction A Ea/R Citation

cm3molecules−1 s−1 K

M29 IO + ClO → I + OClO 2.59x10−12 280 Atkinson et al. (2007)

M30 IO + ClO → I + Cl + O2 1.18x10−12 280 Atkinson et al. (2007)

M31 IO + ClO → ICl + O2 9.40x10−13 280 Atkinson et al. (2007)

M32 Cl + HCOOH → HCl + CO2 + H2O 2.00x10−13 - Sander et al. (2011)

M33 Cl + CH3O2 → ClO + CH2O + HO2(•) 1.60x10−10 - Sander et al. (2011)

M34 Cl + CH3OOH → HCl + CH3O2 5.70x10−11 - Sander et al. (2011)

M35 Cl + C2H6 → HCl + C2H5O2 7.20x10−11 -70 Sander et al. (2011)

M36 Cl + C2H5O2 → ClO + HO2+ ALD2 (?) 7.40x10−11 - Sander et al. (2011)

M37 Cl + EOH → HCl + ALD2 (�) 9.60x10−11 - Sander et al. (2011)

M38 Cl + CH3C(O)OH → HCl + CH3O2, + CO2 2.80x10−14 - Sander et al. (2011)

M39 Cl + C3H8 → HCl + A3O2 7.85x10−11 -80 Sander et al. (2011)

M40 Cl + C3H8 → HCl + B3O2 6.54x10−11 - Sander et al. (2011)

M41 Cl + ACET → HCl + ATO2 7.70x10−11 -1000 Sander et al. (2011)

M42 Cl + ISOP → HCl + RIO2 7.70x10−11 500 Sander et al. (2011)

M43 Cl + MOH → HCl + CH2O + HO2 5.50x10−11 - Sander et al. (2011)

M61 Cl + ALK4 → HCl + R4O2 2.05x10−10 - Atkinson et al. (2006)

M62 Br + PRPE → HCl + PO2 3.60x10−12 - Atkinson et al. (2006)

M63 Cl + PRPE
M−−→ HCl + PO2 + M 2.80x10−10($) - Atkinson et al. (2006)

H1 N2O5

γ−→ HNO3+ ClNO2(	) - - (see table caption)

H2 HOI
γ−→ 0.85ICl + 0.15IBr* - - (see table caption)

H3 INO2

γ−→ 0.85ICl +.015IBr* - - (see table caption)

H4 INO3

γ−→ 0.85ICl + 0.15IBr* - - (see table caption)

P1 ICl
hν−−→ I + Cl - - Sander et al. (2011)

P2 IBr
hν−−→ I + Br - - Sander et al. (2011)

P3 BrCl
hν−−→ Br + Cl - - Sander et al. (2011)
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A ratio of 0.5:0.5 gives a large overestimate of BrO with respect to the observations used

in Section 4.3.4.2 (Read et al., 2008; Volkamer et al., 2015). This reduction is attributed

to the de-bromination of sea-salt which is not considered here, and the potential for the

model to over estimate the BrOx lifetime. This is discussed further in the next section

but future laboratory and field studies of these heterogeneous process are needed to help

constrain these parameters.

The iodine uptake aerosol has been updated from Chapter II (see Section 2.4). Iodine on

aerosol is now represented in the model with separate tracers based on the aerosol on which

the irreversible uptake occurs (see Table A.5). Three iodine aerosol tracers are included

to represent iodine on accumulation and coarse mode sea-salt and on sulfate aerosol. The

physical properties of the iodine aerosol tracers are assumed to be the same as its parent

aerosol as previously described for sulfate (Alexander et al., 2012) and sea-salt aerosol

(Jaeglé et al., 2011).

Additional chlorine chemistry beyond that in the stratospheric scheme described by East-

ham et al. (2014) is included to represent more fully the chlorine chemistry of the tropo-

sphere (Atkinson et al., 2006; Sander et al., 2011). The heterogeneous reaction of N2O5

on aerosols was updated to yield products of ClNO2 and HNO3 (Bertram and Thornton,

2009; Roberts et al., 2009) on sea salt, and 2 HNO3 on other aerosol types. Reaction

probabilities are unchanged (Evans and Jacob, 2005).

Deposition and photolysis of inter-halogen species (ICI, BrCl, IBr) and the reaction be-

tween ClO and IO were also included (Sander et al., 2011).

4.3 Model results

The model was run for two years (2004 and 2005), discarding the first year as a “spin-

up” period and using the second year (2005) for analysis. Non-halogen emissions (NOx,

SOx, VOCs, aerosols, etc.) are identical to those described in Chapter II. A reference

simulation without any halogens (“NOHAL”) was also performed. Where comparisons

with observations are shown, the model is run with a 3 months “spin-up” before the

observational dates, unless explicitly stated otherwise. The appropriate month from the

2005 simulation was used as the initialisation for these observational comparisons. The
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model was sampled at the nearest timestamp and grid-box. The model only calculates

chemistry in the troposphere. To avoid confusion, results above the tropopause (lapse rate

of temperature falls below 2 K/km) are not shown.

4.3.1 Emissions

The emissions fluxes of chlorine, bromine, and iodine species are shown in Figure 4.1 with

global totals in Table 4.2. The Cl and Br contained within sea-salt is not considered

as emitted in this simulation until a chemical process liberates them into the gas-phase

(Schmidt et al., 2016). Processes that can liberate sea-salt Cl and Br are the uptake of

N2O5 and I+ species on sea-salt. Explicit sea-salt de-bromination chemistry is not included

for reasons described in Schmidt et al. (2016).

The organic iodine (CH3I, CH2I2, CH2ICl, CH2IBr) emissions are from Ordóñez et al.

(2012) as described in Chapter II. Inorganic iodine emissions (HOI, I2) (Carpenter et al.,

2013; MacDonald et al., 2014) are 28 % lower here than reported in Chapter II, due to

the use of the MacDonald et al. (2014) parameterisation for ocean surface iodide rather

than that of Chance et al. (2014). Heterogeneous iodine aerosol chemistry (Section 4.2

and Appendix Sect. A.0.1) does not lead to a net release of iodine, instead it just recycles

from less active forms (INO2, INO3, HOI) into more active forms (ICl/IBr).

The organic bromine (CH3Br, CHBr3, CH2Br2) emissions have been reported previously

(Parrella et al., 2012; Schmidt et al., 2016) and this simulation is consistent with that

work. A further source of 0.031 Tg Br yr−1 (3.4 % of total) is included here from CH2IBr

photolysis. The heterogeneous cycling for Bry (defined in Footnote below1) is updated

from Schmidt et al. (2016), and described in Section 4.2/Appendix A.0.1. An additional

Bry source not considered by Schmidt et al. (2016) is iodine activated IBr release from

sea salt, which amounts to 0.31 Tg Br yr−1. The majority (67 %) of this is tropical

(22oN-22oS). With all these updates, the tropospheric mean daytime (07:00-19:00) BrO

concentration is 1.1 pmol mol−1 (0.64 pmol mol−1, 24 hour average), 13 % higher than

reported in Schmidt et al. (2016).

1Here Xy (X=Cl,Br,I) is the sum of gas-phase inorganic species of a given halogen in units of that

halogen
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The organic chlorine emission (CH3Cl, CHCl3, CH2Cl2) for this simulation (Table 4.2) has

been described previously in Schmidt et al. (2016) and set using fixed surface concentra-

tions. An additional source of 0.046 Tg Cl yr−1(0.94 % of total) is present from CH2ICl

photolysis (Sherwen et al., 2016a). ClNO2 production from the heterogeneous uptake of

N2O5 provides a source of 0.66 Tg Cl yr−1 (14 % of total) with the vast majority (95

%) being in the northern hemisphere, with strongest sources in coastal regions north of

20oN. For June a global ClNO2 source of 21 Gg Cl month−1 is calculated, which is sub-

stantially less than the 62 Gg Cl month−1 (Pers. com. Sarwar Golam 2016) calculated

in a previous study (Sarwar et al., 2014). The difference in NOx concentrations due to

differences in model resolution and differences in sea-salt emissions probably contributes

to this. Uptake of HOI, INO2 and INO3 to sea-salt aerosol leads to the emission of ICl,

giving an additional source of 0.78 Tg Cl yr−1 (17.6 % of total) mostly (67 %) in tropical

(22oN-22oS) locations.

Table 4.2 – Global sources of reactive tropospheric inorganic halogens. Sources with fixed con-

centration in the model for Cly (CH3Cl, CH3Cl2, CHCl3) and Bry (CHBr3) are shown in terms

of chemical release (e.g. +Cl, +OH, +hν) and are in bold. Inclusion of chlorine and bromine or-

ganic species has been reported before in GEOS-Chem (Eastham et al., 2014; Parrella et al., 2012;

Schmidt et al., 2016). X2 (I2) and HOX (HOI) are the inorganic ocean source from (Carpenter

et al., 2013), XNO2 is the source from the uptake of N2O5 on sea-salt (ClNO2).

Sources Iy (Tg I yr−1) Bry (Tg Br yr−1) Cly (Tg Cl yr−1)

CH3X 0.26 0.06 2.19

CH2X2 0.33 0.09 0.59

CHX3 - 0.41 0.26

HOX 2.02 - -

X2 0.14 - -

IX - 0.31(*) 0.78(*)

XNO2 - - 0.66

stratosphere 0.00 0.06 0.43

total source(*) 2.75 0.92 4.90

Most of the emissions of Br and I species in this simulation occur in the tropics. It is

notable that the chlorine emissions are more widely distributed. This is as a result of

longer lifetimes of chlorine precursor gases which moves their destruction further from

their emissions and that the ClNO2 source is primarily in the northern extra tropics.
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Chapter 4: The impact of “coupled” halogen chemistry in the present-day

Figure 4.1 – Average annual halogen surface emission of species and column integrated fluxes

for species that have fixed surface concentrations in the model (CH3Cl, CH3Cl2, CHCl3, CHBr3)

or those with vertically variable sources (ClNO2 from N2O5 uptake on sea-salt and IX (X=Cl,Br)

production from HOI, lNO2, and lNO3 uptake). Values are given in kg X m−2 s−1 (X=Cl,Br,I).
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Figure 4.1 – Continued.
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4.3.2 Deposition of halogens

Figure 4.2 shows the global annual integrated wet and dry deposition of inorganic Xy

(X=Cl, Br,I). Much of the deposition of the halogens occurs over the oceans (69 %, 83 %,

and 90 % for Cly, Bry and Iy respectively). It is high over regions of significant tropical

precipitation (ITCZ, Maritime continents, Indian Ocean) and much lower at the poles

reflecting lower precipitation and emissions.

The major Cly depositional sink is HCl (85 %), with HOCl contributing 11 % and ClNO3

3.2 %. The Bry sink is split between HBr, HOBr and BrNO3 with fractional contributions

of 38, 30 and 24 % respectively. The major Iy sink is HOI deposition which represents

59 % of the depositional flux, with INO3 and iodine aerosol contributing 22 % and 15 %,

respectively.

Figure 4.2 – Annual global Xy (X=Cl, Br, I) deposition (defined in Footnote 1). Values are

given in terms of mass of halogen deposited (kg X m−2 s−1, X=Cl,Br,I).

4.3.3 Halogen species concentrations

Figure 4.3 shows the surface and zonal concentrations of annual mean Iy, Bry, and Cly,

with Figure 4.4 showing the same for IO, BrO and Cl, key halogen compounds in the

atmosphere. Figure 4.5 shows the global molecule weighted mean vertical profile of the

halogen speciation.

Inorganic iodine concentrations are highest in the tropical marine boundary layer con-

sistent with their dominant emissions regions. The highest concentrations are calculated

in the coastal tropical regions, where enhanced O3 concentrations from industrial areas
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4.3 Model results

Figure 4.3 – Tropospheric distribution of Cly, Bry, and Iy (defined in Footnote 1) concentrations.

Upper plots show surface and lower plots show zonal values. Only boxes that are entirely tropo-

spheric are included in this plot. The Cly colourbar is capped at 20 pmol mol−1, with a maximum

plotted value of 118 pmol mol−1 at the surface over the North Sea. The Iy colourbar is capped at

10 pmol mol−1, with a maximum plotted value of 17 pmol mol−1 at the surface over the Red Sea.
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Figure 4.4 – Tropospheric distribution of IO, BrO and Cl concentrations. Upper plots show

surface and lower plots show zonal values. Only boxes that are entirely tropospheric are included

in this plot.

flow over high oceanic iodide concentrations and lead to increased oceanic inorganic iodine

emissions. The organic iodine species also have highest emissions along coastlines. Within

the troposphere there is a global mean vertical average of ∼0.5-1 pmol mol−1 of Iy con-

sistent with previous model studies (Saiz-Lopez et al., 2014; Sherwen et al., 2016a). The

lowest concentrations of Iy are seen just above the marine boundary layer where Iy loss

via wet deposition is most favourable due to partitioning towards water soluble HOI. At

higher altitudes, lower temperature and high photolysis rates push the Iy speciation to less

water soluble compounds (IO, INO3) and hence the Iy lifetime is longer. IO concentrations

(Figure 4.4) follow the concentrations of Iy with high concentrations in the tropical marine

boundary layer. The IO concentration increases into the upper troposphere reflecting a

partitioning of Iy in this region towards IO (and IONO2) and away from HOI. The global

mean tropospheric lifetimes of Iy and IOx are 2.3 days and 1.3 minutes, respectively.

Total reactive bromine is more equally spread through the atmosphere than iodine. This

reflects the longer lifetime of source species with respect to photolysis which gives a more

significant source higher in the atmosphere. The highest concentrations are still found in

the tropics. Unlike Iy, Bry increases significantly with altitude, with BrNO3 and HOBr
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being the two most dominant species. BrO concentrations (Figure 4.4) follow the con-

centration of inorganic bromine. In the boundary layer the highest concentrations are

found in the tropical marine boundary layer. BrO and IO do not strongly correlate in

the tropical marine boundary layer reflecting their differing sources. BrO concentrations

increase towards the upper troposphere associated with the increase in total Bry. The

global annual average (molecule weighted) tropospheric BrO mixing ratio in this simula-

tion is 0.64 pmol mol−1 (Bry=4.5 pmol mol−1). When previous implementations (Parrella

et al., 2012; Schmidt et al., 2016) are run for the same year and model version as this

work (GEOS-Chem v10), the modelled BrO concentrations are found to be 12 % lower

than Schmidt et al. (2016), but 17 % higher than Parrella et al. (2012). A tropospheric

lifetime of Bry of 17 days and a BrOx lifetime of 15 minutes are calculated.

Total inorganic chlorine has a highly non-uniform distribution at the surface reflecting the

dominance of the ClNO2 source from N2O5 uptake on sea-salt. At the surface ClNO2,

HCl, BrCl and HOCl represent around 25 % of the total Cly each. The Cly peaks in the

Northern hemisphere. Away from the surface the ClNO2 concentrations drops off rapidly

due to the short lifetime of sea salt. HCl concentrations increase significantly into the

middle and upper troposphere and dominate the Cly distribution. This suggests that

stratospheric chlorine freed from CFCs and organic chlorine strongly contributes to free

tropospheric concentrations of Cly. However modelled Cly is likely a lower limit on the

concentrations in the uppermost troposphere (Froidevaux et al., 2008). Cl mixing ratios

are very low (∼0.075 fmol mol−1 or ∼2000 cm−3) in the marine boundary layer. Reactive

Cl (i.e. not HCl) drop from the surface to around 10km where it then increases again

towards to stratosphere. Cl shows a wider distribution than IO and BrO reflecting the

wider distribution of Cly. A tropospheric lifetime of Cly of 15 days, a ClOx lifetime of 2

seconds, and a global tropospheric mean inorganic chlorine (Cly) concentration of 70 pmol

mol−1 is calculated in this simulation.

The chemistry of halogens and sea-salt is highly uncertain (Simpson et al., 2015; Saiz-Lopez

et al., 2012b; Abbatt et al., 2012). Estimates for sea-salt de-bromination range from 0.51

Tg yr−1 (Parrella et al. 2012 implemented in GEOS-Chem v10 and v9-2) to 2.9 Tg yr−1

(Fernandez et al., 2014). Some studies have also not included sea-salt de-bromination (von

Glasow et al., 2004; Schmidt et al., 2016) as is the case in this work. This work therefore

provides a lower estimate of bromine and chlorine sources in the troposphere.
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Figure 4.5 – Modelled global average vertical Xy (X=Cl, Br, I) (defined in Footnote 1). Units

are pmol mol−1 of X (where X=Cl, Br, I). For Cly the y-axis is capped at 20 pmol mol−1 to

show speciation. A Cly maximum of 1062 pmol mol−1 is found within the altitudes shown due to

additional HCl contributions increasing with altitude.

Figure 4.6 shows column integrated BrO and IO, which are the major halogen species for

which there are observations (see Section 4.3.4). Tropospheric ClO concentrations within

the troposphere are small (see Figure 4.5) and are therefore not shown in Fig 4.6. Tropical

maxima are seen for both BrO and IO, with BrO concentrations decreasing towards the

equator. For IO a localised maximum is seen in the Arabian Sea. The IO maximum in

Antarctica reported from satellite retrievals (Saiz-Lopez et al., 2007a; Schönhardt et al.,

2008) is not reproduced, potentially reflecting the lack of polar specific processes in the

model.

Figure 4.6 – Annual mean integrated model tropospheric column for BrO and IO in molecules

cm−2.
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4.3.4 Comparison with halogen observations

The observational dataset of tropospheric halogen compounds is sparse. Previous studies

have shown comparisons for the organic precursors for chlorine (Eastham et al., 2014;

Schmidt et al., 2016), bromine (Parrella et al., 2012; Schmidt et al., 2016), and iodine

(Bell et al., 2002; Sherwen et al., 2016a; Ordóñez et al., 2012). The simulation of sea-

salt, on which serval halogens sources depend, has previously been evaluated (Alexander,

2005; Jaeglé et al., 2011). The model performance in simulating these halogen compounds

has not changed since these previous publications so here the focus is on the available

observations of concentrations of IO, BrO, and some inorganic chlorine species (ClNO3,

HCl and Cl2).

4.3.4.1 Iodine monoxide (IO)

A comparison of IO to a suite of recent remote surface observations is shown in Fig 4.7.

The model shows an overall negative bias of 21 %. This compares with the 90 % positive

bias previously shown in Chapter III. This reduction in bias can be explained by the use

of the MacDonald et al. (2014) iodide parameterisation over that of Chance et al. (2014),

which has reduced the inorganic emission of iodine, along with the restriction of iodine

recycling to acidic aerosol.

Figure 4.8 shows a comparison between modelled IO with altitude against observations

in the eastern Pacific (Volkamer et al., 2015; Wang et al., 2015). In general, the model

agreement with observations is good. There is an average bias of +40 % in the free tropo-

sphere (350 hPa<p<900 hPa), which increases to +58 % in the upper troposphere (350

hPa>p>tropopause). As with the surface measurements, the model bias when comparing

to IO observations (Volkamer et al., 2015; Wang et al., 2015) in the free and upper tro-

posphere is decreased from previously reported positive biases in Chapter III of 73 % and

96 %, respectively.

4.3.4.2 Bromine monoxide (BrO)

Comparisons of BrO against seasonal satellite tropospheric BrO observations from GOME-

2 (Theys et al., 2011) are shown in Figure 4.9. As shown previously (Parrella et al., 2012;
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Figure 4.7 – Iodine oxide (IO) surface observations (black) by campaign compared against the

simulation with halogen chemistry (“Cl+Br+I”, red). Cape Verde measurements are shown against

hour of day and others are shown as a function of latitude. Values are considered in 20o bins, with

observations and modelled values at the same location and time (as described in section 4.2)

shown side-by-side around the mid point of each bin. The extent of the bins is highlighted with

grey dashed lines. Observations are from Cape Verde (Tropical Atlantic, Mahajan et al. 2010; Read

et al. 2008), TransBrom (West Pacific, Großmann et al. 2013), the Malaspina circumnavigation

(Prados-Roman et al., 2015b), HaloCAST-P (East Pacific, Mahajan et al. 2012), and TORERO

ship (East Pacific, Volkamer et al. 2015). The number of data points within latitudinal bin are

shown as “n”. The boxplot extents give the inter-quartile range, with the median shown within

the box. The whiskers give the most extreme point within 1.5 times the inter-quartile range.
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Figure 4.8 – Vertical comparison of the model (“Cl+Br+I”) and measured IO during TORERO

aircraft campaign (Volkamer et al., 2015; Wang et al., 2015). Model and observations are in red and

black respectively. Values are considered in 0.5 km bins, with observations and modelled values

at the same location and time (as described in section 4.2) shown side-by-side around the mid

point of each bin. Measurements were taken aboard the NSF/NCAR GV research aircraft by the

University of Colorado Airborne Multi-Axis DOAS instrument (CU AMAX-DOAS) in the eastern

Pacific in January and February 2012 (Volkamer et al., 2015; Wang et al., 2015). The boxplot

extents give the inter-quartile range, with the median shown within the box. The whiskers give

the most extreme point within 1.5 times the inter-quartile range.
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Schmidt et al., 2016) the model has some skill in capturing both the latitudinal and

monthly variations in tropospheric BrO columns. However it underestimates the column

BrO in the lower southern latitudes (60oS-90oS), and to a smaller degree also in lower

northern latitudes (60oN-90oN) which may reflect the lack of bromine from polar (blown

snow, frost flowers etc.) sources and sea-salt de-bromination processes.

Figure 4.10 shows modelled vertical BrO concentrations against observations in the eastern

Pacific (Volkamer et al., 2015; Wang et al., 2015). A reasonable agreement is found within

the free troposphere (350 hPa<p<900 hPa) in both the tropics and subtropics, with an

average negative bias of 15 and 34 %, respectively. A similar comparison is seen in the

upper troposphere (350 hPa>p>tropopause) and this shows similar negative biases for

the tropics and subtropics, of 20 and 24 %, respectively. The decrease in agreement seen

in the TORERO comparison (Fig. 4.10) relative to that previously presented in Schmidt

et al. (2016) is due to reduced BrCl and BrO production from slower cloud multiphase

chemistry (see Sections A.0.1-A.0.3). The simulation calculates higher BrO concentrations

than those observed in the marine boundary layer (Fig. 4.10), however they are lower than

those calculated in previous modelling studies (Miyazaki et al., 2016; Long et al., 2014;

Pszenny et al., 2004; Keene et al., 2009).

As shown in Fig. 4.11, comparisons between the model and observations of BrO made at

Cape Verde (Read et al., 2008; Mahajan et al., 2010) show a negative bias of 50 %. This

may be attributable to the locally higher sea-salt loadings at this site (Carpenter et al.,

2010), which is situated in the surf zone. This may locally increase the BrO concentrations.

The model concentrations of ∼1 pmol mol−1 are however consistent with other ship borne

observations made in the region (Leser et al., 2003).

This model does not include sea-salt de-bromination and yet calculated roughly the correct

concentration of BrO. Inclusion of sea-salt de-bromination leads to excessively high BrO

concentration in the model (Schmidt et al., 2016). Sea-salt de-bromination however is well

observed (Sander et al., 2003; Saiz-Lopez et al., 2012b). The success of the model despite

the lack of inclusion of this process suggests model failure in other areas. The BrOx lifetime

may be too long. This is dominated by the reaction between Br and organics to produce

HBr. Oceanic sources of VOCs such as acetaldehyde and glyoxyl have been proposed

(Millet et al., 2010; Volkamer et al., 2015) and a significant increase in the concentration

of these species would lead to lower BrOx concentrations. Alternatively, a reduction in the
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efficiency of cycling of Bry through aerosol would also have a similar effect. The aerosol

phase chemistry is complex and the parameterisations used here may be too simple or

fail to capture key processes (e.g. pH, organics). These all require further study in order

to help reconcile the rapidly growing body of observation of both gas and aerosol phase

bromine in the atmosphere with models.
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Figure 4.9 – Seasonal variation of zonal mean tropospheric BrO columns in different latitudinal

bands. 2007 observations from the GOME-2 satellite instrument (Theys et al., 2011) are compared

to GEOS-Chem values at the GOME- 2 local overpass time (9:00-11:00).

4.3.4.3 Nitryl chloride (ClNO2), hydrochloric acid (HCl), hypochlorous acid

(HOCl), and molecular chlorine (Cl2)

Very few constraints on the concentration of tropospheric chlorine species are available.

However, a few observations of ClNO2 are available (Table 4.3). It is found that the model

does reasonably well in coastal regions, but does not reproduce observations in continental

regions or regions with very high NOx.
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Figure 4.10 – Vertical comparison of the model (“Cl+Br+I”) and measured iodine oxide (BrO)

during TORERO aircraft campaign (Volkamer et al., 2015; Wang et al., 2015) in the Subtropics

(left) and Tropics (right).. Model and observations are in red and black, respectively. Observations

and modelled values at the same location and time (as described in section 4.2) are shown side-

by-side around the mid point of each bin. Measurements were taken aboard the NSF/NCAR

GV research aircraft by the University of Colorado airborne Multi-Axis DOAS instrument (CU

AMAX-DOAS) in the eastern Pacific in January and February 2012 (Volkamer et al., 2015; Wang

et al., 2015).

134



4.3 Model results

Figure 4.11 – Bromine oxide (BrO) surface observations (black) at Cape Verde (Read et al., 2008;

Mahajan et al., 2010) compared against the simulation with halogen chemistry (“Cl+Br+I”, red).

Values are binned by hour of day.

Lawler et al. (2011) reports measurements of HOCl and Cl2 at Cape Verde for a week

in June 2009. For the first 4 days of the campaign, HOCl concentrations were high and

peaked at ∼100 pmol mol−1 with Cl2 concentrations peaking at ∼30 pmol mol−1. For the

later days, HOCl concentrations dropped to around 20 pmol mol−1 and Cl2 concentrations

to ∼0-10 pmol mol−1. Much lower concentrations of Cl2 (∼1x10−3 pmol mol−1) and HOCl

(∼10 pmol mol−1) are calculated. This is similar to findings of Long et al. (2014), who

also found better comparisons with the cleaner period of observations. Similar to the

comparison with observed ClNO2, this simulation underestimates HOCl and Cl2.

The model does not include many sources of reactive chlorine. The failure to reproduce

continental ClNO2 is likely due to a lack of representation of sources such as salt plains,

direct emission from power station and swimming pools, and HCl acid displacement. The

inability to reproduce the very high ClNO2 found in cities (Pasadena) and industrialised

regions (Texas) may be due to the coarse resolution of the model compared to the spatial

inhomogeneity of these observations. The failure to reproduce the Cape Verde observa-

tions may be due to the very simple aerosol phase chlorine chemistry included in the

model. Overall it is fair to suggest that the model provides a lower limit estimate of the
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Table 4.3 – Comparison between modelled and observed ClNO2. Concentrations are shown as

the maximum and average of the daily maximum value for the observational and equivalent model

time period. Sites marked as (**) are considered continental sites. The model value are taken for

the nearest time-step and location within the analysis year (2005).

Obs. “Cl+Br+I”

Location Lat. Lon. Max Mean Max Mean Reference

Coastal

Pasedena, CA (2010) 34.2 -118.2 3.46 1.48 0.44 0.20 Mielke et al. (2013)

Southern China (2012) 22.2 114.3 2.00 0.31 0.61 0.18 Tham et al. (2014)

Los Angeles, California (2010) 34.1 -118.2 1.83 0.50 0.44 0.20 Riedel et al. (2012)

Houston, Texas (2006) 30.4 -95.4 1.15 0.80 0.19 0.04 Osthoff et al. (2008)

London, UK (2012) 51.5 -0.2 0.73 0.23 0.51 0.17 Bannan et al. (2015)

Texas (2013) 30.4 -95.4 0.14 0.08 0.19 0.04 Faxon et al. (2015)

Continental

Hessen, Germany (2011) 50.2 8.5 0.85 0.20 0.16 0.02 Phillips et al. (2012)

Boulder, Colorado (2009) 40.0 -105.3 0.44 0.14 0.00 0.00 Thornton et al. (2010); Riedel et al. (2013)

Calgary, CAN (2010) 51.1 -114.1 0.24 0.22 0.02 0.01 Mielke et al. (2011)

chlorine emissions and therefore burdens within the troposphere. Constraints at the sur-

face concentrations are limited and vertical profiles are not available. Further laboratory

work to better define aerosol processes and observations will be necessary to investigate

the role of chlorine on tropospheric chemistry.

4.4 Impact of halogens

Now the focus shifts to investigating the impact of the halogen chemistry on the composi-

tion of the troposphere. O3 and OH are investigated first and then attention moves onto

other components of the troposphere.

4.4.1 Ozone (O3)

Figure 4.12 shows changes in column, surface and zonal O3 both in absolute and frac-

tional terms between simulations with and without halogen emissions (“Cl+Br+I” vs “NO-

HAL”). Globally the mass-weighted, annual-average mixing ratio is reduced by 7.4 pmol

mol−1 (14.6%) with the inclusion of halogens (“Cl+Br+I”-“NOHAL”)/“NOHAL”*100).

A much larger percentage decrease of 25.0 % (7.2 pmol mol−1) is seen over the ocean
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surface. Large percentage losses are seen in the oceanic southern hemisphere as reported

previously (Long et al., 2014; Schmidt et al., 2016; Sherwen et al., 2016a) reflecting the

significant ocean-atmosphere exchange in this regions. The majority (65 %) of the change

in O3 mass due to halogens occurs in the free troposphere (350 hPa<p<900 hPa).

Figure 4.12 – Change in tropospheric O3 on inclusion of halogen chemistry. Column (left), surface

(middle) and zonal (right) change are shown. Upper plots show absolute change and lower plots

below give change in % terms ( (“Cl+Br+I”-“NOHAL”)/“NOHAL”*100).

Comparisons of the model and observed surface and sonde O3 concentrations are given

in Figures 4.13 and 4.14. In the tropics the fidelity of the simulation improves with the

inclusion of halogens (Schmidt et al., 2016; Sherwen et al., 2016a). Sonde and surface

comparisons north of ∼50oN and south of ∼60oS however show that the model now un-

derestimates O3.

The global odd oxygen budget (Ox, as defined in the footnote below2) in the troposphere

with (“Cl+Br+I”) and without halogens (“NOHAL”) is shown in Table 4.4. The Ox loss

through chlorine, bromine, and iodine represents 0.46, 5.8 and 12 % of the total Ox loss

respectively, thus halogens constitute 18.2 % of the overall O3 loss. The sum of halogen

driven Ox loss is 900 Tg Ox yr−1 , which is similar to the magnitude of loss via reaction of

O3 with HO2 of ∼1100 Tg Ox yr−1 (23 % of total). Halogen cross-over reactions (BrO+IO,

BrO+ClO, IO+ClO) contribute little to the overall O3 loss. This number compares with

∼930 Tg Ox yr−1 reported in GEOS-Chem in Chapter III for the bromine and iodine only

2Here Ox is defined as O3 + NO2 + 2 NO3 + PAN + PMN + PPN + HNO4 + 3 N2O5 + HNO3 + MPN +

XO + HOX + XNO2 + 2 XNO3 + 2 OIO + 2 I2O2 + 3 I2O3 + 4 I2O4 + 2 Cl2O2 + 2 OClO, where X=Cl, Br, I;

PAN = peroxyacetyl nitrate; PPN = peroxypropionyl nitrate; MPN = methyl peroxy nitrate; and PMN

= peroxymethacryloyl nitrate.

137



Chapter 4: The impact of “coupled” halogen chemistry in the present-day

Figure 4.13 – Seasonal cycle of near-surface O3 at a range of Global Atmospheric Watch (GAW)

sites. Observational data shown are 6 year monthly averages (2006-2012). Model data is for

2005. Data is from GAW compiled and processed as described in (Sofen et al., 2016). Blue and red

lines represent simulations without halogens (“NOHAL”) with halogens (“Cl+Br+I”), respectively.

Shaded grey area gives 5th and 95th percentiles of observations.
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Figure 4.14 – Comparison between annual modelled O3 profiles and sonde data (2005). Profiles

shown are the annual mean of available observations from World Ozone and Ultraviolet Radia-

tion Data Centre (WOUDC, 2014) and model data for 2005 at given locations. Blue and red lines

represent simulations without halogens (“NOHAL”) with halogens (“Cl+Br+I”), respectively. Ob-

servations (in black) show mean concentrations with upper and lower quartiles given by whiskers.
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simulation(“Br+I”). Saiz-Lopez et al. (2014) found that, between 50oS-50oN and over

ocean only, halogens are responsible for the loss of 640 Tg Ox yr−1. Here a comparable

value of 670 Ox yr−1 is calculated.

The majority of the halogen driven O3 loss (58.1 %) occurs in the free troposphere (350

hPa<p<900 hPa). Halogens represent 34.9 and 31.0 % of Ox loss in the upper troposphere

(350 hPa>p>tropopause) and marine boundary layer (900 hPa<p ) respectively as shown

in Figure 4.15. The marine boundary layer Ox loss attributable to halogens is equal to the

31 % reported by Prados-Roman et al. (2015a) previously, and it is slightly higher than

that reported solely for iodine of 26 % (Sherwen et al., 2016a).

Figure 4.15 – Global annual average tropospheric vertical odd oxygen loss (Ox) through different

reaction routes (Photolysis, HOx, IOx, BrOx, and ClOx).

Although the partitioning between the Ox loss processes is significantly different between

the simulations with halogens and without (Table 4.4), the overall annual Ox loss only

increases by 2.2 % (4933 vs 4829 Tg yr−1). The Ox production term decreases by 1.0

%. This decrease is due to a reduction in NOx concentrations due to hydrolysis of XNO3

(X=Cl, Br, I). The tropospheric NOx burden decreases by 1.7 % to 168 Gg N (see table
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B.1) on inclusion of halogens consistent with previous model studies (Long et al., 2014; von

Glasow et al., 2004; Parrella et al., 2012; Schmidt et al., 2016). Globally NOx loss through

ClNO3 and BrNO3 hydrolysis is approximately equal (1:0.86), and overall proceeds at

a rate of ∼10 % of the NOx loss through the NO2+OH pathway. Iodine nitrite and

nitrate (INO2, INO3) hydrolysis is much less significant (∼0.25 % of rate of NO2+OH).

Net tropospheric Ox production is the difference between the production and loss terms

and the change here is much greater leading to an overall decrease in net production of

tropospheric O3 (POx-LOx) of 26 % (159 Tg yr−1), and a decrease in O3 lifetime of 14 %.

4.4.2 HOx (OH+HO2)

The calculated global molecule weighted average HOx (OH+HO2) concentrations are re-

duced by 8.5 % with the inclusion of halogens, with OH decreasing by 4.5 % from 1.40x106

to 1.34x106 molecules cm−3. Lower O3 concentrations decrease the primary OH source

(O3
hν−→2OH) by 15.5 %, and the secondary OH source from HO2+NO by 2.2 %.

The reduction in the sources of OH is buffered by an additional OH source from the

photolysis of HOX (X=Cl, Br, I) which acts to increase the conversion of HO2 to OH. In

Chapter III an increase of 1.8 % in global OH concentrations on inclusion of iodine was

shown. However, increased Bry and reduced Iy concentrations in the simulations described

here mean that the increased OH source from HOX photolysis does not compensate fully

for the reduced primary source, resulting in an overall 4.5 % reduction in global mean OH.

This buffering contributes to a smaller change in OH than reported previously by Schmidt

et al. (2016) of 11 %. As reported previously (Long et al., 2014; Schmidt et al., 2016),

here it is also found the net effect of halogens on the OH:HO2 ratio is a small increase (4.4

%).

4.4.3 Organic compounds

The oxidation of volatile organic compounds (VOCs) by halogens is included in this sim-

ulation (see Table A.1 for reactions). The global fractional loss due to OH, Cl, Br, NO3,

and photolysis for a range of organics is shown in Figure 4.16.

Globally, Br oxidation is small in this simulation and contributes 2.1 % to the loss of
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Table 4.4 – Comparison between global tropospheric Ox budgets of simulations “Cl+Br+I” (with

halogen chemistry) and “NOHAL” (without halogen chemistry). Recent average model values

from ACCENT (Young et al., 2013) are also shown for comparison. For the X’O+X”O halogen

crossover reactions where X’O 6= X
′′
O the O3 loss is split equally between the two routes. Values

are rounded to the nearest integer value.

”Cl+Br+I” ”NOHAL” ACCENT

O3 burden (Tg) 355 416 340 ± 40

Ox chemical sources (Tg yr−1)

NO + HO2 3526 3607 -

NO + CH3O2 1327 1316 -

NO + RO2 524 508 -

Total chemical Ox sources (POx) 5376 5431 5110 ± 606

Ox chemical sinks (Tg yr−1)

O3 + H2O
hν−→ 2OH + O2 2102 2489 -

O3 + HO2 → OH + O2 1136 1432 -

O3 + OH → HO2 + O2 611 737 -

HOBr
hν−→Br + OH 214 - -

HOBr + HCl → BrCl 28 - -

HOBr + HBr → Br2 + H2O (aq. aerosol) 13 - -

BrO + BrO → 2Br + O2 8 - -

BrO + BrO → Br2 + O2 3 - -

BrO + OH → Br + HO2 9 - -

IO + BrO → Br + I + O2 9 - -

ClO + BrO → Br + ClOO/OClO 2 - -

Other bromine Ox sinks 0 - -

Total bromine Ox sinks 284 - -

HOI
hν−→I + OH 457 - -

OIO
hν−→I + O2 125 - -

IO + BrO → Br + I + O2 9 - -

IO + ClO → I + Cl + O2/ ICl + O2 0 - -

Other iodine Ox sinks 2 - -

Total iodine Ox sinks 593 - -

HOCl
hν−→Cl + OH 15 - -

CH3O2 + ClO → ClOO 4 - -

ClO + BrO → Br + ClOO/OClO 2 - -

ClNO3 + HBr → BrCl 1 - -

IO + ClO → I + Cl + O2/ ICl + O2 0 - -

Other chlorine Ox sinks 1 - -

Total chlorine Ox sinks 23 - -

Other Ox sinks 184 172 -

Total chem. Ox sinks (LOx) 4933 4829 4668 ± 727

O3 POx-LOx (Tg yr−1) 443 602 618 ± 251

O3 Dry deposition (Tg yr−1) 832 980 1003 ± 200

O3 Lifetime (days) 22 26 22 ± 2

O3 STE (POx-LOx-Dry dep.) (Tg yr−1) 389 378 552 ± 168
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acetaldehyde (CH3CHO), 0.6 % of the loss of formaldehyde (CH2O), 0.26 % of the loss of

>C4 alkenes, and <0.001 % of the loss of other compounds. Recent work has suggested

a significant source of oceanic oxygenated VOCs (Millet et al., 2010; Coburn et al., 2014;

Sinreich et al., 2010; Mahajan et al., 2014; Lawson et al., 2015; Volkamer et al., 2015;

Myriokefalitakis et al., 2008) which is not included in this simulation. Furthermore al-

though the modelled Bry is broadly comparable to some previous work (Schmidt et al.,

2016; Parrella et al., 2012), it is lower in the marine boundary layer than in other recent

work (Long et al., 2014). The combination of these two factors suggest that this model

provides a lower bounds of impacts of bromine on VOCs. Significantly higher concen-

trations of oxygenated-VOCs would decrease the BrO concentrations in the model and

might then allow an increased sea-salt source of reactive bromine consistent with observed

sea-salt debromination.

The oxidation of VOCs by chlorine is more significant. In this simulation chlorine accounts

for 18, 9, and 9 % of the global loss of ethane (C2H6), propane (C3H8), and acetone

(CH3C(O)CH3)), respectively. Loss of other VOCs is globally small. This increased loss

due to Cl is to some extent compensated for by the reduction in the OH concentrations

that is calculated here. Thus the overall lifetime of ethane, propane, and acetone changes

from 131, 38, 85 days in the simulation without halogens to 120, 37, 82 in the simulation

with halogens. Notably the ethane lifetime without halogens is 10% longer than it is

with. Given that here the chlorine in the model can be argued to be a lower limit, ethane

oxidation by chlorine may in reality be more significant than found here and may provide

a significant change in our perspective of the budget of ethane.

Methane is a significant climate gas, as it has the second highest forcing amongst well-

mixed greenhouse gases from preindustrial to present day (Myhre et al., 2013). In the

simulation without halogens a tropospheric chemical lifetime due to OH of 7.48 years is

calculated. With the inclusion of halogen chemistry the OH concentration drops, extend-

ing the methane lifetime due to OH to 7.96 years (an increase of 6.5 %). However, in

the halogen simulations, chlorine radicals also oxidise methane (∼1 % of the total loss)

shortening the lifetime to 7.89 years (0.85 %). As noted previously, the model’s chlorine

concentrations appear to be underestimated. Allan et al. (2007) estimate a 25 Tg yr−1

sink for methane from Cl (∼4 %), significantly higher than the estimate here. Overall

the model’s CH4 lifetime still appears to be short compared to the observationally based
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estimation of 9.1 ±0.9 from Prather et al. (2012), but halogens decrease this bias.

In these simulations, halogens (essentially chlorine) have a significant but not overwhelm-

ing role in the concentrations of hydrocarbons (from ∼1 % of methane loss to ∼18 %

of ethane loss). However, as discussed earlier the low biases seen with the very limited

observational dataset of chlorine compounds would suggest that the impacts calculated

here are probably lower limits.

Figure 4.16 – Global loss routes (+hν, +Br, +NO3, +Cl, +OH) of organic compounds shown as

% of total tropospheric losses.

4.4.4 Other species

With the inclusion of halogens in the troposphere there are a large number of changes in

the composition of the troposphere. Figure 4.17 illustrates the fractional global change in

burden by species (for abbreviation see Footnote3).

The spatial and zonal distribution of these changes by species family (HOx, NOx, SOx as

defined in Footnote4) are shown in Figure 4.18 and for a few VOCs (C3H8, C2H6, acetone,

and >C4 alkanes) in Figure 4.19. A tabulated form of these changes is given within the

Appendix (Table B.1)

3Abbreviated species names are defined in the GEOS-Chem manual (http://acmg.seas.harvard.

edu/geos/doc/man/appendix 6.html) and here: MOH=Methanol, EOH=Ethanol, ALD2=Acetaldehyde,

ISOP=Isoprene, ALK4=≥C4 alkanes, CH3O2,=Methylperoxy radical, A3O2= primary RO2 from C3H8,

B3O2=secondary RO2 from C3H8, ATO2=RO2 from Acetone, R4O2=RO2 from ≥C4 alkanes, RIO2=RO2

from Acetone
4Here the definitions the HOx, NOx and SOx families as follows. HOx: OH + HO2, NOx: NO+NO2,

SOx : SO2 + SO4 + SO4 on sea salt.
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As discussed in section 4.4.1 and 4.4.1, a clear decrease in oxidants (O3, OH, HO2, H2O2)

is seen. This drives an increase in the concentrations of some VOCs (2.1 % on a per

carbon basis), including CO (2.8 %) and Isoprene (3.4 %). However, as discussed, it also

adds an additional Cl sink term which leads to an overall decrease in some species (e.g.

C2H6, (CH3)2CO, C3H8) particularly in the northern hemisphere oceanic regions. The

SOx burden increases slightly (0.7 %), which can be attributed to decreases in oxidants.

Figure 4.17 – Changes in tropospheric burden of species and families on inclusion of halogens

(“Cl+Br+I”) compared to no halogens (“NOHAL”). Burdens are considered in elemental terms

(e.g Tg S/N/C) and species masses for OH, HO2, H2O2 and O3. The family denoted by “VOCs”

in this plot is defined as the sum of carbon masses of CO, formaldehyde, acetaldehyde, ethane,

acetone, isoprene, propane, ≥C4 alkanes, ≥C3 alkenes, and ≥3C ketones. Abbreviations for tracers

are expanded in Footnote 3.

4.5 Summary and conclusions

A model of tropospheric composition is presented which has attempted to include the

major routes of halogen chemistry impacts. Assessment of the model performance is lim-

ited as observations of halogen species are extremely sparse. However, given the available

observations it is fair to conclude that the model has some useful skill in predicting the con-

centration of iodine and bromine species and appears to underestimate the concentrations

of chlorine species.

Consistent with previous studies, this model shows significant halogen driven changes in

the concentrations of oxidants. The tropospheric O3 burden and global mean OH decreased

by 14.6 %, and 4.5 % respectively, on inclusion of halogens. The methane lifetime increases
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Figure 4.18 – Global annual average surface and zonal change (%) in HOx, NOx and SOx families

(as defined in Footnote 4) on inclusion of halogens

Figure 4.19 – Global annual average surface and zonal change (%) in ethane (C2H6), propane

(C3H8), ≥C4 alkanes, and acetone (CH3C(O)CH3) on inclusion of halogens. For species where

all average changes are negative a continuous colourbar is used (C3H8 and C2H6) and for species

where both negative and positive changes are present a divergent colourbar is used (≥C4 alkanes

and CH3C(O)CH3)
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by 6.5 %, improving agreement with observations.

There are a range of changes in the concentrations of other species. Direct reaction with

Cl atoms leads to enhanced oxidation of hydrocarbons with ethane showing a significant

response. Given the model appears to provide a lower limit for tropospheric atomic Cl con-

centrations this suggests a major missing oxidation pathway for ethane which is currently

not considered. NOx concentrations are reduced by aerosol hydrolysis of the halogen ni-

trates which leads to reduced global O3 production. The simulation of BrO appears to be

relatively consistent with those observed, however sea-salt de-bromination is not included.

This would suggest that either the heterogeneous cycling of bromine in this model is gen-

erally too fast, or that the model does not have sufficiently large BrOx sinks (potentially

oxygenated-VOCs). Both hypotheses warrant further research.

Significant uncertainties however remain in our understanding of halogens in the tropo-

sphere. The gas phase chemistry and photolysis parameters of iodine compounds are

uncertain, together with the emissions of their organic and inorganic precursors (As dis-

cussed further in Chapter III/Sherwen et al. 2016a). For chlorine, bromine and iodine

heterogeneous chemistry, little experimental data exists and suitable parameterisations

for the complex aerosols found in the atmosphere are unavailable (Abbatt et al., 2012;

Saiz-Lopez et al., 2012b; Simpson et al., 2015).

Understanding fully the impact of halogens on tropospheric composition will require sig-

nificant development of new experimental techniques and more field observations, new

laboratory studies and models which are able to exploit these developments.
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Chapter 5

Impact of halogen chemistry on

tropospheric O3 radiative forcing

The content of this chapter is in review as an article entitled “Halogen chemistry reduces

tropospheric O3 radiative forcing”: T. Sherwen, M. J. Evans, L. J. Carpenter, J. A.

Schmidt, and L. J. Mickley, in review. 2016.
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5.1 Introduction

Tropospheric ozone (O3) is a key driver of climate change and a potent air pollutant.

Understanding the change between its “natural” pre-industrial (∼1750) and present-day

concentrations is important in defining its role as a climate gas and as an air pollutant.

Global tropospheric O3 concentrations are thought to have increased substantially in this

period, however, the observational record for this change is highly uncertain. Unlike carbon

dioxide and methane, O3 doesn’t remain trapped in ice so modern analytical techniques

cannot be applied to old air. Past observations suggest much lower concentrations of O3

than are presently measured, by a factor of 2-3 (Volz and Kley, 1988; Marenco et al., 1994;

Pavelin et al., 1999). However, there are only a small number of past observations and

significant uncertainties exist in the methods used and their representativeness. Because

of concerns over the validity of these observations, our assessment of the change in O3

concentrations is predominantly based on computer simulations (Hauglustaine et al., 1994;

Levy et al., 1997; Myhre et al., 2013; Young et al., 2013). These simulations calculate the

concentration of O3 based on estimates of the emissions of NOx (NO + NO2), CH4, CO,

SO2, NH3, volatile organic compounds, etc. in the pre-industrial and the present-day

(Lamarque et al., 2010), together with an understanding of the chemistry, transport and

physics occurring in the atmosphere (Bey et al., 2001; Levy, 1971; Logan, 1985). An

assessment of the change in concentrations between the pre-industrial and the present-day

and a calculation of the associated radiative forcing was undertaken as part of the ACCMIP

project (Lamarque et al., 2013; Stevenson et al., 2013; Young et al., 2013; Voulgarakis et al.,

2013). It concluded that pre-industrial O3 burdens were 98 Tg lower than the present-day

and calculated a RFTO3
1 of 0.410 W m−2.

These model calculations are, however, only as good as the emissions used to drive them

and their representation of physical and chemical processes. Over the last decades, the

emphasis for tropospheric chemistry has been on improving the representation of organic

chemistry with particular emphasis on the role of biogenic compounds such as isoprene

and monoterpenes (Glasius and Goldstein, 2016). This has contrasted with the strato-

sphere where the emphasis has been on halogen (predominantly Br and Cl) chemistry

1RFTO3 = Radiative forcing of tropospheric O3. Where radiative forcing is defined as the difference in

per unit area energy input to the earth at the tropopause.
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(Morgenstern et al., 2010).

The tropospheric impact of halogens in polar regions during polar sunrise has been known

for some time (Barrie et al., 1988; Jacob et al., 1992), but their significance for the global

troposphere has only been evident in the last decade (Read et al., 2008; Saiz-Lopez and von

Glasow, 2012; Prados-Roman et al., 2015b; Wang et al., 2015). Reviews of the appropriate

processes are given elsewhere (Simpson et al., 2015), but in brief, organic halogen precur-

sor gases are emitted into the atmosphere from predominantly natural sources (CH3Br,

CHBr3, CH2Br2, CH3I, CH2I2, CH2ICl, CH2IBr) or as a result of both anthropogenic and

natural activities (CH3Cl, CHCl3, CH2Cl2, CH3Br) (Montzka et al., 2011). Heterogeneous

chemistry on sea salt can lead to the release of inorganic bromine and chlorine (McFig-

gans et al., 2000; Braban et al., 2007; Roberts et al., 2009; Bertram and Thornton, 2009),

and inorganic iodine compounds can be released from the ocean due to chemistry involv-

ing atmospheric O3 and iodide in the ocean surface (Carpenter et al., 2013; MacDonald

et al., 2014). Once emitted into the atmosphere there is rapid photochemical processing

of these compounds (Simpson et al., 2015). Catalytic cycles similar to those occurring

in the stratosphere can lead to O3 destruction (von Glasow et al., 2004; Simpson et al.,

2015), changes to HOx and NOx cycling (Chameides and Davis, 1980; Long et al., 2014)

and impacts on the distribution and deposition of mercury (Holmes et al., 2010; Parrella

et al., 2012; Schmidt et al., 2016).

This chapter investigates the impact of tropospheric halogen chemistry on the change in

O3 concentrations between the pre-industrial and the present-day using the GEOS-Chem

model of tropospheric chemistry and transport (Bey et al., 2001; Mao et al., 2013) which

has been extended to provide a description of the chemistry of chlorine, bromine and io-

dine (Chapter V/Sherwen et al. 2016b). Comparisons between the model and present-day

observations of halogen compounds have been shown previously (Eastham et al., 2014;

Schmidt et al., 2016; Sherwen et al., 2016a,b). The model provides a good simulation of

present-day bromine and iodine compounds but appears (given the limited observational

record) to underestimate tropospheric chlorine chemistry (Sherwen et al., 2016b). Simu-

lations are run with pre-industrial and present-day emissions, with halogen and without

halogen chemistry (as discussed in Sect. 5.2) and the changes in the tropospheric O3

concentrations evaualated.
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5.2 Model setup

The GEOS-Chem model configuration used here is described in Chapter IV and in recent

publications (Eastham et al., 2014; Schmidt et al., 2016; Sherwen et al., 2016a,b). The

model is run for two years (2004 and 2005), discarding the first year as a “spin-up” period

and using the second year (2005) for analysis. The simulations run with halogen chemistry

is described as “Cl+Br+I” whereas the simulation without any halogens is described as

“NOHAL”. Non-halogen emissions (NOx, SOx, VOCs, aerosols, etc.) are identical to those

described in Chapter II.

To simulate the pre-industrial troposphere, anthropogenic NOx, VOC and SO2 emissions

are removed, biomass burning emissions are reduced to 10 % of present-day values and

methane concentrations are reduced to 700 pmol mol−1 following Wang and Jacob (1998).

Organic bromine sources were keep at present-day values, except for CH3Br. The approach

previously taken (Parrella et al., 2012) is followed, by which CH3Br concentrations are

reduced to a fixed concentration of 5 pmol mol−1 to match ice core records (Saltzman

et al., 2004). Pre-industrial emissions of CH3Cl, CHCl3, and CH2Cl2 are scaled from

present-day using the estimated natural contributions to their sources (92.5 %, 75 % and

10 %, respectively; Montzka et al. 2011; Reimann et al. 2014).

The work in this Chapter, as in Chapters II-V, focuses on the tropospherere and chem-

istry in the stratosphere is not explicitly treated. Instead linearised stratospheric rates

(Murray et al., 2012b) are used, which are kept constant from present-day values, except

for anthropogenic species (CFCs, Halons etc) which were set to zero. The contributions of

Cly to tropospheric O3 loss have been previously shown to be small (Chapter V/Sherwen

et al. 2016b), but Bry has been shown to be significant (Chapter V/Schmidt et al. 2016;

Sherwen et al. 2016b). Therefore the concentration of stratospheric Bry is scaled to pre-

industrial concentration (by 0.56; Liang et al. 2010; Montzka et al. 2011), but no changes

to Cly are considered.
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5.3 Results and discussion

5.3.1 Changes from pre-industrial to present-day

Table 5.1 shows the estimated halogen emissions for the pre-industrial and the present-day.

Iodine, bromine and chlorine emissions have all increased (50 %, 25 %, 40 %, respectively,

on a per Tg of halogen basis) in this period. It is assumed that iodinated halocarbons

emissions are unchanged, due to their natural source. The increase in iodine emissions (Fig.

5.4) is due to the increases in the surface ocean inorganic (HOI, I2) iodine source driven

by anthropogenically enhanced surface O3 (37 % lower at the surface in pre-industrial

compared to the present-day, see Fig. 5.9). Bromine emissions increase mainly because

of increased anthropogenic emissions of precursor gases but also due to increased iodine

driven sea-salt cycling (HOI
sea−salt−−−−−→ 0.15IBr + 0.85ICl, Chapter IV) and an increase in the

mixing down of chlorine and bromine species that have built up in the stratosphere from

anthropogenic emissions. The largest increase in chlorine emissions is due to increases

in heterogeneous uptake of N2O5 on sea-salt to liberate ClNO2. This is a very minor

source in the pre-industrial (0.5 % of total chlorine sources) but plays a larger role in the

present-day (15 %) due to the much higher NOx abundance. Other increases in chlorine

emissions occur because of increased anthropogenic emissions of chlorinated halocarbons

and increased iodine driven sea-salt cycling.

These increased emissions lead to increased concentrations of halogens in the present-day

compared to the pre-industrial with global burdens of reactive halogens increasing by 19,

42 and 18 % for I, Br and Cl, respectively. This is shown globally within the vertical in

Fig. 5.1, and zonal and at the surface in Fig. 5.2.

The burdens of inorganic iodine and chlorine increase by less than the increase in their

emissions, whereas the burden of inorganic bromine increases by more. This reflects the

changing lifetime of these Iy, Bry and Cly in the pre-industrial and the present-day. The

increase in NOx concentrations in the present-day make the halogen sink from halogen

nitrate hydrolysis more efficient (Ammann et al., 2013; Schmidt et al., 2016). This explains

the model’s shortening of the iodine lifetime and some of the chlorine lifetime shortening.

The rest of the chlorine lifetime shortening is due to increased hydrocarbon concentrations

which more efficiently convert Cl into HCl which is then rapidly deposited. Inorganic

153
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Table 5.1 – Emission of halogen source gases for the pre-industrial (PI) and present-day (PD).

Long lived sources which have fixed concentrations in the model for Cly(CH3Cl, CH2Cl2, CHCl3)

and Bry (CHBr3) are shown in terms of chemical release (e.g. reaction with +OH, +hν, +Cl) and

are in in bold. I2 and HOI are the inorganic ocean source from O3 reacting with oceanic iodide

(Carpenter et al., 2013), IX is from the uptake of iodine gases onto sea salt to release IBr or ICl,

ClNO2 is the source from the uptake of N2O5 on sea-salt.

Iy (Tg I yr−1) Bry (Tg Br yr−1) Cly (Tg Cl yr−1)

Sources PI PD PI PD PI PD

CH3X 0.26 0.26 0.04 0.06 2.28 2.19

CH2X2 0.33 0.33 0.09 0.09 0.11 0.59

CHX3 - - 0.41 0.41 0.21 0.26

HOI 1.17 2.02 - - - -

I2 0.08 0.14 - - - -

IX - - 0.19 0.31 0.46 0.78

ClNO2 - - - - 0.02 0.66

Stratosphere 0.00 0.00 0.02 0.06 0.44 0.43

Total source 1.84 2.75 0.74 0.92 3.52 4.9

bromine increases more than would be expected due to a change in its source region. The

stratospheric flux of inorganic bromine increased by a factor of three between the pre-

industrial and the present-day. This flux enters a region of low depositional loss and so the

overall lifetime of bromine in the atmosphere effectively increases (by ∼13 %). Simulations

with a present-day stratosphere for both the present-day and the pre-industrial shows a

decrease in the inorganic bromine lifetime in the same manner as for inorganic iodine and

bromine.

The inclusion of the halogen chemistry reduces the concentration of O3 in both the present-

day and the pre-industrial (as shown in DU terms in Fig. 5.9). As shown in Chapter

IV, the O3 simulated in the present-day (Fig. 5.7) appears to be more consistent with

observations when including halogen chemistry than without (other than for the Southern

Ocean). Figure 5.8 shows a comparison between the limited number of O3 observations for

pre-industrial locations (Marenco et al., 1994; Pavelin et al., 1999; Volz and Kley, 1988)

and the model. Globally the surface O3 concentration is reduced by 9.2 nmol mol−1 or 37

% in the pre-industrial with the inclusion of halogens. This reduction is largest over the

oceans. Although the model still overestimates the observations (a common problem, see
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Figure 5.1 – Vertical distribution of inorganic tropospheric halogens. Global mean vertical dis-

tribution of iodine, bromine and chlorine inorganic gases (Xy, X=Cl, Br, I) for the pre-industrial

(left) and present-day (right) in terms of mixing ratios of halogen. Increased halogen concentra-

tions in the present-day are predominantly evident at the surface for iodine and throughout the

column for bromine and chlorine reflecting the different sources of these compounds.
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Figure 5.2 – Change from pre-industrial (PI) to present-day (PD) in tropospheric distribution of

Iy, Cly, Bry in pmol mol−1 ((PD-PI)/PI*100”). Upper plots show surface and lower plots show

zonal values.

Figure 5.3 – Annually averaged surface (top) and zonal (bottom) O3 percentage increases between

the pre-industrial (PI) and the present-day (PD), with halogen chemistry (left), without halogen

chemistry (centre) and the percentage change between these two.
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Figure 5.4 – Inorganic emission flux (HOI, I2) in the pre-industrial (PI) (A) and % change from

pre-industrial ((PD-PI)/PI*100) (B).

Figure 5.5 – O3 surface concentration in present-day (PD) (A) and % change in O3 from pre-

industrial (PD-PI)/PI*100).

Figure 5.6 – Change in surface Iy concentration from the pre-industrial (PI) to present-day (PD).

Shown in actual terms (pmol mol−1, left) and percent change (((PD-PI)/PI*100), right).
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Mickley et al. 2001b; Young et al. 2013) the simulation is improved with the inclusion of

halogens. However, it is important to reiterate confidence in these observation datasets is

low. Globally, halogens reduce the O3 burden by 61 Tg in the present-day and 43 Tg in

the pre-industrial (Table 5.2).

Figure 5.7 – Seasonal cycle of present-day (PD) near-surface O3 at a range of Global Atmospheric

Watch (GAW) sites. Observational data shown are 6 year monthly averages (2006-2012). Model

data is for 2005. Data is from GAW compiled and processed as described in (Sofen et al., 2016).

Blue and red lines represent simulations without halogens (“NOHAL”) with halogens (“Cl+Br+I”),

respectively. This figure is reproduced from Chapter IV (Fig. 4.13) for readability.

The O3 budgets for the four simulations are shown in Table 5.2. In both the present-day

and the pre-industrial the halogens are responsible for around 20 % of the O3 destruction,

with iodine dominating in both time periods (66 %: 32 %: 3 % I:Br:Cl for the present-day

and 69 %: 28 %: 2 % I:Br:Cl for the pre-industrial). Although chlorine concentrations

have increased almost as much as iodine between the pre-industrial and the present, it

plays little role in determining O3 loss (Schmidt et al., 2016; Sherwen et al., 2016a,b) and

may slightly increase O3 pollution (Sarwar et al., 2014). Tropospheric O3 lifetimes drop

from 26 days to 22 days in the present-day with the inclusion of halogens and from 28

days to 25 days in the pre-industrial.

Tropospheric chemistry is a highly coupled system with significant interplays between the
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5.3 Results and discussion

Figure 5.8 – Comparison between observed and modelled pre-industrial (PI) O3. Observations

are shown in black, pre-industrial model simulation with halogens in red and without halogens in

blue. The O3 data is reproduced (Mickley et al., 2001b) from previously reported observations:

Mont Ventoux, Hong Kong, Tokyo, Adelaide, Coimbra, Hobart, Luanda, Mauritius, Vienna, and

Montevideo (Marenco et al., 1994); Pic du Midi (Pavelin et al., 1999); Montsouris (Volz and Kley,

1988). 1st and 3rd quartiles are given for model data by shaded regions.
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NOx and HOx systems (Monks et al., 2015). Changes in the individual production and

loss terms are relatively small but halogens reduce net O3 production by 159 Tg yr−1 in

the present-day yet only 119 Tg yr−1 in the pre-industrial. In the pre-industrial simulation

with halogens, the troposphere is close to being a net chemical sink for O3. Thus the impact

of halogens chemistry on the overall O3 burden of the atmosphere is more important for

the present-day that it was in the pre-industrial. This is predominantly due to the higher

O3 concentrations in the present-day leading to higher oceanic iodine emissions.

Figure 5.9 shows the change in column O3 (in Dobson units, DU) between the pre-

industrial and the present-day with and without halogens. Consistent with previous work,

the largest changes (increases) in column O3 occur in the northern mid-latitudes notably

over eastern North America and Asia (Lamarque et al., 2005). Halogens reduce the col-

umn change by an average of 1.6 DU or ∼15 %. The largest halogen-driven reductions (up

to 3 DU) are seen over the Northern Pacific and Atlantic oceans. This is where surface O3

concentration increase the most over the oceans leading to increases in oceanic inorganic

iodine emissions which in turn leads to more active O3 destruction by iodine chemistry.

Figure 5.9 – Increases in tropospheric O3 column between the pre-industrial and present-day with

and without halogens. Left and centre panels show the difference in annually averaged column O3

(DU) between pre-industrial and the present-day with (left=“Cl+Br+I”) and without halogens

(centre=‘NOHAL”). Right panel shows the difference between the fields.

5.3.2 Implications

The radiative forcing caused by these changes is evaluated here assuming a linear conver-

sion of radiative forcing associated from O3 column change (0.042 Wm−2 DU−1, Myhre

et al. 2013). The globally averaged radiative forcing for the simulations without halo-

gens is 0.432 Wm−2, close to the 0.410 Wm−2 found from the ACCMIP inter-comparison
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(Stevenson et al., 2013). The simulation with halogens however shows a lower radiative

forcing of 0.366 Wm−2. Thus, the increases in halogen chemistry associated with human

activity is acting to dampen the anthropogenic radiative forcing of O3. Given that none

of the models which participated in the last IPCC assessment incorporated the chemistry

of tropospheric halogens, it would appear that there may be an over-estimate of tropo-

spheric O3 radiative forcing of the order of ∼20 % by the IPCC models. The 0.066 Wm−2

halogen-induced reduction in tropospheric O3 radiative forcing is slightly larger than the

0.05 Wm−2 radiative forcing from reduced stratospheric O3 due to halogen chemistry from

mainly anthropogenic sources (e.g. CFCs, halons; Myhre et al. 2013).

Some of this dampening of the increase in tropospheric O3 due to halogens is associated

with the co-emission of industrial pollutants. Human activities release a range of pollu-

tants some of which can produce O3 (NOx, VOCs, CO, CH4) whereas others destroy O3

(halogenated compounds). Estimates for O3 radiative forcing which only consider anthro-

pogenic O3 production gases without considering the co-emitted O3 destroying gases is

likely to overestimate the radiative forcing. A different mechanism for this dampening is

the role of the O3 driven ocean release of iodine. As human generated O3 has increased so

has the release of iodine from the ocean which has acted as a negative feedback (Prados-

Roman et al., 2015a). This means that there are three mechanisms for halogens to alter

tropospheric O3 forcing: stratospheric changes in flux, halogen precusor increases in the

troposphere, and the iodine flux from the ocean.

A range of sensitivity studies were run to assess the magnitudes of the different mechanisms

in play. By removing the O3-iodine feedback via setting HOI and I2 fluxes to zero (so

only a change in the stratospheric flux and the tropospheric halocarbons) a radiative

forcing of 0.411 Wm−2 is calculated. Removing the O3-iodine feedback and the change

in the stratospheric flux between pre-industrial and the present-day, leads to a radiative

forcing of 0.391 Wm−2. Thus it is possible to attribute ∼40 % of the halogen-driven

reduction in O3 radiative forcing to the ocean-atmosphere O3-iodine feedback, ∼30 % to

the increase in the flux of inorganic halogens from the stratosphere and ∼30 % to the

co-emission of halogenated compounds by humans. It is difficult to unambiguously make

these attributions as the sources are coupled. Notably the uptake of iodine compounds

onto sea-salt causes Br and Cl to be released.
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5.4 Conclusions

As discussed in Chapters I, III and IV, there are significant uncertainties in the chemistry

of tropospheric halogens. Although the basic gas-phase chemistry is well known there

are uncertainties as to the fate of iodine higher oxides and the photolysis of some species

(Saiz-Lopez et al., 2012b). The largest uncertainties though likely lie in our understanding

of the heterogeneous processing of halogens (Abbatt et al., 2012; Saiz-Lopez et al., 2012b;

Sherwen et al., 2016a; Simpson et al., 2015) which affords a coupling between iodine,

bromine, chlorine and between the different emission types and sea salt. Relatively small

changes to parameters here can make substantial changes to the O3 radiative forcing. For

example, the partitioning between ICl and IBr emissions, which occur after uptake of

condensable iodine compounds to sea-salt aerosol (e.g. HOI
sea−salt−−−−−→ αICl + βIBr), is not

well known. Changing the ICl to IBr ratio from 0.85:0.15 (as used here and previously

Chaper V/Sherwen et al. 2016b) to 0.75:0.25 changes the halogen induced reduction in

O3 radiative forcing from the 18 % found here to 20 %. Further increasing this to the IBr

yield (0.5:0.5), as used in other studies (McFiggans et al., 2000; Saiz-Lopez et al., 2014),

increases the reduction in the O3 radiative forcing yet more (23 %).

Uncertainties in the role of halogens in determining tropospheric O3 radiative forcing

may be reduced by more observations of halogen compounds in the present-day (in the

atmosphere and oceans) and by reducing uncertainties in the kinetics of the gas and aerosol

phase chemistry. However, it would appear that model estimates of O3 radiative forcing

that do not consider tropospheric halogen chemistry are likely ∼20% too large.
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Table 5.2 – Global tropospheric Ox budgets of pre-industrial and present-day with and without

halogens. Comparative values from the ACCENT multi-model comparison (Young et al., 2013)

are also shown for the present-day. For the X
′
O+X

′′
O halogen crossover reactions where X

′ 6=

X
′′

the Ox loss is split equally between the two routes. Values are rounded to the nearest integer

value.

Pre-industrial Pre-industrial present-day present-day

With halogens Without With halogens Without

O3 burden (Tg) 260 303 355 416

Ox chemical sources (Tg yr−1)

NO + HO2 2,256 2,357 3,526 3,607

NO + CH3O2 662 668 1,327 1,316

NO + RO2 423 375 524 508

Total chemical Ox sources (POx) 3,341 3,401 5,376 5,431

Ox chemical sinks (Tg yr−1)

O3 + H2O
hν−→ 2OH + O2 1,421 1,711 2,102 2,489

O3 + HO2 → OH + O2 641 822 1,136 1,432

O3 + OH → HO2 + O2 497 601 611 737

HOBr
hν−→Br + OH 139 - 214 -

HOBr + HCl → BrCl 13 - 28 -

HOBr + HBr → Br2 + H2O (aq. aerosol) 7 - 13 -

BrO + BrO → 2Br + O2 4 - 8 -

BrO + BrO → Br2 + O2 1 - 3 -

BrO + OH → Br + HO2 8 - 9 -

IO + BrO → Br + I + O2 7 - 9 -

ClO + BrO → Br + ClOO/OClO 1 - 2 -

Other bromine Ox sinks 0 - 0 -

Total bromine Ox sinks 180 - 284 -

HOI
hν−→I + OH 336 - 457 -

OIO
hν−→I + O2 99 - 125 -

IO + BrO → Br + I + O2 7 - 9 -

IO + ClO → I + Cl + O2/ ICl + O2 0 - 0 -

Other iodine Ox sinks 1 - 2 -

Total iodine Ox sinks 443 - 593 -

HOCl
hν−→Cl + OH 10 - 15 -

CH3O2 + ClO → ClOO 3 - 4 -

ClO + BrO → Br + ClOO/OClO 1 - 2 -

ClNO3 + HBr → BrCl 0 - 1 -

IO + ClO → I + Cl + O2/ ICl + O2 0 - 0 -

Other chlorine Ox sinks 1 - 1 -

Total chlorine Ox sinks 15 - 23 -

Other Ox sinks 101 151 184 172

Total chem. Ox sinks (LOx) 3299 3240 4933 4829

O3 POx-LOx (Tg yr−1) 42 161 443 602

O3 Dry deposition (Tg yr−1) 545 659 832 980

O3 Lifetime (days) 25 28 22 26

O3 STE (POx-LOx-Dry dep.) (Tg yr−1) 503 498 389 378
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Chapter 6

Global modelling of tropospheric

iodine aerosol

The content of this chapter is in review as “Global modelling of tropospheric iodine

aerosol”’ T. Sherwen, M. J. Evans, D. V. Spracklen, L. J. Carpenter, R. Chance, A.

R. Baker, J. A. Schmidt, and T. J. Breider, Geophys. Res. Letts., in review. 2016.
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6.1 Introduction

Atmospheric aerosols are important for climate as they scatter solar radiation and change

cloud properties, with secondary aerosols playing a significant role (Stocker et al., 2000).

Anthropogenic activities have changed their global distribution and abundance, but to

understand the impact of these aerosols both natural and anthropogenic sources need to

be well understood (Carslaw et al., 2013). The oceans cover most of the planet and for

the last four decades the most important oceanic secondary source of aerosols has been

thought to be the emission of dimethyl sulfide (DMS) and its oxidation to H2SO4 (Lovelock

et al., 1972; Fitzgerald, 1991). Recent evidence for significant emissions of iodine from the

ocean (Carpenter et al., 2013; MacDonald et al., 2014), coupled to previous coastal studies

of iodine aerosol production (O’Dowd et al., 2002), suggests the potential for an additional

ocean aerosol source from iodine.

The presence of iodine in both the gas and aerosol phase in the marine boundary layer

(MBL) has been established over the last few decades (Saiz-Lopez et al., 2012b). Oceanic

emissions of methyl iodide was considered the dominant source for many years, but stud-

ies have shown that emission of other iodinated hydrocarbons from the open and coastal

ocean play an important role (Jones et al., 2010; Saiz-Lopez et al., 2012b). More recently,

inorganic iodine compounds (I2, HOI) produced in the ocean surface layer from the reac-

tion of O3 with iodide are thought to be the dominant global source of iodine (Carpenter

et al., 2013). Observations, box modelling and global model studies (Saiz-Lopez and von

Glasow, 2012; Saiz-Lopez et al., 2014) in coastal and remote sites together with Chapters

II-IV have shown the ability of iodine to impact the concentration of O3 and oxidants.

Similar studies in coastal and polar sites have shown that gas phase iodine compounds can

form low volatile gas phase products which can both condense onto pre-existing aerosol

and nucleate to form new particles (O’Dowd et al., 2002; Allan et al., 2015; Roscoe et al.,

2015; Sellegri et al., 2016). Open-ocean observations are sparse but suggest iodine aerosol

concentrations in the range of 0.1-17 ng (I) m−3 (Baker, 2004, 2005; Gilfedder et al., 2010;

Lai et al., 2008; Rancher and Kritz, 1980). Aerosol iodine is composed of both inorganic

and organic forms (Baker, 2004) with a complex aerosol phase chemistry (Pechtl et al.,

2007). It is believed that iodine higher oxides (IxOy) formed through the self-reaction

of iodine oxides (IO and OIO), and hydroiodic acid (HI) are the gas phase condensables
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predominantly responsible for production of the iodine aerosol (Saiz-Lopez et al., 2012b).

Recent advances in the representation of iodine in global chemical transport models (Saiz-

Lopez et al., 2012a, 2014) and this thesis allows us, for the first time, to simulate the

global distribution of iodine aerosol. A simulation is described here of tropospheric iodine

aerosol within the GEOS-Chem chemical transport model, the calculated iodine masses

are compared against observations and then the impact of this source of secondary aerosol

is evaluated for the present-day and pre-industrial.

6.2 Model setup

This chapter uses GEOS-Chem (www.geos-chem.org) version v10 at 4ox5o resolution with

a coupled halogen chemistry scheme as described in Chapter IV/Sherwen et al. (2016b).

For the work in this chapter we run a simulation in the present-day, and also in the

preindustrial as described below and in Chapter V. For the present-day the model is run

for two years (2004 and 2005) ignoring the first year as “spin-up” and using the final year

for analysis.

As described in Chapter IV, the simulated global iodine emission in the present-day is

calculated to be 2.75 Tg (I) yr−1 (2.2 Tg (I) yr−1 from inorganic species (I2, HOI) and

0.6 Tg (I) yr−1 from organic species) consistent with previous studies (Saiz-Lopez et al.,

2014). Although iodine emissions are, on a per area basis, highest in coastal waters, the

tropical open-ocean is so large it dominates the total global emission (Fig. 6.1). These

emissions rapidly photolyse, leading to a complex gas phase chemistry (Saiz-Lopez et al.,

2012b) and ultimately the production of iodine aerosol.

The three iodine aerosol tracers are considered based on the uptake of gas phase iodine

species onto coarse and accumulation mode sea-salt aerosol and onto sulfate aerosol. The

uptake of iodine species (HI, HOI, INO2, INO3, I2O2, I2O3, I2O4) to these aerosols can

lead to the iodine being permanently deposited onto that aerosol depending upon species,

the aerosol type and its pH (see Appendix Table A.5 and Sect. A.0.1 for details). The

physical properties of the iodine aerosol tracers are assumed to be the same as its parent

aerosol as previously described (Alexander et al., 2012; Jaeglé et al., 2011). The nucleation

of new iodine aerosol particles is not considered. Significant uncertainty exists as to the
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molecular state of the iodine in aerosol, with iodide, iodate and organic aerosol all being

present (Baker, 2004, 2005). For simplicity, and for comparison with observational data,

the modelled iodine aerosol is considered to be iodide (I−) and all comparisons are therefore

in ng (I) m−3.

Oceanic secondary aerosol processes in the model are described in Park et al. (2004)

and Alexander (2005). In the GEOS-Chem version used here (v10), DMS emissions are

calculated from an ocean water climatology (Kettle et al., 1999) and a transfer velocity

(Liss and Merlivat, 1986). This amounts to 16.6 Tg (S) yr−1 (21 % of the global sulfur

emission of 78.8 Tg (S) yr−1 in the model). This is around six times the oceanic iodine

emission of 2.75 Tg (I) yr−1. Iodine and DMS emissions are essentially uncorrelated due

to their differing sources (see Fig. 6.1). DMS contribution to total aerosol sulfate is

estimated through a perturbation experiment. Assuming a linear model response, this

allows determination the fraction of the sulfate that is due to DMS within the simulation.

Globally, a 10 % increase in DMS emissions leads to a 2.17 % increase in sulfate deposition.

From scaling the attributable deposition it is possible to conclude that 22 % of the global

burden of sulfate comes from DMS, consistent with previous work (Rap et al., 2013) and

a DMS to sulfate conversion efficiency of 19.5 %.

Figure 6.1 – Annual mean surface fluxes for iodine precursors and DMS in kg m−2 s−1.

To probe the possible changes of iodine aerosol between pre-industrial and the present-

day, the model was also run with pre-industrial emissions as described in Parrella et al.

(2012) and in Chapter V. Anthropogenic emissions of O3 precursors are switched off and

natural emissions maintained at their present-day values. Biomass burning emissions are

scaled to 10 % of the present-day (Wang and Jacob, 1998). Natural sources of sulfur

from DMS and volcanos are unchanged but anthropogenic sourced sulfur emissions are

switched off. Emissions of iodinated hydrocarbons are unchanged (they are presumed
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entirely natural). Ocean iodide concentrations are unchanged but the O3 dependence of

the emissions parameterisation allows inorganic iodine emissions to change.

6.3 Results

6.3.1 Present-day iodine aerosol

The model’s ability to simulate surface and vertical iodine oxide (IO) concentrations has

previously been assessed against observations in Chapter IV. The self reactions of IO and

OIO lead to the production of higher iodine oxides (O’Dowd et al., 2002; Saiz-Lopez et al.,

2012b), which together with uptake of HI (see Section 6.2) and other iodine compounds

cause increases in iodine aerosol mass. The surface concentrations of key gas phase iodine

species are shown in Figure 6.2, which highlights the tropical nature of the emissions and

the strong link of the inorganic iodine source to pollution. Iodine aerosol surface mass

concentrations are calculated in the range 0.01 to 90 ng (I) m−3 in the monthly means

with annual means of 0.01-31 ng (I) m−3 (Fig. 6.6, with monthly values given in 6.3).

Figure 6.2 – Simulated annual averaged surface concentrations of iodine aerosol precursor species

(pmol (I) mol−1). (a) higher iodine oxides (I2OX), (b) INO2 and INO3 (c) HI (d) HOI

Iodine aerosol is primarily located in the tropics (See monthly spatial plots in Fig. 6.3),

where the emission sources are largest (Fig. 6.1), with tropical marine boundary layer

concentrations of at least 2.6 ng (I) m−3 in the annual mean. Highest concentrations
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Figure 6.3 – Monthly modelled iodine surface aerosol field in ng (I) m−3

are found within the Arabian Sea, the Bay of Bengal and off the Atlantic coast of central

Africa. Concentrations fall off rapidly with altitude (Fig. 6.9). In the northern hemisphere

marine boundary layer, the iodine aerosol mass is mostly found on sulfate aerosol (71 %).

However, in the southern hemisphere marine boundary layer, where sulfate concentrations

are lower, less of the iodine aerosol is found on sulfate (59 %). This is shown spatially

in Figures 6.9 and 6.5. The modelled global annual mean iodine aerosol burden is 2.5

Gg (I), with 2.0 Gg (I) in the marine boundary layer, and a globally averaged conversion

efficiency of iodine emission into aerosol of 15.3 %.

6.3.2 Observational comparisons

Iodine aerosol observations are sparse, however comparisons to the available observations of

open-ocean iodine aerosol are shown in Fig. 6.6 and Table 6.1. The model calculated iodine

aerosol mass concentrations are extracted from the model for the month and region of the

observation (Fig. 6.6(top)). Due to the scarcity of marine aerosol iodine observations,

total soluble iodine data from cruise “M55” (Baker, 2004) is included alongside other
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Figure 6.4 – Global annual zonal distribution of iodine aerosol species in ng (I) m−3 (left) and

their % contribution to total iodine aerosol (right). Iodine aerosol tracers are defined based on

the parent species on which uptake occurs. Iodine on coarse mode sea-salt aerosol, accumulation

mode sea-salt aerosol, and on sulfate aerosol are referred to as: “I on SS coar.”, “I on SS accm.”

and “I on SO4”, respectively.
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Figure 6.5 – Global annual surface distribution of iodine aerosol species in ng (I) m−3 (left) and

their % contribution to total iodine aerosol. Iodine on coarse mode sea-salt aerosol, accumulation

mode sea-salt aerosol, and on sulfate aerosol are referred to as: “I on SS coar.”, “I on SS accm.”

and “I on SO4”, respectively.
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total iodine concentrations in the comparison.

In addition to published datasets, three new datasets (“D325”, “D357” and “D361”

cruises) are used in this Chapter (see Table 6.1). These were collected from previously

reported campaigns using established techniques, but have not been explicitly described

in the literature.

Details of the aerosol sampling during cruise D325 (“INSPIRE”) are given in Powell et al.

(2015) and Gilfedder et al. (2010). Total iodine was determined in these samples using

Thermal Extraction and Spectrophotometric Detection (TESI; Gilfedder et al. 2010), and

a subset of the data reported here is included in that publication.

For cruise “D357” (Geotraces GA10) the aerosol sampling is described in Chance et al.

(2015), and for cruise “D361” (Geotraces GA06) in Powell et al. (2015). The total iodine

values reported (see Table 6.1) were determined using instrumental neutron activation

analysis (INAA) conducted at the SLOWPOKE nuclear reactor, École Polytechnique,

Montreal, Canada.

Although there is a degree of scatter, the model appears broadly consistent with the ob-

servations with some indication of a model over-estimate. The observations are not in the

regions where the model predicts its highest concentrations (“Arabian Sea”) and further

observations in these regions would be very useful. It is therefore possible to conclude that

given the current observational dataset, and the significant uncertainties in the modelled

chemistry and aerosol processes (Chapter III/Sherwen et al. 2016a; Sommariva et al. 2012)

the model provides a useful simulation of iodine aerosol.

6.3.3 Comparisons with other secondary aerosol sources

In order to place the calculated iodine aerosol mass into a wider context it is compared

here to the calculated sulfate aerosol. For consistency the sulfate aerosol is considered in

the same elemental terms as was used for iodine aerosol (ng (S) m−3). Figure 6.7 shows

the annual mean surface concentrations of the sulfate (total and from DMS) and their

mass (I/S) ratio compared to the iodine aerosol. A zonal comparison is shown in Fig.

6.8. Highest total sulfate aerosol is found over SE Asia, Europe and North America where

the anthropogenic source is highest. These concentrations rapidly decay away from the
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Figure 6.6 – Simulated and observed surface iodine aerosol. Background of the upper plot is

the modelled annual mean surface aerosol mass concentrations (ng (I) m−3). Observations (small

coloured squares) indicate the average value reported by individual studies (Baker, 2004, 2005;

Gilfedder et al., 2010; Lai et al., 2008; Rancher and Kritz, 1980) and datasets “D325”, “D357”,

and “D361” are described in the supplementary material. The small coloured square is located at

the centre of the domain (large coloured region). Lower plot shows the observed mean values with

the error bar representing the reported maximum and minimum. Each modelled point represents

the mean value in the region shown in the top plot with the error bar representing the 5th and 95th

percentile of the distribution in that region. The colors of the points are the same as the areas on

the map. The continuous black line is the 1:1 line, and the dashed line is the orthogonal linear

regression best fit.
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Table 6.1 – Comparison between measured and modelled iodine aerosol mass concentrations for

open-ocean observations. Observed values are taken from observations presented in paper. Model is

sampled over the domains shown in main text Figure 6.6(top) for the month(s) of the observations.

Cruise Location Observed aerosol iodine Modelled aerosol iodine

min-mean-max 5th %-mean-95th %

ng (I) m−3 ng (I) m−3

M55 (*) North Atlantic 1.1-3.9-11.6 1.2-3.2-6.9

AMT13(*) Atlantic 1.9-3.1-8.0 0.6-3.6-9.8

CA-A (+) Western Pacific 1.3-3.0-5.1 0.7-5.3-18.9

R1980 (+) Equatorial Atlantic 2.0-5.9-17.0 4.5-10.4-17.6

D361 (+) Tropical Atlantic 0.9-7.4-17.1 2.0-10.1-32.8

D357 (+) South-East Atlantic 0.7-1.0-1.6 1.9-2.7-3.7

D325 (+) Tropical East Atlantic 2.0-6.1-12.3 3.4-5.2-7.3

sources. Over the ocean, total sulfate concentrations become much smaller (29-452 ng

(S) m−3 5th to 95th percentiles of annual mean). Highest DMS sulfate (up to 204 ng (S)

m−3) occurs where the DMS emissions are highest over the northern extra-tropical oceans

(Fig. 6.1), but generally concentrations are in the range 14-78 ng (S) m−3 (5th to 95th

percentiles of annual mean).

Figure 6.7 – Annual average present-day modelled surface mass concentrations of total (upper

left) and DMS (lower left) sourced SO4
2− aerosol in ng S m−3 (left). Iodine mass fraction (ng (I)

m−3) as % of sulfate species is shown on the (right).

Compared to the total sulfate on an annual basis, iodine aerosol mass is small. Within the
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marine boundary layer, the annually averaged iodine aerosol burden is 2.0 Gg (I) which can

be compared to 270 Gg (S) for sulfate. Regionally this ratio typically lies between 0.3-5.6

% (5th to 95th percentiles) with a maximum of 11 % (Figure 6.7 and zonally in Fig. 6.8).

Regions of the tropical marine boundary layer far from local anthropogenic or volcanic

influences and with relatively low DMS emission ratio show the highest significance. This

fraction can become as high as 35 % on a monthly basis in these regions. Outside the

marine boundary layer (Fig. 6.8) iodine aerosol contributes negligible mass.

Sulfate from DMS is the primary oceanic secondary aerosol source. Compared to the DMS

sulfate source, iodine plays a more significant role than it does to the total sulfate aerosol

(Figure 6.7 and zonally in Fig. 6.8). Again the iodine aerosol burden of 2.0 Gg (I) in the

marine boundary layer can be compared to the 67 Gg (S) due to DMS emissions. Annually

this ratio lies in the range of 0.75 to 15 % (5th to 95th percentiles) over the tropical oceans

with a maximum of 101 %. On a monthly basis this can increase to in excess of a factor

of 4. The iodine to DMS sourced sulfate mass fraction is highest in regions of the tropical

marine boundary layer where the iodine emissions are high and DMS emissions low (Indian

ocean and the Pacific coast of Mexico). From an ocean-atmosphere perspective iodine thus

appears to play a regionally important role in determining the secondary aerosol load of

the marine boundary layer.

6.3.4 Pre-industrial concentrations

Understanding the aerosol distribution before human perturbation helps define the direct

and indirect effects of aerosol. The simulation of the pre-industrial is described in Section

6.2. Lower O3 concentrations are found (globally averaged 28 % and 38 % in the marine

boundary layer) in the pre-industrial, consistent with previous studies (Lamarque et al.,

2010; Parrella et al., 2012). This lower O3 leads to a reduction in the inorganic ocean iodine

source of 42 % to 1.25 Tg (I) yr−1. This is higher than the reduction in marine boundary

layer O3 as the largest reduction in O3 occurs in the tropics where most of the inorganic

iodine emissions occur. Total iodine emissions thus reduces 33 % to 1.84 Tg (I) yr−1. The

iodine processing in the atmosphere changes significantly in the pre-industrial, with the

lower NOx concentrations lengthening the Iy lifetime due to reduced IONO2 hydrolysis.

Thus, the iodine aerosol burdens only reduces by 23 % from the present-day. Figure 6.9

shows the pre-industrial iodine mass concentrations as a fraction of the pre-industrial total

176



6.4 Implications and conclusions

Figure 6.8 – Annual average present-day modelled zonal mass concentrations of total (top) and

DMS (bottom) sourced SO4 aerosol, and iodine mass fraction (ng (I) m−3) as % of aerosol species

(right). Species shown are total sulfate aerosol (top) and DMS sourced sulfate aerosol (bottom).

Fractional amount of iodine aerosol is shown as % and is calculated as ([iodine aerosol]/[X]*100)

sulfate mass concentration. The reduction in the anthropogenic sulfur emissions, leads to

iodine aerosol being a larger fraction of the total sulfate in the pre-industrial. The global

iodine burden of 1.6 Gg (I) in the marine boundary layer compares to a total sulfate

burden of 181 Gg (S). Spatially, iodine aerosol within the atmosphere above the tropical

ocean surface can be up to 21 % (0.2-6.8 %, 5th to 95th percentiles) of the total sulfate

mass on an annual basis, with some locations showing iodine aerosol mass being ∼50 %

of the sulfate mass in some months. Thus iodine aerosol may have played an important

regional role in determining the pre-industrial marine boundary layer aerosol load.

6.4 Implications and conclusions

The size distribution, optical and cloud condensation properties of iodine aerosol are un-

known or uncertain, which makes investigating the aerosol radiative impacts difficult.

However studies of aerosol optical depth (AOD) have identified model underestimates

compared to satellite observations in marine locations such as the Indian Ocean, Oceania
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Figure 6.9 – Annual average pre-industrial modelled surface mass concentrations of total sulfate

(ng S m−3, left) and the mass of iodine aerosol (ng (I) m−3) as a fraction of this (right).

and the Gulf of Guinea where the highest iodine aerosol mass concentrations are predicted

(Lapina et al., 2011). An additional source of aerosol in those regions may help to reconcile

observations with models. There is also strong evidence to support the nucleation of new

particles from iodine (O’Dowd et al., 2002; Allan et al., 2015; Roscoe et al., 2015; Sellegri

et al., 2016). For regions where nucleation due to sulfur compounds is slow, iodine may

be an important source of new particles.

There are still significant uncertainties in the magnitude and impacts of the ocean-atmosphere

cycling of iodine. However, it would appear from these calculations that iodine aerosol

may play an important regional role in determining the aerosol load of the remote tropical

ocean both in the present and in the pre-industrial. Further observations in these regions

would help us to constrain the magnitude of this role.
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7.1 Summary of results

This thesis has implemented and assessed a new simulation of tropospheric halogen chem-

istry within the GEOS-Chem framework. It has investigated the impact of halogens on

key components of the gas-phase atmospheric system, on O3 radiative forcing and on a

new source of aerosol. Chapters II-IV presented simulations of the present day gas-phase

atmosphere, with Chapters II and III focusing on iodine chemistry and Chapter IV focus-

ing on the wider halogen (Cl, Br, I) system. Chapter V describes the impact of halogens

on O3 radiative forcing and Chapter VI describes simulations of iodine aerosol. The iodine

part of “coupled” halogen simulation (“Cl+Br+I”) is schematically summarised in Figure

7.1.

Throughout these chapters there has been an emphasis of comparing model predictions to

the available observational dataset. The obvious assessment is against the concentration

of reactive halogen species in the atmosphere. However, these observations are sparse.

The model appears though to do a reasonable job as is discussed in Chapter IV. The

comparison with the available iodine aerosol species (Chapter VI, Fig. 6.6) is surprisingly

good but further detailed evaluations of pre-existing datasets are required here together

with the collection of new datasets.

Larger observational datasets are available for species such as O3. Arguably the O3 simu-

lation is not degraded in GEOS-Chem v9-2 on inclusion of halogens (“Br+I”), and GEOS-

Chem v10 is improved on inclusion of halogens (“Cl+Br+I”). The daily loss cycle in the

remote marine atmosphere is clearly improved on inclusion of halogens (Chapter III, Fig.

3.18). It can be argued that the new implementation of halogens (“Cl+Br+I”) in GEOS-

Chem therefore as whole improves the simulation of O3 and reproduction of observed

processing.

Chapter V shows the impact of halogens on the change in the composition of the at-

mosphere between the pre-industrial and the present day. There are various factors at

play here, ranging from the increase in ocean inorganic iodine emissions due to increase

present day O3 concentrations, through to the increased flux of inorganic halogens from

the stratosphere in the present day, and the increased concentration of halocarbons in the

present day. All of which increase the halogen chemistry in the present day over that
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Figure 7.1 – Schematic representation of implemented iodine chemistry in the simulation pre-

sented in chapter IV (“Cl+Br+I”). Average global annual mean burdens (Gg I) are shown below

key Iy species, with fluxes (Tg (I) yr−1) shown on arrows. Red lines=photolysis, blue=chemical

pathways, green lines=emission source, orange lines = heterogeneous pathway, and purple

lines=depositional pathway. This equates to a total iodine source and sink of 2.8 Tg (I) yr−1.

Oceanic O3 deposition in Tg is also shown to illustrate the driving force behind the inorganic

emissions.
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in the preindustrial. This leads to an enhanced halogen driven O3 loss chemistry in the

present day over that in the pre-industrial which in turn reduces the O3 radiative forcing

by ∼20 %.

Chapter VI describes the production of aerosol from iodine chemistry. The simulation

compares well with the limited observational dataset. To gain a window into the signif-

icance of iodine aerosol, comparisons are made against other secondary aerosol present

in the marine boundary layer. Compared to sulfate the modelled masses are small, but

iodine aerosol is more significant compared to DMS sourced sulfate (3 % of the MBL

burden, up to 101 % regionally). Due to changes in composition in the preindustrial

(e.g. anthropogenic sulfur aerosol) and the reduced iodine flux (explored in Chapter V),

iodine aerosol’s loading and relative contribution to aerosol mass also changes. In the

pre-industrial, iodine aerosol makes up 0.88 % of the MBL burden sulfate mass and re-

gionally up to 21 %. It is therefore shown that iodine aerosol may be an important regional

mechanism for ocean-atmosphere interaction.

Overall this thesis shows that the prevailing wisdom that tropospheric halogen chemistry

is at best of regionally importance is false. Tropospheric halogen chemistry has a profound

impact on the composition of the troposphere and needs to be considered in future work.

7.2 Outlook to future work on halogen modelling

Here I describe a few potentially key topics that should be investigated further to better

constrain our understanding of halogen chemistry.

7.2.1 Ocean-atmosphere parameterisation

The current parameterisations for inorganic iodine emissions from the ocean and O3 de-

position to the ocean are unconnected. Much of the O3 deposition to the ocean is due to

its reaction with iodine in surface water, with iodine’s enhancement of physical deposition

estimated to be up to ∼100 % (Chang et al., 2004), and with much of the remainder

due to its reaction with dissolved organic material and other ions (e.g. Bromide). Better

coupling of O3 deposition and the iodine emissions would be beneficial. Our work here
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estimates that atmospheric iodine leads to ∼600 Tg yr−1 loss of O3 in the troposphere.

Roughly 80 % of this number coming from the oceanic emission of inorganic iodine. Here

a surface deposition of 832 Tg yr−1 is simulated. Oceans contribute around 30 % of the

total deposition (Hardacre et al., 2015) and if we assume ∼50 % of this loss comes from

iodine, then iodine could represents a significant proportion of the total loss of O3 in

the oceans. Thus overall it can be estimated that ∼700 Tg yr−1 of O3 loss is linked to

the concentration of iodide in the ocean. This assessment is obviously rough. A better

representation of O3 sinks and subsequent chemistry in the ocean would obviously help

to better define this number. However, it is a significant number and represents a key

ocean-atmosphere interaction which up to this point has been studied very little.

Central to this process though is our understanding of the concentration of surface iodide

in the ocean. Two parameterisations exist for this, Chance et al. (2014) and MacDonald

et al. (2014). The former was used in chapter II and III, and the later has been used

elsewhere in the literature, Saiz-Lopez et al. (2014) and in Chapter IV, V and VI as it

gives a better comparison with gas-phase iodine observations. However, MacDonald et al.

(2014) only uses a subset (Atlantic) of the data from Chance et al. (2014) so it is not

possible to say whether its ability to reproduce the limited number of gas-phase iodine

oxide observations is due to a better estimate of the flux or due to an error elsewhere in the

iodine parameterisation. There is therefore a need to re-visit the parameterisation and

consider new methodologies for processing the available datasets of iodide observations

into a global dataset.

7.2.2 Impacts on air-quality

Halogens are likely to have an impact on air-quality. Previous studies have shown that the

production of ClNO2 from the uptake of N2O5 onto sea-salt can enhance O3 production

(Faxon et al., 2015; Simon et al., 2009; Sarwar et al., 2014). This impact can be seen

where very high concentrations of Cly are simulated over Europe, and off the coasts of

Asia and North America (in Chapter IV Figure 4.3). The production of ClNO2 and its

photolysis leads to the production of Cl radicals which oxidize VOCs and so enhance the

production of the RO2 radicals necessary for O3 production. Halogens likely have other

impacts. Overall NOx concentrations are reduced by halogens (see Chapter IV Figures

4.18 and 4.19) which will tend to reduce O3 concentrations. Impacts on aerosols are minor
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in polluted regions. However there is a large impact on background O3. This is the O3

entering a region such as Europe or North America and this represents the inflow of O3

before regional emissions controls take effect. These background O3 values are used in

considering what concentration of O3 should be considered an air-quality violation. This

is significantly reduced by the presence of halogens (around 8ppb for both Mace Head in

the Republic of Ireland, and, Trinidad head in California). Thus from a policy perspective

there appears to be a potential for halogen chemistry in defining background O3.

7.2.3 Stratospheric role of iodine

There was a suggestion in the mid 1990s that iodine could significantly contribute to

stratospheric O3 depletion (Solomon et al., 1994). Following this it has generally been

thought that iodine would not reach the stratosphere in significant concentrations due to

its short lifetime in the troposphere. However more recently observations and modelling

have suggested that this is probably not the case (Saiz-Lopez et al., 2015). The GEOS-

Chem version model used here solely considers chemistry within the troposphere. However

work has been completed that combines tropospheric and stratospheric chemistry schemes

(Eastham et al., 2014). It would be relatively easy to add the iodine chemistry to produce

a “whole atmosphere” chemistry which could be used to investigate the impact of iodine

on the chemistry of the stratosphere.

7.3 Final thoughts

The basis for all of the modelling is our understanding of the fundamental chemical and

physical properties. Without a strong constraints on these values the modelling is funda-

mentally limited. Notable uncertainties lie in the heterogeneous halogen chemistry and

these limit the ability to model the complex and coupled aerosol-phase chemistry. It is

clear that the interplay between halogen gas- and aerosol- phase chemistry is significant

(Sommariva and von Glasow, 2012; Chen et al., 2016; Schmidt et al., 2016). For the sci-

ence of halogens to move further laboratory work is need to elucidate key parameters to

allow for improved process-based modelling and for this modelling to reduce the hetero-

geneous chemistry to a form that can be used with global chemistry models without huge
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computational cost. Of particular note for laboratory focus are uptake coefficients and

Henry’s law values for iodine species. Without an improved fundamental chemical basis

the modelling described here may well be based on a foundation of sand.
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Appendix A

Full implemented halogen

mechanism

Here is described the full halogen chemistry scheme as presented here and in previous work

(Bell et al., 2002; Eastham et al., 2014; Parrella et al., 2012; Schmidt et al., 2016; Sherwen

et al., 2016a) and with updates as detailed in section 4.2 and Table 4.1. The complete gas

phase photolysis, bimolecular and termolecular reactions are described in Tables A.4,A.1,

and A.3, respectively.

The description of Heterogeneous phase chemistry was written by Dr. Johan A. Schmidt.

A.0.1 Heterogeneous reactions

The halogen multiphase chemistry mechanism is based on the iodine mechanism (“Br+I”)

described in Sherwen et al. (2016a) and the coupled mechanism of Schmidt et al. (2016).

The Heterogeneous reactions in the scheme are shown in Table A.5 and with further detail

individual detail on certain reactions below.

A.0.2 Aerosols

Here reactions of halogen are considered on sulfate aerosols, sea salt aerosols, and liquid

and ice cloud droplets. The implementation of sulfate type aerosols in GEOS-Chem is
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Table A.1 – Bimolecular halogen reactions included in scheme. This includes reactions from

previous updates to descriptions of halogen chemistry in GEOS-Chem (Parrella et al. (2012);

Eastham et al. (2014); Schmidt et al. (2016); Sherwen et al. (2016a)), and those described in

Section 4.2. These are given in the Arrhenius form with the rate equal to A · exp (−Ea
RT ). Unknown

values are represented by a dash and these set to zero in the model, reducing the exponent to 1.

The bi-molecular reactions with an M above the arrow represent termolecular reactions where the

pressure dependence is not known or are uni-molecular decomposition reactions. Abbreviations

for tracers are expanded in footnote 3.

Rxn ID Reaction A −Ea/R Citation

cm3molecules−1 s−1 K

M1 I + O3 → IO + O2 2.10x10−11 -830 Atkinson et al. (2007)

M2 I + HO2 → HI + O2 1.50x10−11 -1090 Sander et al. (2011)

M3 I2 + OH → HOI + I 2.10x10−10 – Atkinson et al. (2007)

M4 HI + OH → I + H2O 1.60x10−11 440 Atkinson et al. (2007)

M5 HOI + OH → IO + H2O 5.00x10−12 – Riffault et al. (2005)

M6 IO + HO2 → HOI + O2 1.40x10−11 540 Atkinson et al. (2007)

M7 IO + NO → I + NO2 7.15x10−12 300 Atkinson et al. (2007)

M8 HO + CH3I → H2O + I 4.30x10−12 -1120 Atkinson et al. (2008)

M9 INO + INO → I2 + 2NO 8.40x10−11 -2620 Atkinson et al. (2007)

M10 INO2 + INO2 → I2 + 2NO2 4.70x10−12 -1670 Atkinson et al. (2007)

M11 I2 + NO3 → I + INO3 1.50x10−12 – Atkinson et al. (2007)

M12 INO3 + I → I2 + NO3 9.10x10−11 -146 Kaltsoyannis and Plane (2008)

M13 I + BrO → IO + Br 1.20x10−11 – Sander et al. (2011)

M14 IO + Br → I + BrO 2.70x10−11 – Bedjanian et al. (1997)

M15 IO + BrO → Br + I + O2 3.00x10−12 510 Atkinson et al. (2007)

M16 IO + BrO → Br +OIO 1.20x10−11 510 Atkinson et al. (2007)

M17 OIO + OIO → I2O4 1.50x10−10 – Gómez Mart́ın et al. (2007)

M18 OIO + NO → NO2 + IO 1.10x10−12 542 Atkinson et al. (2007)

M19 IO + IO → I + OIO 2.16x10−11 180 Atkinson et al. (2007)

M20 IO + IO → I2O2 3.24x10−11 180 Atkinson et al. (2007)

M21 IO + OIO
M−→ I2O3 1.50x10−10 – Gómez Mart́ın et al. (2007)

M22 I2O2
M−→ IO + IO 1.00x1012 -9770 Ordóñez et al. (2012)

M23 I2O2
M−→ OIO + I 2.50x1014 -9770 Ordóñez et al. (2012)

M24 I2O4
M−→ 2OIO 3.80x10−2 – Kaltsoyannis and Plane (2008)

M25 INO2
M−→ I + NO2 9.94x1017 -11859 (McFiggans et al., 2000)

M26 INO3
M−→ IO + NO2 2.10x1015 -13670 Kaltsoyannis and Plane (2008)

M27 IO + ClO → I + OClO 2.59x10−12 280 Atkinson et al. (2007)

M28 IO + ClO → I + Cl + O2 1.18x10−12 280 Atkinson et al. (2007)
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Table A.2 – Continued Table A.1.

Rxn ID Reaction A −Ea/R Citation

cm3molecules−1 s−1 K

M29 IO + ClO → ICl + O2 9.40x10−13 280 Atkinson et al. (2007)

M30 Cl + HCOOH → HCl + CO2 + H2O 2.00x10−13 - Sander et al. (2011)

M31 Cl + CH3O2→ ClO + CH2O + HO2(?) 1.60x10−10 - Sander et al. (2011)

M32 Cl + CH3OOH → HCl + CH3O2 5.70x10−11 - Sander et al. (2011)

M33 Cl + C2H6→ HCl + C2H5O2 7.20x10−11 -70 Sander et al. (2011)

M34 Cl + C2H5O2=> ClO + HO2+ ALD2 (?) 7.40x10−11 - Sander et al. (2011)

M35 Cl + EOH → HCl + ALD2 (�) 9.60x10−11 - Sander et al. (2011)

M36 Cl + CH3C(O)OH → HCl + CH3O2, + CO2 2.80x10−14 - Sander et al. (2011)

M37 Cl + C3H8→ HCl + A3O2 7.85x10−11 -80 Sander et al. (2011)

M38 Cl + C3H8 → HCl + B3O2 6.54x10−11 - Sander et al. (2011)

M39 Cl + ACET → HCl + ATO2 7.70x10−11 -1000 Sander et al. (2011)

M40 Cl + ISOP → HCl + RIO2 7.70x10−11 500 Sander et al. (2011)

M41 Cl + MOH → HCl + CH2O + HO2 5.50x10−11 - Sander et al. (2011)

M42 CHBr3 + OH → 3Br + CO 1.35x10−12 -600 Sander et al. (2011)

M43 CH2Br2 + OH → 2Br + CO 2.00x10−12 -840 Sander et al. (2011)

M44 CH3Br + OH → 3Br + CO 2.35x10−12 -1300 Sander et al. (2011)

M45 Br + O3 → BrO + O2 1.60x10−11 -780 Sander et al. (2011)

M46 Br + CH2O → HO2 + CO 1.70x10−11 -800 Sander et al. (2011)

M47 Br + HO2 → HBr + O2 4.80x10−12 -310 Sander et al. (2011)

M48 Br + CH3CHO → CH3CO3 1.30x10−11 -360 Atkinson et al. (2007)

M49 Br + (CH3)2CO → CH3C(O)CH2OO 1.66x10−10 -7000 King et al. (1970)

M50 Br + C2H6 → C2H5OO 2.36x10−10 -6411 Seakins et al. (1992)

M51 Br + C3H8 → C3H7OO 8.77x10−11 -4330 Seakins et al. (1992)

M52 Br + BrNO3 → Br2 + NO3 4.90x10−11 0 Orlando and Tyndall (1996)

M53 Br + NO3 → BrO + NO2 1.60x10−11 0 Sander et al. (2011)

M54 HBr + OH → Br + H2O 5.50x10−12 200 Sander et al. (2011)

M55 BrO + NO → Br + NO2 8.80x10−12 260 Sander et al. (2011)

M56 BrO + OH → Br + HO2 1.70x10−11 250 Sander et al. (2011)

M57 BrO + BrO → 2Br + O2 2.40x10−12 40 Sander et al. (2011)

M58 BrO + BrO → Br2 + O2 2.80x10−14 860 Sander et al. (2011)

M59 BrO + HO2 → HOBr + O2 4.50x10−12 460 Sander et al. (2011)

M60 Br2 + OH → HOBr + Br 2.10x10−11 240 Sander et al. (2011)

M61 Cl + ALK4 → HCl + R4O2 2.05x10−10 - Atkinson et al. (2006)

M62 Br + PRPE → HBr + PO2 3.60x10−12 - Atkinson et al. (2006)
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Table A.3 – Termolecular halogen reactions included in the scheme. This includes reactions from

previous updates to halogen chemistry in GEOS-Chem (Eastham et al., 2014; Parrella et al., 2012;

Schmidt et al., 2016; Sherwen et al., 2016a), and those detailed in section 4.2. The lower pressure

limit rate (k0) is given by: A0 · ( 300
T )x. The high pressure limit is given by k∞. Fc characterises

the fall off curve of the reaction as described by Atkinson et al. (2007).

Rxn ID Reaction A0 x k∞ Fc Citation

cm6,molecules−2,s−1 cm3molecules−1 s−1

T1 I + NO
M−→ INO 1.80x10−32 1 1.70x10−11 0.6 Atkinson et al. (2007)

T2 I + NO2
M−→ INO2 3.00x10−31 1 6.60x10−11 0.63 Atkinson et al. (2007)

T3 IO + NO2
M−→ INO3 7.70x10−31 5 1.60x10−11 0.4 Atkinson et al. (2007)

T4 Br + NO2
M−→ BrNO2 4.20x10−31 2.4 2.70x10−11 0.6 Sander et al. (2011)

T5 BrO + NO2
M−→ BrNO3 5.20x10−31 3.2 6.90x10−12 0.6 Sander et al. (2011)

T5 BrO + NO2
M−→ BrNO3 5.20x10−31 3.2 6.90x10−12 0.6 Sander et al. (2011)

T6 Cl + PRPE
M−→ HCl + R4O2 4.00x10−28 0 2.80x10−10 0.6 Atkinson et al. (2006)

T7 Cl + O2
M−→ ClOO 2.20x10−33 0 1.80x10−10(*) 0.6 Sander et al. (2011)

T8 Cl2O2
M−→ 2ClO 9.30x10−6 2 1.74x1015(*) 0.6 Sander et al. (2011)

T9 ClO + ClO
M−→ Cl2O2 1.60x10−21 2 3.00x10−12(*) 0.6 Sander et al. (2011)

T10 ClO + NO2
M−→ ClNO3 1.80x10−31 1.9 1.50x10−11(*) 0.6 Sander et al. (2011)

T11 ClOO
M−→Cl + O2 3.30x10−9 0 2.73x1014(*) 0.6 Sander et al. (2011)

described by Park et al. (2004) and Pye et al. (2009). Sulfate aerosols are assumed to be

acidic with pH=0.

The GEOS-Chem sea salt aerosol simulation is as described by Jaeglé et al. (2011). The

transport and deposition of sea salt bromide follows that of the parent aerosol. Oxidation

of bromide on sea-salt produces volatile forms of bromine that are released to the gas phase.

Sea salt aerosol is emitted alkaline, but the alkalinity can be titrated in GEOS-Chem by

uptake of HNO3, SO2, H2SO4 (Alexander, 2005). Sea salt aerosol with no remaining

alkalinity is assumed to have pH=5. The assumption is made for no halide oxidation on

alkaline sea salt aerosol.

The liquid cloud droplet surface area is modelled using cloud liquid water content from

GEOS-FP (Lucchesi, 2013) and assuming effective cloud droplet radii of 10 µ m and 6 µ

m for marine and continental clouds, respectively. The ice cloud droplet surface area is

modelled in a similar manner assuming effective ice droplet radii of 75 µ m. Here ice cloud

chemistry is assumed to be confined to an unfrozen over-layer surrounding the ice crystal

following Schmidt et al. (2016). Cloud water pH (typically between 4 and 6) is calculated

locally in GEOS-Chem following (Alexander et al., 2012).
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Table A.4 – Photolysis reactions of halogens included in scheme. Photolysis is described in

Eastham et al. (2014) (ClNO2, ClNO3, and ClOO), Sherwen et al. (2016a) (I2, HOI, IO, OIO,

INO, INO2, INO3, I2O2, I2O3, I2O4, CH3I, CH2I2, CH2ICl, CH2IBr), and Schmidt et al. (2016)

(BrCl, Cl2, ClO, HOCl, ClNO2, ClNO3, ClOO, Cl2O2, CH3Cl, CH3Cl2, and CHCl3.). As stated

in Section 4.2, we have used the I2O2 cross-section for I2O4

ID Reaction Cross-section reference

J1 I2
hν−→ 2I Sander et al. (2011)

J2 HOI
hν−→ I + OH Sander et al. (2011)

J3 IO (+O2)
hν−→ I (+ O3) Sander et al. (2011)

J4 OIO
hν−→ I + O2 Sander et al. (2011)

J5 INO
hν−→ I + NO Sander et al. (2011)

J6 INO2
hν−→ I + NO2 Sander et al. (2011)

J7 INO3
hν−→ I + NO3 Sander et al. (2011)

J8 I2O2
hν−→ I + OIO Gómez Mart́ın et al. (2005), Spietz et al. (2005)

J9 CH3I
hν−→ I Sander et al. (2011)

J10 CH2I2
hν−→ 2I Sander et al. (2011)

J11 CH2ICl
hν−→ I + Cl Sander et al. (2011)

J12 CH2IBr
hν−→ I + Br Sander et al. (2011)

J13 I2O4
hν−→ 2OIO see caption

J14 I2O3
hν−→ OIO + IO Gómez Mart́ın et al. (2005), Spietz et al. (2005)

J15 CHBr3
hν−→ 3Br Sander et al. (2011)

J16 Br2
hν−→ 2Br Sander et al. (2011)

J17 BrO (+O2)
hν−→ Br (+O3) Sander et al. (2011)

J18 HOBr
hν−→ Br + OH Sander et al. (2011)

J19 BrNO2
hν−→ Br + NO2 Sander et al. (2011)

J20 BrNO3
hν−→ Br + NO3 Sander et al. (2011)

J21 BrNO3
hν−→ BrO + NO2 Sander et al. (2011)

J22 CH2Br2
hν−→ 2Br Sander et al. (2011)

J23 BrCl
hν−→ Br + Cl Sander et al. (2011)

J24 Cl2
hν−→ 2Cl Sander et al. (2011)

J25 ClO (+O2)
hν−→ Cl (+O3) Sander et al. (2011)

J26 OClO (+O2)
hν−→ ClO (+O3) Sander et al. (2011)

J27 Cl2O2
hν−→ Cl + ClOO Sander et al. (2011)

J28 ClNO2
hν−→ Cl + NO2 Sander et al. (2011)

J29 ClNO3
hν−→ Cl + NO3 Sander et al. (2011)

J30 ClNO3
hν−→ ClO + NO2 Sander et al. (2011)

J31 HOCl
hν−→ Cl + OH Sander et al. (2011)

J32 ClOO
hν−→ Cl Sander et al. (2011)

J33 CH3Cl
hν−→ Cl + CH3O2, Sander et al. (2011)

J34 CH3Cl2
hν−→ 2Cl Sander et al. (2011)
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A: Full implemented halogen mechanism

Table A.5 – Halogen multiphase reactions and reactive uptake coefficients (γ)

ID Reaction Reactive uptake coefficient (γ) Note Reference

1 HCl→ Cl–(SSA) 4.4× 10−6 exp(2989 K/T ) Sea salt only Ammann et al. (2013)

2 HBr→ Br–(SSA) 1.3× 10−8 exp(4290 K/T ) Sea salt only Ammann et al. (2013)

3 HI→ I(aerosol) 0.1

4 ClNO3 → HOCl+HNO3 0.024 Hydrolysis Deiber et al. (2004)

5 BrNO3 → HOBr+HNO3 0.02 Hydrolysis Deiber et al. (2004)

6 INO3 → 0 · 85 ICl+0 · 15 IBr+HNO3 0.01 Sea salt only

7 INO2 → 0 · 85 ICl+0 · 15 IBr+HNO3 0.02 Sea salt only

8 HOBr+Cl–(aq)→ BrCl See text Ammann et al. (2013)

9 HOBr+Br–(aq)→ Br2 See text Ammann et al. (2013)

10 HOI→ 0 · 85 ICl+0 · 15 IBr 0.01 Sea salt only

11 ClNO+
3 Br–(aq)→ BrCl+HNO3 See text Ammann et al. (2013)

12 O+
3 Br–(aq)→ HOBr See text Ammann et al. (2013)

13 I2O2 → I(aerosol) 0.02

14 I2O3 → I(aerosol) 0.02

15 I2O4 → I(aerosol) 0.02

The reactive uptake coefficients depend on the aerosol halide concentration. For sea salt

aerosol, the bromide concentration is calculated directly from the bromide content and

the aerosol mass. Sea salt aerosol chloride is assumed to be in excess (see below). For

clouds and sulfate aerosol, the bromide and chloride concentration is estimated assuming

equilibrium between gas phase HX and aerosol phase X–.

A.0.3 Reactive uptake coefficients

The following uptake coefficient calculations were implemented in Schmidt et al. (2016)

and included in the “Cl+Br+I” simulation. The calculation of cloud ice surface area was

updated as described for the implementation simulation here as also described in (Sherwen

et al., 2016b). The work presented here is credited to Dr Johan A. Schmidt.

A.0.3.1 HOBr+Cl–/Br–

The reactive uptake coefficient is calculated as

γ =
(
Γ−1 + α−1

)−1
, (A.0.1)
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where the mass accommodation coefficient for HOBr is α = 0.6 and

Γ =
4HHOBrRTkHOBr+X− [X−][H+]lrf(r, lr)

c
, (A.0.2)

with kHOBr+Cl− = 5.9× 109 M−2s−1 and kHOBr+Br− = 1.6× 1010 M−2s−1. In the equation

above c is the average thermal velocity of HOBr, and f(lr, r) is a reacto-diffusive correction

factor,

f(lr, r) = coth

(
r

lr

)
− lr
r
, (A.0.3)

with r being the radius of the aerosol. For sea salt aerosol HOBr+Cl– is assumed to be

limited by mass accommodation, i.e. Γ� α, due to high concentration of Cl– in sea salt

aerosol. The reacto-diffusive length scale is

lr =

√
Dl

kHOBr+X− [X−][H+]
, (A.0.4)

where Dl = 1.4 × 10−5 cm2s−1 is the aqueous phase diffusion coefficient for HOBr. The

listed parameters are taken from Ammann et al. (2013), and kHOBr+Br− is from Beckwith

et al. (1996).

A.0.3.2 ClNO3+Br–

The reactive uptake coefficient is calculated as

γ =
(
Γ−1 + α−1

)−1
, (A.0.5)

where the mass accommodation coefficient for ClNO3 is α = 0.108 and

Γ =
4WRT

√
[Br−]Dl

c
, (A.0.6)

where c is the average thermal velocity of ClNO3, Dl = 5.0× 10−6 cm2s−1 is the aqueous

phase diffusion coefficient for ClNO3, and W = 106
√

Ms bar−1.

A.0.3.3 O3+Br–

The reactive uptake coefficient is calculated as

γ = Γb + Γs, (A.0.7)

193



A: Full implemented halogen mechanism

where Γb is the bulk reaction coefficient,

Γb =
4HO3

RTkO+
3 Br− [Br−]lrf(r, lr)

c
, (A.0.8)

with kO+
3 Br− = 6.8× 108 exp(−4450 K/T ) M−1s−1. In the equation above c is the average

thermal velocity of O3, and f(lr, r) is a reacto-diffusive correction factor,

f(lr, r) = coth

(
r

lr

)
− lr
r
, (A.0.9)

with r being the radius of the aerosol. The reacto-diffusive length scale is

lr =

√
Dl

kO+
3 Br− [Br−]

, (A.0.10)

where Dl = 8.9× 10−6 cm2s−1 is the aqueous phase diffusion coefficient for O3.

The surface reaction coefficient is calculated as,

Γs =
4ks[Br−(surf)]KLangCNmax

c(1 +KLangC[O3(g)])
, (A.0.11)

where the surface reaction rate constant is ks = 10−16 cm2s−1, the equilibrium constant

for O3 is KLangC = 10−13 cm3, and the maximum number of available sites is taken as

Nmax = 3× 1014 cm−2. The surface bromide concentration is estimated as,

[Br−(surf)] = min(3.41× 1014 cm−2M−1 [Br−], Nmax). (A.0.12)
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Table A.6 – Henry’s law coefficients and molar heats of formation of halogen species. Where

Henry’s law constant equals infinity a very large values is used within the model (1x1020 M atm−1).

The INO2 Henry’s law constant is assumed equal to that of BrNO3, from Sander (2015), by analogy.

For I2OX (X=2,3,4) a Henry’s law constant of infinity is assumed by analogy with INO3. (∗)

Effective Henry’s law of HX is calculated for acid conditions through K∗H(T ) = KH(T )∗(1+ Ka

[H+] ).

Species Henry’s Law Reference d(ln H) Reference

Constant (H) d(1/T)

at 298K

M atm−1 K

HOBr 6.1x103 Frenzel et al. (1998) 6.01x103 McGrath and Rowland (1994)

HBr(*) 7.1x1013 Frenzel et al. (1998) 1.02x104 Schweitzer et al. (2000)

BrNO2 0.3 Frenzel et al. (1998) - -

BrNO3 ∞ Sander (2015) - -

Br2 0.76 Dean (1992) 3.72x103 Dean (1992)

HOCl 6.5x103 Sander (2015) 5.9x103 Sander (2015)

HCl(*) 7.1x1015 Sander (2015) 5.9x103 Sander (2015)

ClNO3 ∞ Sander (2015) - -

BrCl 0.97 Sander (2015) - -

ICl 1.11x102 Sander (2015) 2.11x103 Sander et al. (2006)

IBr 2.43x101 Sander (2015) 4.92x103 Sander et al. (2006)

HOI 1.53x104 Sander (2015) 8.37x103 Sander et al. (2006)

HI (*) 7.43x1013 Sander (2015) 3.19x103 Sander et al. (2006)

INO3 ∞ Vogt et al. (1999) 3.98x104 Kaltsoyannis and Plane (2008)

I2O2 ∞ see caption text 1.89x104 Kaltsoyannis and Plane (2008)

I2 2.63 Sander (2015) 7.51x103 Sander et al. (2006)

INO2 0.3 see caption text 7.24x103 Sander et al. (2006)

I2O3 ∞ see caption text 7.70x103 Kaltsoyannis and Plane (2008)

I2O4 ∞ see caption text 1.34x104 Kaltsoyannis and Plane (2008)
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Appendix B

Tabulated burden changes on

inclusion of halogens

Table B.1 gives the burdens with and without halogens and the fractional change.

197



B: Tabulated burden changes on inclusion of halogens

Table B.1 – Tropospheric burden of species and families with (“Cl+Br+I”) and without halogens

(“NOHAL”), and % change. Burdens are considered in elemental terms ( e.g Gg S/N/C) and

species masses for OH, HO2, H2O2 and O3 Families are defined in footnote 3

.

“NOHAL” “Cl+Br+I” % ∆

NO3 1.23 1.23 -17.8

O3 415843.25 355123.69 -14.6

N2O5 9.38 8.02 -14.5

H2O2 3229.09 2828.80 -12.4

C2H6 3258.84 2855.31 -12.4

HNO4 19.84 17.63 -11.1

C3H8 609.76 550.68 -9.7

≥C4 alkanes 488.35 441.96 -9.5

HO2 27.55 25.37 -7.9

PPN 15.82 14.65 -7.4

PAN 202.89 194.70 -4.0

CH3C(O)CH3 7533.51 7289.92 -3.2

OH 0.28 0.27 -2.9

NO2 123.53 120.35 -2.6

CH2O 389.55 380.88 -2.2

PMN 0.68 0.67 -1.8

NOx 171.01 168.15 -1.7

SO4 on SSA 1.97 1.94 -1.6

NH3 126.61 126.28 -0.3
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Table B.2 – Continued Table B.1

“NOHAL” “Cl+Br+I” % ∆

NOy 1374.56 1371.59 -0.2

Acetaldehyde 184.93 184.59 -0.2

NH4 270.93 271.43 0.2

>C3 ketones 186.99 188.11 0.6

SOx 398.98 401.59 0.7

SO4 397.01 399.65 0.7

NO 47.48 47.80 0.7

≥C3 alkenes 97.93 98.79 0.9

PROPNN 7.46 7.55 1.1

HNO3 463.49 470.69 1.6

VOCs 148193.29 151283.71 2.1

≥C4 alkylnitrates 64.60 65.99 2.2

SO2 286.11 294.17 2.8

CO 134654.88 138477.76 2.8

MMN 3.15 3.26 3.2

CH3NO2 13.80 14.25 3.3

Isoprene 788.55 815.73 3.4

HNO2 2.76 2.92 5.5

ISOPN 0.65 0.69 6.2
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Appendix C

Supplementary Figures and

Information

C.1 Monthly iodine emissions of iodine species

Figure C.1 – Spatial plot of monthly average CH3I emissions implemented in GEOS-Chem

(“Cl+Br+I”)
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C: Supplementary Figures and Information

Figure C.2 – Spatial plot of monthly average CH2I2 emissions implemented in GEOS-Chem

(“Cl+Br+I”)

Figure C.3 – Spatial plot of monthly average CH2ICl emissions implemented in GEOS-Chem

(“Cl+Br+I”)

202



C.1 Monthly iodine emissions of iodine species

Figure C.4 – Spatial plot of monthly average CH2IBr emissions implemented in GEOS-Chem

(“Cl+Br+I”)

Figure C.5 – Spatial plot of monthly average HOI emissions implemented in GEOS-Chem

(“Cl+Br+I”)
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C: Supplementary Figures and Information

Figure C.6 – Spatial plot of monthly average I2 emissions implemented in GEOS-Chem

(“Cl+Br+I”)

C.2 Full and binned iodine cross-sections
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C.2 Full and binned iodine cross-sections

Figure C.7 – Full and FAST-J binned (7 bin) cross-section of CH3I used in “Cl+Br+I” Simulation.
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C: Supplementary Figures and Information

Figure C.8 – Full and FAST-J binned (7 bin) cross-section of CH2I2 used in “Cl+Br+I” Simula-

tion.
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C.2 Full and binned iodine cross-sections

Figure C.9 – Full and FAST-J binned (7 bin) cross-section of HOI used in “Cl+Br+I” Simulation.
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C: Supplementary Figures and Information

Figure C.10 – Full and FAST-J binned (7 bin) cross-section of I2 used in “Cl+Br+I” Simulation.
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C.2 Full and binned iodine cross-sections

Figure C.11 – Full and FAST-J binned (7 bin) cross-section of IO used in “Cl+Br+I” Simulation.
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C: Supplementary Figures and Information

Figure C.12 – Full and FAST-J binned (7 bin) cross-section of OIO used in “Cl+Br+I” Simula-

tion.
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C.2 Full and binned iodine cross-sections

Figure C.13 – Full and FAST-J binned (7 bin) cross-section of I2O2 used in “Cl+Br+I” Simula-

tion.
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C: Supplementary Figures and Information

Figure C.14 – Full and FAST-J binned (7 bin) cross-section of IBr used in “Cl+Br+I” Simulation.
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C.2 Full and binned iodine cross-sections

Figure C.15 – Full and FAST-J binned (7 bin) cross-section of ICl used in “Cl+Br+I” Simulation.
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C: Supplementary Figures and Information

Figure C.16 – Full and FAST-J binned (7 bin) cross-section of INO used in “Cl+Br+I” Simulation.

214



C.2 Full and binned iodine cross-sections

Figure C.17 – Full and FAST-J binned (7 bin) cross-section of INO2 used in “Cl+Br+I” Simu-

lation.
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C: Supplementary Figures and Information

Figure C.18 – Full and FAST-J binned (7 bin) cross-section of INO3 used in “Cl+Br+I” Simu-

lation.
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Abbreviations

AOD Aerosol Optical Depth

CAST Combined Airborne Studies in the Tropics

CTM Chemical Transport Model

CONTRAST CONvective TRansport of Active Species in the Tropics

DU Dobson Units

DOM Desolved Organic Matter

FT Free Troposphere

GAW Global Atmospheric Watch

GC-MS Gas Chromatography Mass Spectrometry

GEOS Goddard Earth Observation System

GMAO Global Modelling and Assimilation Office

GMI Global Modelling Initiative

GOME-2 Global O3 Monitoring Experiment-2

IUPAC International Union of Pure and Applied Chemistry

JPL Jet Propulsion Laborotory

LP-DOAS Long Path Differential Optical Absorption Spectroscopy

MAXI-DOAS Multi-Axis Differential Optical Absorption Spectroscopy

MBL Marine Boundary Layer

NASA National Aeronautics and Space Administration
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SST Sea Surface Temperature

TORERO Tropical Ocean tRoposphere Exchange of Reactive halogens and

Oxygenated hydrocarbons

VSLH Very Short-Lived Halocarbons

UT Upper Troposphere

UV Ultra Violet

WOUDC World O3 and Ultraviolet Radiation Data Centre
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J. E., Olivié, D., Pitari, G., Plummer, D. A., Rozanov, E., Scinocca, J. F., Smale, D.,
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