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Abstract 
 

The release into the atmosphere of trace gases that contain chlorine and bromine can 

significantly impact stratospheric ozone depletion. The production and consumption of 

many ozone-depleting substances has been phased out under an international agreement 

called the Montreal Protocol on Substances that Deplete the Ozone Layer. Further 

monitoring is required to ensure the overall abundance of ozone-depleting substances 

continues to decrease in the atmosphere. This thesis focuses on East Asia which is a 

region where there can be rapid transport of ozone-depleting substances into the 

stratosphere and where continuing emissions of many ozone-depleting substances have 

been reported in recent years. In this thesis, a variety of halogenated trace gases were 

measured in air samples collected at ground level measurement sites and during aircraft 

campaigns via a gas chromatograph mass spectrometer system (GC-MS) to investigate 

new threats to the ozone layer. 

As part of the StratoClim project, a number of halogenated trace gases were analysed in 

air samples collected on board the Geophysica high altitude research aircraft over the 

Mediterranean, Nepal and northern India during the summers of 2016 and 2017 to 

investigate the composition of the Asian summer monsoon in the upper troposphere and 

lower stratosphere. Chlorinated very short-lived ozone-depleting substances (VSLSs) 

were found to be enhanced above mixing ratios measured in the tropical tropopause 

layer in 2013-2014. This indicates that large emissions of chlorinated VSLSs in East 

and South Asia can be rapidly transported by the Asian monsoon into the lower 

stratosphere, before they have broken down to insignificant levels, and therefore they 

can contribute to ozone depletion. Chlorinated VSLSs contribute only a small fraction 

of the total amount of chlorine in the tropopause region and the lower stratosphere. 

However, their contribution could delay the long-term recovery of the ozone layer. 

This thesis also presents updated long-term trends and global annual emissions of CFC-

113a (CCl3CF3). The mixing ratios of CFC-113a are still increasing substantially and 

global atmospheric emissions of CFC-113a remained at about 1.7 Gg yr-1 between 2012 

and 2016 after an increase in emissions in 2010−2012. Complementary ground-based 

observations in Taiwan suggest the presence of persistent emissions of CFC-113a in 

East Asia. The emissions are relatively small and it is possible they are due to the few 

remaining allowed uses of CFC-113a. 

Furthermore, atmospheric observations of multiple halogenated trace gases in Taiwan 

used with backward trajectory modelling found that CFC-11 (CCl3F) emissions coming 

from eastern China had increased from 12 (10-14) Gg yr-1 in 2008−2011 to 19 (14−23) 

Gg yr-1 in 2014−2018. This is about one-quarter of global emissions and the increase 

contributed to the recently discovered global increase in CFC-11 emissions. These 

results independently support the findings of other recent studies. The increase in 

emissions is possibly due to illegal production of CFC-11.  
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Chapter 1: Introduction 

This thesis aims to investigate ozone-depleting substances of interest, with a special 

focus on East Asia. The ozone layer is a part of the stratosphere that blocks harmful 

ultraviolet radiation from reaching the Earth’s surface. In the stratosphere there is a 

large-scale overturning circulation, where air enters the stratosphere in the tropics and is 

transported to the poles. The release of industrially produced ozone-depleting 

substances leads to additional free radicals in the polar vortex, that catalyse ozone 

destruction reactions, and causes the formation of the ‘ozone hole’, in late winter and 

early spring. This increases the risk of people developing skin cancers. Consequently, 

the Montreal Protocol on Substances that Deplete the Ozone Layer was introduced to 

phase out the production and consumption of ozone-depleting substances. There are 

many different types of ozone-depleting substances that have different atmospheric 

lifetimes, that vary in their effectiveness at depleting ozone, and that come from a 

variety of natural and anthropogenic sources. 

1.1 The ozone layer 

The stratosphere is a layer of the atmosphere between roughly 12 km and 50 km above 

the Earth’s surface. There is a broad peak in ozone mixing ratios in the stratosphere that 

is referred to as the ozone layer. The chemistry of the stratosphere is dominated by the 

reactions of ozone (O3). In the stratosphere, a continual reaction cycle, called the 

Chapman Cycle, converts between ozone and oxygen (Chapman, 1930). Molecular 

oxygen is two oxygen atoms bonded together, O2. In the stratosphere, short wavelength 

ultraviolet radiation splits molecules of O2 into O atoms (<240 nm) (Eq. 1.1). One of 

these atomic oxygen’s can then combine with another O2 to form ozone which is three 

oxygen atoms bonded together (Eq. 1.2). Another molecule (𝑀), usually another oxygen 

or nitrogen, absorbs the excess energy released during the reaction. Ozone itself is also 

broken down by short wavelength ultraviolet radiation i.e. photolysis (<320 nm) (Eq. 

1.3) or by reaction with O (Eq. 1.4), to reform the oxygen molecule and the reaction 

cycle can then begin again. 

O2 + ℎ𝜈 ⟶ 2O 

O + O2 + 𝑀 ⟶ O3 + 𝑀 

O3 + ℎ𝜈 + 𝑀 ⟶ O2 + O + 𝑀 

O + O3 ⟶ 2O2 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

On the one hand, solar radiation decreases with decreasing altitude as the radiation is 

absorbed by O2 and O3 overhead. This causes the rate of reaction of Eq. 1.1 to decrease 

sharply with decreasing altitude, and as this is the effective source of O3 via Eq. 1.2, 

there is less O3 at lower altitudes. On the other hand, oxygen is required to form ozone 

and as altitude increases the amount of oxygen decreases. Therefore, the observed 

maximum in ozone, at 20-30 km altitude, largely reflects a balance between these 

features (Jacob, 1999). 



10 
 

The Chapman mechanism alone would lead to much higher ozone mixing ratios than 

are observed. This is due to the presence of additional ozone loss reactions where ozone 

reacts with free radical catalysts (X), such as nitric oxide (NO), hydroxyl radical (OH), 

atomic chlorine (Cl), and atomic bromine (Br). The most basic of these reaction cycles 

can be generalised as in Equations 1.5-1.7. Free radicals have an unpaired electron, and 

this makes them highly reactive. The free radical is not destroyed in the reaction and 

this means it can go on to take part in thousands more reactions and destroy a huge 

amount of ozone before it is eventually removed. Therefore, a small amount of these 

compounds can have a large impact on stratospheric ozone levels. 

X +O3 ⟶ XO + O2 

XO+O ⟶ X + O2 

O + O3 ⟶ 2O2 

X= NO, OH, Cl…  

(1.5) 

(1.6) 

(1.7) 

 

The natural cycles of ozone loss and formation are balanced. However, this balance has 

been disturbed by an increase in free radicals from anthropogenic emissions of ozone-

depleting substances. Further details on different source gas types are given in Section 

1.6. Ozone-depleting substances, such as chlorofluorocarbons (CFCs), first began to be 

used on a large scale in the 1960s and were widely used as refrigerants and aerosol 

propellants as they are generally non-toxic and inert. However, this inertness means that 

they have negligible loss mechanisms in the troposphere. Once in the stratosphere, the 

gases are exposed to strong ultraviolet radiation and break down mostly through 

photolysis and reaction with O (Ko et al., 2013). This forms chlorine and bromine free 

radicals that are highly reactive and act as catalysts in the destruction of ozone into 

oxygen in the above chemical reactions (Molina and Rowland, 1974). These additional 

free radicals speed up the natural process of ozone destruction. 

1.2 The circulation of the air in the stratosphere 

The transportation of air from the troposphere to the stratosphere occurs primarily at the 

tropics. Convective processes in the troposphere lead to vertical transport of hot moist 

air towards a region termed the tropical tropopause layer (TTL). At the tropical 

tropopause layer, further vertical transport is inhibited by the temperature inversion 

between the troposphere and the stratosphere. Air will usually only pass through this 

layer and enter the stratosphere if it has enough latent heat energy. The stratosphere has 

a large-scale overturning circulation called the meridional circulation or the Brewer-

Dobson circulation. The air enters in the tropics and then slowly moves polewards and 

descends at middle and high latitudes. This circulation causes the altitude of the 

tropopause to be higher in the tropics and lower in the Poles. The slow-moving 

circulation and transportation take place on the order of years.  

Global distribution of ozone varies significantly by latitude and season. As ozone-poor 

air in the troposphere is transported upwards into the stratosphere in the tropics, it is 

exposed to sunlight overhead that breaks down the oxygen and forms ozone (Eq. 1.1-

1.2). Due to this process, ozone is mostly formed in the tropics. Air is then transported 
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to the mid-latitudes and the poles. This leads to a build-up of ozone in the North and 

South Pole and so under natural conditions there are higher ozone mixing ratios at the 

poles than in the tropics. 

The strength of this transport varies seasonally and is strongest in the wintertime and 

springtime in each hemisphere (Holloway and Wayne, 2010). Consequently, there is a 

build-up of ozone and the highest ozone mixing ratios in the spring in each hemisphere. 

Polewards transport is much weaker in the summer and autumn. Also, during the 

summer in the polar regions, there is continuous daylight and therefore continuous 

breakdown of ozone by solar radiation. Therefore, ozone decreases gradually toward its 

lowest values in autumn. Then this seasonal cycle begins again. This is what the ozone 

layer is naturally like without human interference. 

Due to the Brewer-Dobson circulation, ozone-depleting substances enter the 

stratosphere in the tropics where they are transported upwards and exposed to UV 

radiation that breaks them down and forms free radicals (Figure 1.1). Most of these free 

radicals are initially converted into ‘reservoir’ species, for example ClONO2 (chlorine 

nitrate), HOCl (hypochlorous acid) and HCl (hydrochloric acid), by reactions with 

NOx, HOx or ClOx species (Equations 1.8-1.10) (Holloway and Wayne, 2010). 

ClO + HO2 ⟶ HOCl + O2 

ClO + NO2 + 𝑀 ⟶ ClONO2 + 𝑀 

Cl + CH4 ⟶ CH3 + HCl 

(1.8) 

(1.9) 

(1.10) 

 

Reservoir species are relatively stable and can ‘store’ radicals in an inactive form, 

which prevents them from reacting with ozone (Holloway and Wayne, 2010). These 

reservoir species are transported polewards via the Brewer-Dobson circulation and are 

then either removed from the stratosphere or repartitioned into radicals (Holloway and 

Wayne, 2010). 
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Figure 1.1: Schematic of the formation of the ozone hole. 

1.3 The formation of the ozone hole 

The ozone hole is an area with very low levels of ozone in the stratosphere over 

Antarctica. The ozone hole was discovered in 1984 and is mainly caused by 

anthropogenic compounds that contain chlorine and bromine (Molina and Rowland, 

1974; Chubachi, 1984; Farman et al., 1985). In the Antarctic during the winter, it gets 

cold enough (<200 ᵒK) to form clouds in the stratosphere called polar stratospheric 

clouds (PSCs) (Holloway and Wayne, 2010). These clouds contain stratospheric 

particles such as ice, soot, sulfuric acid (H2SO4) and nitric acid hydrate (HNO3) which 

provide reaction sites where the reservoir species can be converted heterogeneously to 

their radical forms, which destroy ozone (Holloway and Wayne, 2010). For example: 

ClONO2 + HCl ⟶ Cl2 + HNO3 

Cl2 + ℎ𝜈 ⟶ 2Cl 

(1.11) 

(1.12) 

The release of anthropogenic chlorine and bromine containing substances into the 

atmosphere leads to more of these compounds in Antarctica. These compounds are 

confined to the polar vortex that forms over the Antarctic during the wintertime and 

springtime. The polar vortex is a very strong westerly circulation that effectively traps 

this air in the polar region (Holloway and Wayne, 2010). Due to a lack of sunlight in 

mid-winter, the ozone hole forms during late winter and early spring when sunlight 

returns and drives the photochemical reactions that very rapidly destroy ozone (Eq. 1.5-

1.7). This typically occurs in September and October. Then at the beginning of the 

Antarctic summer (in about November) the atmosphere warms, the polar vortex breaks 

down and the ozone hole is ‘filled in’ (Holloway and Wayne, 2010). 

An ozone hole also occurs during the springtime over the Arctic in about March. 

However, these ozone holes are more infrequent and less severe than in the Antarctic. 



13 
 

The Antarctic continent is surrounded by the Southern Ocean leaving it 

meteorologically isolated whereas the Arctic is not as isolated. Therefore, its wind flow 

is more often disturbed by external weather systems. This makes the Arctic polar vortex 

more distorted and warmer than the Antarctic polar vortex, which leads to fewer polar 

stratospheric clouds and therefore less ozone depletion (Holloway and Wayne, 2010). In 

the Antarctic, total ozone values in early springtime are nearly two-thirds below normal 

values. Whereas in the Arctic total ozone values are 0-30 % below normal. It has also 

been found that in the mid-latitudes ozone values are about 3-5 % below normal values. 

In the tropics, ozone-depleting substances have very little effect on ozone levels as 

ozone levels are naturally low in the tropics (Salawitch et al., 2019). 

1.4 Impacts of the ozone hole 

Ultraviolet (UV) radiation is categorised into three types based on its wavelength, UV-

A, UV-B & UV-C. UV-C radiation is the most harmful radiation with the shortest 

wavelengths. Fortunately, it is entirely absorbed by the ozone layer. UV-A wavelengths 

are the longest and the least harmful. UV-A radiation is only weakly absorbed by the 

ozone layer and causes premature ageing of the skin and some skin cancers (Salawitch 

et al., 2019). 

UV-B radiation has wavelengths of 280 to 315 nm. It is partially absorbed by the ozone 

layer and ozone depletion causes more UV-B radiation to reach the Earth's surface. In 

humans, increased exposure to UV-B radiation increases the risks of skin cancer, 

cataracts and suppresses the immune system (Salawitch et al., 2019). Excessive UV-B 

exposure can also damage terrestrial plant life, including agricultural crops, single-

celled organisms, and aquatic ecosystems (Salawitch et al., 2019). Increased levels of 

UV-B radiation are known to accelerate the degradation of some materials (Andrady et 

al., 2011). Additionally, ozone is a greenhouse gas and so any changes to its mixing 

ratios has an impact on climate change. 

1.5 Montreal Protocol on Substances that Deplete the Ozone Layer 

It was first suggested in 1974 that chlorine-containing compounds could break down 

ozone in the stratosphere (Molina and Rowland, 1974). Evidence of this was found in 

1984 when very low levels of ozone, ‘the ozone hole’, were first measured over 

Antarctica (Chubachi, 1984). The discovery of the ozone hole and its negative effects 

lead to the international agreement called the Montreal Protocol on Substances that 

Deplete the Ozone Layer to phase out the use of ozone-depleting substances. The 

Montreal Protocol requires stepwise reductions of production and consumption of a 

selection of ozone-depleting substances called controlled substances (UNEP, 2019). 

Production is the amount of controlled substances produced, minus the amount 

destroyed by technologies (UNEP, 2019). Consumption is the amount of production 

plus imports minus exports (UNEP, 2019). For a number of compounds there are 

exceptions for "essential uses" where no acceptable substitutes are available (UNEP, 

2019). The agreement was created in 1987 and entered into force in 1989. Since then 
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there have been many adjustments and amendments to the Montreal Protocol, 

introducing faster phase out schedules and adding more compounds to the list of 

controlled substances (Figure 1.2). 

Figure 1.2: Timeline of events relevant to the ozone hole including the Montreal 

Protocol and its amendments (UNEP, 2019). 

The Montreal Protocol originally separated country members into two groups: Non-

Article 5 countries (developed countries) and Article 5 countries (developing countries). 

Countries with an annual per capita consumption and production of ozone-depleting 

substances of less than 0.3 kg are classified as Article 5 countries (UNEP, 2019). All 

other countries are Non-Article 5 countries. There are 147 out of 196 countries 

classified as Article-5 countries (MLF, 2020). Article 5 countries have longer phase-out 

schedules in order to allow time and funding to make necessary adjustments to industry 

and technology. In the Kigali Amendment in 2016, Article 5 countries were further 

separated into two groups with different phase out schedules for hydrofluorocarbons 

(HFCs). Article 5 Group 2 countries are: Bahrain, India, the Islamic Republic of Iran, 

Iraq, Kuwait, Oman, Pakistan, Qatar, Saudi Arabia and the United Arab Emirates 

(UNEP, 2019). All other Article 5 countries are in Group 1. 

In 1990, the Multilateral Fund (MLF) for the implementation of the Montreal Protocol 

was established to provide financial assistance to Article 5 countries to help them 

comply with the requirements of the Montreal Protocol (MLF, 2020). The Fund is 

financed through contributions from non-Article 5 countries and it supports activities 

such as the conversion of manufacturing processes and technical assistance (MLF, 

2020). 

The Montreal Protocol has generally been very successful. There is mostly strong 

compliance with its regulations and as a result, the overall abundance of ozone-

depleting substances is decreasing in the atmosphere (Engel and Rigby et al., 2018). In 
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response, ozone levels in most parts of the stratosphere stopped decreasing in the late 

1990s and remained roughly constant since ∼2000 (Braesicke and Neu et al., 2018). 

Some parts of the ozone layer are starting to show signs of recovery. The size of the 

Antarctic ozone hole has been decreasing since the year 2000 (Solomon et al., 2016). 

Outside the polar regions, upper stratospheric ozone has increased by 1–3 % per decade 

since 2000 (Braesicke and Neu et al., 2018). The ozone layer is expected to return to 

1980 levels by the middle of 21st century, assuming continued compliance with the 

Montreal Protocol (Braesicke and Neu et al., 2018). In addition to this, as many ozone-

depleting substances are also strong greenhouse gases the Montreal Protocol has had the 

additional benefit of reducing the human contribution to climate change (Velders et al., 

2007). 

 

Figure 1.3: The step-down phase out schedule of compounds controlled by the Montreal 

Protocol (UNEP, 2019). 

 

1.6 Halogenated substances in the atmosphere 

This section discusses halogenated substances and their impact on stratospheric ozone 

depletion and climate change. The various subgroups of halogenated substances are 

introduced along with their atmospheric lifetimes, atmospheric trends, natural and 

anthropogenic sources, and the global legislation that affects their production and 

consumption. 
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- Halogens – are the five elements in Group 7 in the periodic table: fluorine, 

chlorine, bromine, iodine and astatine. 

- Halocarbons – are compounds that contain halogens and carbon.  

- Ozone-depleting substances (ODSs) – are compounds that break down when 

they reach the stratosphere to form free radicals, which catalyse the destruction 

of ozone (Section 1.1). 

- Trace gases – are gases with very low atmospheric abundances. They are 

defined as gases that represent less than 1 % of the Earth’s atmospheric 

composition. 

 

Halocarbons that contain chlorine and bromine are typically ozone-depleting substances 

as they break down in the stratosphere to form chlorine and bromine free radicals. 

Bromine is about 60 times more efficient, on a per atom basis, at destroying ozone than 

chlorine (Daniel and Velders et al., 2006). There are three factors that contribute to this:  

1) brominated compounds are photolysed at longer wavelengths than chlorinated 

compounds resulting in a higher percentage of free bromine atoms than chlorine.  

2) Bromine reservoir species are formed inefficiently and are readily photolysed.  

3) Coupling between bromine- and chlorine-catalysed processes potentiates chlorine 

and bromine for further ozone destruction (Eq.1.13-1.15)(Daniel et al., 1999). 

 

ClO + BrO ⟶ Cl + Br + O2 

ClO + BrO ⟶ OClO + Br 

ClO + BrO ⟶ BrCl + O2 

(1.13) 

(1.14) 

(1.15) 

Fluorine containing compounds are not generally considered to be ozone-depleting 

substances as the fluorine is converted into F and FO which are then very rapidly 

converted into hydrogen fluoride (HF), a stable reservoir species that does not react 

with ozone (Ravishankara et al., 1994; Wallington et al., 1995). In addition, although 

iodine can participate in ozone destruction reactions, due to rapid tropospheric loss of 

iodine-containing compounds very little iodine reaches the stratosphere (Daniel and 

Velders et al., 2010). 

Other major ozone-depleting substances are methane (CH4) and nitrous oxide (N2O) 

which both have natural and anthropogenic sources. The reactions of CH4 and H2O with 

energetically excited oxygen, O(1D), produce HOx species (H, OH and HO2) and 

nitrous oxide is a source of NOx species (NO and NO2), that act as catalysts in ozone 

destruction cycles (Eq. 1.5-1.7). 

Methane, nitrous oxide and halocarbons are all also greenhouse gases. Whilst they are 

only trace gases, they make significant contributions to climate change because these 

species have strong absorption bands in the infrared spectrum in areas where CO2 

absorbs weakly. Due to the dual contributions to ozone depletion and climate change, 

the overall effects of these compounds can differ. As ozone itself is a greenhouse gas, 
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species that cause ozone depletion can have an indirect cooling effect (Daniel et al., 

1995). The reverse is also true, if ozone levels increase, as the ozone hole reduces, this 

will cause more global warming. Also increased absorption of infrared radiation by 

greenhouse gases leads to stratospheric cooling and changes in stratospheric circulation, 

which can increase ozone levels (Carpenter and Daniel et al., 2018). 

1.6.1 Chlorofluorocarbons 

Chlorofluorocarbons (CFCs) are compounds that consist of chlorine, fluorine and 

carbon. They are ozone-depleting substances and greenhouse gases. The three most 

abundance CFCs in the atmosphere (the major CFCs) are CFC-12 (CCl2F2), CFC-11 

(CCl3F) and CFC-113 (CCl2FCClF2). Other minor CFCs include CFC-13, CFC-112, 

CFC-112a, CFC-113a, CFC-114, CFC-114a and CFC-115. CFCs are relatively 

unreactive and have long atmosphere lifetimes of decades to centuries. For example, 

CFC-11 has a lifetime of about 52 years and CFC-115 has a lifetime of about 640 years 

(WMO, 2018). 

 

Chlorofluorocarbons were first created by Belgian scientist, Frédéric Swarts, in the 

1890s who replaced chlorine in carbon tetrachloride (CCl4) with fluorine to make CFC-

11 (CCl3F) and CFC-12 (CCl2F2). In the late 1920s, Thomas Midgley, Jr. improved the 

process of synthesis and led the effort to use CFC as a refrigerant to replace ammonia 

(NH3), chloromethane (CH3Cl), and sulfur dioxide (SO2), which were commonly used 

at the time but can be toxic. DuPont began producing CFCs commercially in the 1930s 

and they first began to be used on a large scale in the 1960s and 70s. They are used in a 

wide range of applications, most commonly as refrigerants, aerosol propellants, solvents 

and foam blowing agents (Kim et al., 2011). 

 

It was initially thought that these compounds were safe to release into the atmosphere as 

they were very unreactive and so they were widely used and their mixing ratios 

increased rapidly in the atmosphere. It was later discovered that when these compounds 

reach the stratosphere they are broken down by strong ultraviolet radiation and form 

chlorine free radicals, which destroy ozone (Section 1.1). 

 

CFCs are regulated under the Montreal Protocol, which came into force in 1989, and 

since then production and consumption of CFCs have been phased out, by 1996 in 

developed countries and 2010 in developing countries, with a few essential use 

exceptions (Figure 1.3). Production of most of these compounds has now almost 

completely stopped, although there continues to be emissions from equipment and 

products made with CFCs before the ban, referred to as a 'bank'. Mixing ratios of the 

major CFCs are decreasing in the atmosphere (Engel and Rigby et al., 2018). 
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1.6.2 Halons 

Halons are compounds consisting of carbon, bromine, fluorine and sometimes chlorine. 

Halons are strong ozone-depleting substances as they contain bromine, which as 

previously mentioned, is 60 times more effective than chlorine at destroying ozone 

(Daniel and Velders et al., 2006). They have atmospheric lifetimes of the order of years 

to decades (WMO, 2018). Halons are strong greenhouse gases but due to their influence 

on ozone depletion, they have a net negative effect on radiative forcing (Daniel et al., 

1995). Halons are used almost exclusively as fire extinguishers (HTOC, 2018). Halons 

were phased out under the Montreal Protocol by 1994 in developed countries and 2010 

in developing countries, except for some essential use exemptions (Figure 1.3). Due to 

the Montreal Protocol mixing ratios of Halon-1211 (CBrClF2), Halon-2402 

(CBrF2CBrF2), and Halon-1202 (CBr2F2) have been declining and the growth rate of 

Halon-1301 (CF3Br) is beginning to level off (Engel and Rigby et al., 2018). 

 

1.6.3 Hydrochlorofluorocarbons 

Hydrochlorofluorocarbons (HCFCs) are compounds consisting of hydrogen, chlorine, 

fluorine and carbon. HCFCs are similar to CFCs but because they contain hydrogen, 

HCFCs are readily broken down by hydroxyl radicals (OH) in the troposphere. This 

breakdown means only a small portion of HCFC molecules reach the stratosphere 

where they are destroyed by photolysis and they therefore contribute less to ozone 

depletion. Also, this means they have shorter atmospheric lifetimes than CFCs, of the 

order of years to decades. HCFCs are also greenhouse gases but due to tropospheric 

destruction, HCFCs contribute less to global warming than CFCs.  

 

HCFCs were developed as short-term replacement compounds for the applications of 

stronger ozone-depleting substances as they were phased out during the first stage of the 

Montreal Protocol. HCFCs were mainly used to replace CFCs and therefore were used 

in similar applications such as refrigerants, solvents and foam-blowing agents. Since 

HCFCs still have some contribution to ozone depletion, they are only considered 

interim replacements for CFCs and are currently being phased out under the Montreal 

Protocol. They will be phased out by 2030 in Non-Article 5 countries and 2040 in 

Article 5 countries (Figure 1.3). 

 

HCFCs were first developed in the 1980s and their mixing ratios have been increasing 

since then. HCFCs are now beginning to be phased out under the Montreal Protocol and 

the growth rates of the major HCFCs (HCFC-22, HCFC-141b and HCFC-142b) are 

slowing down (Engel and Rigby et al., 2018). By far the most abundant HCFC is 

HCFC-22, followed by HCFC-141b and HCFC-142b. Other minor HCFCs include 

HCFC-124, HCFC-123, HCFC-133a, HCFC-31 and HCFC-225ca. 
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1.6.4 Hydrofluorocarbons 

Hydrofluorocarbons (HFCs) are compounds consisting of hydrogen, fluorine and 

carbon. They are not considered to be ozone-depleting as they do not contain chlorine or 

bromine. Despite this, some HFCs were added to the list of controlled substances under 

the Montreal Protocol by the Kigali Amendment in 2016. This is because HFCs were 

often used as second-generation replacement compounds after the phase out of CFCs 

and HCFCs and they are strong greenhouse gases so contribute to climate change. Their 

production and consumption will be phased down by 80-85 % between 2019 and 2047 

(Figure 1.3).  

 

HFC-134a is the most abundant HFC and is commonly used for mobile air conditioning 

in vehicles (Montzka and Velders et al., 2018). The second most abundant HFC is 

HFC-23, which is mainly produced as a by-product during production of HCFC-22 

(Montzka and Velders et al., 2018). Other minor HFCs are used in a similar variety of 

applications to CFCs and HCFCs, such as refrigerants, foam-blowing agents, aerosol 

propellants, fire extinguishers and dry etching agents (Montzka and Velders et al., 

2018). HFCs have variable atmospheric lifetimes of less than a year to hundreds of 

years (WMO, 2018). Mixing ratios of HFCs first began increasing in the 1990s and they 

continue to increase in the atmosphere (Montzka and Velders et al., 2018). The 

compounds that will replace HFCs after they are phased out are still being researched 

and developed but some possibilities include carbon dioxide, ammonia, hydrocarbons, 

unsaturated HFCs, also known as hydrofluoroolefins (HFOs) and 

hydrochlorofluoroolefins (HCFOs) (Montzka and Velders et al., 2018). 

HFCs are also included in the Kyoto Protocol, established in 1997, within the United 

Nations Framework Convention on Climate Change (UNFCCC). The Kyoto Protocol 

committed developed countries to reducing their greenhouse gas emissions between 

2008 and 2012. The focus was on the sum of emissions from all controlled greenhouse 

gases (CO2, CH4, N2O, HFCs, PFCs, SF6 and NF3) and did not specifically limit HFCs 

or other compound groups. The Paris Agreement, established in 2015, is another 

international agreement to reduce greenhouse gas emissions, which follows on from the 

Kyoto Protocol but contains no binding commitments.  

1.6.5 Perfluorocarbons and other perfluorinated compounds 

Perfluorocarbons (PFCs) are compounds consisting of only fluorine and carbon. 

Perfluorinated compounds are other compounds that contain fluorine such as sulfur 

hexafluoride (SF6) and trifluoromethyl sulfur pentafluoride (SF5CF3). These compounds 

do not deplete ozone as they do not contain chlorine or bromine, and are therefore not 

controlled by the Montreal Protocol. They have very long atmospheric lifetimes of the 

order of thousands of years (WMO, 2018). They are strong greenhouse gases, thousands 

of times stronger than CO2, and are therefore included in the Kyoto Protocol and the 

Paris Agreement. Perfluorocarbons (PFCs) are used in a variety of applications such as 
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the electronics industry, semiconductor manufacturing, aluminium production and heat 

transfer fluids. The mixing ratios of PFCs are slowly increasing in the atmosphere 

(Engel and Rigby et al., 2018). Examples of PFCs are CF4, C2F6, C3F8, c-C4F8, n-C4F10, 

n-C5F12, n-C6F14 and n-C7F16. SF5CF3 was used in production of fluorosurfactants but 

its use has largely ceased and mixing ratios of SF3CF3 have stabilised in the atmosphere 

(Sturges et al., 2012). SF6 is used primarily for electrical insulation (e.g. Ko et al., 1993) 

and its mixing ratios are still increasing in the atmosphere (Engel and Rigby et al., 

2018). 

 

1.6.6 Carbon tetrachloride 

Carbon tetrachloride (CCl4) is an ozone-depleting substance and a greenhouse gas. It 

has an atmospheric lifetime of about 32 years and its atmospheric mixing ratios in 2016 

were ∼ 80 ppt (Engel and Rigby et al., 2018). Its primary uses were as a feedstock for 

CFC production and as a solvent (Liang et al., 2016). It was phased out during the first 

stage of the Montreal Protocol with its production and consumption phased out by 1996 

in developed countries and by 2010 in developing countries (Figure 1.3). For this 

reason, CCl4 mixing ratios are decreasing in the atmosphere, however, they are not 

decreasing as quickly as expected. This is mostly due to previously unrecognised large 

ongoing emissions of CCl4, not controlled by the Montreal Protocol, from inadvertent 

by-product emissions of CCl4 from chloromethanes and perchloroethylene plants and 

fugitive emissions from the chlor-alkali process (Liang et al., 2016). 

1.6.7 Methyl chloroform  

Methyl chloroform (CCl3CH3) is susceptible to hydroxyl radical attack due to its 

carbon-hydrogen bonds and so is mostly destroyed in the troposphere. Although, some 

methyl chloroform does reach the stratosphere and is photolysed so it is an ozone-

depleting substance. Methyl chloroform is also a greenhouse gas. It was mainly used as 

a solvent for metal and electronic part cleaning. Methyl chloroform production and 

consumption was phased out under the Montreal Protocol by 1996 in developed 

countries and by 2015 in developing countries (Figure 1.3). Due to its relatively short 

lifetime (∼5 years), the effects of the phase out were quickly seen in the atmosphere. 

The global abundance of methyl chloroform rapidly declined from its peak of 133 ppt in 

1992 to 3 ppt in 2016 (Engel and Rigby et al., 2018). 

1.6.8 Methyl halides 

There are three methyl halide species – methyl chloride (CH3Cl), methyl bromide 

(CH3Br) and methyl iodide (CH3I), all of which are ozone-depleting substances, 

greenhouse gases and have relatively short atmospheric lifetimes. Methyl halides are 

mostly broken down in the troposphere, primarily through oxidation by hydroxyl 

radicals and so have only a small effect on stratospheric ozone.  
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The total global lifetime of CH3Cl is estimated to be about 0.9 years (Engel and Rigby 

et al., 2018). Sources of CH3Cl include biomass burning, the oceans, tropical and 

subtropical plants, mangroves, fungus, salt marshes, wetlands, rice paddies, shrublands 

and coal combustion (Engel and Rigby et al., 2018). Most emissions of CH3Cl come 

from natural sources and so CH3Cl is not controlled by the Montreal Protocol. CH3Cl 

mixing ratios have been mostly stable and were about 556 ppt in 2016 (Engel and Rigby 

et al., 2018). 

The global total lifetime of CH3Br is estimated to be about 0.8 years (Engel and Rigby 

et al., 2018). CH3Br shares many of the same natural sources as CH3Cl but has 

additional anthropogenic sources and so is controlled under the Montreal Protocol. The 

anthropogenic source of CH3Br was primarily from its use as an agricultural fumigant. 

This application was phased out under the Montreal Protocol by 2005 in developed 

countries and by 2015 in developing countries with some essential use exemptions 

(Figure 1.3). Quarantine and pre-shipment (QPS) uses of CH3Br, mainly for pest control 

for the transport of agricultural products, are also exempt from the phase out. CH3Br 

mixing ratios have been mostly decreasing since the late-1990s and were about 6.8 ppt 

in 2016 (Engel and Rigby et al., 2018). 

Methyl iodide has a short-atmospheric lifetime (∼7 days) and is therefore a very short-

lived ozone-depleting substance (see below). CH3I mostly comes from natural sources. 

As such, its impact on stratospheric ozone and climate change are thought to be small 

and CH3I is not regulated. 

 

1.6.9 Very short-lived ozone-depleting substances 

Very short-lived ozone-depleting substances (VSLSs) are compounds that contain 

chlorine and/or bromine and have atmospheric lifetimes of less than 6 months. VSLSs 

are not regulated by the Montreal Protocol because they are mostly broken down before 

they reach the stratosphere, by hydroxyl radical oxidation in the troposphere.  

 

The most abundant chlorinated VSLS in the atmosphere is dichloromethane (CH2Cl2) 

with mixing ratios of 33-39 ppt in 2016 (Engel and Rigby et al., 2018). Other 

chlorinated VSLSs include chloroform (CHCl3), perchloroethylene (PCE, CCl2CCl2), 

trichloroethene (C2HCl3) and 1,2-dichloroethane (CH2ClCH2Cl). 

 

The most abundant brominated VSLS in the atmosphere is bromoform (CHBr3) with 

mixing ratios of 0.4-4.0 ppt in the marine boundary layer (Engel and Rigby et al., 2018). 

Other brominated VSLSs include dibromomethane (CH2Br2), bromochloromethane 

(CH2BrCl), dibromochloromethane (CHBr2Cl), and bromodichloromethane (CHBrCl2). 

Brominated VSLSs are predominantly of natural marine origin, while for chlorinated 

VSLSs industrial emissions dominate over natural sources. Overall levels of chlorinated 
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VSLSs have been increasing in the atmosphere whereas there is no clear evidence of a 

trend in brominated VSLSs. 

1.7 Aims and rationale 

Due to the success of the Montreal Protocol, excellent progress has been made in 

reducing mixing ratios of ozone-depleting substances and protecting the ozone layer. 

Mixing ratios of most of the major ozone-depleting substances are decreasing in the 

atmosphere and the ozone layer is starting to show signs of recovery (WMO, 2018). In 

order to maintain the success of the Montreal Protocol and ozone layer recovery, 

continued monitoring is needed to verify ongoing compliance with the Protocol and 

identify and investigate future threats to the ozone layer. 

There are a number of areas of interest that may influence stratospheric ozone in the 

future: 

 

• Tropospheric chlorine decreased more slowly between 2012 and 2016 than between 

2008 and 2012. During the period 2008-2012, the overall decrease in tropospheric 

chlorine was 11.8 ± 6.9 ppt Cl yr−1, while the rate of decline during the period 2012-

2016 was 4.4 ± 4.1 ppt Cl yr−1 (Engel and Rigby et al., 2018). This was mostly due 

to an increase in methyl chloride and VSLSs, predominately dichloromethane, 

which are substances not controlled by the Montreal Protocol. As the mixing ratios 

of substances controlled by the Montreal Protocol decrease, the relative contribution 

of ozone-depleting substances not controlled by the Montreal Protocol is increasing. 

Chlorinated VSLSs in and above the Asian summer monsoon are investigated in 

Chapter 3. 

• Persistent emissions of low abundance (< 20 ppt) CFCs (CFC-13, CFC-113a, CFC-

114, CFC-114a & CFC-115) (Laube et al., 2014; Vollmer et al., 2018). Mixing 

ratios and emissions of CFC-113a are investigated in Chapter 4.  

• A recent study found a slowdown in the rate of decrease of CFC-11 mixing ratios in 

the atmosphere caused by an increase in global CFC-11 emissions (Montzka et al., 

2018). This increase in emissions is counter to the intentions of the Montreal 

Protocol and may indicate illegal production of CFC-11. If emissions of CFC-11 

continue in the future this could delay the recovery of the ozone layer (Carpenter 

and Daniel et al., 2018; Dameris et al., 2019; Dhomse et al., 2019; Keeble et al., 

2020). CFC-11 in East Asia is investigated in Chapter 5. 

 

Other areas that are not studied in this thesis but are also of interest include: 

• Emissions of some ozone-depleting substances continue from exempt-use items and 

banks. 

• Ozone-depleting substances are still used in some applications for which there is 

limited availability of non-ozone-depleting alternatives.  

• The phase out schedule for HCFCs is taking place between 2019 and 2040.  
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• Carbon tetrachloride mixing ratios are decreasing more slowly than projected due to 

previously unaccounted for ongoing substantial emissions (Section 1.6.6; Liang et 

al., 2016). 

• An increase in emissions of ozone-depleting substances from natural sources such as 

methyl chloride and methyl bromide due to the effects of climate change (Fang et 

al., 2019). 

• Uncertainties in future levels of greenhouse gases (CO2, CH4 & N2O) and climate 

change will have a large impact on future ozone recovery due to cooling of the 

stratosphere and changes in atmospheric circulation (Carpenter and Daniel et al., 

2018). 

• Most of the actions that can significantly hasten ozone layer recovery have already 

been taken, which means future options are more limited. 

 

This study focuses on new threats to the ozone layer with a focus on East Asia. East 

Asia is a region that plays a key role in the global production and transport of ozone-

depleting substances. The region has recently undergone rapid development and 

industrialisation. Consequently, there are increasing emissions of many halocarbons and 

halogenated species from East Asia. In addition to this East Asia is a region that has the 

potential for very rapid transport of emissions into the tropical tropopause layer and the 

lower stratosphere. 

 

Chapter 3 discusses aircraft-based observations of ozone-depleting substances in the 

upper troposphere and lower stratosphere in and above the Asian summer monsoon. The 

Asian summer monsoon anticyclone provides an effective pathway to rapidly uplift air 

masses from the boundary layer into the upper troposphere and lower stratosphere on 

the time scale of a few days to a few weeks.  Therefore, very short-lived substances 

could reach the stratosphere before they are removed to insignificant levels and they can 

therefore contribute to ozone depletion. The measurements in this study are used to 

estimate the equivalent effective stratospheric chlorine transported into the lower 

stratosphere and the relative importance of mixing ratios of very short-lived ozone-

depleting substances under these conditions. 

 

Chapter 4 investigates the ozone-depleting substance CFC-113a (CCl3CF3). Mixing 

ratios of this compound are increasing in the atmosphere (Laube et al., 2014) despite 

almost all production of CFCs being globally banned by the Montreal Protocol. 

Measurements of air samples collected at multiple sites worldwide, with a focus on 

samples collected in Taiwan, were used to investigate CFC-113a mixing ratios, 

emissions and potential source regions to better understand what may be responsible for 

the increasing mixing ratios of CFC-113a. 

 

Chapter 5 investigates CFC-11 (CCl3F) using atmospheric observations in Taiwan. 

Global CFC-11 emissions were recently found to have increased in the atmosphere 

(Montzka et al., 2018). This increase in emissions has been attributed in part to eastern 
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China (Rigby et al., 2019). The aims of this study were to estimate CFC-11 emissions in 

East Asia and their contribution to global emissions; and investigate the potential source 

regions and emission sectors that could have CFC-11 emissions. 

 

Chapter 2 describes the analytical techniques that were used to conduct this study. 

Chapter 6 summaries the key conclusions and suggests directions for further research. It 

is hoped that the findings of this thesis will ultimately provide some guidance for 

policymakers when determining the best approach to ensure stratospheric ozone 

recovery.  
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Chapter 2: Methods 

The data from this study come from measurements of air samples made using a gas 

chromatograph - mass spectrometer (GC-MS) (Section 2.1). Air samples were collected 

at locations of interest by pumping air into gas canisters (Section 2.2). The gas canisters 

were then transported to the UEA for analysis on an AutoSpec GC-MS where they were 

typically measured for 30-50 trace gases such as CFCs, HCFCs, HFCs, SF6, CCl4, 

CH3Cl, CH2Cl2, etc. The canisters were connected to an inlet system that prepares the 

samples for analysis (Section 2.3). The separation of compounds then takes place in the 

gas chromatograph column and the ionisation, deflection and detection of the 

compounds takes place in the mass spectrometer (Sections 2.4−2.5). These raw data are 

then processed and compared to the compound’s mixing ratios in the standard to 

calculate the mixing ratios of the compounds in the samples (Section 2.6). The 

compound’s mixing ratios in the standards are repeatedly compared to mixing ratios in 

other standards to ensure their accuracy (Section 2.8). Some of the data in this study 

come from measurements made using another GC-MS called the Entech instrument 

(Section 2.7). 

 

The methodology for the analysis of halogenated trace gases in air samples is well 

established at UEA (e.g. Lee et al., 1995; Oram et al., 1996; Sturges et al., 2000; Laube 

et al., 2010a; 2016). I measured air samples collected in Taiwan, 31 samples in 2017 

and 28 samples in 2018. These samples were measured twice, using two different gas 

chromatograph columns and the measurements were used in Chapter 5..I also measured 

103 air samples collected on-board the Geophysica aircraft during the StratoClim 

campaign in 2017. 30 of these samples were measured again using a second gas 

chromatograph column. These measurements were used in Chapter 3. In addition, I did 

more measurements to continue the internal standard intercomparisons and did 

integrations and data processing for some of the measurements made by others. These 

measurements are discussed later in this chapter. The measurements of the other 

datasets discussed in this thesis were made by others using the same or similar methods. 

 

2.1 Gas chromatography - mass spectrometry (GC-MS) 

The basic principle of gas chromatography - mass spectrometry (GC-MS) involves the 

coupling of a gas chromatograph to a mass spectrometer (Figure 2.1). Gas 

chromatography involves the separation of compounds in an air sample by passing the 

sample through a gas chromatograph column, which is a long thin coiled tube. The 

column or column packing contains a stationary phase. The sample is transported 

through the GC column by a carrier gas, here helium, which is termed the mobile phase. 

  

Different compounds interact differently with the stationary and mobile phases. The 

strength with which they bind determines the time they take to travel through the GC 

column therefore separating out different compounds. The time when the compound 
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elutes at the other end of the GC column is used to identify the compound. However, on 

its own a gas chromatograph cannot always confidently determine the presence of a 

compound because the time a compound takes to travel through the column may vary 

under different conditions and multiple compounds can elute out of the end of the 

column at the same time. Therefore, a GC system is often combined with a mass 

spectrometry system. 

  

After the samples have been separated by the GC column, they are transported into the 

ionisation source of the mass spectrometer where they are bombarded with electrons. 

The molecule gains a high energy electron and produces the molecular ion. If there is 

sufficient excess energy the charged molecular ions may undergo further fragmentation 

into a wide range of ion fragments. These ions are then accelerated and subjected to an 

electric and/or magnetic field in order to deflect them, i.e. change the direction the ions 

are travelling. The amount of deflection depends on the ion’s mass to charge ratio (m/z) 

so assuming all the ions have the same charge, heavier ions will deflect less. The 

electric/magnetic field is manipulated to let certain ions pass through and this separates 

out the ions. 

 

These ions will then strike the detector at the other end of the instrument and the current 

induced is recorded, showing relative abundance against m/z ratio. The detector will 

usually amplify the signal to make it easier to identify. The spectra is used to identify 

the compound and the relative abundance indicates how much of the compound is 

present in the sample. 

 

 
Figure 2.1: Components of the AutoSpec GC-MS system 

 

2.2 Sample collection 

Air samples from Taiwan were collected in 3-litre Silco-treated stainless-steel canisters 

(Restek) using a small 12 VDC diaphragm pump (Air Dimensions, model B161). Prior 

to sampling the canisters were evacuated six times to < 0.01 mbar and pressurized, to 

3.5−4.0 bar, with ultra-pure nitrogen (BOC research grade) whilst being heated to 

130 ºC, then they were evacuated one final time. During sampling they were filled and 

vented at least 3 times before being filled to a final pressure of ∼2 bar which takes a few 

minutes. 
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Air samples from the StratoClim campaign were collected with the whole air sampler 

(WAS) of Utrecht University operated on board the Geophysica research aircraft 

(Kaiser et al., 2006; Cairo et al., 2010; Laube et al., 2010b). Ambient air was 

compressed into evacuated stainless-steel canisters (2 litre) using a metal bellows pump 

that has been previously shown to not impact trace gas mixing ratios (Laube et al., 

2010b). The internal surfaces of some of the canisters were passivated using a common 

passivation technique (‘SilcoTM-treatment’) to minimise the breakdown of more reactive 

gases in the canisters between collection and analysis. 

  

A number of studies have shown that long-lived and short-lived halocarbons can be 

stored in stainless-steel canisters for extended periods without significant changes in 

their mixing ratios (Fraser et al., 1999; Muhle et al., 2010; Oram et al., 2012; Sturges et 

al., 2012; Laube et al., 2012; Newland et al., 2013; Laube et al., 2014; Leedham Elvidge 

et al., 2015) (Section 2.8). 

 

2.3 Sample preparation – the inlet system 

Before air samples were injected onto the GC column of the AutoSpec GC-MS 

instrument the trace gases were cryogenically extracted and pre-concentrated. A 

schematic of the manual inlet system is shown in Figure 2.2. The components of the 

inlet system are connected with 1/16th" and 1/8th" stainless-steel tubing and individual 

sections of the system are isolated with stainless steel diaphragm valves with a 

polyimide seat, Swagelok part no. 6LVV-DPVS4, ⊗. The whole inlet system is 

evacuated down to a pressure of ∼10-2 Torr with an XDS 10 scroll pump from Edwards 

Ltd. 

  

Sample preparation occurs as follows. The gas canister containing the air sample is 

connected to the inlet system. The high pressure side of the inlet system is flushed and 

evacuated three times with the sample. The higher pressure in the sample canister forces 

the sample through the inlet system. Samples are passed through a glass tube containing 

hygroscopic magnesium perchlorate (Mg(ClO4)2) to remove any water from the 

samples. Samples can also be passed though an optional Ascarite (NaOH-coated silica) 

filter if one wants to remove carbon dioxide. 

 

Approximately 200-250 ml of the dried sample is passed through a sample loop filled 

with an adsorbent (Hayesep D, 80/100 mesh) and immersed in an ethanol and dry ice (-

78 ˚C) mixture to cryogenically trap and pre-concentrate the compounds of interest. The 

bulk of the air sample, primarily oxygen, nitrogen and the more volatile noble gases 

pass through the sample loop and into a 6 litre reference volume. This separation 

prevents a large injection of nitrogen and oxygen which can overload the GC column at 

low temperatures and can trip and/or damage the MS. It also increases the sensitivity of 

the analytical procedure as a larger amount of the trace gases are injected and measured 

at the same time. The 6 L reference volume serves not only to prevent back diffusion of 
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lab air into the system but also to accurately measure the volume of air trapped using a 

Baratron pressure sensor to record the pressure change. The flow rate of a sample 

through the pre-concentration trap is controlled by adjusting two needle valves. The rate 

of increasing pressure is monitored on the Baratron to maintain a constant flow into the 

reference volume and the sample loop. 

  

Once the desired sample volume is collected the sample loop is isolated from the 

sample flow. Then the sample is injected onto the GC column using a six-port gas 

sampling valve (Valco). The valve has two positions, one to fill the sample loop and the 

other to inject the contents of the loop onto the column. When the valve is switched the 

carrier gas flow is diverted through the loop, thereby sweeping a known volume of 

sample rapidly onto the column. Immediately after the injection the dry ice and ethanol 

mixture is replaced with boiling water (∼100 ºC) and the trapped gases are released. 

The boiling water is removed from the sample loop 15 minutes after the injection. After 

sample injection the whole of the inlet system including the reference volume is 

evacuated ready for the next sample, a second connection between the vacuum pump 

and the reference volume is used to facilitate this process. This sample preparation 

procedure gives highly reproducible final mixing ratios on the GC-MS. The 

reproducibility is different for different compounds. See Table 3.1 for an example of 

typical reproducibilities. 

 

 
Figure 2.2: Schematic diagram of the manual inlet system for the AutoSpec GC-MS 

instrument. ⊗ represents a valve. 
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2.4 The AutoSpec system 

The majority of the measurements in this study were performed using an Agilent 6890 

gas chromatograph coupled to a high-sensitivity Waters AutoSpec tri-sector mass 

spectrometer (GC-MS) (Figure 2.1). 

 

Two gas chromatograph capillary PLOT (porous layer open tubular) columns were used 

during this analysis: an Agilent GS GasPro column (length ~50 m, ID 0.32 mm) and an 

Agilent KCl-passivated Al2O3-PLOT column (length: 50 m, ID 0.32 mm), (Laube et al., 

2016). These two GC columns are used separately, depending on which compounds we 

want to measure in the samples. The GasPro column has silica i.e. silicon dioxide as the 

stationary phase. The AlPLOT column has aluminium oxide (Al2O3) deactivated by 

potassium chloride as the stationary phase. The AlPLOT column uses polarities and 

boiling points to separate compounds and therefore enables isomeric separation not 

possible with the GasPro column. During analysis on the AlPLOT column, an Ascarite 

(NaOH-coated silica) trap was used to remove carbon dioxide (Section 2.3), as the 

AlPLOT column produces carbon dioxide and has a stronger affinity for carbon dioxide 

than the GasPro column. Although, the ascarite trap can distort or reduce the signal of a 

number of compounds, in particular those that contain both a hydrogen and a chlorine 

atom as it can remove an HCl molecule from those.  

  

During analysis the column was contained within a GC oven which was cooled to -10 

°C using liquid CO2 before injection. After 2 minutes, the temperature was ramped up. 

The temperature programme produced consistent retention times for the compounds of 

interest and enabled analysis of compounds with both low boiling points and high 

boiling points, for example, from C2F6 (-78 °C) to CH2ClCH2Cl (83 °C). 

  

The carrier gas, i.e. the mobile phase, used in this study was research grade helium, 

cleaned with an extra purifier cartridge. The optimal flow rate of the carrier gas is a 

balance between speed and separation efficiency. In this study the inlet pressure 

increases during the run to maintain a constant outlet flow rate of 2.0 ml min-1 as the 

oven temperature increases. 

  

After the sample passes through the GC column the compounds are ionised by electron 

ionisation. A heated metal filament (tungsten) thermoelectrically emits a beam of high-

energy electrons. The electrons are accelerated by a potential difference of 70 electron 

volts (eV). These electrons enter the source through a slit and bombard molecules of the 

sample gas to form positively charged molecular ions and ion fragments. Uncharged 

fragments and negatively charged ions can also be formed but they cannot be detected. 

The fragmentation pattern of a compound should be similar between instruments 

providing the energy of the electrons is the same. 

  

The AutoSpec instrument is an EBE tri-sector mass spectrometer, meaning ions pass 

through an electric sector, then a magnetic sector, then another electric sector. The 
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magnetic sector deflects ions based on their mass to charge ratio (m/z) and the electric 

sectors reflect ions based on their kinetic energies. The idea behind combining magnetic 

sectors and electric sectors is that the dispersion that occurs in one sector is corrected 

for by the focusing in the next sector. The second electric sector also filters out 

metastable ions. This improves the sensitivity and resolution of the instrument. The 

magnitude and frequency of the electric fields are varied to selectively allow only ions 

with very specific m/z ratios to reach the detector while any other ions collide with the 

internal surfaces. Therefore, the AutoSpec can operate at a very high mass resolution or, 

if the mass resolution is reduced, while still being high, the AutoSpec can operate at a 

very high sensitivity. The source and the analyser are kept under vacuum using three 

diffusion pumps inside the AutoSpec, and using scroll pumps as forepumps, to prevent 

air molecules from reacting with or deflecting the sample ions. 

 

The detector on the AutoSpec instrument is a dual conversion dynode configuration. It 

is an off-axis detector which reduces background noise by preventing neutral ions from 

striking the detector. A dynode is a metal surface that releases multiple electrons when 

it is struck by a fast moving ion. In the AutoSpec detector these electrons then collide 

with a phosphor screen which results in the emission of photons. The photons then enter 

a photomultiplier tube which amplifies the signal and results in a secondary emission of 

electrons through the photoelectric effect, where photons impacting a surface releases 

electrons. The induced current is then recorded by the computer as peaks in the detector 

signal (Figures 2.3 & 2.4). The AutoSpec instrument is used to make high precision 

measurements of trace gases in small air samples and typically has a detection limit of 

<0.1 femtomole per mole of air (10−16). 

 

 
Figure 2.3: Example chromatogram of CFC-11, mass fragment CF35Cl37Cl+, m/z 

102.9332, in the SX-3591 working standard, on function 13 of the single ion monitoring 

method, measured in August 2018 on the GasPro column. 

SX-3591

Time
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Figure 2.4: Example chromatogram of CFC-113 (21.80 minutes) and CFC-113a (21.94 

minutes), m/z 116.9066 in the SX-3591 working standard, on function 18 of the single 

ion monitoring method, measured in March 2019 on the AlPLOT column. 

2.5 Instrument setup 

The AutoSpec can be operated in one of two modes: scan mode and single ion 

monitoring (SIM) mode. Scan mode and SIM mode both have trade-offs between the 

number of mass to charge (m/z) ratios monitored and sensitivity. Scan mode is often 

used for preliminary compound identification and is where the AutoSpec scans across a 

range of m/z values in each window of time. The sensitivity of the AutoSpec is 

proportional to the time spent acquiring ion counts on each ion. Therefore, in scan mode 

sensitivity is greatly reduced as a large number of ions are measured and so the time 

spent acquiring them is limited. Single ion monitoring (SIM) mode, on the other hand, 

is where a small number of m/z ratios are monitored in each window of time and 

therefore this mode has much higher sensitivity and so works well for measuring 

compounds with low mixing ratios. As the ions being measured and the times over 

which they are measured need to be decided in advanced SIM mode requires more pre-

analysis preparation than scan mode and the retention windows need to be repeatedly 

adjusted as the elution of compounds shifts over time.  

  

The software package ‘MassLynx’, provided by Waters®, is used to control the 

instrument setup. During this study, the mass spectrometer was operated using electron 

ionisation and single ion monitoring (SIM) mode, also termed EI-SIR (Electron Impact-

Selected Ion Recording) mode, with a mass resolution of ∼1000 at 5 % peak height 

determined using the internal reference compound (see below). 

  

The selected ion recording mode is split into functions, which are windows of time 

when a selection of m/z values are monitored corresponding to the elution times of 

SX-3591

Time
21.80 22.00 22.20 22.40 22.60
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compounds of interest and their ionisation products (Table 2.1). The ions selected to 

measure a compound are based on a number of factors. Firstly, the size of the peaks 

need to be large enough to be detected but not so large that they saturate the detector. 

Secondly, the range of m/z values being scanned in each window needs to be kept as 

small as possible or sensitivity may decrease. Typically, the largest m/z value in a 

function should not be more than 1.5 times the smallest m/z value. Thirdly, the m/z 

value is selected to avoid interference from other co-eluting compounds. The same 

compound is often measured on more than one m/z value. 
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Table 2.1: A typical single ion monitoring method used on the AutoSpec instrument 

during this study with the retention windows of the functions, the retention times of the 

compounds and the ions measured. This example is from August 2018 when the Taiwan 

2018 air samples were being analysed using the GasPro column. 

Function Name Formula 

Retention 

Time 

(min) 

Retention 

Window 

(min) 

Ions (m/z) 

1 
C2F6 C2F6 7.78 

7.45 - 8.25 
118.992   

SF6 SF6 8.01 126.9641   

2 HFC-23 CHF3 8.37 8.25 - 9.50 51.0046 68.9952  

3 COS COS 9.91 9.50 - 10.10 59.97 60.9703 61.9628 

4 HFC-32 CH2F2 10.34 10.10 - 10.50 51.0046 52.0125  

5 C3F8 C3F8 10.69 10.50 - 11.00 168.9888   

6 CFC-115 CF3CClF2 11.32 11.00 - 11.50 86.9627 84.9657  

7 

HFC-125 CF3CHF2 11.63 

11.50 - 11.98 

101.0014   

SF5CF3 SF5CF3 11.68 88.9673   

HFC-143a CH3CF3 11.87 65.0203   

8 
CFC-12 CCl2F2 12.13 

11.98 - 13.20 
100.9361 102.9332 104.9302 

HCFC-22 CHClF2 12.1 66.9751   

9 
Methyl Chloride CH3Cl 13.54 

13.20 - 13.97 
49.9923 50.9957 51.9894 

HFC-134a CH2FCF3 13.39 51.0046 50.9957  

10 
C2H3Cl C2H3Cl 14.11 

13.97 - 14.55 
61.9923 63.9894  

HCFC-31 CH2ClF2 14.25 67.9829 69.98  

11 HFC-227ea CF3CHFCF3 14.8 14.55 - 15.10 150.9982 101.0014  

12 

Methyl Bromide CH3Br 15.47 

15.10 - 16.00 

93.9418 95.9398  

HCFC-142b CH3CClF2 15.5 65.0203   

HCFC-124 CClF2CHF2 15.36 66.9751   

13 

HCFC-21 CHCl2F 16.23 

16.00 - 16.65 

101.9439   

CFC-11 CCl3F 16.47 102.9332 101.9439  

HFC-365mfc CF3CH2CF2CH3 16.19 133.0077   

14 
HCFC-133a CH2ClCF3 16.89 

16.65 - 17.40 
119.9768 117.9797  

CH2CCl2 CH2CCl2 17.14 95.9534 97.9504  

15 C2H5Cl C2H5Cl 17.58 17.40 - 17.90 64.008 66.005  

16 
Dichloromethane CH2Cl2 18.07 

17.90 - 18.60 
82.9455 84.9426  

cis-CHClCHCl CHClCHCl 18.25 95.9534 97.9504  

17 

HCFC-141b CH3CCl2F 18.89 

18.60 - 19.80 

102.9332   

CFC-113 CCl3CF3 19.2 102.9332 116.9066  

CFC-113a CCl3CF3 19.1 116.9066   

C2H5Br C2H5Br 19.32 107.9575   

HCFC-123 CF3CHCl2 19.32 132.9423   

18 
Chloroform CHCl3 20.06 

19.80 - 21.20 
116.9066 118.9036  

Carbon Tetrachloride CCl4 20.55 116.9066 118.9036  

19 Halothane CF3CHFClBr 21.4 21.20 - 21.60 195.8902   

20 

Isoflurane CF2OCF2CHFCl 22.27 

21.60 - 23.40 

114.9762   

Methyl Chloroform CH3CCl3 22.47 116.9066   

Dibromomethane CH2Br2 22.31 92.934 94.9319  

21 1,2-dichloroethane CH2ClCH2Cl 23.99 23.40 - 24.50 63.9894 61.9923  
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Hexadecane, C16F34, is used as an internal reference compound and is continuously 

injected into the ionisation source of the mass spectrometer. The hexadecane gas is 

contained in a glass vessel which is attached to a movable stainless-steel tube. The flow 

of the hexadecane is changed by using a valve and changing the distance from the 

hexadecane to the ion source. Hexadecane is used because it breaks down into a wide 

range of fragments ions (m/z 29 to 226) that are in a similar range to the fragment ions 

of the compounds of interest. 

  

The hexadecane is also used for tuning and mass calibration at the beginning of every 

measurement day. To tune the instrument the ion repeller and focusing lenses are 

adjusted whilst observing the hexadecane peak on C4H9
+ m/z 57.0704, the most 

abundant hexadecane mass, to produce a large symmetric peak. Then mass calibration is 

completed, the accelerating voltage is scanned over the selected mass range in each 

function and peaks are matched with known hexadecane fragment ions. In each function 

a hexadecane lock-mass is included, that has a m/z value close to those of the other ions 

being measured. The software then tracks the position of the lock-mass peaks during the 

day so that small peak position changes caused by slight fluctuations in the magnetic 

field can be automatically corrected for. 

  

2.5.1 Typical measurement day 

On a typical day, after the instrument has been tuned and mass calibrated, the working 

standard is analysed twice to allow for the instrument to settle down. In this study two 

working standards, AAL-071170 and SX-3591, were used. They are both background 

air samples that have 'known' mixing ratios of the compounds of interest (Section 2.8). 

After this a helium blank is measured. 

  

A helium blank is when 200-300 ml of the helium carrier gas is cryogenically trapped, 

pre-concentrated and analysed as if it were an air sample. Any peaks detected during 

this run are due to contamination within the system and the size of the helium peaks is 

subtracted from the peaks in all the other runs on that day. For almost all compounds of 

interest the size of the peak in the helium blank is <1 % the size of the peak in the 

average sample response. Another reason for analysing a helium blank at the beginning 

of every day is that unexpectedly large peaks in the helium blank may be an indication 

of a leak in the system. 

  

After the helium blank is measured three duplicate measurements are made of the same 

sample bracketed by measurements of the working standard. The repeat measurements 

of the sample are used to calculate part of the analytical uncertainty (see below). For the 

remainder of the day two samples are measured, followed by another measurement of 

the working standard. This procedure means usually five to seven samples are analysed 

each day as it takes approximately 45 minutes to measure a sample, standard or helium 

blank. The working standard is measured multiple times during the day in order to 
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calculate the mixing ratios in the samples and to correct for any change in the detector 

response during the day, i.e. instrument drift (see below).  

  

1. Standard 

2. Standard 

3. Helium Blank 

4. Standard 

5. Sample 1 

6. Sample 1 

7. Sample 1 

8. Standard 

9. Sample 2 

10. Sample 3 

11. Standard 

12. Sample 4 

13. Sample 5 

14. Standard 

15. Sample 6 

16. Sample 7 

17. Standard 

  

2.6 Data processing 

After analysis, the area under each of the peaks in integrated and normalised according 

to the exact air volume injected. Then the peak areas in the samples are compared to the 

equivalent peak areas in the surrounding standards. The first standard measured at the 

beginning of the measurement day is excluded from the data processing. In order to 

correct for instrument drift, which can cause variations in the peak areas, the standards 

are weighted according to their temporal proximity to the sample. A combined standard 

value is then used to calculate a sample-to-standard ratio. The ratio of the helium blank 

to the standard is then removed from each of the sample-to-standard ratios using 

Equation 2.1. 

 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑟𝑎𝑡𝑖𝑜 −  𝐻𝑒𝑙𝑖𝑢𝑚 𝑟𝑎𝑡𝑖𝑜

1 −  𝐻𝑒𝑙𝑖𝑢𝑚 𝑟𝑎𝑡𝑖𝑜
= 𝑏𝑙𝑎𝑛𝑘 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒-𝑡𝑜-𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑟𝑎𝑡𝑖𝑜 (2.1) 

 

This ratio is then multiplied by the 'known' mixing ratio in the standard to calculate the 

mixing ratio in the sample. In some cases, the peak heights are used instead of the peak 

areas. For samples that are measured multiple times the measurements are averaged 

together to calculate a mixing ratio. 

  

The analytical precision is calculated the same way for all the measurements and 

represents the 1σ standard deviation. The uncertainty is based on the square root of the 

sum of squares of the standard deviation of the standards measured throughout the day 
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and the standard deviation of the three repeat measurements of a sample on that day 

(Equation 2.2). 

 

𝑇𝑜𝑡𝑎𝑙 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =  √𝑆𝐷𝑠𝑎𝑚𝑝𝑙𝑒
               2 + 𝑆𝐷𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

                    2 (2.2) 

  

2.7 Entech instrument 

The air samples collected in Taiwan were also measured on the Entech-Agilent GC-MS 

system. Some of these data in this thesis comes from these measurements and it is 

explained in Chapters 4 and 5 when this is the case. The analysis using this system was 

carried out and the data generously provided by David Oram. For more detail about the 

'Entech' instrument system see Leedham-Elvidge et al. (2015).  

  

Briefly, 800 ml – 1000 ml of air are typically trapped using a commercial, fully 

automated, three-stage cyrogenic pre-concentration system (Entech Instruments, model 

7100). The gas chromatograph is an Agilent 6890 with a GasPro capillary column (30 m 

× 320 µm, Agilent Technologies) and the carrier gas is research grade heilum. The mass 

spectrometer is a 5973 quadrupole, operated in electron ionisation at 70 eV and single 

ion monitoring mode. Mixing ratios were determined by comparison with 

measurements of a working standard, SX-0706070 or SX-3580. 

 

2.8 Stability of substances in standards 

2.8.1 Purpose of a working standard 

A working standard is a gas cylinder of air that is measured multiple times per day, in 

this case, on the AutoSpec GC-MS. As mentioned previously the working standard 

serves multiple purposes. Firstly, recording and later correcting for drift in the 

instrument response during the measurement day. Secondly, calculating the mixing 

ratios, for the compounds of interest, in the samples by comparing the relative response, 

i.e. the size of the peak, in the sample to the size of the peak in the standard (Section 

2.6). It is assumed that we know what the mixing ratio of the compound in the standard 

is. An additional purpose of a standard is to enable the comparison of measurements 

made at different times using the same instrument, measurements made with the 

instrument using different set-ups, and measurements made using different instruments. 

These comparisons can be used to identify issues if the mixing ratios of a compound are 

found to differ when using different measurement methods. 

2.8.2 Purpose of intercomparison measurements 

During the course of this research, two primary working standards were used on the 

AutoSpec GC-MS. Firstly the AAL-071170 that was the working standard from 2008 to 

2017 and then on 17-Aug-2017 the standard was replaced with the SX-3591 that 

became the new working standard. It is necessary to change the working standard after a 
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number of years because the pressure decreases in standards as the air is used up. Also, 

mixing ratios of many compounds in the atmosphere increase or decrease over time and 

therefore the compound’s mixing ratios in an older standard may no longer be 

comparable to modern day air samples. 

Mixing ratios of compounds in standards can drift over time. The mixing ratio of a 

compound may slowly increase or decrease over time due to chemical reactions taking 

place inside the cylinder. In order to check for drifts in the standards, intercomparison 

days were performed regularly. Intercomparison days involve measuring at least one 

other standard, two or three times, as if it were a sample, in addition to the working 

standard on the AutoSpec GC-MS instrument. This study includes intercomparisons 

done between 2008 and 2018 and is an update to a previous intercomparison done in 

2015 by Johannes Laube. 

2.8.3 Description of standards 

For intercomparisons it is necessary to compare multiple standards to decrease the 

chance of concurrent drift making the standards incorrectly appear stable. In this study, 

five standards were compared: ALM-39753, AAL-071170, SX-0706077, SX-3580 and 

SX-3591. ALM-39753 was the working standard on a different AutoSpec instrument at 

the UEA from 1998 to 2008. Both ALM-39753 and AAL-071170 are Aculife-treated 

aluminium gas cylinders. All the SX canisters are electro-polished stainless-steel 

canisters from ‘Essex Industries’. 

All the working standards are real air samples collected at Niwot Ridge, Colorado, USA 

and are representative of northern hemispheric background mixing ratios: ALM-39753 

(filled 1993), AAL-071170 (filled 2006), SX-0706077 (filled 2009), SX-3580 (filled 

2013) and SX-3591 (filled 2016). The standards were collected, initially calibrated and 

supplied by the Global Monitoring Division of the Earth System Research Laboratory 

of the National Oceanic and Atmospheric Administration (NOAA-ESRL-GMD) in 

Boulder, Colorado, USA. 
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Table 2.2: Intercomparison measurement days on the AutoSpec instrument between 

2008 and 2018 and the standards measured on each day. 

Measurement 

date 
A

L
M

-3
9

7
5

3
 

A
A

L
-0

7
1

1
7

0
 

S
X

-0
7

0
6

0
7

7
 

S
X

-3
5

8
0
 

S
X

-3
5

9
1
 

17-Dec-2008 ✓ ✓    

03-Sep-2009 ✓ ✓    

08-Sep-2009 ✓ ✓    

12-May-2010 ✓ ✓ ✓   

13-May-2010 ✓ ✓ ✓   

07-Jun-2013 ✓ ✓ ✓   

21-May-2014  ✓ ✓   

29-May-2014 ✓ ✓    

02-Jun-2014  ✓ ✓ ✓  

04-Jun-2014  ✓ ✓ ✓  

24-Sep-2014 ✓ ✓    

15-Sep-2015  ✓ ✓ ✓  

22-Jul-2016  ✓  ✓  

21-Mar-2017 ✓ ✓ ✓   

28-Mar-2017 ✓ ✓    

30-Mar-2017  ✓ ✓  ✓ 

05-Apr-2017  ✓   ✓ 

15-Aug-2017  ✓ ✓  ✓ 

17-Aug-2017 ✓ ✓   ✓ 

24-Aug-2017  ✓   ✓ 

21-Sep-2017  ✓   ✓ 

23-Nov-2017 ✓ ✓ ✓  ✓ 

13-Mar-2018  ✓   ✓ 

20-Aug-2018 ✓ ✓   ✓ 

22-Aug-2018   ✓  ✓ 

07-Sep-2018  ✓   ✓ 

 

2.8.4 Intercomparison methodology 

In total, this study included 26 intercomparison days spread across 11 years (Table 2.2). 

All the standards were measured against AAL-071170 as the working standard from 17-

Dec-2008 to 15-Aug-2017 and then from 17-Aug-2017 all the standards were measured 

against SX-3591 as the working standard. The relative response of the standard against 

the working standard and the analytical uncertainty within each measurement day were 

calculated as explained in Section 2.6. The only differences with the intercomparison 

days is that every standard is measured multiple times and instead of a sample-to-

standard ratio it is a standard-to-standard ratio.  
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The standard-to-standard ratio was used to investigate the stability of the compound 

mixing ratios in the standards. As most of the measurements were made relative to 

AAL-071170, any measurements that were made using a different working standard 

were converted to make then relative to AAL-071170 so that all the measurements 

could be compared. 

For example when both ALM-39753 & AAL-071170 were measured against SX-3591 

as the working standard, the relative response of ALM-39753 against SX-3591 was 

divided by the relative response of AAL-071170 against SX-3591 to calculate the 

relative response of ALM-39753 against AAL-071170. 

𝐴𝐿𝑀-39753

𝑆𝑋-3591
 ÷  

𝐴𝐴𝐿-071170

𝑆𝑋-3591
=  

𝐴𝐴𝐿-39753

𝐴𝐴𝐿-071170
 

Then to work out the relative response of SX-3591 against AAL-071170, one divided 

by the relative response of AAL-071170 against SX-3591 was taken. 

𝑆𝑋-3591

𝑆𝑋-3591
 ÷  

𝐴𝐴𝐿-071170

𝑆𝑋-3591
=  

𝑆𝑋-3591

𝐴𝐴𝐿-071170
 

𝑆𝑋-3591

𝑆𝑋-3591
= 1 

This leads to the relative response of the AAL-071170 standard always being one and 

everything else being compared to it. So if a compound in one of the other standards 

had a mixing ratio higher than the mixing ratio in AAL-071170 then the number would 

be greater than one. If the mixing ratio was lower than in AAL-071170 the number 

would be less than one. 

If the mixing ratios of a compound in a standard are stable over time then the standard-

to-standard ratio, i.e. the relative response should stay the same within uncertainties 

even over several years. If there is a trend in the relative response over time this means 

the mixing ratio of the compound in one (or possibly both) of the standards is either 

increasing or decreasing. The average and the 3 sigma standard deviation of all the 

measurements for all the intercomparison days is calculated. This is plotted in Figure 

2.5 as a larger data point with error bars. The trend line of the relative responses over 

time was used to calculate relative responses for the first and last intercomparison days 

for which the standard was measured. It was then determined if these two values agreed 

within 1 sigma, 2 sigma or 3 sigma standard deviation. If the relative responses did not 

agree within 3 sigma standard deviation then it is determined that there is a significant 

drift. 

In this study, a selection of 29 halogenated trace gases were investigated. Other 

compounds such as most PFCs and some HFCs listed in Table 2.1 were also measured 

but were not the focus of this thesis. See Table 2.3 for a complete list of the compounds 

investigated and the agreement of their relative responses in the standards. Four 

examples, methyl bromide, CFC-11, dichloromethane and COS are included in Figure 

2.5. The plots for the other 25 compounds are include in the Appendix. 
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Figure 2.5: Relative responses of the standards against AAL-071170 for CH3Br, CFC-

11, CH2Cl2, and COS. 

2.8.5 Intercomparison results 

The relative responses of the other standards against AAL-071170 for most of the 

compounds investigated remained mostly the same between 2008 and 2018 within 

either 1 sigma or 2 sigma. There are only five examples of agreement within only 3 

sigma (Table 2.3). In general, the compounds that are long-lived in the atmosphere were 

more stable in the standards than the compounds that are short-lived in the atmosphere. 

There were some examples of compounds for some standards not agreeing within 3 

sigma. In ALM-39753 dichloromethane and chloroform were found to be drifting. 

Dichloromethane was previously found to be drifting in the ALM-39753 standard 

(Leedham Elvidge et al., 2015). Fortunately, ALM-39753 is no-longer being used for 

measurements and in all the other standards dichloromethane and chloroform show no 

evidence of drift. Also, 1,2-dichloroethane agrees within 1 sigma with ALM-39753 and 

agrees within 2 sigma with SX-3591 but does not agree within 3 sigma with SX-

0706077 or SX-3580. It is believed that 1,2-dichloroethane is actually drifting in the 

AAL-071170 standard and that ALM-39753 is co-drifting with it. As the two working 

standards used in this study, SX-3591 and AAL-071170, still agree within 2 sigma no 

drift correction was done. The standards stored in aluminium cylinders might not be 

stable long-term for the very short-lived chlorine compounds, CH2Cl2, CHCl3, and 

CH2ClCH2Cl. In the future, 1,2-dichloroethane, dichloromethane and chloroform in 

ALM-39753 and AAL-071170 will need to continue being monitored. 
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The SX-3580 standard was only included in four intercomparison days and not all the 

compounds were analysed for every day so in some cases the relative responses of 

compounds in SX-3580 against AAL-071170 are only available for one or two days. 

For compounds that were only measured once it was not possible to investigate the 

variation of those compounds in SX-3580. For compounds that were measured twice a 

trend line was calculated but should be treated with caution. The relative responses of 

CFC-13, CH3CCl3 and CH2ClCH2Cl in SX-3580 against AAL-071170 do not agree 

within 3 sigma but they are all based on only two measurements. CFC-13 and CH3CCl3 

agree in the other standards and it is hypothesised that additional measurements of SX-

3580 would likely improve the agreement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

Table 2.3: The agreement of the relative responses of the standards against AAL-

071170. ✓ whether they agree within 1σ, 2σ or 3σ standard deviation of the daily 

measurement uncertainty.  they don't agree within 3σ. NA - Not Available, the 

compound was only measured once and so it is not possible to investigate drift over 

time. 

Compounds 
ALM-39753 SX-0706077 SX-3580 SX-3591 

1σ 2σ 3σ 1σ 2σ 3σ 1σ 2σ 3σ 1σ 2σ 3σ 

C2H5Br ✓ 

 

 

 

✓  

  

✓  ✓  

C3F8  ✓  ✓ 

 

 ✓ 

 

  ✓  

CFC-11  ✓  ✓ 

 

 ✓ 

 

 ✓ 

 

 

CFC-113 ✓ 

 

 ✓ 

 

  ✓  ✓ 

 

 

CFC-115 ✓ 

 

 ✓ 

 

  ✓  ✓ 

 

 

CFC-12 
 

✓ 

 

✓ 

 

 NA  ✓  

CFC-13 ✓ 

   

✓ 

 

  ✓  

COS 
  

✓ 
 
✓ 

  
✓ 

  
✓ 

 

CH2Cl2  ✓ 

  
 ✓ 

 

✓ 

  

CH2Br2 ✓ 

 

 

 

✓ 

 

 

 

✓  

 

✓ 

CH2ClCH2Cl ✓ 

 

    ✓  

Halon-1211 
 

✓  ✓ 

 

 NA ✓ 

 

 

Halon-2402 ✓ 

 

 ✓ 

 

 NA ✓ 

 

 

HCFC-133a ✓ 

 

 

  

✓ 

 

✓  ✓ 

 

 

HCFC-142b ✓ 

 

 ✓ 

 

 ✓ 

 

 ✓ 

 

 

HFC-125 ✓ 

 

 ✓ 

 

 ✓ 

 

 ✓ 

 

 

HCFC-141b 
 

✓  

 

✓  ✓ 

 

 ✓ 

 

 

HFC-143a ✓ 

 

 ✓ 

 

 ✓ 

 

 ✓ 

 

 

HCFC-22 ✓ 

 

 ✓ 

 

 ✓ 

 

  ✓  

HFC-23 
 

✓  ✓ 

 

 ✓ 

 

  ✓  

CH3CCl3 ✓ 

 

 ✓ 

 

  ✓ 

 

 

CH3Br ✓ 

 

    

CH3Cl 
 

✓  ✓ 

 

 ✓ 

 

 ✓ 

 

 

SF6 ✓ 

 

 ✓ 

 

 ✓ 

 

 ✓ 

 

 

CCl4 ✓ 

 

 ✓ 

 

 ✓ 

 

 ✓ 

 

 

CHCl3  ✓ 

 

 ✓ 

 

 ✓ 

 

 

CFC-113a 
 

✓  

 

✓  ✓ 

 

  ✓  

HFC-32 ✓ 

 

 ✓ 

 

 ✓ 

 

  ✓  

Halon-1301 
 

✓   ✓  NA ✓ 

 

 

 

2.8.6 Drift correction 

There is evidence to suggest that the mixing ratios of methyl bromide (CH3Br) are 

changing in some of the standards. The responses of methyl bromide in SX-3580, SX-

0706077 and SX-3591 relative to AAL-071170 do not agree within 3 sigma (Table 2.3). 

The response in ALM-39753 agrees within 1 sigma possibly because ALM-39753 and 
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AAL-071170 are co-drifting. The slope of the trend for SX-3591 against AAL-071170 

is relatively large and could suggest that methyl bromide is drifting in both of these 

standards (Figure 2.5). Overall, it is believed that methyl bromide mixing ratios are 

decreasing in AAL-071170 and ALM-39753 and increasing in SX-3591. 

  

Methyl bromide was therefore drift corrected. This correction was done by taking the 

original NOAA supplied methyl bromide mixing ratio in the AAL-071170 (8.8 ppt in 

2006). Then calculating the mixing ratios of methyl bromide in the AAL-071170 at 

different points in time using the relative response of the AAL-071170 against the other 

standards on the intercomparison days and the original NOAA supplied methyl bromide 

mixing ratios in the other standards. The assumption behind this is that the original 

NOAA supplied mixing ratios of the standards are still valid when measured shortly 

after their delivery as there has not been very much time for drifting. When AAL-

071170 was the working standard its relative response was calculated using the method 

shown above, (i.e. 1 divided by the relative response of the other standard). 

Intercomparisons with ALM-39753 were excluded because it is likely ALM-39753 is 

also drifting. 

These mixing ratios of methyl bromide in the AAL-071170 were then plotted (Figure 

2.6) and a linear trend line calculated, y=mx+c, where y is the mixing ratio of methyl 

bromide in the sample and x is the date it was measured as a decimal date. To calculate 

the methyl bromide mixing ratio in a sample, take the date of the measurement and the 

equation of the trend line, to calculate what the mixing ratio of methyl bromide was in 

the AAL-071170 on that day. Then multiply this number by the relative response of the 

sample to calculate the methyl bromide mixing ratio in the sample. This drift correction 

was initially done in 2017, it was only after it was repeated in 2018 that it became 

apparent that methyl bromide mixing ratios were also likely drifting in SX-3591. 

However, the only methyl bromide measurements used in this study are from before 

2018, i.e. very shortly after the initial filling and calibration of SX-3591 by NOAA, so 

the drift correction should still be acceptable for these measurements. 

 
Figure 2.6: Methyl bromide mixing ratios in AAL-071170 between 2006 and 2018. 
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2.8.7 Calculating the mixing ratios in the standards 

SX-3591 became the working standard on the AutoSpec instrument at the UEA on 17-

Aug-2017. The standard is a background northern hemispheric air sample collected in 

Colorado in the summer of 2016 by NOAA-ESRL-GMD. It was calibrated by NOAA 

for some of the most important trace gases but not for all of the compounds measured at 

the UEA. Mixing ratios for the compounds in the SX-3591 were calculated using the 

mixing ratio in AAL-071170 and the ratio of the relative response of AAL-071170 

against SX-3591.  

𝑆𝑋-3591 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝐴𝐴𝐿-071170 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐴𝐴𝐿-071170 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑆𝑋-3591
 

Mixing ratios calculated for compounds in SX-3591 were then compared to the mixing 

ratios provided by NOAA, where it was possible, to investigate whether they agreed 

within the uncertainties (Table 2.4). For the 13 compounds that were compared the 

calculated SX-3591 mixing ratios agreed with the SX-3591 NOAA mixing ratios within 

1 sigma standard deviation for all the compounds except for COS, HCFC-141b, CH3Br 

and CH3Cl. The mixing ratios of HCFC-141b and CH3Cl agreed within 2 sigma 

standard deviation. The CH3Br mixing ratio calculated in this study is lower than the 

CH3Br mixing ratio provided by NOAA. This is because, as previously mentioned, 

CH3Br is drifting, after it was drift corrected, it agreed within 1 sigma. The COS mixing 

ratio calculated in this study is higher than the NOAA mixing ratio. COS is not an 

ozone-depleting substance and it was not a focus of this study. Therefore, this 

disagreement was not investigated further, and COS measurements were excluded from 

further analysis.  
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Table 2.4: SX-3591 mixing ratios calculated with AAL-071170 mixing ratios and 

relative responses of AAL-071170 against SX-3591 compared to SX-3591 mixing 

ratios provided by NOAA. ✓ indicates that the mixing ratios agree within the 

uncertainties.  indicates that the mixing ratios do not agree within the uncertainties. 

Compounds 

AAL-071170 SX-3591 
SX-3591 

NOAA 

SX-3591 

mixing 

ratios agree 

Mixing 

ratio 

(ppt) 
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σ

  

W
it

h
in

 2
σ

 

C2H5Br 0.122 0.013 UEA 2015 0.106 0.008     

C3F8 0.451 0.023 UEA 2015 0.635 0.012     

CFC-11 248.4  NOAA 2016 GC-ECD 232.071 1.203 231.8 0.9 ✓ ✓ 

CFC-113 79.8 0.3 NOAA 2002 GC-ECD 72.345 0.434 72.8 0.4 ✓ ✓ 

CFC-115 8.309   UEA 1994 8.494 0.050     

CFC-12 539.894 2.352 NOAA 2008 GC-ECD 510.907 2.752 511.3 1.2 ✓ ✓ 

CFC-13 2.943   UEA 1994 3.135 0.052     

COS 685.8 5.3 NOAA 2002 GC-MS 518.949 4.646 504.3 1.0   

CH2Cl2 32.538 0.390 NOAA 2003 GC-MS 66.880 0.639 66.5 0.2 ✓ ✓ 

CH2Br2 2.46  0.1 NOAA 2003 GC-MS 0.819 0.077 0.83 0.02 ✓ ✓ 

CH2ClCH2Cl 5.67 0.10 UEA 2012 10.209 0.467     

Halon-1211 4.40 0.01 NOAA 2006 GC-ECD 3.556 0.019 3.56 0.02 ✓ ✓ 

Halon-2402 0.428 0.002 UEA 2015 0.370 0.005     

HCFC-133a 0.294 0.012 UEA 2012 0.489 0.006     

HCFC-142b 16.7 0.1 NOAA 1994 GC-MS 24.356 0.435 24.5 0.1 ✓ ✓ 

HCFC-141b 18.7 0.1 NOAA 1994 GC-MS 26.597 0.232 26.1 0.1  ✓ 

HFC-143a 5.617 0.283 UEA 2015 18.531 0.242     

HCFC-22 178.9  0.6 NOAA 2006 GC-MS 251.250 2.321     

HFC-23 115.44 6.14 UEA 2015 47.789 0.901     

CH3CCl3 16.6 0.2 NOAA 2003 GC-ECD 2.424 0.088 2.4 0.1 ✓ ✓ 

CH3Br 8.8 0.1 NOAA 2003 GC-MS 5.116 0.654 7.6 0.1   

CH3Cl 588.4 1.9 NOAA 2003 GC-MS 543.964 5.234 552.3 0.5  ✓ 

SF6 5.95 0.04 NOAA 2006 GC-ECD 9.521 0.146     

CCl4 93.9 0.2 NOAA 2002 GC-ECD 82.739 2.457 81.7 0.5 ✓ ✓ 

CHCl3 9.3 0.2 NOAA 1992 GC-MS 15.362 0.270     

CFC-113a 0.375 0.009 UEA 2012 0.726 0.020     

Halon-1301 3.078 0.036 NOAA 2006 GC-ECD 3.297 0.028     

HFC-32 1.59   SIO-2007 15.419 0.410     

HFC-125 4.977   UB-98 24.742 0.199     
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2.9 Atmospheric models 

The focus of this study was on atmospheric observations but during the study the output 

from three different models was used in combination with the observations to aid 

investigation. 

  

1. The Numerical Atmospheric Modelling Environment (NAME) Lagrangian particle 

dispersion model was used in Chapter 4 and Chapter 5. The output from the NAME 

model was not generated by myself but was generously provided by others: 

Norfazrin Mohd Hanif (Universiti Kebangsaan Malaysia), Matthew Ashfold 

(University of Nottingham), Marios Panagi (University of Leicester) and Zoe 

Fleming (University of Leicester). The NAME model is a three-dimensional model 

that was originally developed by the UK Meteorology Office to model the 

dispersion of radioactive clouds after a nuclear accident (Maryon et al., 1991). Since 

then, NAME has been continuously developed and used in a wide range of 

atmospheric dispersion research (Jones et al., 2007; Manning et al., 2011; Fleming 

et al., 2012). 

  

In this study NAME was run in backwards trajectory mode to simulate the history of 

air sampled during campaigns in Taiwan and Malaysia to investigate source regions 

of CFC-113a and CFC-11 emissions in East Asia. In Chapter 5 the output from the 

NAME model was divided into 15 regions to investigate the influence of air masses 

from each region on mixing ratios of CFC-11 in Taiwan. The output from the 

NAME model was also combined with emission inventories of carbon monoxide 

(CO) to investigate the possible emission sectors of CFC-11 emissions in East Asia. 

For further information see Chapter 4 and Chapter 5. 

  

2. The Chemical Lagrangian Model of the Stratosphere (CLaMS) was used in Chapter 

3. The output from the CLaMS model was not generated by myself but was 

generously provided by Bärbel Vogel (Forschungszentrum Jülich). 15-day backward 

trajectories were calculated with the trajectory module of the CLaMS model, driven 

by horizontal winds from ERA-5 reanalysis (Hersbach and Dee, 2016). Backward 

trajectories were run for some of the air samples collected during the StratoClim 

research aircraft campaign in summer 2017. The trajectories were used to 

investigate transport times and source regions of air masses in and above the Asian 

summer monsoon and their influence on mixing ratios of very short-lived ozone-

depleting substances in the upper tropopause and lower stratosphere. For further 

information see Chapter 3. 

  

3. A two-dimensional atmospheric chemistry-transport model was used in Chapter 4. 

The model contains 12 horizontal layers each representing 2 km of the atmosphere 

and 24 equal-area zonally averaged latitudinal bands, making a total of 288 grid 

boxes. The model was first developed by Hough (1989) and has since then has been 

used to investigate the global emissions of long-lived trace gases in multiple other 
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studies e.g. Newland et al., (2013); Laube et al., (2014); Laube et al., (2016). In this 

study I modified the model to estimate top-down, global annual emissions of CFC-

113a and CFC-113. The global emissions rate was iteratively adjusted until the 

modelled mixing ratios matched as closely as possible to observations in Cape 

Grim, Tasmania. For further information see Chapter 4. 
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Chapter 3: Aircraft-based observations of 

ozone-depleting substances in the upper 

troposphere and lower stratosphere in and 

above the Asian summer monsoon 

 

The work in this chapter was originally prepared for a publication in the Journal of 

Geophysical Research (JGR) and has been recently submitted. Due to this there are 

some cases where sentences are written in the first-person plural i.e. “we decided to use 

our measurements …”. I wrote the article and did most of the data analysis, but the co-

authors of the article also contributed to the work. Bärbel Vogel produced the output 

from the CLaMS chemistry-transport model, which I then compared to the atmospheric 

observations. Geoffrey Lee, Johannes Laube, and I measured and analysed the air 

samples used in this study. Additionally, Johannes Laube and I worked together to 

calculate the Fractional Release Factors, Equivalent Chlorine and Equivalent Effective 

Stratospheric Chlorine. Johannes Laube, David Oram and William Sturges are my PhD 

supervisors. Johannes Laube and William Sturges arranged for the University of East 

Anglia (UEA) to measure air samples collected during the StratoClim aircraft 

campaigns. Johannes Laube and David Oram organised the collection of sub-samples 

from Cape Grim Baseline Air Pollution Station. Paul Fraser and Ray Langenfelds work 

at the Cape Grim Baseline Air Pollution Station. Bradley Hall and Stephen Montzka 

were involved in producing the NOAA atmospheric observations that were used in this 

study. Fred Stroh coordinated the Geophysica aircraft campaigns as part of the 

StratoClim Project. Thomas Röckmann and Carina van der Veen used a whole air 

sampler on the Geophysica research aircraft to collect the air samples used in this study. 

In addition, many of the co-authors contributed comments and suggestions for editing 

this work. 
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Abstract 

Recent studies show that the Asian summer monsoon transports emissions from the 

rapidly industrialising nations in East and South Asia into the tropical upper 

troposphere. Here we present a unique set of measurements on over 100 air samples 

collected on multiple flights of the M55 Geophysica high altitude research aircraft over 

the Mediterranean, Nepal and northern India during the summers of 2016 and 2017 as 

part of the EU project StratoClim. These air samples were measured for 27 ozone-

depleting substances (ODSs), many of which were enhanced above expected levels, 

including the very short-lived chlorine-containing compounds, dichloromethane 

(CH2Cl2), 1,2-dichloroethane (CH2ClCH2Cl) and chloroform (CHCl3). Backward 

trajectories, calculated with the trajectory module of the chemistry-transport model 

CLaMS and driven by horizontal winds from the ERA-5 reanalysis, indicated fast 

transport times and source regions of the air masses in South Asia. We derived the total 

Equivalent Chlorine (ECl), and Equivalent Effective Stratospheric Chlorine (EESC) and 

found that these quantities were higher than other estimates in the literature. Our 

findings show that the Asian monsoon is transporting larger than expected mixing ratios 

of very short-lived ODSs into the upper troposphere and lower stratosphere, likely 

leading to stratospheric ozone depletion. We also derived fractional release factors for 

the long-lived compounds and found these to agree relatively well with results from 

previous aircraft campaigns in different stratospheric regions. 

3.1 Introduction 

The Asian summer monsoon occurs during the boreal summer (July, August & 

September) over East and South Asia. It is a major meteorological system characterised 

by deep convection and anticyclonic flow in the upper troposphere and lower 

stratosphere (UTLS) that is subject to strong dynamical variability (e.g. Li et al., 2005; 

Randel and Park, 2006; Park et al., 2007, 2008, 2009; Garny and Randel, 2013; Vogel et 

al., 2015). In the region of the Asian monsoon air masses are rapidly uplifted from the 

boundary layer into the UTLS (e.g. Park et al., 2009; Randel et al., 2010; Brunamonti et 

al., 2018).  

In this study, we investigate whether the Asian summer monsoon convection transports 

elevated levels of ozone-depleting substances (ODSs) including very short-lived 

substances (VSLSs) into the lower stratosphere. VSLSs are defined here as having 

atmospheric lifetimes of 6 months or less (Engel and Rigby et al., 2018). They are not 

included in the Montreal Protocol on Substances that Deplete the Ozone Layer and it 

was, until relatively recently, thought that they are largely removed in the troposphere 

before they reach the stratosphere and therefore contribute relatively little to ozone 

depletion. However, the Asian summer monsoon anticyclone provides an effective 

pathway to transport air containing tropospheric trace gases from the surface into the 

lower stratosphere on the time scale of a few days to a few weeks and so even the 

VSLSs could be able to reach the stratosphere at significantly elevated mixing ratios 
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(e.g. Brioude et al., 2010; Vogel et al., 2014, 2019; Orbe et al., 2015; Hossaini et al., 

2016; Tissier and Legras, 2016). 

The Asian summer monsoon may therefore be impacting the Northern Hemisphere 

lower stratosphere. Convection uplifts air over polluted regions, such as the Indian 

subcontinent and South East Asia and this air is then horizontally confined in the UTLS 

by the anticyclonic winds (e.g. Park et al., 2007; Ploeger et al., 2015; Vogel et al., 

2015). Then air in the Asian summer monsoon is transported either vertically towards 

the tropical stratosphere or quasi-horizontally into the Northern Hemisphere extra-

tropical lower stratosphere (e.g. Orbe et al., 2015; Garny and Randel, 2016; Vogel et al., 

2016, 2019; Ploeger et al., 2017). The tropics are the main input region into the 

stratosphere and the Asian monsoon is a secondary input region (Engel and Rigby et al., 

2018). Using the model-based results of Ploeger et al. (2017) it can be estimated that, on 

an annual average basis, air from the Asian summer monsoon contributes about 5 % of 

the air in the Northern Hemisphere extra-tropical stratosphere (at a potential 

temperature level of 380 K), whereas in the tropical stratosphere the contribution is 

about 2 % in the tropical pipe (at 460 K) and in the Southern Hemisphere extra-tropical 

stratosphere less than 0.5 % (at 380 K, Ploeger et al., 2017). The transport of ODSs 

from the Asian monsoon region into the Northern Hemisphere extra-tropical lower 

stratosphere therefore has the potential to change the chemical composition of this part 

of the atmosphere. In addition, it has recently been found that ozone at mid-latitudes in 

the lower stratosphere is still decreasing, and although this is an ongoing discussion, it 

has been suggested that VSLSs may be one of the factors contributing to this (Hossaini 

et al., 2015a; Ball et al., 2018; Chipperfield et al., 2018). 

Background mixing ratios of chlorine-containing VSLSs have been increasing recently 

by ∼4.3 ± 4.9 ppt Cl yr-1 (2012-2016; Engel and Rigby et al., 2018) and they could 

continue to increase in the future (Hossaini et al., 2015b, 2019; Leedham Elvidge et al., 

2015; McCulloch, 2017; Oram et al., 2017; Fang et al., 2019). Total atmospheric 

chlorine from ODSs has been decreasing in recent years due to the Montreal Protocol. 

However, this rate of decrease is slowing down which is due, in part, to increasing 

mixing ratios of VSLSs - in particular in East and South East Asia. This could 

undermine some of the progress made by the Montreal Protocol and its amendments and 

further offset the reduction in emissions of long-lived ODSs. 

The three major chlorine-containing VSLSs are dichloromethane (CH2Cl2), 1,2-

dichloroethane (CH2ClCH2Cl) and chloroform (trichloromethane, CHCl3) (Engel and 

Rigby et al., 2018). CHCl3 and CH2Cl2 are usually co-produced industrially 

(McCulloch, 2017). CH2Cl2 has an atmospheric lifetime of about 6 months and its 

global atmospheric abundances are believed to be at least 90 % anthropogenic in origin 

(Engel and Rigby et al., 2018). It has a wide range of industrial applications in chemical 

and pharmaceutical processes and in the production of HFC-32 (McCulloch, 2017). 

CHCl3 has an atmospheric lifetime of about 6 months and is estimated to be about 50 % 

anthropogenic in origin (Engel and Rigby et al., 2018). The principal use for CHCl3 is 

as a chemical feedstock for the production of HCFC-22 (Oram et al., 2017). 
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CH2ClCH2Cl has an atmospheric lifetime of about 3 months and it is likely fully 

anthropogenic in origin (Engel and Rigby et al., 2018). Its primary use is in the 

manufacture of vinyl chloride, the precursor to polyvinyl chloride (PVC), and other 

chlorinated solvents (Oram et al., 2017). It is likely that there are major source regions 

of these chlorine-containing VSLSs in China and India (Oram et al., 2017; Fang et al., 

2019; Say et al., 2019). 

Recent studies, using air samples collected at ground-based measurement sites and on 

board a commercial aircraft at altitudes of 10-12 km as part of the CARIBIC project, 

found enhancements of VSLSs in the South East Asian region, both at the surface and 

in the upper troposphere (Leedham Elvidge et al., 2015; Oram et al., 2017). Upper 

tropospheric levels of these VSLSs are likely to ascend into the lower stratosphere. Our 

study investigates this hypothesis with air samples collected via a high-altitude research 

aircraft in this region but at higher altitudes (up to 20 km), i.e. within the lower 

stratosphere where no in situ data exists for many ODSs. 

3.2 Methods 

3.2.1 Aircraft campaigns 

Air samples were collected during two campaigns of the M55 Geophysica high-altitude 

research aircraft that were part of the StratoClim EU project (www.stratoclim.org). 

The first campaign took place over the Mediterranean in September 2016. The aim of 

this campaign was to measure the composition of the outflow from the Asian summer 

monsoon anticyclone. The monsoon circulation system has a large variability in its 

spatial extent and can reach from East Asia to the Mediterranean and North-East Africa 

(Annamalai and Slingo, 2001; Garny and Randel, 2013; Vogel et al., 2015; Pan et al., 

2016). This campaign is referred to as AMO-16 (the Asian Monsoon Outflow 2016 

campaign). During AMO-16, 24 air samples were collected during two flights (1st and 

6th September 2016). The aircraft operated from Kalamata, Greece (37.1°, 22.0°) and 

samples were collected in the region of 33°- 41° N, 23° - 31° E, 10 - 20 km altitude 

(Figure 3.1). 

The second campaign took place over the Indian subcontinent in July-August 2017. The 

aim of this campaign was to measure the composition of the upper part of the Asian 

summer monsoon anticyclone. This campaign is referred to as AMA-17 (the Asian 

Monsoon Anticyclone 2017 campaign). During AMA-17, 94 samples were collected 

during 6 flights (27-Jul-2017, 29-Jul-2017, 31-Jul-17, 02-Aug-2017, 04-Aug-2017, and 

06-Aug-2017). The campaign base was Tribhuvan International Airport at Kathmandu, 

Nepal (27.7°, 85.4°) and samples were collected in the region of 21°- 29° N, 79° - 91° 

E, 10 - 20 km altitude (Figure 3.1). In addition to the flight samples, 9 air samples were 

collected at ground level, 2 samples at Kathmandu University and the rest at 

Kathmandu airport. Kathmandu is situated at an elevation of about 1400 m. 

http://www.stratoclim.org/
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Figure 3.1: The latitude and longitude locations where air samples were collected on 

board the Geophysica research aircraft during the AMO-16 (red) and AMA-17 (blue) 

campaigns. 

 

3.2.2 Analytical technique 

Air samples were collected with the whole air sampler (WAS) of Utrecht University 

operated on board the Geophysica research aircraft (Kaiser et al., 2006; Cairo et al., 

2010; Laube et al., 2010b). Ambient air was compressed into evacuated stainless-steel 

canisters (2 litre) using a metal bellows pump that has been previously shown to not 

impact trace gas mixing ratios (Laube et al., 2010b). In addition, for AMA-17 the 

internal surfaces of 30 canisters were passivated using a common passivation technique 

(‘SilcoTM-treatment’) to minimise the breakdown of more reactive gases in the canisters 

between collection and analysis (25 filled on board the aircraft and 5 at ground level). 

The samples were transported to the University of East Anglia (UEA) for analysis on a 

high sensitivity gas chromatograph - tri-sector mass spectrometer system (Waters 

AutoSpec GC-MS). A full description of this system can be found in Chapter 2. The 

trace gases were cryogenically extracted and pre-concentrated. The different compounds 

were separated on a GS-GasPro column (length ~ 50 m; ID: 0.32 mm). Additionally, all 

of the AMO-16 and some of the AMA-17 samples were reanalysed on a KCl-passivated 

CP-PLOT Al2O3 column (length: 50 m; ID: 0.32 mm) (Laube et al., 2016). During 

analysis on the Al2O3 column, an Ascarite (NaOH-coated silica) trap was used to 

remove carbon dioxide, which can distort or reduce the signal of a number of 

compounds. A full list of measured species and their calibration scales can be found in 

Table 3.1. 

All samples were bracketed by measurements of a working standard (in AMO-16: 

AAL-071170, and in AMA-17: SX-3591). Calibrations of our target compounds in 

these working standards were in part provided by the Global Monitoring Division of the 

Earth System Research Laboratories at the National Oceanic and Atmospheric 

Administration (GMD, NOAA-ESRL) in Boulder, USA and complemented by UEA 

internal calibrations for some gases. UEA intercomparisons of these working standards 
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with three other working standards, two of which had internal surfaces of passivated 

aluminium, were used to ensure that results were consistent over time and in relation to 

long-term tropospheric trends (Section 2.8). It was confirmed that the mixing ratios of 

all compounds presented here remained constant in the two primary working standards 

within 3 standard deviations during the 2008-2018 period, except for methyl bromide 

(CH3Br) in the SX-3591 standard. This is likely to be due to loss (absorption and/or 

breakdown) of CH3Br on the internal walls of the cylinders and CH3Br mixing ratios for 

SX-3591 were drift-corrected accordingly (Section 2.8). The dry-air mole fractions 

(mixing ratios) were measured for 27 ODSs (Table 3.1), and the unit, parts per trillion 

(ppt), is used in this study as an equivalent to picomole per mole. Some additional non-

ODSs were measured that are good tracers for stratospheric mean age-of-air 

calculations and can be used to derive tropospheric emissions, including sulfur 

hexafluoride (SF6), perfluoroethane (C2F6), HFC-125 (CHF2CF3) and HFC-32 (CH2F2). 

Table 3.1: NOAA, UEA Cape Grim and WMO 2018 mixing ratios used to calculate the 

global estimate of equivalent chlorine (ECl) and their calibration scales (Section 3.3.4). 

The average precision of the measurements in the samples analysed in this study. The 

measurement precisions are based on the uncertainties from sample repeats and repeated 

measurements of the working standard on the same day. 

Compound 

Summer 2017 

tropical upper 

tropospheric 

mixing ratios 

(ppt)1 

Average 

precision 

(%, 1σ)2 

Source3 Calibration scale 

CCl4 80.2 0.9 % NOAA global NOAA 2008 GC-ECD 

CFC-11 229 0.8 % NOAA global NOAA 2016 GC-ECD 

CFC-113 70.7 0.9 % NOAA global NOAA 2002 GC-ECD 

CFC-113a 0.72 2.1 % UEA Cape Grim shifted UEA 2012 

CFC-114 14.7 0.6 % UEA Cape Grim shifted UEA 2014 

CFC-114a 1.06 0.5 % UEA Cape Grim shifted UEA 2014 

CFC-115 8.86 0.7 % UEA Cape Grim shifted UEA 1994 

CFC-12 508 0.6 % NOAA global NOAA 2008 GC-ECD 

CFC-13 4.01 1.3 % UEA Cape Grim shifted UEA 1994 

CH3Br 6.45-6.82 0.8 % NOAA MLO & SMO NOAA 2003 GC-MS 

CH3CCl3 2.18 1.4 % NOAA global NOAA 2003 GC-ECD 

CH3Cl 558-586 0.6 % NOAA MLO & SMO NOAA 2003 GC-MS 

Halon-1202 0.01 2.3 % UEA Cape Grim shifted UEA 1998 

Halon-1211 3.42 0.8 % NOAA global NOAA 2006 GC-ECD 

Halon-1301 3.25 1.0 % UEA Cape Grim shifted NOAA 2006 GC-ECD 

HCFC-133a 0.40 1.3 % UEA Cape Grim shifted UEA 2012 

HCFC-141b 24.2 1.0 % NOAA average NOAA 1994 GC-MS 

HCFC-142b 21.9 0.8 % NOAA average NOAA 1994 GC-MS 

HCFC-22 239 0.6 % NOAA average NOAA 2006 GC-MS 

C2F6 4.12 0.8 % UEA Cape Grim shifted UEA 1994 

HFC-125 23.1 0.8 % UEA Cape Grim shifted UB-98 

HFC-32 12.0 0.8 % UEA Cape Grim shifted SIO-2007 
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SF6 9.28 0.6 % NOAA global NOAA 2014 GC-ECD 

CH2Cl2 29.6-44.3 0.9 % WMO 2018 Table 1-4 LZRH NOAA 2003 GC-MS 

CHCl3 6.4-8.0 1.5 % WMO 2018 Table 1-4 LZRH NOAA 1992 GC-MS 

CH2ClCH2Cl 5.2-9.5 2.0 % WMO 2018 Table 1-4 LZRH UEA 2012 

CH2Br2 0.59-0.98 1.5 % WMO 2018 Table 1-4 LZRH NOAA 2004 GC-MS 

Halon-2402* 0.42 ― 
WMO 2018 Table 1-1 2016 

NOAA flask 
― 

CFC-112* 0.42 ― 
WMO 2018 Table 1-1 UEA 

Cape Grim early-2016 
― 

CFC-112a* 0.067 ― 
WMO 2018 Table 1-1 UEA 

Cape Grim early-2016 
― 

CHClCCl2* 0.00–0.16 ― WMO 2018 Table 1-4 LZRH ― 

CCl2CCl2* 0.49–0.95 ― WMO 2018 Table 1-4 LZRH ― 

CHBr3* 0.05–0.72 ― WMO 2018 Table 1-4 LZRH ― 

CH2BrCl* 0.08–0.20 ― WMO 2018 Table 1-4 LZRH ― 

CHBr2Cl* 0.04–0.19 ― WMO 2018 Table 1-4 LZRH ― 

CHBrCl2* 0.08–0.49 ― WMO 2018 Table 1-4 LZRH ― 

HCFC-124* 1.3 ― 
WMO 2014 Table 1-1 2012 

AGAGE, in situ 
― 

1These are not the mixing ratios measured in this study but are the mixing ratios drawn from other sources 

to compare to the measurements in this study.  
2The average precision is the average precision of the measurements in this study not the mixing ratios in 

the second column. 
3“NOAA global” is referring to global monthly means from the NOAA/ESRL halocarbons program 

“UEA Cape Grim shifted” are mixing ratios measured by University of East Anglia in air samples 

collected at the Cape Grim station in early 2018 and shifted back in time by 6 months to allow for the 

transport time from the tropics to Cape Grim 

“NOAA MLO & SMO” is the range of mixing ratios observed at the NOAA stations at Mauna Loa and 

American Samoa 

“NOAA average” is the average of the mixing ratios observed at Mauna Loa and American Samoa 

* Compounds that were not measured in this study 

GC-ECD: gas chromatography with electron capture detection 

GC-MS: gas chromatography with mass selective detection 

 

 

Due to potential loss during storage for some of the compounds of interest, the time 

between collection and measurement was kept as short as possible. During AMO-16, 

the time between collection and measurement was 14-19 days. During AMA-17, the 

time between collection and measurement was more variable between 2-8 weeks/16-54 

days. Only CCl4 (carbon tetrachloride, tetrachloromethane) and CH3Cl (methyl 

chloride, chloromethane) were affected by the longer time delay in AMA-17. When 

plotted against CFC-11 there were some samples with mixing ratios that did not match 

the generally positive linear trend of increasing mixing ratios with increasing CFC-11 

mixing ratios (Figures 3.2 & 3.3). For some samples CCl4 mixing ratios were much 

lower than the rest of the samples indicating loss inside the canisters (Figure 3.2). CCl4 

has previously been found to be unstable in stainless steel air sampling canisters over 

long periods (Laube et al., 2008, 2013). Additionally, CH3Cl mixing ratios in some 

samples were higher than the rest of the samples and did not match the trend (Figure 
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3.3). This indicates production of CH3Cl inside the canisters. Samples collected in 

SilcoTM-treated canisters did not appear to be effected by the time delay i.e. none of 

those samples had CH3Cl or CCl4 mixing ratios that did not match the linear trend 

(Figures 3.2 & 3.3) suggesting that the treatment effectively prevented these reactions 

inside the canisters. Therefore, none of the SilcoTM-treated canisters were excluded.  

For the other canisters, these data were filtered for both these compounds to only use 

samples with a shorter time between collection and measurement. The number of days 

between collection and measurement was decreased one day at a time and the samples 

that were measured after that number of days were removed from the plot. This was 

continued until all the samples that clearly did not follow the linear trend were removed. 

For CCl4, samples with a delay of 19 days or more were excluded, this left 30 samples 

(Figure 3.2). For CH3Cl, samples with a delay of 44 days or more were excluded, this 

left 87 samples (Figure 3.3). In summary, the CH3Cl and CCl4 mixing ratios in samples 

that were measured later and were not stored in SilcoTM-treated canisters have been 

removed from the analysis. 
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Figure 3.2: CCl4 mixing ratios against CFC-11 mixing ratios from the AMA-17 

campaign. Silco treated canisters, canisters where there was less than 19 days between 

collection and measurement and canisters where there were more than 19 days between 

collection and measurement. 
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Figure 3.3: CH3Cl mixing ratios against CFC-11 mixing ratios from the AMA-17 

campaign. Silco treated canisters, canisters where there was less than 44 days between 

collection and measurement and canisters where there were more than 44 days between 

collection and measurement. 

 

3.2.3 CLaMS backward air mass trajectories 

There are multiple factors that influence the mixing ratios of VSLSs in the UTLS: the 

mixing ratios of the compounds near the surface, the time it takes for the air to be 

transported from the surface to the UTLS, and the mixing processes in the troposphere 

and the stratosphere. In order to investigate these factors, 15-day backward trajectories 

were run for each sample collected during AMA-17 using the trajectory module of the 

Chemical Lagrangian Model of the Stratosphere (CLaMS; McKenna, 2002; Konopka et 

al., 2012; Pommrich et al., 2014 and references therein). This was not done for AMO-16 

due to the longer transport time scales and the further diluted source signal as 

trajectories tend to become more unreliable the further they are run back in time. 

The CLaMS backward trajectory calculations are driven by horizontal winds from the 

high-resolution ERA-5 reanalysis (Hersbach and Dee, 2016) recently released by the 

European Centre for Medium-Range Weather Forecasts (ECMWF). ERA-5 provides 

data on a 0.3° × 0.3° horizontal grid every hour on 137 hybrid levels from the surface to 

0.01 hPa. In general, this results in a much better representation of convective updrafts 

and tropical cyclones in ERA-5 (Hoffmann et al., 2019) compared with the earlier ERA-

Interim re-analysis (Dee et al., 2011). In the region of the Asian summer monsoon, 

CLaMS trajectory calculations driven by ERA-5, that were used for analysing balloon-

borne measurements in Kunming, China, yield more reliable upward transport in 

tropical cyclones compared to trajectories driven by ERA-Interim (Li et al., 2020). 
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For the vertical velocities, the diabatic approach was applied using diabatic heating rates 

to derive the vertical velocities including latent heat release (for details, see Ploeger et 

al., 2010). Further, CLaMS employs a hybrid vertical coordinate (ζ), which transforms 

from a strictly isentropic coordinate θ in the stratosphere to a pressure-based coordinate 

system below a certain reference level (in this study 300 hPa) in the troposphere (for 

more details, see Konopka et al., 2012; Pommrich et al., 2014).  

The CLaMS model trajectory calculations were used to find the last location the air 

parcel was above the model boundary layer (trajectory end point). The model boundary 

layer was set to ≈2-3 km above the surface following orography ( ζ < 120 K)  (see 

Vogel et al., 2015). This location provides an indication of the regions where surface 

sources last influenced the mixing ratios in the air samples. Additionally, the number of 

days since the air sample was last in the model boundary layer allows investigation of 

the influence of transport time on their mixing ratios. Only samples measured at 

potential temperatures less than 390 K were used for backward trajectory calculations as 

deeper in the stratosphere transport times are much slower leading to a much less 

reliable trajectory analysis. To assess the uncertainty of a certain backward trajectory, 

ERA-5-based CLaMS backward trajectories were calculated every second for the entire 

time interval over which an air sample was collected during the flight. The variability of 

trajectory end points reflects mixing of air parcels with different origins contributing to 

the chemical composition of the measured air sample. 

3.2.4 Equivalent Chlorine (ECl) 

Equivalent chlorine (ECl) is the sum of the mixing ratios of chlorine and bromine atoms 

from all halogen source gases; the bromine mixing ratios are multiplied by a weighting 

factor of 60 (Engel and Rigby et al., 2018) as bromine is about 60-65 times more 

effective at depleting ozone than chlorine in the mid-latitudes. The ECl calculation was 

used to investigate the impact of ODSs in the tropopause region of the Asian summer 

monsoon anticyclone in comparison to estimates of ECl based on measurements in 

other atmospheric regions. 

3.2.5 Equivalent Effective Stratospheric Chlorine (EESC) 

The Equivalent Effective Stratospheric Chlorine (EESC) is defined as the “chlorine-

equivalent sum of chlorine and bromine derived from ODS tropospheric abundances, 

weighted to reflect their expected depletion of stratospheric ozone.” (Engel and Rigby et 

al., 2018). EESC – like the ECl – takes into account the sum of the mixing ratios of 

chlorine and bromine atoms from all halogen source gases with bromine multiplied by 

60. However, EESC – in contrast to ECl – takes into account the effects of stratospheric 

transport and chemistry on the amount of chlorine and bromine present at a given 

location. 

As stratospheric circulation is slow, air sampled in the stratosphere may have entered it 

several years ago. The ‘mean age-of-air’ is defined as the average amount of time an air 

parcel has spent in the stratosphere. Inert compounds can be used as 'age-of-air tracers' 
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to calculate the ‘mean age-of-air’ of the air sampled in the stratosphere provided that 

there are a) long-term measurements of their global tropospheric mixing ratios and b) 

these mixing ratios have been monotonously increasing over time at sufficient rates. 

Our mean age calculation also takes into account the underlying transit time distribution 

(the “age spectrum”) using the parameterisation introduced by Engel et al. (2002). 

The mean ages-of-air were calculated using ground-level background mixing ratio 

trends of selected gases from 1978 to January 2018 from air samples collected at the 

Cape Grim, Tasmania (40.7°S, 144.7°E) Station and analysed at the UEA (Laube et al., 

2010a, 2013). These mixing ratio trends were shifted backwards in time by 6 months. 

This has been proven to be a good proxy for air entering the stratosphere via the upper 

troposphere in the tropics, provided the gas is inert enough in the troposphere, (i.e. no 

significant decomposition on tropospheric transport time scales, Leedham Elvidge et al., 

2018). Commonly used age-of-air tracers include sulfur hexafluoride (SF6) and carbon 

dioxide (CO2) (e.g. Volk et al., 1997; Andrews et al., 2001; Engel et al., 2002). 

However, recent research has introduced other potential age tracers (Leedham Elvidge 

et al., 2018). We compared three different age-of-air tracers: SF6, C2F6, and HFC-125 in 

air samples collected during AMO-16 and AMA-17. The mean ages-of-air were then 

calculated using the same methods described in Leedham Elvidge et al. (2018). 

For trace gases with stratospheric sinks such as ODSs, at mid-latitudes a mean age of 3 

years is generally used as a reference to estimate the EESC in that region (Engel and 

Rigby et al., 2018). The mixing ratios of ODSs measured in the stratosphere at a mean 

age-of-air of 3 years, for example, would be roughly similar to their mixing ratios in the 

upper troposphere 3 years earlier, assuming no decomposition. As ODSs are at least 

partly broken down by strong UV radiation and/or reaction with OH radicals and O(1D) 

in the stratosphere, the mixing ratios of these compounds are however impacted not just 

by the age of the air but also by different reactions and reaction rates. 

For long-lived ODSs, similarly time-shifted tropospheric trends from Cape Grim were 

propagated into the stratosphere and mixing ratios assuming no decomposition were 

calculated for the mean ages-of-air, with the latter based on the measured age-of-air 

tracers. However, for these ODSs decomposition did take place so the actual mixing 

ratios measured in the samples were lower. We used the difference between the 

expected mixing ratios (given a particular mean age-of-air and assuming no 

decomposition) and the measured mixing ratios in AMO-16 and AMA-17 to calculate 

the fraction of the ECl that had already been released. These measures are known as 

Fractional Release Factors (FRFs). The more long-lived a compound, the less 

decomposition takes place and the smaller their fractional release factor is at the same 

mean age-of-air. Importantly, we also used an improved method of FRF calculation 

(Ostermöller et al., 2017), which takes into account the dependency of the FRFs on the 

lifetime of an ODS. The FRF uncertainties were calculated using the uncertainties in the 

stratospheric measurements, the uncertainty in the tropospheric measurements and the 

interhemispheric gradient in the troposphere. 
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For some of the FRF-mean-age correlations, the FRF was negative around mean ages-

of-air of zero years. This was because our samples were collected above a polluted 

continental region so in some cases the mixing ratios of the remote tropospheric 

monitoring stations were lower than the mixing ratios observed in the Asian monsoon 

anticyclone tropopause region. This would cause our FRFs to have a low bias. 

Therefore, FRFs at a mean age-of-air of zero years were calculated from the respective 

FRF-mean age correlations (using a second order polynomial fit function) and when 

significantly different from zero, they were subtracted from the FRFs to calculate 

adjusted FRFs. The FRFs of CFC-115, CFC-114a, HCFC-133a, CH3CCl3, Halon-1202, 

CH3Cl, and CH3Br were shifted in this way. This correction method relies on the 

assumption that the trace gases measured in 3-year old air originated from a similarly 

polluted air mass below the tropopause, whereas it could in principal have come from 

somewhere else. The fact that we do observe continuity throughout the profile gives 

some confidence, but we note that this introduces an additional uncertainty to these 

FRFs, which we therefore refer to as regional FRFs. 

For the VSLSs, it was not possible to use tropospheric trends at background stations to 

calculate FRFs because of significant loss and variability in the troposphere and the 

wide range of mixing ratios observed near the tropopause. Therefore, simplified FRFs 

were calculated by comparing the highest and lowest measured mixing ratios in the 

tropopause region (355 K – 375 K) to the measured mixing ratios above 375 K in the 

campaigns. 

For AMA-17, measurements of CFC-114, CFC-114a, CFC-13, CH3Cl, Halon-1202 and 

CCl4 mixing ratios were only available for some of the samples. Therefore, the 

correlations of the available mixing ratios and FRFs with those of CFC-11 were used to 

estimate the values for the missing samples. Some compounds were not measured or 

exhibited poor quality and were therefore excluded from the EESC estimate: 

CHClCCl2, CCl2CCl2, CHBr3, CH2BrCl, CHBr2Cl, CHBrCl2, CFC-112, CFC-112a, 

HCFC-124, and Halon-2402. 

To summarise, EESC depends on three factors: the mixing ratios of ODSs in the 

troposphere, the transport from the troposphere to the stratosphere (mean age-of-air) 

and breakdown of ODSs in the stratosphere (FRFs). The EESC was calculated and 

compared to other estimates in the literature in order to assess the overall impact on 

stratospheric ozone from ODSs in both campaigns. 
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3.3 Results and discussion 

3.3.1 Well mixed ozone-depleting substances 

 
Figure 3.4: Mixing ratios of CFC-12, Halon-1211, HCFC-22 and methyl bromide 

(CH3Br) as a function of potential temperature (a pseudo-vertical coordinate) for 

AMO-16, AMA-17 and the ground samples collected during AMA-17. The dotted 

vertical line indicates the globally averaged background mixing ratios of CFC-12 and 

Halon-1211 for July-August 2017 from NOAA ground-based data (Table 3.1). Two 

background levels are indicated for HCFC-22 and CH3Br, the lower one is from 

measurements at American Samoa (14.2°S, 170.6°W) and the higher one from Mauna 

Loa (19.5°N, 155.6°W) (Table 3.1). 

 

CFC-12 and Halon-1211 in Figure 3.4 illustrate the observed distributions of long-lived 

ODSs that have been phased out under the Montreal Protocol. These two gases have 

only relatively small emission sources to the atmosphere in the monsoon input region 

and therefore their mixing ratios in the tropopause are not very variable. The ground-

based AMA-17 samples and the lower aircraft measurements generally agree with the 

expected low variability as well as the NOAA background mixing ratios (Figure 3.4, 

top). At higher potential temperatures (i.e. altitude), in the stratosphere, the mixing 

ratios decrease due to photochemical degradation and mixing with other stratospheric 

air masses (Figure 3.4). This pattern is similar to what is found for many other long-

lived ODSs in this study. Conversely, HCFC-22 and CH3Br are enhanced above 

expected background mixing ratios (Figure 3.4, bottom). Similar enhancements are 
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observed for HCFC-141b and CH3Cl (Appendix). These enhancements indicate 

continued large emissions of these compounds in the monsoon input region. 

Among long-lived gases, Halon-1211 has a relatively short stratospheric lifetime of 

about 25 years, so it breaks down relatively quickly in the stratosphere (Figure 3.4). The 

beginning of the decreasing curve in Halon-1211 mixing ratios, therefore, indicates that 

air has entered the lower stratosphere and suggests the location of the chemical 

tropopause. Other data (Brunamonti et al., 2018; Vogel et al., 2019) indicate that there 

is a transition region between the troposphere and the stratosphere at the top of the 

anticyclone. For our purposes using the ODS-based one is most appropriate as we are 

looking at similar gases. In this study, we define the location of the chemical transition 

layer between the troposphere and stratosphere to be the region of 355 K – 375 K (i.e. 

just below the level at which Halon-1211 mixing ratios start to decrease) which is 

represented by the horizontal grey bar in Figure 3.4. The location of the tropopause 

region is important because the slow ascent rates represent a transport barrier, that limits 

particularly the contribution of VSLSs to ozone depletion in the stratosphere due to their 

quicker chemical decomposition. 

3.3.2 Very short-lived ozone-depleting substances  

 
Figure 3.5: Mixing ratios for dichloromethane, 1,2-dichloroethane, chloroform and 

dibromomethane (CH2Br2) as a function of potential temperature for AMO-16, AMA-

17 and the AMA-17 ground samples. The red shaded region indicates the estimated 

mixing ratios at the Level of Zero Radiative Heating (LZRH) from the WMO 2018 

report (Engel and Rigby et al., 2018; Table 3.1). 
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The mixing ratios of the three major chlorine-containing VSLSs, dichloromethane 

(CH2Cl2), 1,2-dichloroethane (CH2ClCH2Cl) and chloroform (CHCl3), and one 

bromine-containing VSLS, dibromomethane (CH2Br2) are shown in Figure 3.5 as a 

function of potential temperature. The chlorinated compounds show a large range of 

mixing ratios both in the ground-based samples and in the tropopause region indicating 

continued large emissions, which reach the tropopause (Figure 3.5). At higher potential 

temperatures, their mixing ratios decrease rapidly as in the stratosphere they are broken 

down, predominantly by UV radiation (Figure 3.5). 

From WMO 2018 (Engel and Rigby et al., 2018), estimated mixing ratios of these 

compounds in the tropopause region (as derived from multiple sources such as various 

aircraft campaigns) are represented by the red-shaded areas indicated at the tropopause 

levels (Table 3.1, Figure 3.5). For the chlorine-containing VSLSs, almost all the AMA-

17 samples collected near the tropopause have higher mixing ratios (Figure 3.5) than the 

WMO estimates. They are still enhanced above these data presented in WMO 2018 

until about 400 K potential temperature, indicating that the Asian summer monsoon 

transports enhanced levels of chlorine-containing VSLSs into the lower stratosphere. 

Dibromomethane, in contrast to the three chlorine-containing VSLSs, has mostly 

natural oceanic sources, and its mixing ratios measured near the tropopause agree within 

the range of these data presented in WMO 2018 (Figure 3.5). 

Samples collected during AMO-16 often have lower mixing ratios for the chlorine-

containing VSLSs than the samples from AMA-17 in the aircraft measurements at 

lower levels of potential temperature. This is possibly because during AMO-16 in 

general two different types of air masses were sampled: mid-latitude extra-tropical air 

with lower mixing ratios and monsoon outflow influenced air with higher mixing ratios, 

but not necessarily Asian sources. 

Mixing ratios of these three chlorine-containing VSLSs are well correlated, even in the 

more source-influenced upper tropospheric region. For AMA-17, the three aircraft 

samples with the highest CH2Cl2 mixing ratios are also the samples with the three 

highest CH2ClCH2Cl and CHCl3 mixing ratios. For AMO-16, the sample with the 

highest CH2Cl2 mixing ratio also has the highest CH2ClCH2Cl and CHCl3 mixing ratios. 

There is one outlier in AMA-17 which has high CH2Cl2 mixing ratios but is not 

particularly enhanced for the other compounds (CH2Cl2 107 ppt, 305 K, Figure 3.6). 

This suggests that the enhanced CH2Cl2 in this sample originates from a different 

source. In addition, an influence from the tropospheric trends could play a role in these 

correlations as both CHCl3 and CH2Cl2 have been increasing in recent years (Fang et 

al., 2019; Claxton et al., 2020). Given that the samples with high mixing ratios of these 

three VSLSs are all at low altitudes and contain relatively young air this influence can 

however be neglected here. 
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Figure 3.6: Dichloromethane, 1,2-dichloroethane and chloroform mixing ratios 

correlations in the tropopause region (355 K – 375 K) for the AMA-17 campaign. The 

outlier sample with comparatively high dichloromethane mixing ratios was excluded 

from some of the analysis. 

 

In addition to having strong correlations with each other, the chlorine-containing VSLSs 

are also correlated with other compounds (Figure 3.7). When investigating only the 

samples in the tropopause region using Spearman correlations (i.e. assuming a 

monotonic but not necessarily linear relationship) and excluding the outlier sample, 

CH2Cl2 has the strongest Spearman’s correlation coefficients with CHCl3 (R
 = 0.87), 

HFC-32 (R = 0.87), HCFC-22 (R = 0.87), CH2ClCH2Cl (R = 0.75) and HFC-125 (R = 

0.74). CH2ClCH2Cl has the strongest positive spearman’s correlations with CH2Cl2 (R = 

0.75), HCFC-133a (R = 0.71), CHCl3 (R = 0.70), CCl4 (R = 0.66) and HFC-23 (R = 

0.66). The compounds that are well correlated with CHCl3 are CH2Cl2 (R = 0.87), HFC-

32 (R = 0.82), HFC-125 (R = 0.72), SF6 (R = 0.71) and CH2ClCH2Cl (R = 0.70). These 

correlations are all significant (p < 0.01) and all of the compounds have known strong 

industrial emissions in East and South-East Asia (Kim et al., 2010; Vollmer et al., 2015; 

Fang et al., 2018, 2019; Lunt et al., 2018); suggesting the sources of the halogenated 

compounds in these air samples are from continental industrial areas and indicating that 

they are either emitted from co-located sources or co-produced. The strongest 

correlation is between CH2Cl2 and CHCl3 and these two compounds are known to be 

co-produced in large quantities in East Asia (Oram et al., 2017). 
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Figure 3.7: Spearman’s correlation coefficients (R) of dichloromethane, 1,2-

dichloroethane and chloroform with a range of halogenated trace gases in the 

tropopause in the AMA-17 campaign. The outlier sample in Figure 3.6 is excluded from 

these correlations. 
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3.3.3 CLaMS backward trajectories 

The influence of the source location, transport time and mixing of different air parcels 

on VSLSs in the AMA-17 air samples were investigated using 15-day backward 

trajectories from the CLaMS model. Due to the longer transport timescales at higher 

altitudes only samples measured at potential temperatures less than 390 K were used for 

backward trajectory calculations, i.e. 53 out of 94 samples. On average there were about 

160 trajectories run for each sample. 32 samples had at least one trajectory that reached 

the model boundary layer within 15 days with the remainder ending in the free 

troposphere and stratosphere. 

Figure 3.8 shows the location where the air was last in the model boundary layer i.e. 2-3 

km above the surface (ζ = 120 K) based on the CLaMS trajectories. This was used to 

investigate the location of the sources influencing the mixing ratios of the VSLSs in the 

air samples. The source locations for most of the air samples are found in South-East 

Asia, mostly around southern China, close to longitudes and latitudes at which the 

samples were collected (Figure 3.1) with less frequent sources in the rest of South-East 

Asia (Figure 3.8). This agrees with previous research that air is mostly confined within 

the Asian summer monsoon anticyclone and subsequently transported from the 

anticyclone to the lower stratosphere (Ploeger et al., 2017; Vogel et al., 2019). The 

diversity of trajectory source regions found even for a single air sample, limits the 

discussion of the origins of the high mixing ratios (Figure 3.8). 

As potential temperature increases, CH2Cl2 mixing ratios decrease and transport times 

increase because it takes longer to reach higher potential temperatures and this allows 

more time for CH2Cl2 to break down. It might be assumed that samples with shorter 

transport times would also generally have higher CH2Cl2 mixing ratios. There is, 

however, not a significant correlation between transport time and CH2Cl2 mixing ratios. 

This does not necessarily mean that there is not a relationship, just that other factors 

have a large impact, for example, mixing of different air parcels and the spatial-

temporal distribution at the tropopause, caused by uplift from the boundary layer. 
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Figure 3.8: CLaMS model 15-day backward trajectories for each sample collected 

during AMA-17. The colour of these data points indicates the CH2Cl2 mixing ratios in 

the air sample. The location of these data points shows the last location where the air 

was in the model boundary layer i.e. 2-3 km, (ζ = 120 K). 

3.3.4 Equivalent Chlorine (ECl) 

After analysing the individual VSLSs, their contribution to the total equivalent chlorine 

(ECl) in the tropopause region was investigated. Table 3.2 shows two estimates of ECl, 

one estimate derived using a similar methodology to that used in the WMO 2018 report 

(Engel and Rigby et al., 2018) and the other estimate based on the air samples from 

AMA-17. 

In the first method for calculating ECl, the tropospheric reference mixing ratios of the 

long-lived compounds were taken from NOAA 

(https://www.esrl.noaa.gov/gmd/dv/ftpdata.html). Similar to previous approaches 

(Laube et al., 2010b, 2013) either global mixing ratios were used, or in the case of 

compounds with significant tropospheric sinks such as HCFCs and methyl halides, data 

from the NOAA ground-based measurement sites at Mauna Loa (19.5°N, 155.6°W) and 

American Samoa (14.2°S, 170.6°W) in July-August 2017, the same time period as 

AMA-17, were used (Table 3.1). UEA measurements of air samples collected at Cape 

Grim, Tasmania, in early 2018 and shifted back in time by 6 months were used to 

complement this approach (Table 3.1). For the VSLSs that are broken down rapidly in 

the troposphere and for which it is therefore much harder to estimate the proportion 

transported to the tropopause, the global estimates of tropospheric reference mixing 

ratios come from the WMO 2018 report for the Level of Zero Radiative Heating 

(LZRH) (Engel and Rigby et al., 2018)(Table 3.1). These mixing ratios of VSLSs in the 

WMO 2018 report were based on results from the CAST, CONTRAST and ATTREX 

 

 

 

 
 ] 

https://www.esrl.noaa.gov/gmd/dv/ftpdata.html
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aircraft campaigns that took place in the tropics in 2013 and 2014 (Engel and Rigby et 

al., 2018). They were used to investigate the differences between the tropics and the 

Asian monsoon input of VSLSs in the lower stratosphere. It should be noted that some 

of the reported values were on different calibration scales to the measurements in this 

study which may cause small differences. 

There are some ODSs that were considered in Engel and Rigby et al. (2018) but were 

not available from the AMA-17 samples: CHClCCl2, CCl2CCl2, CHBr3, CH2BrCl, 

CHBr2Cl, CHBrCl2, CFC-112, CFC-112a, HCFC-124, and Halon-2402. For these 

compounds, we used the same mixing ratios from Engel and Rigby et al. (2018) in both 

estimates to make them comparable (Table 3.1). The mixing ratio ranges provided by 

Engel and Rigby et al. (2018) were multiplied by the number of chlorine and bromine 

atoms in each compound, with the mixing ratios of the brominated compounds also 

multiplied by 60. In total, these compounds contribute 79-253 ppt to ECl. 

For the global estimates of ECl, a potential temperature range of 355-365 K was used. 

This is the range of the tropical tropopause layer or the LZRH in the WMO 2018 report 

(Engel and Rigby et al., 2018). Air at this altitude is likely to continue to ascend into the 

lower tropical stratosphere by radiative heating. Some studies have suggested that the 

LZRH may be pushed upwards by the Asian summer monsoon as air from the 

troposphere rises, creating an elevated tropopause (e.g. Dunkerton, 1995; Highwood 

and Hoskins, 1998; Dethof et al., 1999; Ploeger et al., 2017). To take this into account, 

we used an increased potential temperature range of 355-375 K for estimates based on 

the AMA-17 air samples, which is also in agreement with the tropopause location 

indicated by our observations of gases with exclusively stratospheric sinks such as 

Halon-1211 (Figure 3.4). There were 27 samples collected in this range during AMA-17 

and these were used to estimate the ECl. An ECl estimate for AMO-16 was not 

calculated as no air samples were collected in the tropopause region in this campaign 

(and far fewer samples were collected in general). Note that we did not consider ECl 

contributions from the breakdown products of VSLSs in this study, so our ECl can be 

considered a lower limit of the total chlorine and bromine entering the stratosphere via 

the Asian summer monsoon anticyclone. 

Table 3.2 shows that the total ECl from the monsoon aircraft campaign is higher than 

the total ECl from the global estimates based on Cape Grim, NOAA and WMO mixing 

ratios. However, the AMA-17-based ECl also has a wider range and the lower end of 

the range overlaps with the higher end of the range for the global estimate (Table 3.2). 

So there is not a significant difference between the overall ECl range estimates. This is 

due to many of our samples in the tropopause having higher mixing ratios of ODSs than 

in the previous global estimates while some samples also show mixing ratios in the 

range of the global estimates (Sections 3.3.1, 3.3.2). 

The compounds contributing to the ECl were divided into four categories: very short-

lived chlorine, very short-lived bromine, long-lived chlorine and long-lived bromine 

(Table 3.2). The estimates for the very short-lived bromine species both have a very 

large range but they mostly overlap. The long-lived chlorine in the AMA-17 samples is 
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slightly higher than the global estimate. This is because mixing ratios of the CFCs and 

carbon tetrachloride (CCl4) agree within our range, methyl chloroform (CH3CCl3) is 

slightly smaller in the AMA-17 estimate, and HCFCs and methyl chloride (CH3Cl) are 

slightly larger. For the long-lived bromine species, the AMA-17 estimate is also slightly 

higher than the global estimate. Here, the halon mixing ratios agree with the AMA-17 

estimate, so the higher long-lived bromine estimate for AMA-17 is almost completely 

due to methyl bromide (CH3Br) (6.5 - 6.8 ppt vs 7.4 - 9.1 ppt) indicating larger sources 

of methyl bromide in the monsoon input region. 

Mixing ratios of very short-lived chlorine species are higher in the AMA-17 estimate 

than in the global estimate based on WMO 2018 mixing ratios at the LZRH. In the latter 

estimate very short-lived chlorine contributes about 2 to 3 % to the total ECl entering 

the stratosphere whereas in the AMA-17 estimate this is higher, 4 to 8 % of the total 

ECl. We note that the AMA-17 estimate is for a particular region and a particular time 

of year when there is likely to be a very high injection rate during the Asian monsoon 

(Leedham-Elvidge et al., 2015; Say et al., 2019). The WMO 2018 values are more 

representative of a global annual average and so the estimates based on this are lower. 

In both estimates very short-lived chlorine makes up a relatively small fraction of the 

total ECl in the tropopause region. 

Using the results in Ploeger et al. (2017) we calculated that, averaged over the whole 

year, 5 % of the air in the Northern Hemispheric lower stratosphere comes from the 

Asian summer monsoon. If we assume that 5 % of the additional equivalent chlorine 

from the AMA-17 estimate ends up in the lower stratosphere of the Northern 

Hemisphere, this translated to an additional 0.3-34.9 ppt of ECl from all measured 

compounds, of which 1.6-15.2 ppt are from chlorinated VSLSs. Total tropospheric 

chlorine from controlled substances has been decreasing by 12.7 ± 0.92 ppt Cl yr−1 and 

uncontrolled substances have been increasing by 8.3 ± 4.9  ppt Cl yr-1 leading to an 

overall decrease of 4.4 ± 4.1 ppt Cl yr−1 (Engel and Rigby et al., 2018). The decrease in 

chlorine has been partially offset by the increase in VSLSs (Engel and Rigby et al., 

2018). These current annual decreases are up to eight times smaller than the additional 

0.3-34.9 ppt of equivalent chlorine we calculated. Although these elevated mixing ratios 

are only observed in one part of the atmosphere it indicates that the influence of the 

enhanced mixing ratios of the methyl halides as well as the very short-lived chlorine-

containing ODSs is significant. 
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Table 3.2: Comparison of the global estimate of equivalent chlorine (ECl) based on 

Cape Grim, NOAA and WMO mixing ratios (see Table 3.1) and the regional estimate 

based on the air samples from AMA-17. 1The percentage contribution of the very short-

lived chlorine to the total ECl. 2For the compounds that were not measured in this study 

the WMO 2018 reported values were used in both estimates. 3ECl excluding compounds 

that were not measured in this study. 

  
Global estimate 

ECl (ppt) 

355 K – 365 K 

AMA-17 

ECl (ppt) 

355 K – 375 K 

Very short-lived chlorine 89-132 (2-3 %)1 163-393 (4-8 %)1 

CH2Cl2 59-89 130-272 

CHCl3 19-24 24-74 

CH2ClCH2Cl 10-19 9-47 

Very short-lived bromine 71-118 58-92 

CH2Br2 71-118 58-92 

Long-lived chlorine 3159-3186 3188-3356 

CFCs 1960 1939-1997 

HCFCs 310 317-343 

CH3CCl3 6.5 4.8-6.0 

CCl4 321 321-338 

CH3Cl 558-586 603-669 

Halon-1211 3.4 3.4-3.5 

Long-lived bromine 789-811 842-963 

Halons 402 398-414 

CH3Br 387-409 445-549 

Estimated (not measured)2 79-253 79-253 

Total 

Equivalent Chlorine (ECl) 

 4186-4499 

(4107-4246)3 

 4331-5057 

(4252-4804)3 

 

3.3.5 Mean age-of-air tracer comparison 

The mean age-of-air derived from SF6 measurements (henceforth SF6 age) was 

compared to two other age-of-air tracers: C2F6 and HFC-125. We found that SF6 ages 

are generally older than C2F6 and HFC-125 ages (Figure 3.9). C2F6 and HFC-125 ages 

are similar and as these two compounds have very different tropospheric trends the 

good agreement supports the findings of Leedham Elvidge et al. (2018) that SF6 age has 

a high bias and this bias increases with increasing mean age. 

The extent of the bias was calculated by plotting the SF6 ages against an average of the 

other two age-of-air tracers. For AMA-17 C2F6 was only measured in 30 out of 94 

samples so they were averaged with HFC-125 when available. Mean ages <-0.1 years 
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were excluded as significantly negative mean ages are considered to have substantial 

tropospheric influence and will bias the trend. For SF6 ages on the x-axis and the two 

other tracers on the y-axis the AMO-16 linear regression was y = 0.818 (±0.037) x -

0.069 (±0.081) and the AMA-17 linear regression was y = 0.835 (±0.024) x -0.047 

(±0.047) (Figure 3.9) which is consistent with previous work (Leedham Elvidge et al., 

2018). When calculating the EESC (Section 3.3.7) we used an adjusted SF6 age average 

correction function of y = 0.817x + 0.092 as the trend is based on a larger dataset and is 

within the slope uncertainty of our trend. The trend is based on a combination of polar 

and mid-latitude measurements from Leedham Elvidge et al. (2018) but excluding an 

aircraft campaign referred to as B34 as it took place more than 20 years ago and this 

study uses only recent data. 

 

 

 
Figure 3.9: Comparison of mean age-of-air estimates with uncertainties from C2F6, 

HFC-125 and SF6 for the AMO-16 and AMA-17 campaigns. Also shown is the trend 

line calculated for mid-latitudes using data from Leedham Elvidge et al. (2018) (black 

line). 

 

3.3.6 Fractional Release Factors (FRFs) 

Time-independent fractional release factors were calculated based on our aircraft 

samples. We used adjusted SF6-based mean ages-of-air calculated using the method in 

Leedham Elvidge et al. (2018) (Section 3.3.5). The highest mean age-of-air in AMA-17 

was 2.4 years. Therefore FRFs were calculated for the AMO-16 and AMA-17 

campaigns at 2.4 years and were compared to the FRFs for 2.4 years calculated from the 

FRF trends from mid-latitude stratospheric measurements in Leedham Elvidge et al. 

(2018) (Table 3.3). In AMO-16, the highest mean age-of-air was 3 years. Therefore, 
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FRFs were also calculated for this campaign at a mean age-of-air of 3 years and 

compared to other published FRFs at this more commonly used age (Table 3.3). FRFs 

for this study, Leedham Elvidge et al. (2018) and Engel et al. (2018) were calculated 

using the same method (Ostermöller et al., 2017). WMO 2014 and Laube et al. (2013) 

used a different method that did not take into account the dependence of the transit time 

distribution on the lifetime of the compound for which a FRF is calculated. 

There is generally good agreement between the FRFs from the AMO-16 and AMA-17 

campaigns and Leedham Elvidge et al. (2018). The FRFs for most of the compounds, 

except for CCl4 and CH3CCl3, agree within the uncertainties. The CCl4 FRFs in our 

study are lower than Leedham Elvidge et al. (2018) for both campaigns but the AMO-

16 CCl4 FRF mean age-of-air of 3 years does agree, within the uncertainties, with the 

CCl4 FRF in Engel et al. (2018). In the aircraft campaigns, the CH3CCl3 FRF is lower 

than Leedham Elvidge et al. (2018), possibly due to influence from its rapidly 

decreasing tropospheric trend. There are now three datasets (this study, Leedham 

Elvidge et al. (2018) & Engel et al. (2018)) using a new method for FRFs and 

calculating time-independent fractional release factors. There is generally good 

agreement between their FRFs which supports the new method. 

FRFs reported in Engel et al. (2018) are mostly very similar to the WMO 2014 FRFs. 

This is because Engel et al. (2018) used an equation to convert previously used FRFs 

from the WMO 2014 report into time-dependent FRFs which made very little difference 

to previous estimates as they were derived during a period with small tropospheric 

trends for most compounds (Engel et al., 2018). FRFs reported in Laube et al. (2013) 

are generally lower than those in the other studies, this is likely related to differences in 

the mean age estimates used (higher mean age from SF6 as has been shown in Leedham 

Elvidge et al., 2018). 
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Table 3.3: Comparison of FRFs at 2.4 years mean age-of-air and 3 years mean age-of-

air between the AMO-16 campaign, the AMA-17 campaign, Leedham Elvidge et al. 

(2018), Engel et al. (2018), WMO 2014 and Laube et al. (2013). 1 The WMO 2018 

report reported the same FRFs as the WMO 2014 report (Engel and Rigby et al., 2018). 

MLO/SMO: Calculated based on tropospheric trends from NOAA stations at Mauna 

Loa/American Samoa (Section 3.3.4). 
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(2
0

1
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Mean 

age-of-air 
2.4 2.4 2.4 3 3 3 3 3 

CCl4 
0.44 

(0.42-0.46) 

0.45 

(0.42-0.47) 

0.57 

(0.53-0.69) 

0.58 

(0.55-0.60) 

0.76 

(0.66-0.86) 

0.56 0.56 0.42 

(0.39-0.46) 

CFC-11 
0.36 

(0.34-0.37) 

0.38 

(0.36-0.40) 

0.36 

(0.34-0.42) 

0.48 

(0.47-0.50) 

0.47 

(0.43-0.52) 

0.47 0.47 0.35 

(0.32-0.39) 

CFC-113 
0.23 

(0.22-0.24) 

0.26 

(0.24-0.27) 

0.22 

(0.22-0.27) 

0.32 

(0.31-0.33) 

0.3 

(0.27-0.34) 

0.3 0.29 0.22 

(0.2-0.25) 

CFC-113a 
0.36 

(0.24-0.48) 

0.38 

(0.27-0.48)  

0.48 

(0.36-0.60)  

  

 

CFC-115 
0.04 

(0.02-0.07) 

0.04 

(0.03-0.06)  

0.06 

(0.04-0.08)  

0.07 0.04 

 

CFC-12 
0.22 

(0.21-0.23) 

0.23 

(0.22-0.23) 

0.19 

(0.18-0.24) 

0.29 

(0.28-0.30) 

0.26 

(0.23-0.3) 

0.24 0.23 0.19 

(0.16-0.21) 

CH3Br 

(MLO) 

0.41 

(0.30-0.51) 

0.39 

(0.31-0.48)  

0.52 

(0.42-0.62)  

0.6 0.6 

 

CH3Br 

(SMO) 

0.43 

(0.33-0.53) 

0.41 

(0.33-0.49)  

0.56 

(0.46-0.66)  

0.6 0.6 

 

CH3CCl3 
0.42 

(0.39-0.45) 

0.38 

(0.35-0.42) 

0.58 

(0.51-0.6) 

0.52 

(0.49-0.55) 

0.69 

(0.64-0.75) 

0.61 0.67 0.61 

(0.56-0.65) 

CH3Cl 

(MLO) 

0.31 

(0.25-0.38) 

0.43 

(0.38-0.48)  

0.44 

(0.38-0.50)  

0.44 0.44 

 

CH3Cl 

(SMO) 

0.31 

(0.25-0.38) 

0.42 

(0.36-0.47)  

0.44 

(0.38-0.51)  

0.44 0.44 

 

Halon-1211 
0.53 

(0.50-0.55) 

0.56 

(0.53-0.59) 

0.53 

(0.49-0.57) 

0.68 

(0.66-0.71) 

0.66 

(0.61-0.71) 

0.65 0.62 0.52 

(0.48-0.56) 

Halon-1301 
0.29 

(0.27-0.31) 

0.30 

(0.28-0.33) 

0.28 

(0.28-0.34) 

0.39 

(0.37-0.41) 

0.39 

(0.35-0.43) 

0.32 0.28 0.26 

(0.24-0.29) 

HCFC-133a 
0.36 

(0.23-0.49) 

0.24 

(0.11-0.37)  

0.40 

(0.27-0.53)  

  

 

HCFC-141b 
0.26 

(0.18-0.35) 

0.27 

(0.19-0.34) 

0.22 

(0.22-0.29) 

0.35 

(0.26-0.43) 

0.31 

(0.27-0.36) 

0.34 0.34 0.17 

(0.14-0.21) 

HCFC-142b 
0.11 

(0.06-0.15) 

0.10 

(0.05-0.15) 

0.1 

(0.09-0.12) 

0.14 

(0.09-0.18) 

0.13 

(0.11-0.15) 

0.17 0.17 0.05 

(0.04-0.06) 

HCFC-22 
0.11 

(0.04-0.18) 

0.11 

(0.05-0.17) 

0.09 

(0.09-0.12) 

0.14 

(0.07-0.21) 

0.13 

(0.11-0.15) 

0.15 0.13 0.07 

(0.05-0.08) 

CFC-114 
0.08 

(0.07-0.09) 

0.09 

(0.07-0.10)  

0.11 

(0.10-0.12)   

0.13 0.12 
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CFC-114a 
0.22 

(0.20-0.23) 

0.23 

(0.21-0.24)  

0.29 

(0.28-0.30)   

  

 

CFC-13 
0.04 

(0.00-0.11) 

0.04 

(0.00-0.11)  

0.06 

(0.00-0.12)   

  

 

Halon-1202 
0.57 

(0.48-0.66) 

0.57 

(0.46-0.67)  

0.69 

(0.60-0.78)   

0.67 0.62 

 

 

3.3.7 Equivalent Effective Stratospheric Chlorine (EESC) 

EESC was calculated for a mean age-of-air of 3 years for AMO-16 as this is the mean 

age-of-air usually used in the literature to approximate mid-latitudinal ozone depletion. 

EESC was also calculated for a mean age-of-air of 2.4 years for both campaigns in 

order to compare the campaigns. The EESC was calculated using tropospheric trends 

from the same NOAA and Cape Grim data sets mentioned above (Section 3.3.4), an 

adjusted SF6-based mean age-of-air (Section 3.3.5) and mixing ratios from the aircraft 

samples to calculate time-independent FRFs (Section 3.3.6). 

For both campaigns, EESC was calculated using both the ‘mean age EESC’ method 

used in Newman et al. (2007) and the ‘relevant age EESC’ method from Engel et al. 

(2018). This gives a total of four EESC estimates. Both methods were also used and 

compared in the WMO 2018 report (Engel and Rigby et al., 2018). The ‘relevant age 

EESC’ is a refinement in the calculation method of EESC. The mean age EESC 

assumes that the age spectrum for an inert species is representative of the age spectrum 

of a chemically reactive species. This is not the case as the average age-of-air for source 

gases that have been dissociated in the stratosphere is longer than the average age of 

inert tracers in the same stratospheric location (Plumb et al., 1999; Engel et al., 2018). 

Younger air contains more reactive species than older air so the organic fraction of a 

chemically active species is largely determined by the fraction of the air with shorter 

transit times (Plumb et al., 1999). To take into account the interaction between chemical 

loss and transit time, the relevant age EESC method uses new time-independent 

fractional release factors (Ostermöller et al., 2017) and an age spectrum weighted by 

chemical loss (Engel et al., 2018). 

Additionally, each estimate has a range because of the relatively short lifetime of CH3Br 

and CH3Cl. The EESC contribution of these two compounds was calculated twice: 

again using tropospheric trends from Mauna Loa and American Samoa. The lower end 

of the range is based on Mauna Loa trends and the higher end of the range is based on 

American Samoa trends. Neither of these sites are ideal for estimates of the amount of 

shorter-lived ODSs reaching the tropical upper troposphere, but they are the closest 

ground-based approximations available and yield similar FRFs (Table 3.3). 

The EESCs from this study were calculated using the same method used in Engel et al. 

(2018). However, there are some differences between our EESCs and the Engel et al. 

(2018) estimates:  
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1) The shifting of FRFs explained in Section 3.2.5 determined that for some 

species the mixing ratios observed near the tropopause were significantly lower 

(CFC-115, CH3CCl3) or higher (CFC114a, HCFC-133a, Halon-1202, CH3Cl, 

CH3Br) than expected from surface-based trends. This is likely because the 

Asian monsoon region is different to the regions where the surface-based 

observations were made. Shifting the FRFs is necessary to make FRFs 

comparable with other values in the literature. The adjusted FRFs compare well 

with those from other studies (Section 3.3.6) in line with the expectation that 

they are dominated by common sinks and global tropospheric trends. The EESC, 

however, is calculated using the FRFs and the surface-based trends and so does 

not take into account that the actual amount found near the tropopause is 

different, which is important for deriving a regional EESC. Therefore, for the 

compounds that had their FRFs adjusted the difference was calculated using the 

amount that the FRF was shifted by multiplied by the mixing ratio at a mean 

age-of-air of zero years based on the tropospheric trends. These differences were 

then added to all our regional EESC estimates. 

2) We included some minor compounds that Engel et al. (2018) did not include 

(CFC-113a, HCFC-133a and CFC-13). They also did not include CFC-114a but 

their CFC-114 mixing ratio is a combination of CFC-114 and CFC-114a. 

Therefore, to compare our EESC to Engel et al. (2018) we recalculated our 

EESC excluding CFC-113a, HCFC-133a and CFC-13. Including these species 

makes very little difference, it adds only ~1 ppt to the EESCs, well within the 

uncertainty of the estimate. 

3) They included Halon-2402 and due to small contamination problems, this was 

not possible here. We determined the contribution of Halon-2402 to our EESC 

estimates using the 2017 mean tropospheric mixing ratio and the fractional 

release factor given in Engel et al. (2018), to arrive at an additional contribution 

of ~32 ppt from this molecule. 
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Table 3.4: Regional Equivalent Effective Stratospheric Chlorine (EESC) estimates 

from the AMO-16 and AMA-17 campaigns calculated using both the relevant age and 

the mean age. The numbers in brackets are the EESC without taking into account the 

difference in mixing ratios at the tropopause for long-lived compounds (see above). 

Also shown are global EESC estimates in previous literature (Velders and Daniel, 

2014; Engel and Rigby et al., 2018). 

 Campaign 
EESCa EESC+VSLSb 

relevant age mean age relevant age mean age 

AMA-17 

(age-of-air 2.4 years) 

1630 – 1650 1685 – 1715 1804 – 2087 1859 – 2152 

(1330 – 1350) (1385 – 1415) (1504 – 1787) (1559 – 1852) 

AMO-16 

(age-of-air 2.4 years) 

1483 – 1495 1513 – 1528 1604 – 1692 1633 – 1725 

(1267 – 1278) (1297 – 1312) (1387 – 1475) (1417 – 1509) 

AMO-16 

(age-of-air 3 years) 

1861 – 1872 1903 – 1919 1988 – 2075 2030 – 2122 

(1644 – 1655) (1687 – 1703) (1771 – 1859) (1814 – 1906) 

Engel et al. (2018) 

(age-of-air 3 years) 

1646 

 (in 2017) 

1602 

 (in 2017) 
 –   –  

Velders and Daniel, 

(2014) 

(age-of-air 3 years) 

 –  

1659 (1540-1790) 
(projection for 2016) 

1647 (1527-1779) 
(projection for 2017) 

 –   –  

 

a EESC including CFC-13, CFC-113a, HCFC-133a and Halon-2402. 
b EESC+VSLS: EESCa with an additional contribution from very short-lived 

substances (VSLSs). 

 

At an age-of-air of 2.4 years both the relevant age-based EESC and the mean age-based 

EESC are more than 100 ppt lower in AMO-16 than in AMA-17. This is likely because 

during AMO-16 different types of air masses were sampled: outflow from the Asian 

monsoon and Northern Hemispheric extra-tropical air. It implies that, if it was 

measured, the EESC above the Asian monsoon at an age-of-air of 3 years may be much 

higher than the Engel et al. (2018) EESC estimate. 

 

Engel et al. (2018) reported 2017 relevant age-based EESC for mid-latitudes as 1646 

ppt and for mean age-based EESC as 1602 ppt. In Engel and Rigby et al. (2018) the 

reported early 2017 relevant age-based EESC for mid-latitudes was 1649 ppt and for 

mean age-based EESC was 1601 ppt. For AMO-16 the relevant age-based EESC is 

12 % higher and the mean age-based EESC is 16 % higher than the Engel et al. (2018) 

estimates for air of the same age. We also compared the AMO-16 EESC to Velders and 

Daniels (2014) estimates for 2016 and 2017. These EESCs are calculated using the 

mean age-based EESC method so they are compared to our mean age-based AMO-16 

estimate. The estimate is 13-14 % higher than the Velders and Daniels (2014) best 

estimate in 2016. Overall, the regional EESCs in our study are higher than EESCs in 

other studies. 
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Including the adjustment as explained above increases AMO-16 EESC by 216 ppt and 

AMA-17 by 300 ppt. If the adjustment is not included then the AMO-16 relevant age-

based EESC agrees within our range with the Engel et al. (2018) estimate and the mean 

age-based EESC AMO-16 is 5-6 % higher than the Engel et al. (2018) estimate. Also, if 

the adjustment is not included then the mean age-based AMO-16 agrees within the 

uncertainties with the Velders and Daniels (2014) estimates, although, their best 

estimates are lower than our range (Table 3.4). 

In both campaigns, using the relevant age gives a slightly lower EESC range than the 

mean age (Table 3.4). This is not the case in Engel et al. (2018) where the relevant age 

gives a higher EESC than the mean age in 2017. When using our measurements, the 

differences between relevant age-based EESC and mean age-based EESC are larger at 

higher potential temperatures. Above about 390 K the compounds that tend to be higher 

in the mean age-based EESC are CFC-11, CCl4, CFC-113, CFC-12, CH3Br, CH3CCl3, 

and Halon-1211. Whereas CFC-113a, CFC-115, Halon-1301, HCFC-133a, HCFC-

141b, HCFC-142b, HCFC-22 and CFC-114a tend to be higher in the relevant age-based 

EESC. The compounds that contribute the most to EESC are CFC-11, CFC-12, CH3Cl, 

CH3Br, CCl4 and Halon-1211. Together they account for more than half of the EESC. 

The compounds that are higher in the mean age-based EESC than in the relevant age-

based EESC by the largest amount are CFC-11, CFC-12, CH3Br, CCl4, and Halon-1211. 

 

Compounds with an increasing tropospheric trend tend to have a higher relevant age, 

while those with a decreasing tropospheric trend tend to have a higher mean age. One 

contributing factor to this is that relevant age assumes that younger air inside an air 

mass has more of an influence on total chlorine and bromine than older air in the air 

mass (Engel et al., 2018). This would shift compounds with a decreasing (increasing) 

tropospheric trend towards lower (higher) mixing ratios and therefore may explain the 

differences between this study and Engel et al. (2018). Engel et al. (2018) use 

tropospheric trends from Velders and Daniels (2014) which included projections into 

the future. In our study measured mixing ratios are used so there are some differences. 

Velders and Daniels (2014) use a larger increasing trend in HCFC-22, HCFC-141b and 

HCFC-142b tropospheric mixing ratios than in our study. This would make the relevant 

age of these HCFCs larger than the mean age, whereas our HCFCs relevant age is still 

larger than the mean age but not by as much. Also, the contribution of these HCFCs to 

total EESC will be larger in Velders and Daniels (2014) than in our study as they use 

higher HCFC mixing ratios. 

 

Additionally, our CFC-11 and CCl4 tropospheric mixing ratio trends are not decreasing 

as quickly as in Velders and Daniels (2014) so our relevant age CFC-11 and CCl4 are 

still lower than the mean age but not by as much as in Engel et al. (2018). However, as 

Engel et al. (2018) use lower mixing ratios of CFC-11 and CCl4, the contributions of 

those compounds to the total EESC will be smaller in Engel et al. (2018) and will, 

therefore, have less impact on the difference between relevant age and mean age. These 

differences in tropospheric trends may explain why Engel et al. (2018) found mean age 
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lower than relevant age in 2017 but it swaps around in our study where the mean age is 

higher than the relevant age. 

 

 

 

Figure 3.10: EESC at mean age-of-air of 2.4 years for the AMO-16 and AMA-17 

campaigns and at mean age-of-air of 3 years for the AMO-16 campaign, calculated 

using relevant age and mean age, showing the contributions from long-lived (including 

FRF adjustments) and very short-lived chlorine and bromine. AoA = age-of-air. 

 

To investigate the impact of VSLSs on lower stratospheric ozone depletion, an EESC 

contribution for these substances was calculated. For the four VSLSs we measured, the 

mixing ratios in the samples collected above 375 K were subtracted from the maximum 

and minimum mixing ratios below 375 K to approximate FRFs, which were then used 

to estimate the contribution of our VSLSs to EESC. The EESC contribution at 2.4 years 
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mean age-of-air from our VSLSs is between 121-197 ppt based on the air samples 

collected during AMO-16 and 174-437 ppt based on the air samples collected during 

AMA-17 (Figure 3.10). This is about 8-26 % of the EESC from long-lived compounds 

(Figure 3.10). When using the minimum VSLS contribution and the minimum of the 

long-lived EESC in AMO-16 the contribution is 8 % and when using the maximum 

VSLS contribution and the maximum of the long-lived EESC in AMA-17 the 

contribution is 26 %. This inclusion increases both the EESC and its range (Table 3.4) 

and indicates that the contribution of VSLSs to ozone depletion is significant, especially 

in the northern hemispheric lower stratosphere where there is less fractional release of 

reactive chlorine from the longer-lived species. Moreover, the total EESC contribution 

from these VSLSs may be higher than our estimate as some fraction of the halogenated 

‘product gases’ from their tropospheric breakdown may also be injected in to the 

stratosphere (‘product gas injection’ is discussed in Engel and Rigby et al., 2018). There 

are also other VSLSs not measured in this study that may contribute (e.g. CHBr3, 

CH3(CH2)2Br and other anthropogenic chlorocarbons). 

Assuming a linear trend, EESC at mid-latitudes has decreased by 14-16 ppt per year 

from its peak values to 2017 (Engel and Rigby et al., 2018). This shows that the 

contribution from VSLSs observed in measurements from both campaigns is large 

compared to the size of the decreasing trend. 

3.4 Conclusions 

Air samples collected in the upper troposphere and lower stratosphere on board the 

high-altitude Geophysica research aircraft in the vicinity of and within the Asian 

monsoon anticyclone were found to have substantially elevated mixing ratios of very 

short-lived chlorine-containing ozone-depleting substances compared to WMO 2018 

estimates for the year 2016 (Engel and Rigby et al., 2018). For example, CH2Cl2 mixing 

ratios in the tropopause region are 30-44 ppt in the WMO 2018 report but 65-136 ppt in 

the AMA-17 samples. This is likely largely due to the rapid transport of emissions of 

these substances from South Asia to the UTLS via the Asian summer monsoon 

circulation and higher-than-global emission rates in this region. We show that VSLSs 

are transported irreversibly from the Asian summer monsoon circulation system into the 

lower stratosphere where they will contribute to ozone depletion. The contribution of 

very short-lived chlorine-containing substances is significantly higher than that reported 

in the WMO Scientific Assessment of Ozone Depletion (Engel and Rigby et al., 2018) 

in terms of Equivalent Chlorine (ECl) in the tropopause region (89-132 ppt vs 169-393 

ppt). These additional VSLS contributions increase the estimate of Equivalent Effective 

Stratospheric Chlorine (EESC) in the lower stratosphere above the Asian summer 

monsoon region by 8-26 %. 

Our estimates of ECl and EESC from long-lived species in the stratosphere in this 

region are generally larger than global average values. For example, EESC based on 

relevant age at 3 years in Engel et al. (2018) is 1646 ppt, whereas the AMO-16-based 

range is 1861-1872 ppt. ECl from long-lived species is 3947-3997 ppt in the global 
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estimate and 4031-4319 ppt in the AMA-17 estimate. The Asian monsoon region 

generally has large continental emissions and more input into the stratosphere than 

many other regions. This explains why the AMA-17 estimate is larger than the global 

average from WMO as it is impacted by regional chlorine-containing emissions to a 

larger degree than global mean estimates. 

The tropics are the main entrance region to the stratosphere associated with the large-

scale Brewer-Dobson circulation. Transport via the Asian summer monsoon circulation 

system provides an additional seasonal source into the stratosphere, especially the 

northern hemispheric lower stratosphere (Orbe et al., 2016; Ploeger et al., 2017), where 

ozone levels have not been recovering as expected (Ball et al., 2018).  A previous study 

found similar enhanced mixing ratios of CH2Cl2, CH2ClCH2Cl and CHCl3 in the upper 

tropopause region during boreal winter over South-East Asia, indicating that rapid 

upward transport also occurs in the winter monsoon (Oram et al., 2017). The additional 

input of chlorine into the stratosphere from these sources could delay the recovery of 

the ozone layer if emissions of VSLSs persist in the future (Hossaini et al., 2015a). 

Since our observations are both spatially and temporally limited the quantification of 

this possible future impact is beyond the scope of this study. 

However, when combining the differences between the global ECl estimate and our 

AMA-17-based ECl (Table 3.2) with the estimate from Ploeger et al. (2017) of the 

monsoon contributing an annual average of about 5 % to northern hemispheric lower 

stratospheric air, we derive a difference ranging from 0.3-34.9 ppt of ECl, from all 

measured compounds, much of it in the form of chlorinated VSLSs. Depending on the 

inter-annual monsoon variability as well as how much ECl enters this part of the 

stratosphere via the tropical west pacific and through extratropical isentropic transport, 

the available levels of chlorine and bromine might thus be substantially higher than the 

global average derived from global ground-based measurements. Independent evidence 

pointing in the direction of such a possibility has most recently been found by Harrison 

et al. (2019) who, based on satellite observations, reported unusually high levels of 

phosgene (COCl2) in the stratosphere, a product gas of the photochemical 

decomposition of CH2Cl2, CHCl3 and other gases. In summary, this work highlights the 

importance of both the Asian monsoon anticyclone as a fast transport mechanism in an 

important ODS emission region, and the role of chlorinated VSLS for stratospheric 

ozone. 
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Chapter 4: Continued increase of CFC-113a 

(CCl3CF3) mixing ratios in the global 

atmosphere: emissions, occurrence and 

potential sources 
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113 and CFC-113a. Johannes Laube, David Oram, Lauren Gooch and Emma Leedham 

Elvidge were all involved in measuring and analysing the air samples used in this study. 

Johannes Laube, William Sturges, David Oram and Emma Leedham Elvidge were also 

involved in organising the University of East Anglia’s (UEA) contributions to the 

sampling campaigns included in this study. Emma Leedham Elvidge also recalculated 

the atmospheric lifetime of CFC-113a. In this chapter, data are gathered together from 

multiple measurement sites and sampling campaigns. Therefore, many of the co-authors 

are included because of their involvement in the collection of these samples: Charles C-

K Chou and Chang-Feng Ou-Yang (Taiwan campaign), Carl A. M. Brenninkmeijer 

(CARIBIC project), Paul Fraser and Ray Langenfelds (Cape Grim Baseline Air 

Pollution Station), Siew Moi Phang and Azizan Abu Samah (Bachok Marine Research 

Station), Thomas Röckmann (Geophysica research aircraft campaigns), and Simon 

O’Doherty (Tacolneston Tall Tower). In addition, many of the co-authors and the 

reviewers contributed comments and suggestions for editing this work to prepare it for 

publication. 

 

Adcock, K. E., Reeves, C. E., Gooch, L. J., Leedham Elvidge, E., Ashfold, M. J., 

Brenninkmeijer, C. A. M., Chou, C., Fraser, P. J., Langenfelds, R. L., Mohd Hanif, N., 

O’Doherty, S., Oram, D. E., Ou-Yang, C.-F., Moi Phang, S., Abu Samah, A., 

Röckmann, T., Sturges, W. T. and Laube, J. C.: Continued increase of CFC-113a 

(CCl3CF3) mixing ratios in the global atmosphere: emissions, occurrence and potential 

sources, Atmos. Chem. Phys., 18(7), 4737–4751, doi:10.5194/acp-18-4737-2018, 2018.  



94 
 

Abstract 

Atmospheric measurements of the ozone-depleting substance CFC-113a (CCl3CF3) are 

reported from ground-based stations in Australia, Taiwan, Malaysia and the United 

Kingdom, together with aircraft-based data for the upper troposphere and lower 

stratosphere. Building on previous work we find that, since the gas first appeared in the 

atmosphere in the 1960s, global CFC-113a mixing ratios have been increasing 

monotonically to the present day. Mixing ratios of CFC-113a have increased by 40 % 

(percent) from 0.50 to 0.70 ppt (parts per trillion) in the Southern Hemisphere between 

the end of the previously published record in December 2012 and February 2017. We 

derive updated global emissions of 1.7 Gg yr-1 (1.3-2.4 Gg yr-1) (gigagrams per year) on 

average between 2012 and 2016 using a two-dimensional model. We compare the long-

term trends and emissions of CFC-113a to those of its structural isomer, CFC-113 

(CClF2CCl2F), which still has much higher mixing ratios than CFC-113a, despite its 

mixing ratios and emissions decreasing since the 1990s. The continued presence of 

Northern Hemispheric emissions of CFC-113a is confirmed by our measurements of a 

persistent interhemispheric gradient in its mixing ratios, with higher mixing ratios in the 

Northern Hemisphere. The sources of CFC-113a are still unclear, but we present 

evidence that indicates large emissions in East Asia, most likely due to its use as a 

chemical involved in the production of hydrofluorocarbons. Our aircraft data confirm 

the interhemispheric gradient as well as showing mixing ratios consistent with ground-

based observations and the relatively long atmospheric lifetime of CFC-113a.  

4.1 Introduction 

Recently, mixing ratios of CFC-113a (CCl3CF3), the structural isomer of the well-

known ozone-depleting substance CFC-113 (CF2ClCFCl2), were found to still be 

increasing in the atmosphere up until 2012 (Laube et al., 2014). The previously 

published evidence for increasing mixing ratios of CFC-113a comes from air samples 

collected at Cape Grim, Tasmania (41° S) and firn air data collected in Greenland (77° 

N) in 2008 (NEEM project) (Buizert et al., 2012; Laube et al., 2014). The firn air depth 

profile data, when combined with inverse modelling, provide smoothed time series of 

compound mixing ratios going back almost one century (Buizert et al., 2012; Laube et 

al., 2012). CFC-113a became detectable in the atmosphere in the 1960s (Laube et al., 

2014). Cape Grim is a clean-air measurement site located in Tasmania, Australia, with 

air sampling/analysis activities since 1976 and the CFC-113a record derived from the 

Cape Grim Air Archive (1978 onwards) shows mixing ratios increasing over time with 

a sharp acceleration starting around 2010 (Laube et al., 2014). Global annual emissions 

of CFC-113a were estimated using a two-dimensional atmospheric chemistry-transport 

model, showing increases since the 1960s and more than doubling between 2010 and 

2012, reaching 2.0 Gg yr-1 in 2012 (Laube et al., 2014). In addition, measurements of 

aircraft samples from the CARIBIC-IAGOS observatory identified an interhemispheric 

gradient with mixing ratios increasing from the Southern Hemisphere to the Northern 

Hemisphere; and the atmospheric lifetime of CFC-113a was estimated at 51 years from 

stratospheric research aircraft flights in late 2009 and early 2010 (Laube et al., 2014). 
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The origin of the emissions that cause this increase in CFC-113a mixing ratios is as yet 

undetermined. Some evidence of a potential connection with hydrofluorocarbon (HFC) 

production has been found (Laube et al., 2014) and here we use additional data to 

investigate this possibility further. Laube et al. (2014) reported data until 2012. This 

study uses data that have become available since 2012 to provide an update on its global 

trend and emissions and to assess these in terms of our understanding of the sources of 

this gas and its potential impact on ozone. 

4.2 Methods 

4.2.1 Analytical technique 

Air samples from all the campaigns discussed in this study were collected in 

electropolished and/or silco-treated stainless steel gas cylinders, except for the 

CARIBIC observatory, for which samples were collected using glass-bottle based 

samplers (Brenninkmeijer et al., 2007). Various pumps were used for the different 

sampling activities, all of which have been thoroughly tested for a large range of trace 

gases (Brenninkmeijer et al., 2007; Laube et al., 2010; Allin et al., 2015 and Oram et al., 

2017). 

After collection, the samples were transported to the University of East Anglia (UEA) 

to be analysed on a high-sensitivity gas chromatograph coupled to a Waters AutoSpec 

magnetic sector mass spectrometer (GC-MS). A full description of this system can be 

found in Chapter 2. The trace gases were cryogenically extracted and pre-concentrated. 

Analysis was partly carried out using a GS GasPro column (length ~50 m, ID 0.32 mm) 

and partly with a KCl-passivated Al2O3-PLOT column (length: 50 m, ID 0.32 mm). 

During analysis on the Al2O3-PLOT column, an Ascarite (NaOH-coated silica) filter 

was used to remove carbon dioxide. 

Several tests and comparisons ensured that no significant differences in CFC-113 and 

CFC-113a mixing ratios were obtained regardless of the column or filter used. A 

possible interference could arise when measuring CFC-113a on the GS GasPro column 

using m/z 116.91 if mixing ratios of the nearby eluting HCFC-123 are high. This was 

the case for a small number of samples analysed for this work and those measurements 

were either a) repeated using the interference-free m/z 120.90, b) replaced with 

measurements on the KCl-passivated Al2O3-PLOT column, or c) excluded. The KCl-

passivated Al2O3-PLOT column separated CFC-113 and CFC-113a well, no 

interferences were observed and m/z 116.91 was used for quantification. 

All the samples are compared to the same NOAA standard (AAL-071170) and there 

were routine measurements of multiple standards to exclude the possibility of mixing 

ratio changes in the standard over time (Section 2.8). The HCFC-133a, HFC-125 and 

HFC-134a mixing ratios from Taiwan in 2013 were measured on the Entech-Agilent 

GC-MS system operating in electron ionisation (EI) mode. This consists of a 

preconcentration unit (Entech model 7100) connected to an Agilent 6890 GC and 5973 

quadrupole MS (Section 2.7). The calibration scale used for CFC-113a is the UEA 
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calibration scale and for CFC-113 is the NOAA 2002 calibration scale. On a typical 

day, the working standard is measured five to eight times, between every two or three 

samples. The sample peak sizes are measured relative to the standards measured just 

before and after them. The working standard is used to correct for small changes in 

instrument response over the course of a day. The dry air mole fraction (mixing ratio) is 

measured and the unit, parts per trillion (ppt) is used in this study as an equivalent to 

picomole per mole. The measurement uncertainties are calculated the same way for all 

measurements and represent one sigma standard deviation. They are based on the square 

root of the sum of the squared uncertainties from sample repeats and repeated 

measurements of the air standard on the same day. 

 

 

Figure 4.1: Sampling locations used in this study. Those locations that have been added 

since Laube et al. (2014) are in white. Those with orange labels featured in, or have 

been extended since, Laube et al. (2014). 

4.2.2 Sampling 

The following new data are presented in this study (see also Figure 4.1 and Table 4.1): 

1. Laube et al. (2014) reported CFC-113a measurements from Cape Grim, Tasmania 

from 1978 to 2012. We now report four more years of CFC-113a measurements 

from Cape Grim, up to February 2017. From 2013 to 2017, 20 samples were 

collected at Cape Grim at irregular intervals of between one to five months apart. 

The CFC-113 mixing ratios (1978-2017) from analyses of archived air samples 

collected at Cape Grim, Tasmania and analysed at the UEA, together with NOAA 
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flask data, and AGAGE in situ data are also included to compare the two isomers. 

CFC-113 stability in the Cape Grim Air Archive has been demonstrated in the 

AGAGE program for periods up to 15 years and longer (Fraser et al., 1996; CSIRO 

unpublished data). Most of the CFC-113 UEA Cape Grim data set was previously 

published in Laube et al. (2013). Some of the earlier samples from Laube et al. 

(2013) and Laube et al. (2014) were reanalysed on the KCl-passivated Al2O3-PLOT 

column (length: 50 m, ID 0.32 mm). They showed very good agreement with the 

previous GasPro column-based measurement with comparable precisions and no 

detectable offset. The Cape Grim air samples were collected under background 

conditions with winds from the south-west, marine sector, so that sampled air 

masses were not influenced by nearby terrestrial sources and are representative of 

the extra-tropical Southern Hemisphere. Details of the sampling procedure have 

been reported in previous publications (e.g. Fraser et al., 1999; Laube et al., 2013). 

2. Tacolneston tower is a measurement site in Norfolk (Ganesan et al., 2015), and is 

part of the UK Tall Tower Network. Air samples were collected on a near-biweekly 

basis between July 2015 and March 2017 using an air inlet at 185 m. 

3. Ground-based samples were collected from Bachok Marine Research Station on the 

northeast coast of Peninsular Malaysia in January and February 2014. 

4. During the StratoClim campaign (http://www.stratoclim.org/), air samples were 

collected during two flights by the Geophysica high altitude research aircraft, as 

described in Kaiser et al. (2006), in the upper troposphere and lower stratosphere 

(10-20 km) over the Mediterranean on 01-Sep-2016 and 06-Sep-2016. 

5. Air samples were collected at regular intervals at altitudes of 10-12 km during long 

distance flights on a commercial Lufthansa aircraft from 2009 to 2016 

(Brenninkmeijer et al., 2007) on four flights between Frankfurt, Germany and 

Bangkok, Thailand; five flights between Frankfurt, Germany and Cape Town, South 

Africa; and one flight between Frankfurt, Germany and Johannesburg, South Africa; 

including the four flights referred to in Laube et al. (2014) (CARIBIC project, 

www.caribic-atmospheric.com). 

6. Four ground-based air sampling campaigns took place in Taiwan from 2013 to 

2016. Between 19 and 33 air samples were collected in March and April each year. 

In 2013 and 2015 samples were collected from a site on the southern coast of 

Taiwan (Hengchun) and in 2014 and 2016 samples were collected from a site on the 

northern coast of Taiwan (Cape Fuguei). See also Vollmer et al. (2015), Laube et al. 

(2016) and Oram et al. (2017). 
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Table 4.1: Air sampling campaigns from which atmospheric CFC-113a mixing ratios 

were measured, including the data published in Laube et al. (2014). 

Sampling 

campaign 
Location Longitude and Latitude Dates 

No. of 

samples 
Nature of data 

NEEM Greenland 
77.445° N, 51.066° W 

2484m a.s.l. 

14-Jul-2008–

30-Jul-2008 

3 closest 

to the 

surface 

Firn air surface 

data 

Cape Grim 
Tasmania, 

Australia 
40.683° S, 144.690° E 

(07-Jul-1978) 

14-Mar-2013–

23-Feb-2017 

66 total, 

20 new 

Southern 

Hemisphere 

ground-based site 

Taiwan East Asia 

Hengchun, 

22.0547° N, 120.6995° E, 

(2013, 2015) 

Cape Fuguei, 

25.297° N, 121.538° E, 

(2014, 2016) 

2013–2016 

2013: 19 

2014: 24 

2015: 23 

2016: 33 

Northern 

Hemisphere 

ground-based 

sites 

Tacolneston 

Tower 

Norfolk, 

United 

Kingdom 

52.3104° N, 1.0820° E 
13-Jul-2015– 

16-Mar-2017 
47 

Northern 

Hemisphere tall 

tower site 

Bachok 

Marine 

Research 

Station 

Bachok, 

Malaysia 
6.009° N, 102.425° E 

20-Jan-2014– 

03-Feb-2014 
16 

Tropical ground-

based site 

Geophysica 

flights 

2009-2010 

North Sea 
76-48° N, 28-0° E 

 

30-Oct-2009– 

02-Feb-2010 
98 Research aircraft 

Geophysica 

flights 

2016 

Mediterranean 

Sea 
33-41° N, 22-32° E 

01-Sep-2016 

06-Sep-2016 
23 Research aircraft 

CARIBIC 

flights 

Germany to 

South Africa 

48° N-30° S, 6-19° E 

 

27-Oct-2009 

28-Oct-2009 

14-Nov-2010 

20-Mar-2011 

10-Feb-2015 

13-Jan-2016 

14 

7 

13 

14 

15 

7 

Commercial 

aircraft 

CARIBIC 

flights 

Germany to 

Thailand 

32-17° N, 70-97° E 

 

21-Feb-2013 

21-Mar-2013 

09-Nov-2013 

05-Dec-2013 

14 

7 

14 

14 

Commercial 

aircraft 

 

4.2.3 Emission modelling 

A two-dimensional atmospheric chemistry-transport model was used to estimate, top-

down, global annual emissions of CFC-113a and CFC-113 for the purpose of comparing 

the emissions of the two isomers. The model contains 12 horizontal layers each 

representing 2 km of the atmosphere and 24 equal-area zonally averaged latitudinal 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Tacolneston_transmitting_station&params=52.5178_N_1.1389_E_type:landmark
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bands (288 grid boxes). For more details about the model see Newland et al. (2013); and 

Laube et al. (2016). 

This model was previously used to estimate the global annual emissions of CFC-113a 

(Laube et al., 2014). We now update the CFC-113a emission estimates using an 

additional four years of Cape Grim measurements. The CFC-113 emissions are 

estimated using CFC-113 mixing ratios at Cape Grim for 1978-2017 from the UEA 

Cape Grim dataset and compared with bottom-up emissions estimates from the 

Alternative Fluorocarbons Environmental Acceptability Study (AFEAS, 

https://agage.mit.edu/data/afeas-data). The modelled mixing ratios for the latitude band 

that Cape Grim is located within (35.7° S–41.8° S) were matched as closely as possible 

to the observations at Cape Grim (40.7° S) by iteratively adjusting the global annual 

emissions rate until the differences between the modelled mixing ratios and the 

observations were minimised.  

The model was run for 84 years from 1934 to 2017. It begins in 1934 because that was 

considered early enough to be before emissions of CFC-113a and CFC-113 began. 

Using the corrections in Leedham Elvidge et al. (2018) we calculated the atmospheric 

lifetime of CFC-113a to be 51 years (30-148 years) based on an updated and improved 

mean age-of-air estimate. The atmospheric lifetime of CFC-113 is currently estimated 

to be 93 years with a ‘likely’ range of 82-109 years (Ko et al., 2013). The photolysis 

rates are calculated for each grid box as a function of seasonally varying temperature 

and the absorption spectra for the wavelengths 200–400 nm. For CFC-113a the 

absorption spectrum is taken from Davis et al. (2016) and for CFC-113 it is taken from 

Burkholder et al. (2015). For the reaction with O(1D) the rate coefficients used are 2.61 

x 10-10 cm3 molecule−1 s−1 and 2.33 x 10-10 cm3 molecule−1 s−1 for CFC-113a and CFC-

113 respectively (Baasandorj et al., 2011). The diffusive loss of gases out of the top of 

the model is controlled by making the mixing ratios immediately above the model a 

constant fraction (F) of the mixing ratios in the top layer of the model (22-24 km). 

Nearly all the loss of both compounds is above the model and so the atmospheric 

lifetimes are almost completely controlled by varying the F factor. The values of F were 

set to 0.6250 (0.0001-0.9854) for steady-state lifetimes of 51 years (30 years-148 years) 

for CFC-113a and to 0.8254 (0.7888-0.8618) for lifetimes of 93 years (82 years-109 

years) for CFC-113. The minimum lifetime of 30 years for CFC-113a could not be 

achieved by adjusting the F value alone so was simulated by choosing a very small 

value for F of 0.0001 and by increasing the photolysis rate inside the model domain by 

a factor of 5.24. This is likely because the data used to determine the range (30-148 

years) do not provide adequate constraint rather than implying that there may be 

unknown sinks. 

A latitudinal distribution of emissions, with 95 % of emissions originating in the 

Northern Hemisphere, was assumed for both compounds. As Cape Grim is a remote 

Southern Hemispheric site the emission distribution within the Northern Hemisphere 

has almost no effect on the modelled mixing ratios in the latitudinal band of Cape Grim. 

The emission distribution used for CFC-113 was assumed to be constant for the whole 
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of the model run and has been used in previous studies for similar compounds  

(McCulloch et al., 1994; Reeves et al., 2005; Laube et al., 2014, 2016). For CFC-113a 

we decided to select an emission distribution based on how well the modelled mixing 

ratios in the latitude band 48.6-56.4° N agreed with the observations at Tacolneston for 

the later part of the trend. Tacolneston can be considered to be representative of 

Northern Hemisphere background mixing ratios of CFC-113a for that latitude as there 

are no significant enhancements in mixing ratios (Figure 4.2). The emission distribution 

used in the CFC-113a model is the same as CFC-113 for the first 60 years (1934-1993) 

and then gradually shifts over the next 10 years from more northerly latitudes (36-57° 

N) to more southerly latitudes (19-36° N). It then remains at more southerly latitudes 

until the end of the run in 2017. This distribution shift is based on the assumption that 

CFC-113a emissions are predominantly from Europe and North America at the 

beginning of the model run and then shift to be coming predominantly from East Asia 

towards the end of the model run. There are significant enhancements in CFC-113a 

mixing ratios in our measurements from Taiwan indicating continued emissions in this 

region (Section 4.3.2.1) which is consistent with emissions in this latitude band in the 

model. The latter is also consistent with previous work that has found emissions of 

ozone-depleting substances shifted from more northerly Northern Hemisphere latitudes 

to more southerly Northern Hemisphere latitudes (Reeves et al., 2005; Montzka et al., 

2009). This is likely due to developing countries, which are mostly located further 

south, having more time to phase out the use of many ODSs than developed countries 

(Newland et al., 2013; CTOC, 2014; Fang et al., 2016). With this emissions distribution, 

the modelled CFC-113a mixing ratios at Tacolneston matched closely to the 

observations (Figure 4.2). It should be noted that while there is evidence that supports 

the emission distribution used here, there might be alternative distributions that result in 

equally good fits to the trends, particularly in the earlier part of the record. 

The upper and lower emission uncertainties for CFC-113a and CFC-113 were 

calculated by combining five different components together.  

The first component is the uncertainty in the model transport. CFC-11 and CFC-12 are 

long-lived gases with reasonably well-known emissions and atmospheric mixing ratios. 

When using this model, the difference between modelled mixing ratios and observed 

mixing ratios of CFC-11 and CFC-12 at Cape Grim is about 5 % (Reeves et al., 2005). 

This difference, 5 %, is taken to represent the uncertainty in the model transport. 

The second component, is the average measurement uncertainty, which is calculated 

using the mean of the one sigma standard deviations derived as the square root of the 

sum of the squared uncertainties in sample repeats and repeated measurements of an air 

standard on the same day. In other words, the average size of the error bars in Figure 4.3 

and Figure 4.5. A more detailed explanation for how the error bars were calculated can 

be found in Section 2.6. The average measurement uncertainty is calculated to be 0.8 % 

for CFC-113 and 3.9 % for CFC-113a. 
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The third component is the model fit uncertainty, which is the mean percentage 

difference between the ‘best fit’ modelled mixing ratios and the observations. The 

model fit uncertainty is 1.0 % for CFC-113 and 2.6 % for CFC-113a. 

The fourth component is the calibration uncertainty, which for CFC-113a is 3.8 % 

(Laube et al., 2014) and for CFC-113 is 0.5 % (Brad Hall, personal communication). 

The CFC-113 uncertainty is the uncertainty in the NOAA calibration scale. We do not 

have the full calibration uncertainty for CFC-113 as the content of CFC-113a is 

currently unknown for the NOAA ‘CFC-113’ calibration as the two isomers are hard to 

separate from each other. 

The fifth component is the uncertainty in the atmospheric lifetimes. The ‘best fit’ 

(minimum-maximum) steady-state lifetimes used in this study are 51 years (30 years-

148 years) for CFC-113a and 93 years (82 years-109 years) for CFC-113 (Ko et al., 

2013; Leedham Elvidge et al., 2018). 

These five components were then combined together. Firstly, we calculated the square 

root of the sum of squares of the uncertainties in model transport, measurements and 

model fit, after which the calibration uncertainty was then added (Equation 4.1). 

Combining these uncertainties as described above gives overall uncertainties of ±5.7 % 

for CFC-113 and ±10.6 % for CFC-113a. 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙
𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

=  √𝑚𝑜𝑑𝑒𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡
𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

2
+  𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

2
+ 𝑚𝑜𝑑𝑒𝑙 𝑓𝑖𝑡

𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦

2
+  𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛

𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦
  (4.1) 

 

The observed mixing ratios were then adjusted by these overall uncertainties and the 

model was re-run and the emissions varied to reproduce these new adjusted mixing 

ratios. The atmospheric lifetimes were also adjusted at the same time to estimate the 

upper and lower bounds of the emissions. The upper bound is estimated using the 

lowest lifetime and the highest mixing ratios and the lower bound is estimated using the 

highest lifetime and the lowest mixing ratios. 

Estimating the upper (lower) bound of the emissions in this way assumes that the 

influence of the five uncertainties would all be acting to increase (decrease) the 

emissions. However, it is likely that to some extent the influence of the uncertainties 

will be counteracting each other. Therefore, the upper and lower bounds as presented 

are likely to be an overestimate of the true uncertainty.
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Figure 4.2: CFC-113a and CFC-113 modelled and observed mixing ratios at 

Tacolneston. The error bars represent the 1σ standard deviation. The modelled 

uncertainties are 5 % and are based on the model reproducing the reported mixing ratios 

of CFC-11 and CFC-12 at Cape Grim to within 5 % uncertainty (Reeves et al., 2005). 

4.2.4 Dispersion modelling 

The UK Met Office’s Numerical Atmospheric Modelling Environment (NAME, Jones 

et al., 2007), a Lagrangian particle dispersion model, was used to produce footprints of 

where the air sampled during the Taiwan and Malaysia campaigns (Table 4.1) had 

previously been close to the Earth’s surface. The model setup related to samples 

collected in Taiwan in 2016 was slightly different to the setup for simulations in 2013-

2015; hereafter those differences are noted in parentheses, though they have no practical 

implications for our findings. The footprints were calculated over 12 days by releasing 

batches of 60,000 (30,000 in 2016) inert backward trajectories over a 3-hour period 

encompassing each sample. Over the course of the 12 day travel time the location of all 

trajectories within the lowest 100 m of the model atmosphere was recorded every 15 

minutes on a grid with a resolution of 0.5625° longitude and 0.375° latitude (0.25° by 

0.25° in 2016). The trajectories were calculated using three-dimensional meteorological 

fields produced by the UK Met Office’s Numerical Weather Prediction tool, the Unified 

Model (UM) (Cullen 1993). These fields have a horizontal grid resolution of 0.35° 

longitude by 0.23° latitude for the 2013 and 2014 simulations, and 0.23° longitude by 

0.16° latitude for the 2015 and 2016 simulations. In all cases the meteorological fields 

have 59 vertical levels below ~30 km. Dates in the NAME footprint maps are presented 

in the format yyyy-mm-dd and use UTC time.  

67

72

77
0.6

0.7

0.8

2014 2015 2016 2017

C
F

C
-1

1
3

 (
p

p
t)

C
F

C
-1

1
3

a
 (

p
p

t)

Year

Tacolneston

CFC-113a Observations CFC-113a modelled mixing ratios

CFC-113 Observations CFC-113 modelled mixing ratios



103 
 

4.3 Results 

4.3.1 Long-term atmospheric trends and estimated global annual emissions of 

CFC-113a and CFC-113 

CFC-113a mixing ratios at Cape Grim were previously found to have been increasing 

from 1978-2012 (Laube et al., 2014, Figure 4.3). Since 2012, they have continued to 

increase from 0.50 ppt in December 2012 to 0.70 ppt in February 2017 (Figure 4.3). 

Between 1978 and 2009 the average rate of increase was 0.012 ppt yr-1; between 2010 

and 2017 the rate has risen threefold to about 0.037 ppt yr-1. 
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Figure 4.3: CFC-113a modelled and observed mixing ratios at Cape Grim 1960-2017 

and estimated global annual emissions of CFC-113a. The observations are from July 

1978-February 2017 with 1σ standard deviations as error bars. Data prior to 04-Dec-

2012 is from Laube et al. (2014). The blue solid line represents the modelled mixing 

ratios with uncertainties (dashed blue line). The black and grey lines represent the 

modelled ‘best fit’ emissions with uncertainties (dashed). The grey lines are the 

emission estimates that were reported in Laube et al. (2014) and the black lines are the 

extension of the emission trends in this study. 

 

Measurements at Tacolneston were only made for a short time period in comparison to 

measurements at Cape Grim (20 months), but it also experienced an increase in CFC-

113a mixing ratios of 0.03 ppt yr-1 over the period July 2015 to March 2017, based on 

start and end points (Figure 4.2). Furthermore, for the CARIBIC flights the mean 

mixing ratios of CFC-113a increased on average, by 0.04 ppt yr-1 between 2009 and 
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2016 (Figure 4.4). Overall, there is a consistent picture of a continued global increase in 

background mixing ratios of CFC-113a. Its atmospheric burden has been increasing 

since the 1960s (Laube et al., 2014) and this has continued until early 2017, implying 

that ongoing emissions of CFC-113a exceed its rate of removal.  

The modelled global annual CFC-113a emissions began in the 1960s and increased 

steadily at an average rate of 0.02 Gg yr-1 yr-1 until they reached 0.9 Gg yr-1 (0.6-1.2 Gg 

yr-1) in 2010 followed by a sharp increase to 0.52 Gg yr-1 yr-1 from 2010 to 2012 when 

emissions were 1.9 Gg yr-1 (1.5-2.4 Gg yr-1) (Figure 4.3). We find that between 2012 

and 2016, modelled emissions were on average 1.7 Gg yr-1. The best model fit 

(minimum-maximum) suggests some minor and statistically non-significant variability 

between 1.6 Gg yr-1 (1.3-2.0 Gg yr-1) in 2015 and 1.9 Gg yr-1 (1.5-2.4 Gg yr-1) in 2012. 
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Figure 4.4: CFC-113a mixing ratios from samples collected during CARIBIC aircraft 

campaign flights from 2009 to 2016 for each flight from Frankfurt, Germany (FRA) to 

Cape Town, South Africa (CPT) and Johannesburg, South Africa (JNB), with 1σ 

standard deviations as error bars. 

 

It is instructive to look at CFC-113 to learn more about CFC-113a. The atmospheric 

trends of CFC-113 at Cape Grim (Figure 4.5) and estimated emissions are very different 

from those of CFC-113a. Mixing ratios of both compounds increased at the beginning 

of the record, but then the CFC-113 mixing ratios stabilised in the early 1990s and 

started to decrease (Figure 4.5), consistent with previous observations (Fraser et al., 

1996; Montzka et al., 1999; Rigby et al., 2013; Carpenter and Reimann et al., 2014). 

This trend is similar to those of many other CFCs in the atmosphere (for example CFC-

11 and CFC-12, Rigby et al., 2013), but in contrast to the increasing mixing ratios of 

CFC-113a. Note that CFC-113a mixing ratios are still much lower than those of CFC-

113 even at the end of our current record in early 2017. CFC-113 is the third most 

abundant CFC in the atmosphere (Carpenter and Reimann et al., 2014) and mixing 

ratios of CFC-113a are only about 1 % of CFC-113 mixing ratios in 2017. CFC-113 

mixing ratios at Cape Grim measured by NOAA 

(https://www.esrl.noaa.gov/gmd/dv/ftpdata.html) and AGAGE (Prinn et al., 2018; 
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http://agage.eas.gatech.edu/data_archive/agage/) are also included in Fig. 4.5. The 

NOAA and AGAGE measurement techniques do not enable the separation of the 

isomers so their reported CFC-113 mixing ratios are the sum of CFC-113 and CFC-

113a. It is assumed that the influence of this is small as CFC-113a mixing ratios are 

small in comparison to the CFC-113 mixing ratios but this does create an additional 

uncertainty in our comparisons. There is a small offset of 2 % between the NOAA data 

and the current UEA Cape Grim dataset, with the UEA Cape Grim dataset being 

slightly higher, similar to the offset reported previously (Laube et al., 2013).

 
Figure 4.5: CFC-113 modelled and observed mixing ratios at Cape Grim 1960-2017 and 

estimated global annual ‘best fit’ emissions of CFC-113 with uncertainties. The 

observations are from Cape Grim, Tasmania, July 1978-February 2017 with 1σ standard 

deviations as error bars. Also, for comparison are the NOAA and AGAGE CFC-113 

mixing ratios at Cape Grim and previous emissions estimates from AFEAS and Rigby 

et al. (2013) (based on AGAGE in situ data) with ‘likely’ uncertainties. The NOAA and 

AGAGE reported CFC-113 mixing ratios are the sum of CFC-113 and CFC-113a 

mixing ratios. 

 

The CFC-113 model derived emissions begin in the 1940s and rapidly increase until 

they peak in 1989 at 252 Gg yr-1, after which they decrease to 2.4 Gg yr-1 in 2016 

(Figure 4.5). This sharp decline witnesses the success of the Montreal Protocol, which 

came into force in 1989 and phased out the production of CFCs by 1996 in developed 

countries and 2010 in developing countries (UNEP, 2016a). The total cumulative 
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emissions of CFC-113, up to the end of 2016, are 3164 Gg while the cumulative 

emissions of CFC-113a are 29 Gg, making the total cumulative emissions of CFC-113a 

less than 1 % of its isomer CFC-113. Alternatively, in the last decade, 2007-2016, 

cumulative emissions of CFC-113 are 38 Gg, while for CFC-113a they are 13 Gg, or a 

third of the CFC-113 cumulative emissions. Current CFC-113a emissions are similar to 

those of CFC-113 and could even surpass them if the trends continue (Figure 4.6). 

 

Up until 1992, the CFC-113 emissions used in the model are the bottom-up emissions 

estimates from AFEAS. In the model, these emissions lead to a best-fit match to the 

CFC-113 observations. This shows that in the first part of the record, AFEAS report 

data accurately reflecting global CFC-113 emissions. However, after 1992 the AFEAS 

emissions lead to lower modelled mixing ratios than the observations indicating that 

AFEAS was missing some emissions after 1992. Therefore, the emissions used in our 

study here are the AFEAS emissions up until 1992. From 1992 onwards they are based 

on the best model fit to the UEA Cape Grim observations. CFC-113 emissions were 

also derived in another study using a range of emission inventories and estimates (Rigby 

et al., 2013). Those emissions mostly agree with ours within the uncertainties.  

 

It should be noted that CFC-113 is not the focus of this study, but we do find that 

emissions of it persist until 2017, which leaves room for the possibility that some of the 

recent emissions of CFC-113a are related to CFC-113 emissions, possibly through HFC 

production or agrochemical production (Section 4.4) similar to findings for other 

isomeric CFCs (Laube et al., 2016). 
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Figure 4.6: CFC-113 emissions from this study, AFEAS and Rigby et al. (2013) and 

CFC-113a emissions from this study 1995-2016 with uncertainties. 

 

The upper and lower bounds of the CFC-113 emissions in this study are derived using 

the ‘likely’ range in the CFC-113 lifetime given by SPARC of 82-109 years (Ko et al., 

2013). The ‘possible’ range of 69-138 years was also estimated by Ko et al. (2013), 

however using a lifetime of 138 years the modelled mixing ratios did not decrease 

sufficiently rapidly after 1990 to match the observed downwards trend in CFC-113 even 

in the absence of emissions. During the period from 2003 onwards we calculate very 

small emissions for CFC-113 suggesting that the rate of change is dominated by its 

atmospheric lifetime. We can use the observed decrease in CFC-113 mixing ratios from 

2003 onwards to calculate a decay time (lifetime at zero emissions). For long lived 

gases with stratospheric sinks, such as CFC-113, the decay time and steady state 

lifetime are very similar differing by no more than 2 % (Ko et al., 2013). Setting the 

emissions to zero from 2003 onwards and adjusting the lifetime so that the model 

reproduces the CFC-113 mixing ratios at Cape Grim, suggests the lifetime for CFC-113 

is 110 years. By assuming zero emissions, this lifetime is a maximum value, since any 

source of CFC-113 would have to be balanced by a shorter lifetime. Combining the 

measurement and model errors as described in Section 4.2.3 gives an error of 5.7 %. 

Accounting for the 2 % error introduced by assuming the decay time is the same as the 

steady state lifetime gives are overall error of 6 %. Applying this to the lifetime gives a 

maximum lifetime of 110 ± 7 years.  
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For comparison, we also calculated the maximum lifetime from the observed rate of 

decrease in CFC-113 mixing ratios at Cape Grim between 2003 and 2017 using a 

rearrangement of the chemical continuity equation and assuming no sources of CFC-

113: 

𝜏 = −
∆𝑡

ln (
𝐶𝑡+∆𝑡

𝐶𝑡
)
 

(4.2) 

where τ is the lifetime, Ct is the mixing ratio at time t, and Ct+∆t is the mixing ratio at 

time t+∆t where ∆t is the time interval between the two mixing ratios. To account for 

the measurement variability, the lifetime was calculated five times using the annual 

mean observed mixing ratios separated by a running 10-year interval (i.e. 2003 to 2013, 

2004 to 2014 etc up to 2007 to 2017). The resulting lifetime of 113 ± 4 years is then the 

mean ± the standard deviation of these five values. Accounting for the possible 2 % 

difference between the decay time and steady state lifetime gives an overall range of 

113 ± 5 years. This is in good agreement with the maximum lifetime of 110 ± 7 years 

calculated using the model. It has been suggested that changing atmospheric dynamics, 

due to climate change, could lead to atmospheric lifetimes changing over time 

(Douglass et al., 2008). Additionally, it is possible that climate change could lead to 

changes in boundary layer height which may influence the observed mixing ratios at 

ground-based measurement sites (Aulagnier et al., 2010). These possible changes are 

not taken into account in this study. 

4.3.2 Global distributions of CFC-113a 

4.3.2.1 Enhancement above background mixing ratios 

Many of the CFC-113a mixing ratios observed in Taiwan (light blue stars, Figure 4.7) 

are significantly higher than at the other locations considered in this study. The 

background mixing ratios consistently increase through this period from about 0.4 to 

about 0.7 ppt whereas the highest Taiwan samples have mixing ratios of up to 3 ppt. 

These enhancements in mixing ratios in all four years of the Taiwan campaigns indicate 

continued emissions in this region, most likely continental East Asia. 
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Figure 4.7: CFC-113a mixing ratios 2008-2017 from all the sources presented in this 

study with an inset of the period 2015-2017 to give an enlarged view of the Tacolneston 

data. The error bars represent the 1σ standard deviation. 

 

To determine the region(s) of emissions more accurately NAME footprints were used 

(Figure 4.8a-g, Appendix). In general, when there are enhancements in CFC-113a 

mixing ratios the NAME footprints usually show the air most likely came from the 

boundary layer over eastern China or the Korean Peninsula as shown in (a), (c), (d), and 

(g) for example (Figures 4.8 & 4.9). In contrast, the footprints in (b), (e) and (f) are 

examples of samples with lower CFC-113a mixing ratios and correspondingly there is 

very little influence from eastern China or the Korean Peninsula. However, we 

recognise the limitations of our relatively sparse dataset which prevents us from 

pinpointing the source region(s) further. 
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Figure 4.8: NAME footprints derived from 12-day backward simulations and showing 

the time integrated density of particles below 100 m altitude for the approximate times 

when samples were collected during the Taiwan campaign. Each sampling site is 

denoted by a blue cross. (a), (c), (d) and (g) are the samples with the highest CFC-113a 

mixing ratios measured in each year. (f) is the sample taken just before (g) when the air 

was coming from a different direction and the mixing ratio of CFC-113a was much 

lower. (b) and (e) are also examples of samples with lower CFC-113a mixing ratios. 

Arrows in Fig. 4.9 show the mixing ratios of CFC-113a for these NAME footprints. For 

the rest of the NAME footprints see the Appendix.  

(a)   21-Mar-2013 

(d)   22-Mar-2015 

(f)   25-Apr-2016    

(g)   28-Apr-2016 

 (b)   22-Mar-2014 

(c)   30-Mar-2014             

(e)   24-Mar-2016 
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The mixing ratios in Taiwan are very variable indicating nearby source region(s) 

whereas Cape Grim and Tacolneston mixing ratios are much less variable. Therefore, 

the Taiwan measurements are better suited to investigate correlations that might shed 

further light on potential sources. After investigating correlations of CFC-113a with 

over 50 other halocarbons in samples from Taiwan we found CFC-113a mixing ratios 

correlate well (R2>0.750) in multiple years with those of CFC-113 and HCFC-133a 

(CH2ClCF3) indicating a possible link between the sources of these compounds (Table 

4.2). CFC-113a correlates well with CFC-113 in 2013 and 2014 but shows almost no 

correlation in 2015 and a slightly decreased correlation coefficient in 2016 (Table 4.2, 

Figure 4.9). In contrast, HCFC-133a strongly correlates with CFC-113a in the first three 

years (Table 4.2). The tropospheric lifetime of HCFC-133a is 4-5 years (McGillen et al., 

2015) and its mixing ratios have varied in recent years. They increased in 2012/2013 

and decreased in 2014/2015 (Vollmer et al., 2015). Large changes in emissions are 

needed to produce such a variable trend but the causes of these changes are still unclear 

(Vollmer et al., 2015). According to our latest data from Cape Grim, in 2016 they began 

increasing again. 
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Table 4.2: Squared pearson correlations (R2) of CFC-113a mixing ratios with other 

compounds in Taiwan 2013-2016. 

 2013 2014 2015 2016 

CFC-113 0.866 0.909 0.013 0.429 

HCFC-133a 0.923 0.923 0.891 0.637 

HFC-134a 0.001 0.055 0.010 – 

HFC-125 0.319 0.219 0.016 0.850 

CFC-114a – – 0.754 0.386 

HCFC-123 – 0.013 0.217 0.202 

HCFC-124 – 0.537 0.833 0.078 

No. of data points 19 24 23 33 

 

CFC-113a mixing ratios in many of the samples collected at Bachok, Malaysia (grey 

crosses, Figure 4.7) are also enhanced above background levels although not to the 

same degree as the Taiwan samples, they range from 0.68 ppt to 1.00 ppt. The higher 

mixing ratios also have their origin in East Asian air masses being transported rapidly to 

the tropics by the East Asian winter monsoon circulation (Ashfold et al., 2015; Oram et 

al., 2017). Figure 4.10 shows an example NAME footprint from a sample collected in 

January 2014 that is representative for many other events. 

 

 

 

Figure 4.10: NAME footprint derived from 12-day backward simulation and showing 

the time integrated density of particles below 100 m altitude on 22-Jan-2014 during a 

period of elevated CFC-113a mixing ratios at Bachok, Malaysia. The sampling site is 

denoted by a blue cross. 
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The Tacolneston samples (yellow diamonds, Figure 4.7) show no significant 

enhancements in CFC-113a mixing ratios. This indicates the absence of sources in 

North-West Europe. Due to this and the relatively long lifetime of CFC-113a 

Tacolneston can be considered to be representative of Northern Hemisphere background 

mixing ratios of CFC-113a for that latitude. Both sites in Taiwan and also Tacolneston 

are Northern Hemisphere sites and although the Taiwan sites have many enhancements 

in CFC-113a mixing ratios there are some samples with background mixing ratios 

(Figure 4.7). For example, in spring 2016, the only period for which these datasets 

overlap, the lowest CFC-113a mixing ratio in Taiwan is 0.70 ppt on 24-Mar-2016 

(Figure 4.8e). The closest Tacolneston sample to this is on 04-Apr-2016 with a CFC-

113a mixing ratio of 0.71 ppt. This shows that Taiwan can encounter mixing ratios at 

background levels of CFC-113a. However, many of the air samples collected in Taiwan 

show mixing ratios of CFC-113a above background levels, indicating that enhanced 

levels of CFC-113a are generally widespread across this region. 

4.3.2.2 Interhemispheric gradient of CFC-113a 

For the period when measurements were made at both Cape Grim and Tacolneston 

(from July 2015 to February 2017), the Tacolneston mixing ratios were almost 

exclusively higher (though often indistinguishable within uncertainties) than the Cape 

Grim mixing ratios (Figure 4.7-inset). On average Cape Grim mixing ratios are 0.055 ± 

0.024 ppt lower than Tacolneston mixing ratios. This shows that there is an 

interhemispheric gradient with higher CFC-113a mixing ratios in the Northern 

Hemisphere as would be expected for a compound emitted primarily in the Northern 

Hemisphere. This gradient is further supported by data from the six CARIBIC flights 

between Germany and South Africa for 2009-2016 (Figures 4.4 & 4.7). The CARIBIC 

samples (purple circles, Figure 4.7) from the 2016 flight coincide temporally with the 

Tacolneston and the Cape Grim samples in Fig. 4.7 and confirm the observation of 

higher mixing ratios in the Northern Hemisphere (filled purple circles) and lower 

mixing ratios in the Southern Hemisphere (unfilled purple circles). 

Laube et al. (2014) already found an interhemispheric gradient in CFC-113a using four 

of these CARIBIC flights 2009-2011 and furthermore discovered that the increasing 

trend of CFC-113a at Cape Grim, lagged behind the increasing trend inferred from the 

firn air samples, collected to a depth of 76 metres, from Greenland, in the Northern 

Hemisphere. As the firn air measurements in the Laube et al. (2014) study were 

collected in Greenland between 14-30 July 2008, the surface measurements will be 

representative of atmospheric mixing ratios at that time. They will also be representative 

of background Northern Hemispheric CFC-113a mixing ratios for that latitude as the 

Greenland firn air location was isolated from any large industrial areas with potential 

sources of CFC-113a. Figure 4.7 includes the three measurements closest to the surface 

(brown crosses) although they are so close together that they appear to be one cross in 

the Figure and the average mixing ratio of the three samples is 0.44 ± 0.01 ppt.  
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Overall, these measurements demonstrate that there is an interhemispheric gradient in 

CFC-113a with higher mixing ratios in the Northern Hemisphere. This persistent 

interhemispheric difference indicates ongoing emissions of CFC-113a in the Northern 

Hemisphere with higher emissions in the Northern Hemisphere compared to the 

Southern Hemisphere. Similar interhemispheric gradients have been found for other 

CFCs (Engel and Rigby et al., 2018), as CFCs are almost exclusively produced by 

industrial processes and most industrial production (and consumption) takes place in the 

Northern Hemisphere. 

4.3.2.3 Measurements of CFC-113a in the stratosphere 

Nearly all air samples collected during CARIBIC flights represent cruising altitudes of 

10-12 km, which for samples over northern India, during four flights going from 

Germany to Thailand (green diamonds, Figure 4.7) would be near the tropopause. Their 

mixing ratios should be representative for air masses prior to entering the tropical 

tropopause region which is the main entrance region to the stratosphere (Fueglistaler et 

al., 2009). For the flight on 9-Nov-2013, there is some enhancement above background 

mixing ratios over South-East Asia (Figures 4.7, 4.11). We speculate that this is likely 

due to air being transported from East Asia into the tropics via cold surges and then 

being transported up into the upper troposphere via convection (Oram et al., 2017). This 

means that the uplift mechanism in this region could potentially enhance mixing ratios 

of long-lived ODSs entering the stratosphere as compared to the ‘background’ clean air 

ground-based abundances that are normally used to derive such inputs (Carpenter and 

Reimann et al., 2014). The mechanism has already been proven to exist for shorter-

lived gases (Oram et al., 2017) and we see very similar patterns transporting elevated 

mixing ratios of CFC-113a to the tropics very rapidly (within days) during a time of 

increased convective uplift. 
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Figure 4.11: CFC-113a mixing ratios from samples collected over northern India during 

CARIBIC aircraft flights in 2013 going from Frankfurt, Germany (FRA) to Bangkok, 

Thailand, (BKK), with 1σ standard deviations as error bars. 
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The Geophysica flights reach altitudes of 20 km and so sample lower stratospheric air. 

The Geophysica 2009-2010 flights (pink squares) and the Geophysica 2016 flights 

(orange squares) begin at background mixing ratios and then decrease (Figure 4.7, 

Figure 4.12). The Geophysica 2016 highest CFC-113a mixing ratio was 0.75 ± 0.02 ppt. 

The Tacolneston mixing ratio at this time was 0.72 ± 0.01 ppt. In 2009-2010 the 

Geophysica highest mixing ratio was 0.44 ± 0.01 ppt and at this time the Cape Grim 

mixing ratio was 0.43 ± 0.01 ppt. The highest mixing ratios observed in both campaigns 

agree quite well (within uncertainties) with tropospheric background mixing ratios at 

the time and can therefore be considered as representative of stratospheric entrance 

mixing ratios. In general, mixing ratios decrease as the aircraft ascends, mainly because 

air at higher altitudes will have taken longer to travel there and therefore is older and 

CFC-113a at higher altitudes has experienced photolytic decomposition. 
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Figure 4.12: CFC-113a mixing ratios against CFC-11 mixing ratios from Geophysica 

research aircraft flights into the stratosphere in late 2009 and early 2010 published in 

Laube et al. (2014) and additional Geophysica research aircraft flights in 2016 in 

Kalamata (StratoClim project). The error bars represent the 1σ standard deviation. 

Mixing ratios of CFC-11 also decrease with increasing altitude and they can be used to 

interpret the changes in CFC-113a mixing ratios. Given that CFC-11 mixing ratios have 

declined over the last 25 years older air will have entered the stratosphere with higher 

mixing ratios and will also have undergone more chemical processing. In addition, as 

the stratospheric lifetime of CFC-11 is shorter than its global lifetime, its mixing ratios 

will decline more rapidly in the stratosphere than in the troposphere. However, its 

vertical profile is a function of how its photolysis changes with altitude and the rate of 

vertical transport. If photochemical loss were the main factor determining the vertical 

profile of both these CFCs, there would be a straight-line correlation, particularly since 
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both have very similar lifetimes which should also lead to the intercept being very close 

to zero, which is seen for the 2009/10 flights (Figure 4.12). The intercept for the 2016 

data does not look like it will be near zero, but if samples were collected at higher 

altitudes the mixing ratios trend might curve closer towards zero (Figure 4.12). If the 

tropospheric trends of these CFCs are different then this can lead to curvature of the 

line. For example, as the tropospheric mixing ratio of CFC-11 is declining whilst it is 

increasing for CFC-113a, this should cause the line to curve towards higher CFC-113a 

mixing ratios which is apparent in the 2009/10 flights (Figure 4.12). Moreover, later 

profiles should have shallower gradients, which is what we see with the 2016 data 

compared to the 2009/10 data (Figure 4.12).  

4.4 Possible sources of CFC-113a 

CFCs are entirely anthropogenic in origin. This means that there are processes either 

producing or involving CFC-113a that lead to continuing emissions of substantial 

amounts of this compound, especially in East Asia. Whilst the Montreal Protocol has 

banned the production and consumption of CFCs, there are exemptions including the 

use of ODSs as chemical feedstocks, chemical intermediates and fugitive emissions 

(UNEP, 2016a). As the Montreal Protocol does not require isomers to be reported 

separately, CFC-113 and CFC-113a may be reported together.  

The strong correlations of CFC-113a with CFC-113 and HCFC-133a in Taiwan 

(Section 4.3.2.1) suggest that they are involved in the same production pathways or that 

their production facilities are co-located. There is an absence of a correlation between 

CFC-113a and CFC-113 in 2015 in Taiwan and in addition, the overall mixing ratios in 

2015 appear to be lower than in the other years and have fewer large enhancements 

(Figure 4.9). This could be because in general less air was arriving from China/Korea in 

2015, which is indicated by the NAME footprints (Appendix). Regions in China and 

Korea were found to be the most likely locations of CFC-113a emissions. Alternatively, 

the varying correlations in different years between CFC-113a and CFC-113 could be an 

indication of two or more independent sources of CFC-113a. CFC-113 feedstock use, 

for production of polymers, trifluoroacetic acid, pesticides and HFCs, decreased by over 

50 % in 2015 due to one producer, which is also a user choosing not to produce CFC-

113 in 2015 and reducing in-house inventories instead (Maranion et al., 2017). If this 

were the process leading to correlated emissions of CFC-113a and CFC-113 it may 

explain their lack of correlation in 2015. 

One possible source of CFC-113a is from HFC production, specifically, of HFC-134a 

(CH2FCF3) and HFC-125 (CF3CHF2), as both may involve CFC-113a in their 

production process. One of the pathways for production of HFC-134a  begins with 

CFC-113 being isomerised to form CFC-113a, which is then fluorinated to produce 

CFC-114a (CF3CCl2F), the latter is then hydrogenated to produce HFC-134a (Manzer, 

1990; Rao et al., 1992; Bozorgzadeh et al., 2001; Maranion et al., 2017). Another 

production method involves the reaction of hydrogen fluoride with trichloroethylene to 

form HCFC-133a and HFC-134a (Manzer, 1990; McCulloch and Lindley, 2003; 
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Shanthan Rao et al., 2015). The process for manufacturing HFC-125 involves the 

starting materials of either HCFC-123 or HCFC-124. CFC-113a, CFC-113 and HCFC-

133a can be formed as by-products when HCFC-123 and HCFC-124 are fluorinated and 

recycled during the process that forms HFC-125 (Kono et al., 2002; Takahashi et al., 

2002). 

If there were leaks in the system or venting of gases was practiced during these 

processes, this could lead to enhanced mixing ratios of CFC-113a and strong 

correlations with its isomer CFC-113 and HCFC-133a. HFC production should be 

contained and not involve fugitive emissions to the atmosphere. However, the 

Chemicals Technical Options Committee (CTOC) 2014 report suggests there may be 

small leaks, depending on the quality of the system, ranging between 0.1 % and 5 % of 

the feedstock used. The CTOC reported that a leak rate of about 1.6 % would be needed 

if all CFC-113a and HCFC-133a in the atmosphere had come from their use as 

feedstock in the production of HFC-134a, HFC-125 and HFC-143a, which is within the 

previous range (CTOC, 2014). HFC-143a is produced using HCFC-133a so it was 

included in the CTOC estimate but CFC-113a is not involved in its production so it is 

not included in this study (CTOC, 2014). 

HFC-134a and HFC-125 mixing ratios are not well correlated with those of CFC-113a, 

CFC-113 or HCFC-133a, except for HFC-125 in 2016 that has a good correlation with 

CFC-113a (Table 4.2). We would not necessarily expect them to be well correlated as 

most of the emissions of the HFCs are usually related to their uses rather than their 

production. CFC-114a is also part of the production process of HFC-134a (Manzer, 

1990), and can be another by-product during HFC-125 production (Kono et al., 2002; 

Takahashi et al., 2002). CFC-114a was only measured in 2015 and 2016 in Taiwan and 

was strongly correlated with CFC-113a in 2015 but not in 2016. This inconsistent 

correlation does not help to define further the source of CFC-113a. Furthermore HCFC-

123 mixing ratios are not well correlated with CFC-113a, CFC-113 or HCFC-133a in 

any year in Taiwan but HCFC-124 mixing ratios are well correlated in 2015 with CFC-

113a (R2=0.833, Table 4.2) and with HCFC-133a (R2=0.791). This strong correlation 

with HCFC-124 points to HFC-125 production being the dominant source in 2015. 

As discussed above, eastern China and/or the Korean Peninsula are the most likely 

source regions for the elevated mixing ratios of CFC-113a observed in Taiwan, and the 

HFC industry in China has been growing rapidly in recent years (Fang et al., 2016). In 

China in 2013, productions of 118 Gg yr-1 of HFC-134a and 78 Gg yr-1 of HFC-125 

were reported (Fang et al., 2016). Most industry in China is located on the eastern coast 

and the majority of HFC manufacturers are in the three eastern provinces of Shanghai, 

Zhejiang and Jiangsu. There are also HFC-134a and HFC-125 production plants in 

Japan, South Korea and Taiwan but the majority are located in China. The HFC 

production plants located in Taiwan could influence the mixing ratios at both the sites in 

Taiwan which introduces an additional uncertainty.  

Alternatively, there is an official exemption in the Montreal Protocol for the use of 

CFC-113a as an “agrochemical intermediate for the manufacture of synthetic 
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pyrethroids”, (UNEP, 2003) probably because it is used to make the insecticides 

cyhalothrin and tefluthrin (Brown et al., 1994; Jackson et al., 2001; Cuzzato and 

Bragante, 2002). In addition, CFC-113 is a feedstock used to make trifluoroacetic acid 

(TFA) and pesticides (Maranion et al., 2017). CFC-113a is an intermediate in this 

process and these production processes are used in India and China and so this could 

also be a source in this region (Maranion et al., 2017). Furthermore, HCFC-133a is also 

used to manufacture TFA and agrochemicals although the process involving HCFC-

133a is not related to the process involving CFC-113a (Rüdiger et al., 2002; Maranion 

et al., 2017). 

Furthermore, CFC-113a is potentially present as an impurity in CFC-113 and the 

emissions of CFC-113a could be from CFC-113 banks. We saw in Section 4.3.1 that 

estimated emissions of CFC-113a began in the 1960s and HFC production did not 

become a large-scale industry until much later, so there must have been another source 

of CFC-113a during that earlier part of the record. In Section 4.3.1 we concluded that 

there was possibly a small amount of continued emissions of CFC-113 to maintain the 

observed atmospheric mixing ratios. This would be consistent with either a source from 

banks and/or release in conjunction with CFC-113a. 

To summarise we have identified four possible sources of CFC-113a: agrochemical 

production, HFC-134a production, HFC-125 production and an impurity in CFC-113. 

The correlations indicate that HFC production is the dominant source in the East Asian 

region; however, there is currently insufficient data available to conclude this with high 

confidence. Overall, the sources of CFC-113a emissions are still uncertain and further 

evidence is needed to quantify and pinpoint them. However, the likely sources we have 

found do not necessarily indicate non-compliance with the Montreal Protocol as the use 

of CFCs as intermediates in the production of other compounds are permitted under the 

Montreal Protocol. 

4.5 Conclusions 

There is a continued global increasing trend in CFC-113a mixing ratios based on a 

number of globally distributed sampling activities giving a consistent picture. CFC-113a 

mixing ratios at Cape Grim, Tasmania increased since the previous study from 0.50 ppt 

in December 2012 to 0.70 ppt in February 2017. The derived emissions were still 

significantly above 2010 levels and were on average 1.7 Gg yr-1 (1.3-2.4 Gg yr-1) 

between 2012 and 2016. Additionally, CFC-113a mixing ratios vary globally and our 

findings confirm an interhemispheric gradient with mixing ratios decreasing from the 

Northern Hemisphere to the Southern Hemisphere. No significant emissions of CFC-

113a occur in the UK but strong sources exist in East Asia. There are multiple possible 

sources of CFC-113a emissions and correlation analysis suggests the emissions might 

be associated with the production of HFC-134a and HFC-125. 

The background abundances of CFC-113a reported here are currently small (<1.0 ppt) 

in comparison to the most common CFC, CFC-12 which had declining atmospheric 

mixing ratios of ~510 ppt in 2017 (NOAA, 2017). Therefore, the contribution of CFC-
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113a to stratospheric ozone depletion is comparably small and is not a cause for 

concern. While its increase in recent years has been considerable in percentage terms, it 

would have to continue increasing at this rate for several centuries before it reaches the 

atmospheric mixing ratios of the major CFCs in the 1990s. For example, a constant 

emission of 2 Gg yr-1 for CFC-113a yields a steady-state global mixing ratio of about 

3.2 ppt. In 2016, HFCs were added to the Montreal Protocol and under the new 

amendment HFC consumption will be phased down in the coming decades (UNEP, 

2016b). Therefore, if this phase down schedule is successful and the main source of 

CFC-113a is indeed from HFC production, then CFC-113a atmospheric mixing ratios 

should stop increasing in the future. However, whilst it seems likely, it is still not clear 

whether HFC production is actually the main source of global CFC-113a emissions and 

whilst CFC-113a emissions have appeared to be stable in recent years this does not 

mean that they will not increase in the future. Further investigation and continued 

monitoring is needed to assess future changes and ensure the continued effectiveness of 

the Montreal Protocol. When continuous measurements of CFC-113a in the East Asia 

region become available the magnitude and origins of East Asian CFC-113a emissions 

can be quantified. 

In the past, it was assumed that isomers of CFCs had similar uses, sources and trends 

and therefore it was not necessary to report them separately. However, in this study, we 

have found that the isomers CFC-113a and CFC-113 continue to have different trends in 

the atmosphere and in their emissions. Recently CFC-114a (CF3CCl2F) and CFC-114 

(CClF2CClF2) were also found to have different trends and sources (Laube et al., 2016). 

If policy-makers wish to limit the impacts of individual isomers, then atmospheric 

observational data on individual CFC isomers should be reported to UNEP wherever 

possible. In addition, the increase in CFC-113a demonstrates that the use of ODSs as 

chemical feedstock or intermediates is becoming relatively more important as the use of 

ODSs for direct applications decreases. If policy-makers target zero emissions of CFCs, 

then they might consider regulating these uses of ODSs. 
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Chapter 5: Investigation of East Asian 

emissions of CFC-11 using atmospheric 

observations in Taiwan 

The work in this chapter was originally prepared for a publication in Environmental 

Sciences and Technology (ES&T) and was published in 2020. Due to this there are 

some cases where sentences are written in the first-person plural i.e. “we decided to use 

our measurements …”. I wrote the article and did most of the data analysis, but the co-

authors of the article also contributed to the work. Matthew Ashfold, Marios Panagi and 

Norfazrin Mohd Hanif were all involved in producing the output from the NAME 

particle dispersion model. Norfazrin Mohd Hanif combined the output from the NAME 

model with carbon monoxide emission inventories from the Representative 

Concentration Pathway. I compared these results to the atmospheric observations. 

Claire Reeves helped me calculate the interspecies ratios and the CFC-11 emission 

estimates. Charles C-K Chou and Chang-Feng Ou-Yang were involved in the 

collaboration between Academia Sinica and National Central University in Taiwan, and 

the University of East Anglia (UEA), and Charles collected the air samples in Taiwan. 

Johannes Laube, David Oram and William Sturges in addition to being my supervisors 

were also involved in the collaboration between the UEA and Taiwan. Lauren Gooch 

was a PhD student at the UEA before me and measured and processed these data for the 

samples collected in Taiwan in 2014 and 2015. She also measured the samples collected 

in Taiwan in 2016. Then I did the data processing for these samples and measured and 

did the data processing for the Taiwan samples collected in 2017 and 2018. David Oram 

also did some of the measurements for the samples collected in Taiwan in 2014. Many 

of the co-authors and the reviewers contributed comments and suggestions for editing 

this work to prepare it for publication. 
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Abstract 

Recent findings of an unexpected slowdown in the decline of CFC-11 mixing ratios in 

the atmosphere have led to the conclusion that global CFC-11 emissions have increased 

over the last decade and have been attributed in part to eastern China. This study 

independently assesses these findings by evaluating enhancements of CFC-11 mixing 

ratios in air samples collected in Taiwan between 2014 and 2018. Using the NAME 

(Numerical Atmospheric Modelling Environment) particle dispersion model we find the 

likely source of the enhanced CFC-11 observed in Taiwan to be East China. Other 

halogenated trace gases were also measured and there were positive interspecies 

correlations between CFC-11 and CHCl3, CCl4, HCFC-141b, HCFC-142b, CH2Cl2 and 

HCFC-22, indicating co-location of the emissions of these compounds. These 

correlations in combination with published emission estimates of CH2Cl2 and HCFC-22 

from China, and of CHCl3 and CCl4 from eastern China, are used to estimate CFC-11 

emissions. Within the uncertainties, these estimates do not differ for eastern China and 

the whole of China, so we combine them to derive a mean estimate which we refer to as 

being from ‘(eastern) China’. For 2014-2018 we estimate an emission of 19 ± 5 Gg yr-1 

(gigagrams per year) of CFC-11 from (eastern) China, approximately one quarter of 

global emissions. Comparing this to previously reported CFC-11 emissions estimated 

for earlier years we estimate CFC-11 emissions from (eastern) China to have increased 

by 7 ± 5 Gg yr-1 from the 2008-2011 average to the 2014-2018 average, which is 50 ± 

40 % of the estimated increase in global CFC-11 emissions and is consistent with the 

emission increases attributed to this region in an earlier study. 

5.1 Introduction 

CFC-11 (trichlorofluoromethane, CCl3F) is presently the second most abundant 

chlorofluorocarbon in the atmosphere with average global mixing ratios of 231-234 

parts per trillion (ppt) in 2018 (NOAA 2019). It is a long-lived ozone-depleting 

substance (atmospheric lifetime of 52 years) that is controlled under the Montreal 

Protocol on Substances that Deplete the Ozone Layer (Engel and Rigby et al., 2018). 

The Montreal Protocol phased out production and consumption of CFCs (including 

CFC-11) by 1996 in developed countries and by 2010 in developing countries, with a 

few ‘essential’ use exceptions (UNEP 2019a). CFC-11 was used primarily as a foam-

blowing agent, as an aerosol propellant and as a refrigerant (UNEP 2019b). CFC-11 

global emissions peaked at about 350 Gg yr-1 in the late 1980s and its tropospheric 

mixing ratios peaked in the early 1990s at about 270 ppt, after which both began to 

decline (Engel and Rigby et al., 2018). 

Excluding ‘essential’ uses, assuming no new production, there should only be CFC-11 

emissions from equipment and products filled with CFC-11 before the ban, referred to 

as a 'bank' e.g. foam cells in building insulation. CFC-11 emissions are expected to be 

slowly released from the bank and to decrease over time as the bank diminishes. 

However, a recent study found an unexpected slowdown in the rate of decline of CFC-



129 
 

11 mixing ratios and an increase in global CFC-11 emissions of 13 ± 5 Gg yr-1 from 54 

± 3 Gg yr−1 in 2002-2012 to 67 ± 3 Gg yr-1 in 2014-2016 based on NOAA observations 

(Montzka et al., 2018). Another study also recently found an increase in global CFC-11 

emissions of 17 ± 3 Gg yr-1 based on NOAA observations or 11 ± 3 Gg yr-1 based on 

AGAGE observations between 2008-2012 and 2014-2017 (Rigby et al., 2019). The 

NOAA-derived CFC-11 emissions in Rigby et al. (2019) differ from the NOAA-derived 

Montzka et al. (2018) CFC-11 emissions because Rigby et al. (2019) includes an 

additional year (2017). Note that a different lifetime was also used (57 years in 

Montzka, 52 years in Rigby), although this has a small effect on the magnitude of the 

rise. 

There are multiple possible origins of these additional emissions: an increase in the 

emissions rate from CFC-11 banks; a change in exempt uses of CFC-11; changes in 

atmospheric dynamics; or from illegal production. It is unlikely that there would be a 

large enough increase in emissions from banks (Montzka et al., 2018; Harris et al., 

2019; UNEP 2019b) or exempt uses of CFC-11 (UNEP 2019b) to explain the change in 

CFC-11 emissions and changes in atmospheric dynamics can likely only explain part of 

the increase in emissions (Montzka et al., 2018). 

Therefore, it is likely that since at least 2012 there has been an additional source of 

CFC-11 from production not allowed under the Montreal Protocol. East Asia (Montzka 

et al., 2018), specifically eastern mainland China (Rigby et al., 2019), has been 

identified as a likely source of these new CFC-11 emissions. The ‘eastern mainland 

China’ region contains the provinces of Anhui, Beijing, Hebei, Jiangsu, Liaoning, 

Shandong, Shanghai, Tianjin and Zhejiang. CFC-11 emissions from eastern mainland 

China were estimated to be 13.4 ± 1.7 Gg yr-1 in 2014-2017, this is 7.0 ± 3.0 Gg yr-1 

higher than in 2008-2012 (Rigby et al., 2019). 

Where the remaining CFC-11 emissions are coming from is not well known. Previous 

studies found relatively small CFC-11 emissions elsewhere: ∼ 9 Gg yr-1 in western 

Europe in 1995-2000 (Manning et al., 2003); ∼ 4 Gg yr-1 in eastern Europe in 2009 

(Keller et al., 2012); ∼ 0.9 Gg yr-1 in southern China in 2010 (Wu et al., 2014); ∼ 0.5 

Gg yr-1 in Australia in 2013 (Fraser et al., 2015); ∼ 4.5 Gg yr-1 in the USA in 2014 (Hu 

et al., 2017); ∼ 1.7 Gg yr-1 in India in 2016 (Say et al., 2019). 

The reasons for a potential increase in the illegal production of CFC-11 are a subject of 

speculation. It has been suggested that reduced availability of HCFC-141b and 

increased demand for foams in building insulation may have driven demand for new 

production of CFC-11 for rigid polyurethane foams (UNEP 2018a; EIA, 2018; UNEP 

2019b). During the foaming process for rigid foams approximately 4 % (e.g. appliance 

foams) to 25 % (e.g. spray foams) of the blowing agent is immediately released to the 

atmosphere (UNEP 2018a; UNEP 2019b). Therefore, if CFC-11 was being used for this 

then that may account for at least some of the recent increase in atmospheric levels of 

CFC-11. Furthermore, a large amount of the CFC-11 will remain in the foams, thereby 
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increasing the size of the CFC-11 bank and the potential for further emissions of CFC-

11 in the future (UNEP 2018b; UNEP 2019b). Continued emissions of the ozone-

depleting substance CFC-11 could undermine the success of the Montreal Protocol and 

delay the recovery of the ozone layer (Carpenter and Daniel et al., 2018; Dameris et al., 

2019; Dhomse et al., 2019; Keeble et al., 2020). It was reported, at the 31st Meeting of 

the Parties to the Montreal Protocol in November 2019, that preliminary evidence 

indicated CFC-11 emissions declined in 2018 and 2019 (UNEP, 2019c). Possibly due to 

increased enforcement efforts by the Chinese authorities in response to the reports about 

CFC-11 (UNEP, 2019d). 

5.2 Methods 

In this study we measured multiple halogenated organic trace gases, including CFC-11, 

in air samples collected in Taiwan, using gas chromatography coupled with mass 

spectrometry (GC-MS). Five ground-based air sampling campaigns took place in 

Taiwan from 2014 to 2018. The samples were collected on the coast, well away from 

any local sources of pollution, when the wind direction was from the sea. Between 20 

and 33 air samples were collected in the spring of each year (mostly March – April; 

including May and early June in 2017-18) with a total of 135 samples collected 

altogether (Table 5.1). In 2015, samples were collected from a site on the southern coast 

of Taiwan (Hengchun, 22.0547 °N, 120.6995 °E). In all other years samples were 

collected at the Cape Fuguei (CAFE) Research Station, operated by Academia Sinica, 

on the northern coast of Taiwan (25.297 °N, 121.538 °E). Both sampling sites are well 

located to study the East Asian outflow. During the springtime, Taiwan is typically 

influenced by strong continental outflow from East Asia, particularly from China 

(Adcock et al., 2018; Mohd Hanif, 2019). 

5.2.1 Analytical technique 

Air samples were collected in 3-litre silco-treated stainless-steel canisters (Restek). The 

samples were then transported to the University of East Anglia (UEA) and analysed for 

about 50 trace gases including CFC-11. The samples were analysed on an Agilent 6890 

gas chromatograph coupled to a high-sensitivity Waters AutoSpec magnetic sector mass 

spectrometer (GC-MS) using an Agilent GS-GasPro column (length ∼50 m; ID: 0.32 

mm). CFC-11 was measured using the mass fragment CF35Cl37Cl+ (m/z 102.9332). The 

average precision of the CFC-11 measurements was 1.4 %. For more information see 

Chapter 2. The samples in 2014 were also measured on a second GC-MS system 

(Entech-Agilent GC–MS) operating in electron ionization (EI) mode. This consists of a 

preconcentration unit (Entech model 7100) connected to an Agilent 6890GC and 5973 

quadrupole MS (Section 2.7). In this study the CFC-11, CCl4, CHCl3, HCFC-22, 

HCFC-141b, and HCFC-142b mixing ratios in 2014 come from the Entech GC-MS 

measurements as these compounds were not measured on the AutoSpec GC-MS in 

2014. The mixing ratios in all other years (2015-2018) come from the measurements on 

the AutoSpec GC-MS. The CH2Cl2 mixing ratios come from measurements made on the 

AutoSpec GC-MS for all five years (2014-2018). 



131 
 

The samples were measured against several clean air standards filled and calibrated by 

the Global Monitoring Division (GMD) of the National Oceanic and Atmospheric 

Administration (NOAA) in Boulder, Colorado. Multiple internal comparisons carried 

out over more than 10 years ensured the reliability and accuracy of the mixing ratios of 

all trace gases reported here (Section 2.8) and previous comparisons with NOAA 

measurements have shown excellent agreement (Laube et al., 2013). All CFC-11 results 

were transferred on to the recent NOAA 2016 GC-ECD calibration scale 

(https://www.esrl.noaa.gov/gmd/ccl/CFC11_scale.html). The dry-air mole fraction in 

picomole per mole was measured, and we here report mixing ratios, in parts per trillion 

(ppt), as an equivalent to the dry-air mole fraction. The uncertainties are calculated the 

same way for all measurements and represent 1σ standard deviations. They are based on 

the square root of the sum of the squared uncertainties from sample repeats and repeated 

measurements of the air standard on the same day (Section 2.6). 

5.2.2 Identification of CFC-11 source regions 

The history of air arriving at the sampling sites has been investigated with the Met 

Office's NAME (Numerical Atmospheric Modelling Environment) Lagrangian particle 

dispersion model (Jones et al., 2007). These histories (hereafter footprints) were 

calculated by releasing batches of 30000 inert particles over a three-hour period 

encompassing the collection time of each sample. Over the course of the 12-day travel 

time, the locations of all particles within the lowest 100 m of the model atmosphere 

were recorded every 15 minutes on a grid with a resolution of 0.25° longitude and 0.25° 

latitude. The trajectories of the particles were calculated using three-dimensional 

meteorological fields produced by the Met Office’s Numerical Weather Prediction tool, 

the Unified Model (UM). These fields have a horizontal grid resolution of 0.23° 

longitude by 0.16° latitude and 59 vertical levels below ∼30 km. 
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Figure 5.1: Regions for which the contribution to the footprint simulated by the NAME 

model is quantified. 

In order to quantify the contribution of various geographical regions to each footprint, 

the domain was divided into 15 regions using shapefiles produced by ArcGIS, a 

geographic information system (GIS) (Figure 5.1). The 15 regions were determined by 

country boundaries and China was split into regions using province boundaries. The 

output underpinning the NAME footprints, a mass density residence time (g m-3 s) in 

each model grid cell, is summed across all grid cells within each of these 15 regions. 

These regional quantities are used to assess the possible relationships between 

emissions from specific regions and the mixing ratios of CFC-11 observed in Taiwan. 

Additionally, the NAME footprints were combined with emission inventories of carbon 

monoxide (CO) taken from the Representative Concentration Pathway 8.5 (RCP 

8.5)(Riahi et al., 2011) for the year 2010 to generate modelled CO mixing ratios at 

Taiwan resulting only from emissions occurring within the 12-day timescale of the 

NAME trajectories (Oram et al., 2017; Mohd Hanif, 2019). The RCP uses decade long 

averages and 2010 is used as it is the closest to the years of the campaigns in Taiwan. 

CO is a tracer of anthropogenic emissions and in this study the modelled CO is divided 

into various anthropogenic emission sectors e.g. ‘industry (combustion and processing)’ 

and ‘residential and commercial’. The correlations between the CFC-11 mixing ratios in 

Taiwan and the modelled CO from the emission sectors in East Asia were then 

calculated to investigate the spatial distribution of CFC-11 emissions. 

5.2.3 Correlations of CFC-11 with other trace gases 

The relationship between mixing ratios of CFC-11 and other halocarbons were 

investigated using the Spearman's rank correlation coefficient (R). Spearman’s was 

selected as these data are not normally distributed with a few samples having 

particularly high halocarbon mixing ratios, including those of CFC-11. Spearman’s 
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method gave slightly lower correlation coefficients for these data than the Pearson's 

method. The significance of the correlations were tested using a two-tailed Student's t-

distribution. The background mixing ratios for the months of the campaign were 

subtracted from each year to account for any long-term trends. For CFC-11, CFC-12 

and CCl4 the NOAA Northern Hemisphere background was used 

(https://www.esrl.noaa.gov/gmd/dv/ftpdata.html). For CH2Cl2 and CHCl3 NOAA does 

not provide background values so the 10th percentile of our measurements for each year 

were used. To calculate the interspecies ratios the enhancements of CFC-11 above its 

background were plotted against the enhancements of each compound above their 

respective backgrounds. The slopes were calculated by total least squares regression 

using the Williamson-York method to account for uncertainties in mixing ratios of both 

species (Cantrell, 2008). These slopes were then used to estimate CFC-11 emissions 

(Fang et al., 2012; Wang et al., 2014). 

5.2.4 Estimation of CFC-11 emissions from China 

Similar to the approach used in some previous studies of halocarbon emissions from 

China (Fang et al., 2012; Wang et al., 2014), we estimated emissions of CFC-11 using 

the slope of CFC-11 mixing ratio enhancements against those of other compounds 

which had a good correlation with CFC-11 and had published emissions. The 

compounds chosen were CCl4, CHCl3, CH2Cl2 and HCFC-22. Equations (5.1) and (5.2) 

were used to calculate emissions of CFC-11 and their uncertainties. 

 

𝐸𝐶𝐹𝐶−11 = 𝑆  𝐸𝑥  
𝑀𝐶𝐹𝐶−11

𝑀𝑥
 (5.1) 

𝜎𝐸𝐶𝐹𝐶−11
= 𝐸𝐶𝐹𝐶−11√

𝜎𝑆

𝑆

2

+  
𝜎𝐸𝑥

𝐸𝑥

2

 (5.2) 

 

𝐸𝐶𝐹𝐶−11 and 𝐸𝑥 represent emissions of CFC-11 and halocarbon 𝑥 respectively; 𝑀𝐶𝐹𝐶−11 

and 𝑀𝑥 represent the molecular weights of CFC-11 and halocarbon 𝑥 respectively; and 

𝑆 represents the slope of the correlation. 𝜎𝐸𝐶𝐹𝐶−11
 is the uncertainty in the CFC-11 

emissions; 𝜎𝑆 is the uncertainty in the slope of the correlation; and 𝜎𝐸𝑥
 is the uncertainty 

in the emissions of halocarbon 𝑥. 

The CCl4 emissions used in this study were calculated by Lunt et al. (2018) for eastern 

China in 2009-2016 using a top-down approach with atmospheric measurements from 

Gosan, South Korea, and two atmospheric inversion models, NAME: 17 (11-24) Gg yr-1 

and FLEXPART: 13 (7-19) Gg yr-1. The CHCl3 emissions used in this study were 

calculated by Fang et al. (2019) for eastern China in 2015 using measurements from 

Gosan and from Hateruma, Japan and the same two atmospheric inversion models, 

NAME: 82 (70-101) Gg yr-1, FLEXPART: 88 (80-95) Gg yr-1. The HCFC-22 emissions 

used were taken from Li et al. (2016), who calculated 134 (100-167) Gg yr-1 for China 

in 2016 using an emission-factor based (bottom-up) method. Two reported emission 



134 
 

estimates for CH2Cl2 were used: bottom-up emissions in China of 318 (254-384) Gg yr-1 

for 2016 were calculated by Feng et al. (2018) based on a survey of known consumption 

and emission factors in industrial sub-sectors; and 455 (410-501) Gg yr-1 (2016) were 

calculated by Oram et al. (2017), based on chlorocarbon production and sales 

information for 2015. The main difference between these two estimates is the amount of 

CH2Cl2 produced. Oram et al. (2017) estimated Chinese CH2Cl2 production in 2015 to 

be 715 Gg using the reported production of HCFC-22, whilst Feng et al. (2018) 

estimated 600 Gg of CH2Cl2 production in 2016, based on surveys in the Chinese 

chloro-alkali industry. 

5.2.5 Estimation of changes in CFC-11 emissions from China 

One key question is whether CFC-11 emissions from China have increased in recent 

times and, if so, by how much. The Taiwan measurements only cover the period 2014-

2018 and so to look at CFC-11 emissions in China over a longer period of time, back to 

2008, we compared the emissions derived here with previous studies (Wan et al., 2009; 

Kim et al., 2010; An et al., 2012; Fang et al., 2012; Wang et al., 2014; Fang et al., 2018; 

Rigby et al., 2019). There are some differences in the methods used in these studies to 

calculate the emissions. All emission estimates from these studies are top-down except 

those from Wan et al. (2009) and Fang et al. (2018) which are bottom-up estimates. 

Wan et al. (2009), Fang et al. (2012), Wang et al. (2014) and Fang et al. (2018) are 

emission estimates for the whole of China. Those from Kim et al. (2010), An et al. 

(2012) and Rigby et al. (2019) are for eastern China. We have included all these 

estimates accepting that we are not always comparing like with like as there was no 

clear difference between CFC-11 emission estimates for the whole of China and eastern 

China (Figure 5.10). Also, we decided to include as many studies as possible to increase 

the confidence in our estimate and in-order to show the possible uncertainty. For further 

information see Table A1. 

5.3 Results and discussion 

5.3.1 CFC-11 mixing ratios in Taiwan 

Across all five years the CFC-11 mixing ratios in Taiwan range from 226 ppt to 272 ppt 

(Figure 5.2, Table 5.1). They are on average 3 % higher than the northern hemispheric 

background mixing ratios as represented by Mauna Loa, Hawaii. Some of the 

measurements are consistent with the background, while many, especially those in years 

2016-2018, contain higher mixing ratios than those observed at Mauna Loa implying 

that CFC-11 is enhanced on a regional scale (Figure 5.2). Samples with particularly 

high CFC-11 mixing ratios provide observational evidence of CFC-11 emissions from 

relatively nearby sources. 
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Figure 5.2: CFC-11 mixing ratios in Taiwan 2014-2018. The measurement campaigns 

lasted for 1-3 months each year. Uncertainties represented by the error bars are 

described in the text. Hourly in situ measurements of CFC-11 mixing ratios at Mauna 

Loa, Hawaii from the NOAA/ESRL Global Monitoring Division are included for 

comparison (ftp://ftp.cmdl.noaa.gov/hats/cfcs/cfc11/insituGCs/CATS/hourly/). The 

standard deviation error bars of the Mauna Loa measurements are plotted in the same 

colour as the data. 

 

Table 5.1: The sampling sites in Taiwan, the dates of the campaign period, the number 

of samples collected, the average and range of CFC-11 mixing ratios and the NOAA 

mixing ratios for each year of the campaign. 

Site Year 

Campaign period 
No. of 

samples 

Mean 

(ppt)  

Median 

(ppt) 

Range 

(ppt)   

Manua 

Loa range 

(ppt)  
start end 

Cape Fuguei  2014 11-Mar-14 04-Apr-14 23 236 236 228-248 232-236 

Hengchun 2015 12-Mar-15 25-Apr-15 20 241 241 234-253 228-238 

Cape Fuguei  2016 16-Mar-16 29-Apr-16 33 241 238 228-272 229-232 

Cape Fuguei  2017 17-Apr-17 18-May-17 31 238 236 226-260 229-231 

Cape Fuguei  2018 05-Apr-18 01-Jun-18 28 238 236 230-254 228-231 

 

5.3.2 CFC-11 source regions 

For all years combined, the strongest positive correlation is between CFC-11 mixing 

ratios and contributions to the NAME footprints from the East China region, with a 

Spearmans correlation coefficient of R = 0.495, p<0.01 (Figure 5.3). All other regions 

have a correlation with CFC-11 mixing ratios of R < 0.3. East China includes major 

industrialized areas such as the Yangtze River Delta that have previously been 

identified as the source region of other chloromethanes: methyl chloride (Li et al., 2017) 

and carbon tetrachloride (Lunt et al., 2018). Rigby et al. (2019) also focused on eastern 

mainland China but they identified the Shandong and Hebei provinces as the main 

source of CFC-11 emissions. Shandong is part of our East China region, but Hebei is 

slightly further north than our East China region. 

ftp://ftp.cmdl.noaa.gov/hats/cfcs/cfc11/insituGCs/CATS/hourly/
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Figure 5.3: CFC-11 mixing ratios (ppt) against particle concentration from the East 

China source region arriving at Taiwan at the time the analysed samples were collected 

as simulated by the NAME particle dispersion model. The dashed line is the trend line 

calculated using ordinary least squares regression. 

While our analysis highlights East China as a potentially important source region for 

CFC-11 in East Asia, it is possible that other important emission regions exist but have 

less influence on the observations in Taiwan. Monthly average NAME footprints were 

used to investigate typical air transport during the sampling period. In the spring air 

generally travels eastwards across the northern half of China and then curves 

southwards towards Taiwan (Figure 5.4; Mohd Hanif, 2019). Taiwan is an island and 

the measurement sites are on the coast, so based on the mass density residence times (g 

m-3 s) of the 12-day NAME footprints, most of the influence on air samples (on average 

about two-thirds) is from ocean regions: i.e. East China Sea, Pacific Ocean and the 

South China Sea. When comparing only the land-based source regions, East China and 

North China typically contributed the most to air sampled in Taiwan. Other potential 

source regions had much less of an influence on the samples collected in Taiwan, each 

contributing to about 1-4 % of the air in Taiwan based on the mass density residence 

times. Therefore, CFC-11 emissions from other source regions will have had a small 

impact on the air samples collected in Taiwan during the times of year of the present 

study. 
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Figure 5.4: Monthly averages of the individual NAME footprints for Taiwan for March 

and April in 2014, 2015 and 2016. They are a combination of the daily NAME 

footprints for each month. The twelve-day air mass history footprints were calculated 

for three hourly periods and these have been integrated into monthly footprints. The 

sampling site is denoted by a black cross. The white arrows indicate the general 

direction of air transport during the spring. 
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For all years combined the correlations (Spearmans p<0.01) between CFC-11 mixing 

ratios in Taiwan and modelled CO mixing ratios from a range of sources were found to 

be very similar: agricultural waste burning on fields (R = 0.545); residential and 

commercial sector (R = 0.491); solvent sector (R = 0.483); and industry (combustion 

and processing) (R = 0.469) (Figure 5.5).  The correlation between CFC-11 and power 

plants, energy conversion and extraction was somewhat lower (R = 0.384, p<0.01). CO 

tracers that we do not find to significantly correlate (R < 0.25) with CFC-11 are waste 

(landfills, waste water, incineration), forest burning, grassland burning, international 

shipping, surface transportation, agriculture (animals, rice and soil) and aviation.  

 

 
Figure 5.5: CFC-11 mixing ratios against simulated CO total from (a) Industry and (b) 

Residential and commercial. The dashed line is the trend line calculated using ordinary 

least squares regression. The trend line is calculated after subtracting the CFC-11 

background mixing ratios from each year to remove the influence of long-term trends.  

Some of the CO emission sectors most likely have very similar correlations because 

they are generally co-located with each other, so it is not possible to discriminate 

between the different sources (Figure 5.6). These sources are predominantly in eastern 

China, between Shanghai and Beijing, similar to the area identified by Rigby et al. 

(2019) as a major source of CFC-11 emissions. This gives additional indirect evidence 

of CFC-11 emissions from eastern China. 
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Figure 5.6: The distribution of carbon monoxide (CO) emissions (kgm-2s-1) taken from 

the Representative Concentration Pathway 8.5 (2010) inventories of CO for four 

emission sectors: industry, residential and commercial, solvents and agriculture waste 

burning. 
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5.3.3 Correlations of CFC-11 with other trace gases 

The strongest positive correlations (Spearmans p<0.01) between CFC-11 and other 

halocarbons when measurements from all years are combined are: CHCl3 (R = 0.720), 

CCl4 (R = 0.713), HCFC-141b (C2H3Cl2F) (R = 0.671), HCFC-142b (CH3CClF2) (R = 

0.667), CH2Cl2 (R = 0.622) and HCFC-22 (CHClF2) (R = 0.593) (Figure 5.7). These 

correlations concur with a previous study that also found correlations of HCFC-22 and 

CH2Cl2 with CFC-11 in measurements from Hawaii when air masses originated from 

East Asia (Montzka et al., 2018). 

Figure 5.7: Interspecies correlations of CFC-11 mixing ratios with those of other 

halogenated trace gases. The dashed line is the trend line calculated by total least 

squares regression using the Williamson-York method. 

Compounds generally have correlated mixing ratios in the atmosphere when their 

emissions are released from a similar location or when atmospheric mixing ratio 

gradients are present (vertically or horizontally) that are sampled by different wind 

patterns. CFC-11 emissions are probably found in many locations. The emissions of 

CFC-11 and other compounds from a production facility are likely to be low as it is not 

economically viable for a production facility to release their products into the 

atmosphere (UNEP 2018b; UNEP 2019b). If  CFC-11 is used as a foam blowing agent 

then about 4 % (e.g. appliance foams) to 25 % (e.g. spray foams) of the CFC-11 

emissions would be released from the foam blowing stage when the foam is made 

(UNEP 2018a; UNEP 2019b). The rest of the CFC-11 emissions would be gradually 

released from foam degradation or when the foam is broken up e.g. during demolition 

of buildings (UNEP 2018a; Harris et al., 2019). 
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CFC-11 has historically been widely used in polyurethane foam applications (UNEP 

2018a). As CFC-11 was phased out HCFC-141b became commonly used as a 

replacement (UNEP 2018a; UNEP 2019b). HCFC-142b and HCFC-22 are also used in 

the foam blowing industry in extruded polystyrene production (UNEP 2018a). The 

correlations between these compounds may be related to them all being used as foam 

blowing agents in building insulation and co-location of built environments and foam-

blowing facilities. 

The other compounds that CFC-11 has a good correlation with, CHCl3, CH2Cl2, CCl4 

and HCFC-22, are all involved in the same production chain. CHCl3 and CH2Cl2 are co-

produced through chlorination of methyl chloride (CH3Cl) with a small amount of CCl4 

produced as a by-product (Oram et al., 2017). Almost all the chloroform (CHCl3) 

produced is then used as a feedstock in HCFC-22 production (Oram et al., 2017; UNEP 

2019b). China has a large chloromethanes industry and recent studies have found 

emissions of CCl4 (Lunt et al., 2018), CHCl3 (Fang et al., 2019) and CH2Cl2 (Oram et 

al., 2017) from eastern China. Most of the emissions of CCl4 are thought to be due to its 

production as a by-product. Most of the emissions of CFC-11, CHCl3, CH2Cl2 and 

HCFC-22 will likely come from their applications rather than from production facilities; 

therefore, these correlations indicate co-location of the uses of CFC-11 and 

chloromethanes, possibly in urban areas. 

CFC-11 has historically been produced via fluorination of CCl4 to produce a mixture of 

CFC-11 (CCl3F) and CFC-12 (CCl2F2) (UNEP 2019b). The production ratio has 

typically been between 30:70 and 70:30 (UNEP 2019b). Therefore, if enhanced mixing 

ratios of CFC-12 were observed coincident with enhanced mixing ratios of CFC-11, this 

might suggest the cause of the increased CFC-11 emissions to be new production. 

However, we found no correlation between mixing ratios of CFC-11 and CFC-12 (R = 

0.285) in the Taiwan measurements even after removing the decreasing background 

trend in CFC-12 to focus on enhancements in mixing ratios above the background. 

CFC-12 mixing ratios in the Taiwan air samples do not show any major enhancements 

and are similar to the levels at Mauna Loa, Hawaii (Figure 5.8). This agrees with 

findings in previous studies that also found no evidence for an increase in CFC-12 

emissions (Rigby et al., 2019; Montzka et al., 2018) and adds to the evidence that 

emissions of CFC-11 from eastern China are not directly associated with emissions of 

CFC-12.  

Operating conditions could be controlling the relative proportions of CFC-12 and CFC-

11; close to 100 % CFC-11 production is difficult to achieve but not impossible (UNEP 

2019b). Alternatively CFC-12 may still be being co-produced but is destroyed or used 

as a refrigerant, which is considered to be a non-emissive source as release of the CFC-

12 will take place over a long period of time (UNEP 2019b; Harris et al., 2019). 
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Figure 5.8: CFC-12 mixing ratios in Taiwan 2014-2018. The measurement campaigns 

lasted for 1-3 months each year. Uncertainties represented by the error bars are 

described in the text. In 2016 CFC-12 eluted close to the end of the retention window 

and so peak heights were used instead of peak areas to calculate CFC-12 mixing ratios. 

This led to larger uncertainties in 2016 in comparison to the other years. Hourly in situ 

measurements of CFC-12 mixing ratios at Mauna Loa, Hawaii from the NOAA/ESRL 

Global Monitoring Division are included for comparison 

(ftp://ftp.cmdl.noaa.gov/hats/cfcs/cfc12/insituGCs/CATS/hourly/). The standard 

deviation error bars of the Mauna Loa measurements are plotted in the same colour as 

the data. 

5.3.4 CFC-11 emissions from China 

The CFC-11 emission estimates in this study are based on emission estimates for the 

whole of China and eastern China and therefore, when the CFC-11 emission estimates 

are combined together they are referred to as CFC-11 emissions from ‘(eastern) China’. 

CFC-11 emissions from (eastern) China for the period 2014-2018 are estimated based 

on interspecies ratios of CFC-11 with other halocarbons for which we found good 

correlations. There is a large range in the estimates of CFC-11 emissions from (eastern) 

China derived during this study (Figure 5.9). Most of the uncertainty in the CFC-11 

emission estimates is due to the uncertainty in the emissions estimates of the other 

compounds rather than the uncertainty in the slope of the interspecies ratios. The lowest 

estimate is 12 (9-14) Gg yr-1 using the Feng et al. (2018) estimate of CH2Cl2 emissions. 

The largest CFC-11 emission estimate is 27 (20-33) Gg yr-1, based on HCFC-22 

emissions from Li et al. (2016). The two compounds with the strongest correlations with 

CFC-11 are CHCl3 and CCl4 (Table 5.2) and the estimates derived from these are in the 

middle of the range (17-22 Gg yr-1) (Figure 5.9). It is important to note that the HCFC-

22 and CH2Cl2 based emissions estimates are for the whole of China, whilst the CHCl3 

and CCl4 based emissions are for eastern China only. There is no consistent pattern of 

higher emissions for the whole of China and lower emissions for eastern China (Figure 

5.9). The mean of all the individual estimates is 19 (14-23) Gg yr-1. The uncertainties 

were calculated as the standard deviation of the mean of the individual estimates. 

 

 

 

ftp://ftp.cmdl.noaa.gov/hats/cfcs/cfc12/insituGCs/CATS/hourly/
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Figure 5.9: CFC-11 emission estimates and the upper and lower limits based on the 

interspecies ratios with CHCl3, CH2Cl2, CCl4 and HCFC-22 in our Taiwan 

measurements from 2014-2018 and published halocarbon emission estimates. The 

vertical lines indicate the best estimate. Recently published CFC-11 emission estimates 

for eastern mainland China and China are also shown (Montzka et al., 2018; EIA, 2018; 

Rigby et al., 2019). The emission estimates from this study are coloured yellow and the 

emission estimates from other studies are different colours. 1 For the estimates from the 

current study based on interspecies correlations the location and years of emissions are 

based on the region for the emission estimate of compound x. 
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Table 5.2: Emission estimates based on the correlation slopes with CHCl3, CH2Cl2, 

CCl4 and HCFC-22. The molecular weight used for CFC-11 was 137.36 g mol-1. 

Compound CH2Cl2 CH2Cl2 CHCl3 CHCl3 CCl4 CCl4 HCFC-22 

Molecular 

Weight 
84.93 84.93 119.37 119.37 153.82 153.82 86.47 

Spearman's 

R 
0.622 0.622 0.720 0.720 0.713 0.713 0.593 

Trendline 

(total linear 

least 

squares 

regression) 

y = 0.023x 

+ 2.436 

y = 0.023x 

+ 2.436 

y = 0.192x 

+ 1.635 

y = 0.192x 

+ 1.635 

y = 1.466x 

+ 0.573 

y = 1.466x 

+ 0.573 

y = 0.125x 

+ 2.718 

Emissions 

 (Gg yr-1) 

318  

(254-384) 

455 

(410-501) 

88 

 (80-95) 

82 

 (70-101) 

13 

 (7-19) 

17 

 (11-24) 

134 

 (100-167) 

Location of 

Emissions 
China China East China East China East China East China China 

Years of 

Emissions 
2016 2015 2015 2015 2009-2016 2009-2016 2016 

Reference 
Feng et al., 

2018 

Oram et 

al., 2017 

Fang et al., 

2019 
(FLEXPART) 

Fang et al., 

2019 
(NAME) 

Lunt et al., 

2018 
(FLEXPART) 

Lunt et al., 

2018 
(NAME) 

Li et al., 

2016 

CFC-11 

 emissions 

 (Gg yr-1) 

11.7 

 (9.2-14.2) 

16.7 

(14.7-18.7) 

19.4 

(17.4-21.3) 

18.1 

(15.3-22.4) 

17.0 

 (9.1-24.9) 

22.2 

(14.3-31.5) 

26.5 

(19.6-33.4) 

 

The CFC-11 emission estimates in this study are generally comparable with the other 

estimates in the literature, although there are some important differences. The 

Environmental Investigation Agency (EIA), in a non-peer reviewed report, estimated 

CFC-11 emissions from China’s rigid polyurethane foam blowing industry to be 10.3-

12.2 Gg yr-1 for 2012-2017. This estimate is based on surveys with industry experts, 

reported production data and a number of assumptions on emission rates and the extent 

of CFC-11 use (EIA, 2018). This estimate is at the lower end of our range and as the 

EIA estimate is covering only one source it neither rules in nor rules out the possibility 

of other emission sources. 

A recent study estimated CFC-11 emissions of 30-40 Gg yr-1 from China, over the 

period 2014-2016, based on correlations of CFC-11 with HCFC-22 mixing ratios in 

Hawaii (Montzka et al., 2018 Extended Data Figure 5). This is a rough estimate of 

relative emission magnitudes as it is based on measurements far from source regions. It 

is somewhat higher than our estimates, but agrees, within the uncertainties, with our 

estimate based on HCFC-22, 27 (20-33) Gg yr-1 (Figure 5.9). 

Another recent study used CFC-11 measurements at Gosan, Jeju Island, Korea and 

Hateruma, Japan and two atmospheric inversion models to calculate CFC-11 emissions 

from eastern mainland China to be 13.4 ± 1.7 Gg yr-1 in 2014-2017 (Rigby et al., 2019). 

These estimates are at the lower end of the range that we calculate here based on the 

Taiwan samples. The reason for this might be that the Rigby et al. (2019) estimates are 
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confined to provinces to which the measurements were most sensitive. Rigby et al. 

(2019) mentioned that including the provinces adjacent to their ‘eastern mainland 

China’ region increased their emissions by 15 %. The CHCl3 emissions that we use in 

our calculations (Fang et al., 2019) are based on observations from the same 

measurement sites as Rigby et al. (2019). The CCl4 emissions that we use in our 

calculations are based on observations in Gosan, Korea (Lunt et al., 2018). These 

studies (Lunt et al., 2018; Fang et al., 2019) derived emissions for ‘eastern China’, but a 

slightly larger area to that used by Rigby et al. (2019). 

The regions of our CFC-11 emission estimates are the same as the regions used to 

calculate the emissions of the other compounds. It is assumed that the interspecies ratio 

will be the same in one region as it is in the other. So whilst our estimates based on 

CHCl3 and CCl4 emissions are largely restricted to eastern China, those using HCFC-22 

and CH2Cl2 emission estimates are for the whole of China (Li et al., 2016; Feng et al., 

2018; Oram et al., 2017). Our overall emission estimate (19 (14-23) Gg yr-1) based on 

the Taiwan measurements is a combination of estimates for eastern China and the whole 

of China. 
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Figure 5.10: CFC-11 emissions in China and eastern China (Wan et al., 2009; Kim et 

al., 2010; An et al., 2012; Fang et al., 2012; Wang et al., 2014; Fang et al., 2018; 

Montzka et al., 2018; Rigby et al., 2019). Data that cover means of several years have 

horizontal error bars to indicate the periods that they relate to. Vertical error bars show 

the uncertainties in the emission estimates. Data from the same years are offset slightly 

so that the error bars are visible. The data points joined by dashed lines are projections. 

The 2008-2011 mean is the mean of the estimates in Wan et al. (2009), Kim et al. 

(2010), An et al. (2012), Fang et al. (2012), Wang et al. (2014) and Fang et al. (2018). 

The 2014-2018 mean is the mean of the seven interspecies correlation estimates in this 

study. Emissions for the whole of China have filled data points and emissions for 

eastern China have clear data points. 
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5.3.5 Changes in CFC-11 emissions from China 

There is variation in the CFC-11 emission estimates between different studies, but the 

combined evidence suggests an increase in CFC-11 emissions in (eastern) China from 

2008-2011 to 2014-2018. Rigby et al. (2019) emission estimates for 2008-11 are lower 

than the other estimates for this period.  Possibly because Rigby et al. (2019) estimates 

are limited to ‘eastern mainland China’ whereas some of the other estimates cover 

larger areas (see above). Averaging published emission estimates for 2008-2011, and 

excluding Rigby et al. (2019) gives CFC-11 emissions of 12 (10-14) Gg yr-1 (green bar, 

Figure 5.10)(Wan et al., 2009; Kim et al., 2010; An et al., 2012; Fang et al., 2012; 

Wang et al., 2014; Fang et al., 2018). The uncertainties were calculated using the 

standard deviation of the individual estimates. 

CFC-11 emissions from (eastern) China for the period 2014-2018 are estimated in this 

study to be 19 (14-23) Gg yr-1 (golden bar, Figure 5.10) by combining the seven 

interspecies correlation emission estimates (Figure 5.9). This gives an increase of 7 (2-

12) Gg yr-1 since 2008-2011. The uncertainties are the square root of the sum of the 

uncertainties for each time period squared. 

This increase in emissions between 2008-2011 and 2014-2018 that we estimate is 

similar to the increase estimated by Rigby et al. (2019) of 7.0 ± 3.0 Gg yr-1 between 

2008-2012 and 2014-2017. If we include the Rigby et al. (2019) emissions in our 

analysis, this gives us slightly lower CFC-11 emissions for both the earlier and later 

time periods, as the Rigby et al. (2019) estimates are generally lower than the other 

estimates we use in our study (Table A1). Including the Rigby et al. (2019) estimates in 

our averages still gives an absolute increase of ∼ 7 Gg yr-1 in CFC-11 emissions (Table 

A1). The consistency between our results and those of Rigby et al. (2019), obtained by 

different, independent methods, provides some confidence in this estimated size of the 

CFC-11 emissions in eastern China, although it is recognized that both estimates have 

uncertainty in them. 

In our study, the emission estimates are based on measurements of samples collected 

during springtime each year when Taiwan is consistently impacted by air masses 

transported from mainland China. This minimises dilution so the observed interspecies 

concentration ratios will better reflect their emission ratios. Seasonal variations in 

emission ratios in this region are not well constrained. Kim et al. (2010) in their 

estimates of halocarbons emissions from China, assumed emissions were constant 

throughout the year. However, their observed ratio between CFC-12 and HCFC-22 

enhancements suggest higher values in the summer. Seasonally varying ratios of 

halocarbon enhancements were also observed in the US in the 1990s (Barnes, 2003). 

Limited seasonal sampling will therefore introduce some error into our analysis but by 

using interspecies ratios of CFC-11 with four different halocarbons, we aim to reduce 

this error. Interspecies emission ratios may also vary with location and this approach 

assumes sources to be perfectly co-located, which is unlikely. This is partly accounted 

for in the uncertainty of the observed interspecies ratios. Additionally, we are 
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combining emission estimates from multiple studies that used different methods and are 

for different time periods and regions. Furthermore, it is possible that climate change 

may be leading to changes in boundary layer height which could influence the observed 

CFC-11 mixing ratios (Aulagnier et al., 2010). Therefore, our CFC-11 emission 

estimates will have some unaccounted for uncertainties. 

CFC-11 emissions were expected to have decreased since 2012, due to the diminishing 

size of the banks, assuming compliance with the Montreal Protocol. This means the 

difference between projected bottom-up emissions and actual emissions may be larger 

than the increase in CFC-11 emissions from 2008-2011 to 2014-2018 (Rigby et al., 

2019; Montzka et al., 2018; Engel and Rigby et al., 2018). Previous studies projected 

future CFC-11 Chinese emissions using bottom-up estimates of reported production, 

estimates of the size of the CFC-11 bank and assumed emission rates (Wan et al., 2009; 

Fang et al., 2018). These bottom-up estimates agree with the top-down estimates in 

2008-2011 but decrease such that they disagree in 2014-2018 with the top-down 

estimates (Figure 5.10). Averaging the estimates for the individual years between 2014 

and 2018 from Wan et al. (2009) and Fang et al. (2018) gives 5 (3-7) Gg yr-1. The 

uncertainties are the standard deviation of the estimates for the individual years. If we 

subtract 5 (3-7) Gg yr-1 from our estimate of 19 (14-23) Gg yr-1 this leads to 14 (9-19) 

Gg yr-1 more emissions of CFC-11 in China than projected. 
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5.3.6 Comparison to global CFC-11 emissions 

 

Figure 5.11: Top: Global CFC-11 emissions (green bars) compared to the (eastern) 

China emissions in this study (red bar). Bottom: Increase in global CFC-11 emissions 

(green bars) compared to the increase in (eastern) China emissions (red bar). These 

estimates are for slightly different time periods. The estimates from Montzka et al. 

(2018) are for 2014-2016 compared to the 2002-2012. The Rigby et al. (2019) estimates 

are for 2014-2017 compared to 2008-2012. This study’s emission estimates are for 

2014-2018 compared to 2008-2011.  

Montzka et al. (2018) used NOAA observations to calculate global CFC-11 emissions 

of 67 ± 3 Gg yr-1 in 2014–2016 which was an increase of 13 ± 5 Gg yr-1 above the 2002-

2012 mean. Rigby et al. (2019) calculated global CFC-11 emissions in 2014-2017 to be 

80 ± 3 Gg yr-1 based on NOAA observations and 75 ± 3 Gg yr-1 based on AGAGE 

observations. These are increases since 2008-2012 of 17 ± 3 Gg yr-1 (NOAA) and 11 ± 

3 Gg yr-1 (AGAGE). The NOAA-derived CFC-11 emissions in Rigby et al. (2019) 

differ from the NOAA-derived Montzka et al. (2018) CFC-11 emissions because Rigby 

et al. (2019) includes an additional year (2017) and uses a shorter atmospheric lifetime 

for CFC-11. The atmospheric lifetime contributes to the differences in emission 

estimates given in the different studies but has very little effect on the change in 

emissions over the short time period. 

In the section above, (eastern) China emissions were estimated to be 19 (14-23) Gg yr-1 

in 2014-2018 and the increase estimated to be 7 (2-12) Gg yr-1 compared to 2008-2011. 
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These regional emissions of 19 (14-23) Gg yr-1 are 25% (19%-32%) of the total global 

emissions (Figure 5.11). This is the proportion of our (eastern) China emissions 

compared to the average of the three global estimates. The uncertainties are based on 

the square root of the sum of squares of the uncertainty in our (eastern) China estimate 

and the standard deviation of the three global estimates. The increase in (eastern) China 

CFC-11 emissions are a large proportion of the increase in global CFC-11 emissions but 

are also highly uncertain (Figure 5.11). They are 52% (13%-91%) of the increase in 

global emissions (Figure 5.11).  Where the remaining CFC-11 emissions are coming 

from is not well known as there are many parts of the world that are not well covered by 

the global networks, including South America, Africa and the rest of Asia (Harris et al., 

2019). Note these CFC-11 emission estimates do not consider possible changes in 

atmospheric dynamics which could slow-down the rate of decline in global CFC-11 

mixing ratios and lead to an over estimation of global CFC-11 emissions (Montzka et 

al., 2018).  

5.4 Conclusions 

Overall, the current study finds independent evidence of continuing and significant 

CFC-11 emissions from China, in particular from eastern China, using different 

observations and methods to previous studies. Comparing with past studies implies a 

recent increase in (eastern) China CFC-11 emissions, which will have contributed to a 

substantial proportion of the increase in global CFC-11 emissions. However, the extent 

of this contribution still has considerable uncertainty and further investigation is needed 

to better understand the recent changes in CFC-11 emissions. 
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Chapter 6: Summary, conclusions and future 

work 

The ozone layer is a part of the atmosphere that blocks harmful ultraviolet radiation 

from reaching the Earth’s surface and so protects human health and the environment. 

Industrially produced halogenated trace gases that contain chlorine and bromine 

enhance natural ozone destruction in the stratosphere and their increasing mixing ratios 

lead to the formation of ‘the ozone hole’ over Antarctica. Due to this an international 

agreement called the Montreal Protocol on Substances that Deplete the Ozone Layer 

was introduced in 1989. Parties of the Montreal Protocol agreed to phase out and 

eventually stop almost all production and consumption of many ozone-depleting 

substances. This agreement was largely successful and mixing ratios of ozone-depleting 

substances, such as the major CFCs, Halons, CCl4 and CCl3CH3, are now decreasing in 

the atmosphere and the ozone layer is starting to show signs of recovery (Engel and 

Rigby et al., 2018). 

However, continued monitoring of ozone-depleting substances in the atmosphere is 

necessary to verify ongoing compliance with the Montreal Protocol and identify new 

threats that could undermine previous progress and delay the expected long-term 

recovery of the ozone layer. In this study, air samples collected from a variety of 

ground-based measurement sites and aircraft campaigns were measured for 30-50 

ozone-depleting substances and other trace gases using a high sensitivity Gas 

Chromatograph - Mass Spectrometer (GC-MS) instrument.  

This study investigates changes in mixing ratios of ozone-depleting substances in the 

atmosphere with a special focus on ozone-depleting substances in East Asia. East Asia 

is a region of particular importance for ozone-depleting substances as it is a region with 

potentially fast transport of air from the surface into the lower stratosphere. 

Additionally, it has rapidly developed in recent years with a large part of its industry 

producing and using many halocarbons. 

The main conclusions of this thesis are that mixing ratios of CFC-113a (CCl3CF3) are 

still increasing in the atmosphere (Chapter 4) and emissions of CFC-11 (CCl3F) have 

increased in eastern China (Chapter 5), despite a global ban on almost all production of 

CFCs since 2010. Also, there are enhanced mixing ratios of chlorine-containing very 

short-lived ozone-depleting substances in the lower stratosphere above the Asian 

summer monsoon (Chapter 3). 
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6.1 Outline of major research findings 

6.1.1 Transport of chlorine-containing very short-lived ozone-depleting substances 

by the Asian summer monsoon 

Chapter 3 discusses aircraft-based observations of ozone-depleting substances (ODSs) 

in the upper troposphere and lower stratosphere in and above the Asian summer 

monsoon. In this study mixing ratios of 27 ozone-depleting substances were measured, 

in 118 air samples collected on board the Geophysica high-altitude research aircraft. 

Two aircraft campaigns took place, over the Mediterranean in 2016 (AMO-16 

campaign) and over Nepal and northern India in 2017 (AMA-17 campaign). These 

measurements were used to investigate the importance of transport of very short-lived 

substances (VSLSs) by the Asian summer monsoon into the lower stratosphere. 

Very short-lived ozone-depleting substances are not included in the Montreal Protocol. 

It was, until relatively recently, thought that VSLSs are largely removed in the 

troposphere before they reach the stratosphere and therefore contribute relatively little 

to ozone depletion. However, in air samples collected during the AMA-17 campaign the 

mixing ratios of the chlorine-containing very short-lived ozone-depleting substances, 

CH2Cl2, CHCl3 and CH2ClCH2Cl were enhanced above expected levels. This indicates 

that the Asian summer monsoon anticyclone is rapidly transporting very short-lived 

substances into the lower stratosphere where they will contribute to ozone depletion. 

The CLaMS model (a global stratospheric model focused on transport and chemistry) 

was used to run 15-day backward trajectories for samples collected during the AMA-17 

campaign. The trajectories were used to constrain the last location where the air was in 

the model boundary layer, i.e. 2-3 km above the surface, and the time taken by the 

trajectory to reach the model boundary layer. The source locations for most of the air 

samples were located mostly around southern China with less frequent sources in the 

rest of South-East Asia. Transport times were generally fast, with 32 samples having 

trajectories reaching the model boundary layer within 15 days. This agrees with 

previous research that air is mostly confined within the Asian summer monsoon 

anticyclone and subsequently rapidly transported from the anticyclone to the lower 

stratosphere. There was not a significant correlation between shorter transport times and 

higher CH2Cl2 mixing ratios, but this may be due to the impact of other factors. 

The Equivalent Chlorine (ECl) and Equivalent Effective Stratospheric Chlorine (EESC) 

were derived to investigate the importance of VSLSs in comparison to total chlorine and 

bromine loading under these conditions. 

Equivalent Chlorine (ECl) is the sum of the mixing ratios of bromine atoms (multiplied 

by 60) and chlorine atoms from all halogen source gases. A regional ECl was calculated 

for the tropopause region using measurements from the AMA-17 campaign. For 

comparison a global estimate of ECl was calculated using tropospheric mixing ratios for 

long-lived compounds and estimated mixing ratios at the Level of Zero Radiative 
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Heating (LZRH) from the WMO 2018 report for very short-lived compounds (Engel 

and Rigby et al., 2018). The total equivalent chlorine of the AMA-17 campaign is the 

highest estimate but the ranges of the two estimates overlap (4186-4499 ppt vs 4331-

5057 ppt). This is due to the AMA-17 ECl estimate having some samples with higher 

long-lived chlorine, higher long-lived bromine, similar very short-lived bromine, and 

higher very short-lived chlorine than the global estimate (89-132 ppt vs 169-393 ppt). 

Very short-lived chlorine is a relatively small fraction of the total equivalent chlorine in 

the tropopause region but has a larger percentage contribution to the ECl in the AMA-

17 estimate (4-8 %) than in the global estimate (2-3 %). 

The Equivalent Effective Stratospheric Chlorine (EESC) is similar to ECl but takes into 

account the effects of stratospheric transport (mean age-of-air) and chemistry 

(Fractional Release Factors, FRFs). Fractional Release Factors and mean age-of-air 

were derived using tropospheric trends from the same data sets as the ECl and mixing 

ratios from the aircraft samples. Our FRFs agree within the uncertainties for most 

compounds when compared to previous studies that used the same method to calculate 

FRFs.  

The EESC calculated for the AMA-17 campaign was found to be more than 100 ppt 

higher than the EESC calculated for the AMO-16 campaign at a mean age-of-air of 2.4 

years (e.g. relevant age: 1483-1495 ppt vs 1630-1650 ppt). This is likely because the 

AMO-16 campaign sampled air masses of Northern Hemispheric extra-tropical air and 

outflow from the Asian monsoon, which would be more well-mixed air not recently 

polluted with ODSs, and so in general has lower ODS mixing ratios.  

The regional EESCs in this study were generally higher than other estimates in the 

literature. For example, the AMO-16 relevant age-based EESC is 1861-1872 ppt for 

age-of-air of 3 years, in comparison to the WMO 2018 reported relevant age-based 

EESC of 1649 ppt (Engel and Rigby et al., 2018). This is most likely because the Asian 

monsoon region has large continental emissions and more input into the stratosphere 

compared to globally averaged estimates which also include areas with less input. 

The contribution of VSLSs to the EESC was also estimated and their contribution 

increased the long-lived EESC by about 8-26 %. This suggests VSLSs have an 

important effect on the amount of EESC and therefore the amount of ozone destruction, 

especially in the northern hemispheric extra-tropical lower stratosphere. 

The contribution of Cl-VSLSs to the ECl and EESC are substantial in comparison to the 

size of the decreasing trend in ODS mixing ratios in the atmosphere. For example, Cl-

VSLSs contribute about 75-123 ppt to the EESC at a mean age-of-air of 3 years based 

on the AMO-16 campaign, whereas, EESC at mid-latitudes has been decreasing by 

about 14-16 ppt per year (Engel and Rigby et al., 2018). This shows that the 

contribution from VSLSs is large compared to the size of the decreasing trend. 
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Although this is only one part of the atmosphere the additional input of chlorine into the 

stratosphere, if it continues, could delay the recovery of the ozone layer. 

6.1.2 CFC-113a mixing ratios and emissions in the atmosphere 

Chapter 4 investigates the ozone-depleting substance CFC-113a (CCl3CF3). A recent 

study found increasing mixing ratios and emissions of CFC-113a in the atmosphere 

(Laube et al., 2014). This trend is investigated further using measurements of air 

samples collected at multiple sites all over the world. 

The long-term time series of CFC-113a mixing ratios at Cape Grim was updated with 

an additional four years. The CFC-113a mixing ratios were found to have continued 

increasing from 0.5 ppt in December 2012 to 0.7 ppt in February 2017. These mixing 

ratios remain small in comparison to other CFCs, but continue to rapidly increase, and 

the causes of this increase are uncertain. 

A previous study used the CFC-113a measurements at Cape Grim with a 2D 

atmospheric chemistry-transport model to estimate, top-down, global annual emissions 

of CFC-113a (Laube et al., 2014). In this thesis, the emission estimates were updated, 

and it was found that CFC-113a emissions began in the 1960s and gradually increased 

until 2010. Then there was a sharp increase in CFC-113a emissions from 0.9 Gg yr-1 

(0.6-1.2 Gg yr-1) in 2010 to 1.9 Gg yr-1 (1.5-2.4 Gg yr-1) in 2012. After the increase in 

2010-2012, emissions were on average 1.7 Gg yr−1 (1.3-2.4 Gg yr-1)between 2012 and 

2016. 

Measurements of CFC-113a mixing ratios were also made on air samples collected at 

the Tacolneston tall tower in the UK and as part of the CARIBIC campaign onboard 

commercial aircraft flights between Germany and South Africa. These CFC-113a 

mixing ratios indicate a persistent interhemispheric difference with larger CFC-113a 

emissions in the Northern Hemisphere.  

Air samples were also collected at ground-based measurement sites in Taiwan between 

2013 and 2016, in the spring of each year, and were measured for multiple halogenated 

trace gases including CFC-113a. Some of the samples collected in Taiwan had 

enhanced mixing ratios of CFC-113a up to 3 ppt indicating relatively nearby emissions 

of CFC-113a.  

The NAME particle dispersion model was used to produce footprints of where the air 

sampled during the Taiwan campaigns had previously been close to the Earth’s surface. 

When air samples were collected with enhanced CFC-113a mixing ratios the NAME 

footprints in general showed a larger influence from eastern China or the Korean 

Peninsula. This indicates emissions of CFC-113a may be coming from these areas.  

In the Taiwan samples CFC-113a mixing ratios had a good correlation with CFC-113 

and HCFC-133a mixing ratios. This indicates that sources of these compounds may be 

co-located or that these substances are being co-produced. CFC-113 emissions have 
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dramatically decreased since 1989 but have not declined to zero. Therefore, CFC-113 

and CFC-113a could be co-produced, along with HCFC-133a, possibly as fugitive 

emissions during the large-scale production of CFC-alternatives such as HFC-134a and 

HFC-125 production. Other possible sources of CFC-113a emissions are from its use as 

an agrochemical intermediate or as an impurity in CFC-113 banks. Emissions of CFC-

113a are small enough that they could be completely due to these sources which are 

permitted under the Montreal Protocol. Therefore, the main conclusion of this study is 

that while CFC-113a mixing ratios continue to increase in the atmosphere there is no 

evidence of illegal production of this compound under the current terms of the Montreal 

Protocol. 

6.1.3 CFC-11 mixing ratios and emissions in East Asia 

Chapter 5 investigates CFC-11 (CCl3F) using atmospheric observations in Taiwan. 

Global CFC-11 mixing ratios were recently found to be declining at a slower rate than 

expected due to an increase in global CFC-11 emissions (Montzka et al., 2018). A study 

in East Asia concluded that emissions of CFC-11 were coming from eastern mainland 

China using inversion modelling and measurements in Japan and Korea (Rigby et al., 

2019). It has been suggested that this increase is very likely from illegal production of 

CFC-11 for its use as a foam blowing agent in building insulation.  

In this thesis, 135 air samples were collected at ground-based measurement sites in 

Taiwan between 2014 and 2018 in spring each year. The samples were measured for 

multiple halogenated trace gases including CFC-11. CFC-11 mixing ratios in Taiwan 

were often consistent with ‘background’ mixing ratios in Hawaii, ∼ 231 ppt, but were 

sometimes enhanced up to 272 ppt. 

The NAME particle dispersion model was again used to investigate the history of air 

arriving at the sampling sites in Taiwan. The NAME footprints mass density residence 

times from the region of East China had the strongest correlation with CFC-11 mixing 

ratios in the air samples. This, therefore, suggests that East China is the region most 

likely to be the source of CFC-11 emissions. 

Measured CFC-11 mixing ratios were also compared to modelled CO mixing ratios 

from 12 emission sectors in the Representative Concentration Pathway 8.5 (Riahi et al., 

2011; Mohd Hanif, 2019). The emissions sectors with the strongest correlations with 

CFC-11 mixing ratios were agricultural waste burning on fields, the residential and 

commercial sector, the solvent sector, and industry (combustion and processing). As 

these emission sectors were predominantly co-located in eastern China, it was not 

possible to clearly identify an emissions sector as the source of CFC-11. Although, it 

does provide further indirect evidence of CFC-11 emissions in eastern China. 

CFC-11 mixing ratios were found to have good interspecies correlations with CHCl3, 

CCl4, HCFC-141b, HCFC-142b, CH2Cl2, and HCFC-22 in the Taiwan samples. This is 

most likely due to co-location of emissions as eastern China is a very industrialized 
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densely populated area with a large chloromethane industry. The traditional method of 

CFC-11 production also produces large quantities of CFC-12. However, it was found 

that CFC-12 mixing ratios do not have a good correlation with those of CFC-11 so the 

possible production method of CFC-11 in recent years is still uncertain. 

Interspecies ratios of CFC-11 with compounds that it has a good correlation with, and 

which have published emission estimates, were used to estimate CFC-11 emissions. 

Multiple studies were used with emission estimates for the whole of China and eastern 

China. When the CFC-11 emission estimates from the whole of China and eastern 

China were combined they were termed CFC-11 emissions from “(eastern) China” and 

were estimated to be 19 (14−23) Gg yr-1 in 2014−2018.  

When CFC-11 emission estimates from earlier studies for eastern China and the whole 

of China were combined CFC-11 emissions in (eastern) China in 2008−2011 were 

estimated to be 12 (10−14) Gg yr-1. This indicates an increase in CFC-11 emissions in 

(eastern) China of 7 (2−12) Gg yr-1. This is similar to the increase of 7 ± 3 Gg yr-1 in 

eastern mainland China estimated by Rigby et al. (2019). The consistency between 

these estimates, based on independent methods, increases the confidence in these 

conclusions. An increase in CFC-11 emissions in (eastern) China is very much counter 

to the intentions of the Montreal Protocol.  

To investigate the importance of (eastern) China CFC-11 emissions these emission 

estimates were compared to three global CFC-11 emission estimates. (Eastern) China 

CFC-11 emissions were about one-quarter of global emissions. Also, the contribution of 

(eastern) China emissions to the global increase in CFC-11 emissions is highly 

uncertain, about 50 ± 40 % of the increase in emissions that occurred around 2013. 

6.2 Suggestions for future work and policy implications 

6.2.1 Transport of chlorine-containing very short-lived ozone-depleting substances 

by the Asian summer monsoon 

There are a number of ways this work could be extended. In Chapter 3 the conclusions 

are based on VSLS measurements made during one Asian summer monsoon season and 

so they are spatially and temporally limited. Therefore, measurements during other 

Asian summer monsoons would be advantageous to determine the impact of interannual 

monsoon variability on VSLSs mixing ratios. Although due to the high cost of research 

aircraft campaigns this is likely to be prohibitively expensive. 

In addition, it is uncertain how mixing ratios of chlorine-containing VSLSs will change 

in the future. For example, if CH2Cl2 mixing ratios continue to increase at the same rate 

as between 2004 and 2014 (2.85 ppt yr-1) it could delay the return of total lower 

stratospheric chlorine to pre-1980 levels by 15–17 years, (Hossaini et al., 2017). 

However, this growth rate may not be consistent with expected future demand 
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(McCulloch, 2017). Therefore, continued surface measurements would be most 

beneficial to track future trends. 

Something to potentially consider is adding VSLSs, such as CH2Cl2, to the list of 

controlled substances in the Montreal Protocol. CH2Cl2 has an atmospheric lifetime of 

about 6 months, 180 (95–1070) days, is predominantly anthropogenic in origin, and its 

average global tropospheric mixing ratios were 32–39 ppt in 2016 (WMO, 2018). 

CH2Cl2 currently contributes very little (∼ 1–3 %) to stratospheric chlorine input but it 

will likely become relatively more important in the future as emissions from long-lived 

compounds decrease. The WMO, 2018 report suggests that the elimination of both 

CH2Cl2 emissions and the unexpected increase in CFC-11 emissions would have larger 

positive impacts on future ozone than any of the other mitigation options considered 

(Carpenter and Daniel et al., 2018, Figure 6-1). In addition, as CH2Cl2 is short-lived the 

impacts of any mitigation efforts would be seen in the atmosphere relatively quickly. 

6.2.2 CFC-113a mixing ratios and emissions in the atmosphere 

In Chapter 4 it was shown that emissions of CFC-113a have varied in recent years. 

After a sudden increase in emissions in 2010-2012, CFC-113a emissions remained 

stable at about 1.7 Gg yr-1 in 2012-2016. The UEA will continue collecting about 4 sub-

samples each year from the Cape Grim Air Archive. This record can carry on being 

used to monitor the long-term trends of global background CFC-113a mixing ratios and 

discover if CFC-113a emissions remain stable in the future. 

If CFC-113a emissions are coming from HFC-134a and HFC-125 production, the phase 

out of these compounds under the Montreal Protocol may affect future CFC-113a 

emissions. Although, CFC-113a emissions may also be from agrochemical production 

or impurities in CFC-113 banks. In addition, there have been some patent applications 

for the use of CFC-113a in the production of HFOs (Baldychev et al., 2019; Peng et al., 

2019), the replacement compounds for HCFCs and HFCs. Therefore, fugitive emissions 

of CFC-113a might continue in the future from these sources. 

In addition, air samples will keep being collected in Taiwan in the spring of each year. 

These samples can be used to investigate if there continues to be enhanced mixing ratios 

of CFC-113a in Taiwan. Also, to further investigate the correlations of CFC-113a 

mixing ratios with other compounds, discussed in Chapter 4, such as CFC-113, HCFC-

133a, HCFC-123, HCFC-124 and CFC-114a. These compounds are also involved in the 

production of HFC-134a, HFC-125 and agrochemicals, and they had inconsistent 

correlations with CFC-113a, in the Taiwan air samples, in Chapter 4. More 

measurements could make the correlations clearer and provide more evidence to better 

determine the sources of CFC-113a emissions. In addition, the measurements could be 

compared to NAME footprints of the sampled air to further narrow the source regions 

of CFC-113a emissions. 
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In Chapter 4 it was reported that the isomers CFC-113a and CFC-113 have different 

long-term atmospheric trends. This is in addition to another study that found different 

trends in the isomer’s CFC-114a and CFC-114 (Laube et al., 2016). If a complete 

understanding of the impacts of individual isomers was desired, then it could be 

required that isomers be reported separately to the UNEP. Also, the increasing 

emissions of CFC-113a indicate that the uses of ozone-depleting substances (ODSs) as 

chemical feed-stock or intermediates is becoming more important. Therefore, these uses 

of ODSs might need to be regulated if we want to accelerate the rate of decrease of 

ODSs and/or aim to eventually have zero emissions of ODSs. Although, compared to 

other CFCs, the current background mixing ratios of CFC-113a are very low (0.7 ppt vs 

CFC-12: ~510 ppt, CFC-11: ~230 ppt, CFC-113: ~70 ppt in 2016). Therefore, CFC-

113a emissions are still small enough that they are not a major threat to the ozone layer 

and there are more important compounds to focus on, such as CFC-11 and VSLSs. 

6.2.3 CFC-11 mixing ratios and emissions in East Asia 

In Chapter 5 emissions of CFC-11 in (eastern) China were estimated to be about one-

quarter of global CFC-11 emissions. However, there are still many parts of the world 

without current regional CFC-11 emission estimates including South America, Africa, 

and parts of Asia including the rest of China (Harris et al., 2019). Other regional studies 

would help to better constrain the sources of the increase in global CFC-11 emissions. 

In addition, a better understanding is needed of the influence of changes in atmospheric 

dynamics on global top-down emission estimates. 

Investigations into the foam blowing industry in China could determine to what extent 

this is the cause of the recent increase in CFC-11 emissions. In the non-peer-reviewed 

literature, the Environmental Investigation Agency (EIA), based in the UK and the US, 

interviewed representatives from 21 foam production companies and 18 of them 

admitted to using CFC-11 (EIA, 2018a). Many also said that the use of CFC-11 was 

wide-spread in the industry. A New York Times investigation also found evidence of 

CFC-11 production in the foam blowing industry in China (Buckley and Fountain, 

2018). Additionally, the EIA tested three samples of foam and found all of them 

contained CFC-11 (EIA, 2018b). In response to the reports about CFC-11, China 

launched a nationwide investigation and have undertaken several enforcement actions 

(EIA, 2018b). It was reported in November 2019 that they had fined six enterprises for 

using CFC-11 illegally and closed down three CFC-11 production facilities (UNEP, 

2019a). There is preliminary evidence that these enforcement efforts have been 

successful and that both global and East Asian emissions of CFC-11 declined in 2018 

and 2019 (UNEP, 2019b). Enforcement efforts will need to continue in the future to get 

the CFC-11 issue under control.  

The recent changes in CFC-11 trends shows the necessity of constant monitoring to 

make sure existing legislation is being followed and shows that despite the success of 

the Montreal Protocol we must not become complacent.  
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6.2.4 Further research directions 

One of the limitations of the studies in Chapters 4 and 5 was that samples in Taiwan 

were collected during only springtime each year. The conclusions assume that mixing 

ratios and emissions are similar during other times of the year. This assumption is 

especially important for the CFC-11 emission estimates in Chapter 5. It would be 

interesting to know what the results would be if air samples were collected during other 

times of the year. A larger number of samples than usual were collected in Taiwan in 

2019, 52 samples between March and May. Another way to extend this study would be 

to incorporate the measurements from these air samples and the future campaigns 

planned for later years. 

In addition, the air samples collected in Cape Grim and Taiwan were measured for 30-

50 halogenated trace gases, not all of which have been fully investigated. Possible 

studies in the future could investigate other compounds in these samples. Furthermore, 

continuing to make intercomparison measurements between the different standards used 

at the UEA (Section 2.8) is needed for quality assurance purposes, especially for the 

compounds that were found to be unstable, in order to enable comparisons between 

different datasets and laboratories, such as NOAA-GMD, to carry on in the future. 

This thesis focused on three areas of concern in regards to ozone-depleting substances: 

VSLSs, CFC-113a & CFC-11. Future studies could focus on some of the other areas of 

concern that were mentioned in the introduction but have not been investigated here 

such as: changes in mixing ratios and emissions of other ozone-depleting substances 

such as CCl4, CFC-13, CFC-114, CFC-114a & CFC-115 or the impacts of greenhouse 

gases and climate change on ozone recovery. 

Investigation of ozone-depleting substances in general is needed in the future. Excellent 

progress has been made in reducing levels of ozone-depleting substances. The ozone 

layer is projected to return to 1980s levels in the middle of this century but there are 

many factors that could influence this including changes in the mixing ratios of ozone-

depleting substances. The 21st century will be a time of change in this area as countries 

transition away from using HCFCs and HFCs because of the requirements of the 

Montreal Protocol. It will be important to continue making measurements of 

halogenated trace gases to understand their atmospheric abundance, trends, 

geographical distribution, and global and regional emissions so that the progress of the 

Montreal Protocol can be monitored effectively and to identify new threats to the ozone 

layer. 
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Appendix  

A1. Intercomparison results  

Relative responses of the standards against AAL-071170 between 2008-2018 from 

Section 2.8.
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A2. AMO-16 and AMA-17 mixing ratios 

Mixing ratios as a function of potential temperature (a pseudo-vertical coordinate) for 

AMO-16, AMA-17 and the ground samples collected during AMA-17. The dotted 

vertical lines indicate the background mixing ratios. The horizontal grey bar represents 

the location of the chemical tropopause at 355 K – 375 K. 
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Tropopause 355 K - 375 KBackground mixing ratios

AMO-16 AMA-17 Ground samples 2017
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A3. NAME footprints 

The NAME footprints derived from 12-day backward simulations and showing the time 

integrated density of particles below 100 m altitude for the approximate times when 

samples were collected during the Taiwan campaigns at Hengchun in 2013 and 2015 

and Cape Fuguei in 2014 and 2016. 

3.1 NAME footprints for the Hengchun, Taiwan 2013 campaign 
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3.2 NAME footprints for the Cape Fuguei, Taiwan 2014 campaign 
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3.3 NAME footprints for the Hengchun, Taiwan 2015 campaign 
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3.4 NAME footprints for the Cape Fuguei, Taiwan 2016 campaign 
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A4. CFC-11 emission estimates 

Table A1: CFC-11 emission estimates from previous studies for China or eastern China; 

the years the estimates are for; the uncertainties in the estimates; and comments on the 

methods used. 

Reference Year 

Best 

estimate 

(Gg yr -¹) 

Lower 

uncertainty 

(Gg yr -¹) 

Upper 

uncertainty 

(Gg yr -¹) 

Method 

Earlier period 

Wan et al. (2009) 2008 14.259     

Bottom-up method based on 

reported production and estimated 

emission rates 

Wan et al. (2009) 2009 12.858     

Wan et al. (2009) 2010 11.541     

Wan et al. (2009) 2011 9.638     

Fang et al. 

(2018) 
2008 13.0     

Bottom-up method based on 

reported production and estimated 

emission rates 

Fang et al. 

(2018) 
2009 12.3     

Fang et al. 

(2018) 
2010 11.6     

Fang et al. 

(2018) 
2011 10.9     

Kim et al. (2010) 2008 12 9.4 17 

Measurements at Gosan, Jeju 

Island, Korea and atmospheric 

inversion modeling using 

FLEXPART 

An et al. (2012) 2009 15.8 8.6 23 

Measurements at Shangdianzi 

Global Atmosphere Watch (GAW) 

Regional Station (SDZ) which is 

120 km North East of Beijing and 

atmospheric inversion modeling 

using FLEXPART. Limited 

coverage in South and Central 

China 

Fang et al. 

(2012) 
2009 7.8 4 11.6 

Measurements in 2009/10 at 

Peking University Station (PKU) 

in Beijing using correlations with 

CO mixing ratios and CO emission 

estimates 

Fang et al. 

(2012) 
2009 10 8.4 11.7 

Measurements in 2009/10 at PKU 

in Beijing using correlations with 

HCFC-22 mixing ratios and 

HCFC-22 emission estimates 

Wang et al. 

(2014) 
2011 10.5 2.4 18.6 

CO correlations based on 

measurements in Shangdong 

Peninsula, 2010-2011. Uncertainty 

+/-8.1 kt/y 

Rigby et al. 

(2019) 

2008-

2012 
6.4 5.2 7.6 

Measurements at Gosan, Jeju 

Island, Korea and Hateruma, Japan 

and NAME and FLEXPART 

atmospheric inversions 

Combined estimates of earlier period 
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Mean of earlier 

estimates 

(excluding Rigby 

et al., 2019) 

2008-

2011 
11.7 9.6 13.8 

Uncertainties are standard 

deviation of the estimates 

Mean of earlier 

estimates 

(including Rigby 

et al., 2019) 

2008-

2012 
10.3 7.4 13.2 

Uncertainties are standard 

deviation of the estimates 

Later period 

Current study 

(CH₂Cl₂, Feng) 

2014-

2018 
11.7 9.2 14.2 

Taiwan interspecies correlation 

with CH2Cl2 emission estimate 

from Feng et al., (2018) 

Current study 

(CH₂Cl₂, Oram) 

2014-

2018 
16.7 14.7 18.7 

Taiwan interspecies correlation 

with CH2Cl2 emission estimate 

from Oram et al., (2017) 

Current study 

(CH₃Cl, 

FLEXPART) 

2014-

2018 
19.4 17.4 21.3 

Taiwan interspecies correlation 

with CH3Cl emission estimate 

from Fang et al., (2019) using 

FLEXPART inversion model 

Current study 

(CH₃Cl, NAME) 

2014-

2018 
18.1 15.3 22.4 

Taiwan interspecies correlation 

with CH3Cl emission estimate 

from Fang et al., (2019) using 

NAME inversion model 

Current study 

(CCl₄, 

FLEXPART) 

2014-

2018 
17.0 9.1 24.9 

Taiwan interspecies correlation 

with CCl4 emission estimate from 

Lunt et al., (2018) using 

FLEXPART inversion model 

Current study 

(CCl₄, NAME) 

2014-

2018 
22.2 14.3 31.5 

Taiwan interspecies correlation 

with CCl4 emission estimate from 

Lunt et al., (2018) using NAME 

inversion model 

Current study 

(HCFC-22) 

2014-

2018 
26.5 19.6 33.4 

Taiwan interspecies correlation 

with HCFC-22 emission estimate 

from Li et al., (2016) 

Rigby et al. 

(2019) 

2014-

2017 
13.4 11.7 15.1 

Measurements at Gosan, Jeju 

Island, Korea and Hateruma, Japan 

and NAME and FLEXPART 

atmospheric inversions 

Combined estimates of later period 

Mean of current 

study 

2014-

2018 
18.8 14.2 23.5 

Uncertainties are standard 

deviation of the estimates 

Mean of current 

study and Rigby 

et al. (2019) 

2014-

2018 
17.1 12.7 21.5 

Uncertainties are standard 

deviation of the estimates 

Increase 

Average increase 

from 2008-2011 

to 2014-2018 

(excluding Rigby 

et al., 2019) 

2014-

2018 
7.1 2.0 12.2 

The uncertainties are the square 

root of the sum of the uncertainties 

for each time period squared 

Average increase 

from 2008-2011 

to 2014-2018 

(including Rigby 

et al., 2019) 

2014-

2018 
6.7 1.5 12.0 

The uncertainties are the square 

root of the sum of the uncertainties 

for each time period squared 

Other estimates 



196 
 

EIA (2018) 
2012-

2017 
  10.3 12.2 

Bottom-up method based on 

surveys with industry experts, 

reported production data and 

assumptions on emission rates and 

the extent of CFC-11 use 

Wan et al. (2009) 2014 6.038   

Bottom-up method based on 

reported production and estimates 

of emission rates 

Wan et al. (2009) 2015 4.941   

Wan et al. (2009) 2016 3.982   

Wan et al. (2009) 2017 3.088   

Wan et al. (2009) 2018 2.256   

Fang et al. 

(2018) 
2014 8.3   

Bottom-up method based on 

reported production and estimates 

of emission rates 

Fang et al. 

(2018) 
2015 7.2   

Fang et al. 

(2018) 
2016 5.9   

Fang et al. 

(2018) 
2017 5.2   

Fang et al. 

(2018) 
2018 4.5   

Average of Wan 

et al. (2009) and 

Fang et al. 

(2018) 

2014-

2018 
5.1 3.3 6.9 

Uncertainties are standard 

deviation of the estimates 

Mean of current 

study minus 

average of Wan 

et al. (2009) and 

Fang et al. 

(2018) 

2014-

2018 
13.7 8.7 18.7 

The uncertainties are the square 

root of the sum of the uncertainties 

for the estimates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


