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Abstract

The main aim of this study was to investigate the atmospheric histories of several important
halogenated trace gases since the middle of the last century. These compounds affect the
atmosphere by either destroying stratospheric ozone (chlorocarbons and bromocarbons) or by
significantly affecting the Earths radiative budget (fluorinated greenhouse gases). | report
measurements of these compounds in air extracted from firn air samples from the North
Greenland Eemian Ice Drilling (NEEM) project as well as other Arctic and Antarctic firn air
sampling projects. Using a firn diffusion model and a number of dating techniques, | was able
to reconstruct both northern and southern hemispheric atmospheric time series. The
compounds observed in this study consisted of the chlorocarbons CH;Cl, CHCl;, CH,Cl,,
CCI,CCl,, CH,CICH,CI, C,HsCl and CHCICCIl,; the bromocarbons, CH;Br, CHBrs;, CH,Br,,
CH,BrCH,Br, C,HsBr, CH,BrCl, CHBrCl,, CHBr,Cl and CF;CHBrCl; and the fluorinated greenhouse
gases SFg, SFsCF;, n-C4F1y, n-CsFyy, N-CgF14s, N-C;F1 and CH,F,. The chlorocarbon atmospheric
time series indicate that their mixing ratios generally increased between 1950 and the 1980s,
and after peaking they have decreased significantly. However, since 2000 the rate of this
decline has deceased and some chlorocarbons (CH,Cl, and CH,CICH,ClI) have shown signs of
increasing mixing ratios. The bromocarbon atmospheric time series indicate that their mixing
ratios generally increased between the 1930s and the 1970s, and after peaking they have
decreased significantly and are currently back to around their natural pre-industrial
background mixing ratios. The fluorinated greenhouse gas atmospheric time series show them
to have first appeared in detectable amounts in the atmosphere after 1950. Since their
introduction into the atmosphere all of these compounds have shown significant growth and,
apart from SFsCF;, all are showing continuing growth. Emissions estimates have been derived
for all compounds. The Equivalent Effective Stratospheric Chlorine (EESC) has also been
estimated for the ozone depleting substances, and equivalent CO, emissions estimates for the

greenhouse gases.
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1.1 The role of trace gases in the atmosphere

In recent years there has been an increased interest in the atmosphere especially with regard
to perturbations within the climate system, from the media and the general public as well as
the scientific community. This interest has largely been focussed on the effects that climate
change and stratospheric ozone depletion are having and will continue to have on the

atmosphere.

The atmosphere is defined as the layers of gases surrounding the planet that are retained by
Earth's gravity. These layers are in excess of several kilometres thick and are characterised by
variations in pressure and temperature with altitude. The temperature-altitude profile leads to
the layering of the atmosphere, as a result of transitions from negative to positive temperature
gradient with altitude. These layers which start at the Earth’s surface are known as the

troposphere, stratosphere, mesosphere and thermosphere.

The troposphere is the lowest region of the atmosphere and contains ~80 % of atmospheric
mass. It extends from the Earth’s surface to the tropopause, with its height varying with
latitude and season; being the highest at the tropics during summer and lowest at the poles
during winter. However the tropopause height typically remains between 10 and 18 km. The
troposphere is characterised by turbulent mixing as a result of the negative lapse rate,
resulting in convective instability. The lowest part of the troposphere is known as the planetary
boundary layer, this layer contains inversion regions that hinder the vertical mixing into the
free troposphere above. Above the troposphere is the stratosphere, which is characterised by
limited vertical mixing due to a positive lapse rate, restricting vertical motions. This positive
lapse rate is a result of local heating due to relatively high mixing ratio of ozone (O) in this
region. This layer of relatively high mixing ratio in the stratosphere is generally referred to as

the ozone layer.

The atmosphere is composed mostly of molecular nitrogen (N;) (~ 78 % by volume) and
molecular oxygen (0,) (~ 21 % by volume). The remaining 1 % of the atmosphere is made up of
a number of gases, known as trace gases because they are present in such small mixing ratios.
The most abundant of the trace gases is the noble gas argon (~ 1 % by volume). However,
noble gases, which also include neon, helium, krypton and xenon, are all very inert and do not

generally engage in any chemical reactions within the atmosphere.

The most important of the trace gases in the atmosphere are the greenhouse gases (GHGs)
(section 1.2 for more details) and ozone depleting substances (ODS) (section 1.3 for more

details). The greenhouse gases include carbon dioxide (CO,), methane (CH,), nitrous oxide



(N,0), water vapour (H,0), ozone as well as a range of halocarbon gases. These gases are
involved in the Earth’s natural greenhouse effect which keeps the Earth warmer than it would
be without these gases present in the atmosphere. Apart from water vapour, the most
abundant greenhouse gas (by volume) is CO,, with CO, currently estimated as ~ 390 parts per
million (ppm) (Updated from Forster et al., 2007). However, in recent years anthropogenic
emissions of greenhouse gases, have enhanced this greenhouse effect which may have led to a
warming of the climate system (Forster et al., 2007). In the troposphere ozone behaves like a
greenhouse gas, whereas in the stratosphere it forms the ozone layer, which filters out
incoming ultraviolet radiation from the Sun and helps to protect life from its harmful effects.
However, several groups of compounds destroy ozone in the atmosphere, thus increase the
incoming ultraviolet radiation that reaches the surface. These compounds are known as ozone-
depleting substances. In this study | will define an ozone-depleting substance ODS as any
compound that destroys ozone and not just substances controlled under the Montreal
Protocol as defined in Montzka et al. (2010). These ODSs include the chlorofluorocarbons
(CFCs), the halons, the hydrochlorofluorocarbons (HCFCs), the chlorocarbons and the

bromocarbons.

In this study, | have concentrated my research on trace gases containing at least one halogen
atom (Table 1.1); these gases are known as halogenated compounds. The halogens are a series
of non-metal elements from Group 17 of the periodic table, comprising of: fluorine, (F);
chlorine, (Cl); bromine, (Br); iodine, (1); and astatine, (At). However, in this study | have only
researched halogenated compounds containing fluorine, chlorine and bromine. These halogen-
compounds play an important role in the chemistry of both the troposphere and the
stratosphere. Chlorinated and brominated compounds are very important in the ozone
chemistry of the atmosphere, which is discussed in more detail in section 1.3. Fluorinated
compounds are more important in the energy budget of the atmosphere, which is discussed in
more details in section 1.2. However, it should be noted that some halogenated compounds

are both ODSs and GHGs, notably the CFCs.

One of the key factors, which determine how much effect a trace gas has on the atmosphere,
is the length of time that gas can remain in the atmosphere. This time is known as the total
atmospheric lifetime (t) or turnover time, and is defined as the time required to remove or
chemically transform a trace gas by 1-1/e (~ 63 %) of its global atmospheric burden. The length
of the atmospheric lifetime of a trace gas is also used to define a number of groups of
compounds. The groups of trace gases in this study include the very long-lived substances

(lifetime greater than ~100 years up to thousands of years), long-lived substances (lifetime



greater than a few years but less than ~100 years), the short-lived substances (lifetimes of
greater than 6 months but less than a few years) and the very short-lived substances (VSLS).
VSLS are defined as trace gases whose local lifetimes are comparable to, or shorter than, the
tropospheric transport timescales and that have non-uniform tropospheric abundances
(Montzka et al., 2010). In this study the lifetimes of VSLS are generally defined as being present

in the atmosphere for less than 6 months.

Table 1.1: key information on the trace gases measured in the current study

Trace gas Formula Atmospheric | Major sources: | important in
lifetime (t)* | natural (N)/ the
anthropogenic | atmosphere:
(A) ODS / GHG
Chlorocarbons
methyl chloride CH3Cl 1.0y N OoDs
chloroform CHCl; 149d N/A oDS
dichloromethane CH,Cl, 144 d N/A oDS
tetrachloroethene Ccl,ccly 90d A OoDS
1,2-dichloroethane CH,CICH,CI 65d A OoDS
chloroethane C,HsCl 39d A OoDS
trichloroethene CHCIcCl, 49d A OoDS
methyl chloroform CH5CCls 50y A OoDS
Bromocarbons
methyl bromide CH;Br 0.8y N/A oDS
bromoform CHBr; 76 d N/A oDS
dibromomethane CH,Br, 123d N OoDS
1,2-dibromoethane CH,BrCH,Br 70d N/A oDS
bromoethane C,HsBr 41d N/A oDS
bromochloromethane CH,BrClI 137 d N/A oDS
bromodichloromethane CHBrCl, 121 d N/A oDS
dibromochloromethane CHBr,Cl 94d N/A oDS
halothane CF;CHBrCl 1.0y A oDS
Halon-1202 CBr,F, 29y A OoDS
Halon-1211 CBrCIF, 16y A oDS
Halon-2402 CBrF,CBrF, 20y A OoDS
Halon-1301 CBrF; 65y A oDS
Fluorinated greenhouse
gases
sulphur hexafluoride SFe 650-950y A GHG
trifluoromethyl sulphur SF5CF3 3200y A GHG
pentafluoride
n-decafluorobutane n-CsF1o 2600y A GHG
n-dodecafluoropentane n-CsFq, 4100y A GHG
n- tetradecafluorohexane N-CgF14 3200 A GHG
n-hexadecafluoroheptane n-C;F6 - A GHG
HFC-32 CH,F, 5.5y A GHG

# - Montzka et al. (2010) ,y — years, d — days, ODS — Ozone depleting substances, GHG -
Greenhouse gas



1.2 Trace gases and climate

The climate system is a complex, interactive system consisting of the atmosphere, land
surface, snow and ice, oceans and other bodies of water, and living organisms (/PCC, 2007).
Climate is usually described in terms of the mean and variation in temperature, precipitation
and wind over a period of time, ranging from months to millions of years (the classical period is
30 years) (IPCC, 2007). The climate system evolves under the influence of its own internal
dynamics, as well as due to changes in external factors that affect climate (known as
‘forcings’). These external forcings include natural phenomena such as volcanic eruptions and
solar variations, as well as human-induced changes in atmospheric composition. The climate

system is driven by radiation from the sun (Figure 1.1).
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107\ Radiation 342 Solar Longwave
107 Wm? Radiation Radiation
; 342 Wm* 235 Wm?
Reflected by Clouds,

Aerosol and
Atmospheric
Gases

Emitted by
Atmosphere

Greenhouse
Gases

Absorbed by
67 Atmosphere

Figure 1.1: Estimate of the Earth’s annual and global mean energy balance. Over the long term, the
amount of incoming solar radiation absorbed by the Earth and atmosphere is balanced by the Earth and
atmosphere releasing the same amount of outgoing longwave radiation (Kieh/ and Trenberth, 1997).

There are a number of ways that the energy budget of the Earth can be changed. Changes in
the radiation output of the Sun or the Earth’s orbit affect the incoming solar radiation and thus
the radiation balance. The Earth’s albedo changes, when there are changes in cloud cover,
amounts of atmospheric particles or vegetation cover. Lastly, changes in the mixing ratio of
greenhouse gases in the atmosphere alters the amount of longwave radiation emitted from
Earth which reaches the top of the atmosphere. This last effect is commonly known as the
‘ereenhouse effect’. Climate, in turn, responds directly as well as indirectly, to such changes,

through a variety of feedback mechanisms



In this study, | have been investigating the change in greenhouse gas mixing ratio in the
atmosphere and the effect on global climate. A greenhouse gas (GHG) is defined as a gas in the
atmosphere that absorbs and emits radiation within the thermal infrared spectrum (A - 5.6 um
to 1.0 cm) (Forster et al., 2007). However, the most abundant gases in the atmosphere (N, and
0O,) absorb or emit almost no radiation within the thermal infrared range. Therefore, the
greenhouse effect is mainly governed by trace gases within the atmosphere. This greenhouse
effect from individual compounds is often quantified using their radiative forcing (RF).
Ramaswamy et al. (2001) define RF as the change in net irradiance (W m™, with + taken as
towards the surface) at the tropopause after allowing for stratospheric temperatures to
readjust to radiative equilibrium, but with surface and tropospheric temperatures and state

held fixed at the unperturbed values.

Currently, the combined RF from anthropogenic emissions is estimated to be + 1.6 W m™,
which means that it is ‘extremely likely’ that humans have exerted a substantial warming
influence on climate, since 1750 (Forster et al., 2007). Forster et al. (2007) have also shown
that it is ‘exceptionally unlikely’ that the combined natural RF (changes in solar irradiance plus
volcanic aerosol) have had a warming influence comparable to that of the combined

anthropogenic RF between 1950 and 2005.

However, is not straightforward to assess the potential change in climate resulting from an
individual compound due to its RF. This is because to evaluate the overall climate response
associated with a forcing agent, the temporal evolution and the spatial and vertical structure
of the compound need to be taken into account. In addition, RF does not take into account the
different atmospheric lifetimes of the forcing agents. One way to try and estimate these
effects is by calculating Global Warming Potentials (GWPs). GWPs compare the integrated RF
over a specified period (normally 20, 100 or 500 years) from a unit mass pulse emission
relative to CO, (Forster et al., 2007). Therefore, a high GWP correlates to a compound with

large absorption within the thermal infrared spectrum and a long atmospheric lifetime

In the current study, | have been researching into a group of compounds known as the
fluorinated greenhouse gases (Table 1.1). These gases absorb strongly in the thermal infrared
spectrum with SF;CF; having the largest RF of any compound measured in the atmosphere
(Sturges et al., 2000). These compounds also have very long atmospheric lifetimes (Velders et
al., 2005) resulting in large GWPs, with SFg having the largest GWPs of any compound

measured in the atmosphere (Forster et al., 2007). As a result because of their long



atmospheric lifetime, these gases are making an essentially permanent contribution to the

energy budget of the atmosphere.

The importance of the effects of the fluorinated greenhouse gases on the atmospheric energy
budget are so great, that a number of organizations have been set up to mitigate against their
effects on global climate change. Climate change mitigation is designed to decrease the
intensity of radiative forcing in order to reduce the effects of potential global warming. The
Intergovernmental Panel on Climate Change (IPCC) was established to provide a clear scientific
view on the current state of knowledge in climate change and its potential environmental and
socio-economic impacts. The IPCC was set up by the United Nations Environment Programme
(UNEP) and the World Meteorological Organization (WMO) in 1988 to review and assess the
most recent scientific, technical and socio-economic information, relevant to the
understanding of climate change. Although the work by the IPCC is relevant to policy, the work

produced is policy-neutral and is never policy-prescriptive.

Policy on climate change is undertaken by the United Nations Framework Convention on
Climate Change (UNFCCC). Since 1992, 194 countries have joined the UNFCCC, to cooperatively
consider what they could do to limit average global temperature increases and resulting

climate change, and to cope with any inevitable impacts.

In 1997, the UNFCCC adopted the Kyoto Protocol which legally binds developed countries to
emission reduction targets. These targets amount to an average of five per cent against 1990
levels over the five-year period 2008-2012 (deBoer, 2007). The Protocol’s first commitment
period started in 2008 and ends in 2012, a second commitment period from 2013, with an
undetermined length, has also been set by the UNFCCC. As of September 2011, 191 states
have signed and ratified the protocol. The major distinction between the protocol and the
convention is that while the convention encouraged industrialised countries to stabilize GHG

emissions, the protocol commits them to do so.



1.3 The effect of halogenated compounds on stratospheric ozone

Ozone (0s) is a naturally occurring gas in the atmosphere. Approximately 90 % of atmospheric
ozone is found in the stratosphere, with the region of the stratosphere with the highest ozone
mixing ratio known as the “ozone layer” (Montzka et al., 2010). This layer extends over the
entire globe with some variation in its altitude and thickness. The remaining ozone (~ 10 %), is
generally found in the troposphere. Stratospheric ozone is important as it absorbs ultraviolet-B
(UV-B) and ultraviolet-C (UV-C) radiation. This is essential, because in humans extended
periods of exposure to UV-B radiation results in an increased risk of skin cancer, cataracts and
a suppressed immune system (Kricker et al., 1994). However, tropospheric ozone is also
harmful to humans, plants and other living organisms because ozone reacts strongly to destroy

or alter many biological molecules.

The major mechanism for the production of ozone in the stratosphere is the photolysis of
molecular oxygen (O,) by UV radiation (A < 242 nm) to form oxygen atoms (O). These oxygen
atoms then react with molecular oxygen to form ozone. In the troposphere, ozone is produced
when nitrogen oxides (NOx), carbon monoxide (CO) and volatile organic compounds (VOCs)

react with O, in the presence of UV radiation.

The abundance of ozone in the stratosphere is controlled by a combination of production
rates, destruction rates, and transport of both ozone and other chemicals into and out of the
region of interest. The abundance of ozone varies across a range of time scales: daily variations
in the ozone column are driven by meteorological variability, seasonal variations are driven by
changes in stratospheric temperature and winds and multiannual variations are driven by
changes in solar radiation, by variations in the abundance of ozone reactive gases, and by
interannual variability in stratospheric winds (Montzka et al., 2010). Total ozone values are
often reported in Dobson units (DU), with one Dobson unit defined as a layer of gas that would
be 10 mm thick under standard temperature and pressure (Montzka et al., 2010). Typical

ozone values vary between 200 and 500 DU over the globe (Montzka et al., 2010).

The destruction of ozone occurs via the reaction of oxygen atoms with ozone, as well as
through cyclic chemical reactions involving either odd-hydrogen radicals (HOx: OH and HO,),
nitrogen oxide radicals (NOx: mostly NO and NO,), and halogen radicals. Therefore, any
increase in the abundance of these radicals can result in an enhancement in the destruction
term, leading to a decline in stratospheric ozone. In this study | have researched the effect of
halogenated compounds containing chlorine and bromine atoms on the atmosphere, as a

result of their ability to destroy ozone.



These halogenated radicals get into the stratosphere through the transport pathways
discussed in section 1.4. Once in the stratosphere halogen containing compounds can be
divided into either halogenated source gases or reactive halogen gases. The halogenated
source gases (e.g. CFCs, Halons, chlorocarbons and bromocarbons) are emitted at Earth’s
surface and have been unchanged in their transport into the stratosphere. Once in the
stratosphere, the halogen source gases are converted at different rates to form the reactive
halogen gases, mainly through photolysis. This conversion occurs in the stratosphere because

of the greater intensity of ultraviolet radiation compared to the troposphere.

The most abundant of these reactive halogen gases are typically hydrogen chloride (HCl) and
chlorine nitrate (CIONO,). While these two compounds do not react directly with ozone, they
can be converted easily into more reactive compounds. The most reactive forms are chlorine
monoxide (ClO), bromine monoxide (BrO), and chlorine and bromine atoms (Cl and Br).
Available reactive bromine is generally in the form of BrO, whereas only a small fraction of
available reactive chlorine is in the form of CIO. However reactions on polar stratospheric
clouds in the winter result in CIONO, and HCI nearly being completely converted into CIO.
These gases are then able to destroy ozone through three principal reaction cycles that are

shown in Table 1.2.

Table 1.2: Ozone destruction cycles

Cycle 1 2 3

Reactions CO+0->Cl+0, ClO + ClO = (ClO), ClO+BrO->Cl+Br+0,

or
Cl+0; > ClO+0, (ClO); + hd - CIOO + Cl ClO + BrO = Brcl + 0,
Clo0 - Cl + 0,

BrCl + h9 - Cl + Br
2Cl+20;>2ClI0+20, | = e
Cl+0;>ClO+0,

Br+ O; - BrO + O,

Net 0+0:220, 20230, 20230,
reaction

Table 1.2 shows that in each cycle, the halogen acts as a catalyst because BrO, CIO and Cl react
and are then reformed. In this way, one halogen atom participates in many cycles, destroying
many ozone molecules. This has been highlighted by Montzka et al. (2010) who calculated that
for typical stratospheric conditions at middle or low latitudes, a single chlorine atom can

destroy up to tens of thousands of ozone molecules during its time within the stratosphere.



Cycle 1 is the most important destruction process in the tropical stratosphere at middle
latitudes, where ultraviolet radiation is at its most intense. Solar ultraviolet radiation is needed
to produce atomic oxygen (O) from ozone and molecular oxygen. Cycles 2 and 3 are the more
dominant reaction mechanisms in the polar stratosphere, due to the abundance of ClO and the
relatively low abundance of atomic oxygen. However, during the polar night and other periods
of darkness, ozone is not destroyed by these reaction mechanisms as ultraviolet is required to

complete each cycle and to form and maintain BrO and CIO.

As well as reactive halogened compounds, global ozone abundances are controlled by many
reactions. These include reactions with hydrogen and nitrogen gases, that also act as catalysts
in ozone-destruction cycles. The sources gases for these reactive hydrogen and nitrogen gases
are methane (CH,4) and nitrous oxide (N,O), respectively. Both of these compounds do also
have natural as well as anthropogenic sources. The importance of reactive hydrogen and
nitrogen gases relative to reactive halogen gases is expected to increase in the future, because
the atmospheric abundances of reactive halogen gases are decreasing as a result of the
Montreal Protocol, while CH, and N,O abundances are projected to increase substantially due

to human activities (Montzka et al., 2010)

The importance of these effects on the ozone layer are so great that a number of organizations
have been set up to mitigate against the release of ODS. The World Meteorological
Organization (WMO) / United Nations Environment Programme (UNEP) as well as the National
Aeronautics and Space Administration (NASA) established the Scientific Assessments of Ozone
Depletion to provide a clear scientific view on the current state of knowledge in ozone deletion
and its potential environmental impacts. However, policy decisions on ozone depletion are
undertaken through the Montreal Protocol on Substances that Deplete the Ozone Layer. The
Montreal Protocol was designed to reduce the production and consumption of ozone
depleting substances in order to reduce their abundance in the atmosphere, and thereby
protect the ozone Layer (Gonzdlez et al., 2006). The original Montreal Protocol was agreed on
16 September 1987 and entered into force on 1 January 1989, currently 197 states are signed
up to the protocol. The Montreal Protocol also allows for an acceleration in the reductions
requirements of compounds already covered by the protocol when new scientific information
becomes available. The Protocol has also been amended to enable the control of new
chemicals and the creation of a financial mechanism to enable developing countries to comply.
Since its initial adoption, the Montreal Protocol has been adjusted five times. The latest of
these amendments was the ‘Beijing Amendment’ in 1999, which entered into force in February

2002, for the 178 parties which have ratified the amendment.

10



1.4 Atmospheric pathways of trace gases into the stratosphere

There are two distinct pathways that lead to the arrival of total inorganic chlorine (Cl,) and
inorganic bromine (Br,) into the stratosphere, namely source gas injection (SGI) and product
gas injection (PGI) (e.g. Ko and Poulet, 2003). SGI refers to the transport of a source gas (SG,
e.g. CHsCl, CH3Br) into the stratosphere in the same form as they are emitted at the surface,
where they can be degraded and provided an in-situ source of Cl, or Br,. Whereas, PGl is when
a SG degrades in the troposphere to either an organic intermediate (e.g. CBr,0) or an inorganic
product (e.g. HCI, BrO), which can then be transported into the stratosphere. The efficiency of
these transport pathways depends upon the competition between fast vertical transport and
chemical destruction, or removal via washout before reaching the stratosphere (Hossaini et al.,
2010). The probability of washout decreases with increasing height within the troposphere and
becomes relatively small in the tropical tropopause layer (TTL). The TTL is defined as the level
of the atmosphere between the level of maximum convection outflow (~ 12 km or a potential
temperature of 345 K ) and the cold point tropopause (~ 17 km or a potential temperature of
380 K) (Gettelman and Forster, 2002). This is similar to the “sub-stratosphere” region as
defined by Thuburn and Craig (2002). The potential temperature of an air parcel is define as
the temperature that the air parcel would acquire if adiabatically brought to a standard

reference pressure (1000 hPa).

The halogenated compounds are considered to have reached the “tropical stratosphere” when
they are above the cold point tropopause (CPT), which is climatologically located at 380 K (~17
km altitude) (Montzka et al., 2010). This makes the TTL the source region for both the
stratospheric overworld and the extra-tropical lowermost stratosphere. Figure 1.2 shows a
detailed schematic of the principal dynamical pathways of compounds in the tropics into the

stratosphere (based on Montzka et al., 2010 and Fueglistaler et al., 2009).
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Figure 1.2: Schematic diagram showing the principal dynamical pathways of compounds in the tropics into the stratosphere (based on Montzka et al., 2010 and Fueglistaler et al.,
2009). The position of the tropopause as defined by Montzka et al., 2010 and Clerbaux and Cunnold et al., 2006) is designated by the bold black line. TTL - tropical tropopause
layer, OC - overshooting convection, RDT - Radiatively driven transport Ci — Cirrus cloud, CPT — cold point tropopause, MCO — maximum convective outflow, MT - meridional
transport, Z, - clear-sky zero radiative heating, LMS — lowermost stratosphere.
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Figure 1.2 shows that vertical transport in the lower tropical troposphere above the
boundary layer is dominated by ascent in convective clouds. The outflow from these
clouds are either in a lower layer from about 2 to 5 km (800-550 hPa), or an upper layer
from about 10 to 15 km (300-150 hPa) (Fueglistaler et al., 2009). During this ascent in the
strong moist convective updrafts, soluble chemical species are also scavenged by
precipitation (Barth et al., 2001, Crutzen and Lawrence, 2000 and Mari et al., 2000).
Furthermore the descent of compounds in this region is associated with evaporative
cooling in the lower layer, and radiative cooling in the upper layer (Folkins and Martin,

2005).

Unless emitted directly into the active cell of tropical deep convection, it is unlikely that
shorter lived VSLS (lifetime from a few hours to days) will reach the TTL, whereas longer
lived VSLS (lifetimes from weeks to months) can reach the TTL via a range of transport

pathways (as described in Figure 1.2).

This transport pathway of VSLS has been validated by Aschmann et al. (2009) using a three-
dimensional chemical transport model. Aschmann et al. (2009) also show that the tropical
Western Pacific transports a significant amount of VSLS into the TTL. As well as varying
with region TTL transport has been shown to vary with season by Aschmann et al. (2009)
and Gettelman et al. (2009). Higher VSLS mixing ratio in the TTL are modelled in NH winter
compared against the rest of the year. This is a result of a combination of higher
convective cloud tops reaching the TTL and higher vertical velocities within the TTL
(Gettelman et al., 2009). Deep convection associated with the Indian summer monsoon
could lead to more efficient transport of surface emissions into the TTL in certain regions
during the NH summer (Randel et al., 2010, James et al., 2008 and Donner et al., 2007). The
estimated timescale for this atmospheric pathway is a week compared with the average
timescale of three weeks in NH winter (Stohl et al., 2002). Space-borne observations of trace
compounds by Ricaud et al. (2007) have shown that tropical overshooting convection can
directly inject surface air into the upper TTL and stratosphere. However, due to the rarity in
events and location (Liu and Zipser, 2005), the amount of trace gases that reaches the
stratosphere via overshooting convection is expected to be small on a global basis (Homan et
al., 2010 and Fueglistaler et al., 2009). As well as overshooting convection, Hossaini et al.
(2010) have suggested that large-scale transport and mixing of planetary boundary layer air

into the TTL could also be an important transport pathway for longer-lived VSLS (e.g., CH,Br,).
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Once in the TTL the net exchange into the stratospheric overworld across the cold point
tropopause is regarded as being dominated by large-scale ascent associated with the Brewer-
Dobson circulation (Fueglistaler et al., 2009, Gettelman et al., 2009 and Holton et al.,
1995). The strength of this ascent is controlled by large-scale dynamical processes (Holton
et al., 1995) and this transport allows air to move into regions of the stratosphere where
ozone is depleted. However, the general transport in the upper TTL is large-scale horizontal
motion, with only slow vertical motion (25 to 45 days for compounds to be transported
through the upper TTL (Ploeger et al., 2010 and Kriiger et al., 2009)). Nonetheless, there are
infrequent, localized and rapid (hours) vertical ascent pathways associated with overshooting

convection (Montzka et al., 2010 and Fueglistaler et al., 2009).

Another important pathway into the stratosphere is through the slow, vertical motion driven
by radiative heating in TTL cirrus clouds, above the level of clear-sky zero radiative heating
(Jensen et al., 2011). Again, this transport of compounds through the TTL varies with location
and seasonality (Aschmann et al., 2009, Gettelman et al., 2009 and Kriiger et al., 2009). The
annual mass transport peaks over the tropical Western Pacific during the NH winter and over
the Indian monsoon regions during the NH summer (Montzka et al., 2010 and Fueglistaler et
al., 2005). Currently, observational evidence for direct transport of trace gases from the
surface to the TTL and then into the stratosphere are scarce. Therefore, the relative effect of
boundary layer mixing, convection, and overshooting convection and the influence of washout
on the amount of a trace compound that actually reach the stratosphere are still a matter of

some debate (Montzka et al., 2010).

1.5 Firn structure and processes

In the current study | will research into how the GHGs and ODSs have changed in abundance
over time. This was achieved by observing air extracted from firn in the polar regions. Firn is
defined as the metamorphic transition phase between snow and ice, and is present as a
porous layer overlying an ice sheet. The primary distinction between firn and ice is that firn has
interconnected air-filled pores (open porosity) between the ice crystals, while ice has closed air
bubbles (closed porosity), between which air cannot move. The firn-ice transition occurs at the
bottom of the firn column where the porosity falls to zero. Above this depth the air in the firn
column can still interact with the atmosphere through the open pores. Therefore, the
composition of the firn air is modified by variations in the atmosphere, diffusion,
convection/advection, gravitation and thermal gradient within the firn column. This interstitial

air from within the firn can then be extracted and analysed. The firn column is typically 50-
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110m in depth (Schwander and Stauffer, 1984). The firn column is categorized into three layers
(Sowers et al., 1992) and is primarily based on the porosity of the firn structure and the
diffusion of gases within the column. The three layers are the convective zone, diffusive zone
and the lock-in zone. Figure 1.3 shows these layers as well as the physical processes that effect

the movement of gases in the firn column.
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Figure 1.3: Cross section of firn column to illustrate the changing structure with depth and the physical
processes that effect the movement of gases (Adapted from Bales and Wolff, 1995 and Sowers et al.,
1992)

The convective zone (CZ) is typically confined to the first few meters of the firn column (e.g.
4.5 m at the NEEM site (Buizert et al., 2011)) This depth does vary between different locations
as a result of local meteorological conditions. The CZ is characterised by a low density (typically
<200 kg m™ (Bales and Wolff, 1995)), with the uppermost layer representing the most recent
precipitation. The firn in this layer is very porous, resulting in the firn air being well mixed with
the overlying atmosphere and thus has a similar chemical composition. Air movement in this
region results from thermal convection and wind pumping (Kaspers, 2004). Thermal

convection is the movement of air in the snow or firn due to a temperature gradient. This
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convection is restricted to the top of the firn column (20 - 30 m (Huber et al., 2006 and Landais
et al., 2006)) where there is a strong temperature gradient and is more prominent in highly
porous layers with large gradients (Sowers et al., 1992). This does mean that there is some
thermal convection in the diffusive zone. Wind pumping results in movement of air in the firn
column in response to atmospheric pressure variations (Sowers et al., 1992). Wind pumping
also effects the thickness of the convective zone, with a deeper region occurring with larger
pressure variations. These variations are a result of changes in barometric pressure, turbulent
winds at the surface of the ice sheet, or pressure gradients induced by winds travelling over

surface undulations (Sowers et al., 1992).

The airflow associated with wind pumping deceases with depth, due to the decrease in
porosity and permeability, until it becomes negligible compared to that from molecular
diffusion. Therefore, shallower CZ are characteristic of a high density firn layer with high
tortuosity (Sowers et al., 1992). Kawamura et al. (2006) suggested that there is a relationship
between low accumulation rate and deep convection zones. Also, Colbeck (1989) suggested
that deeper sections are produced by high wind speeds over topographic features producing
long wavelengths. The extent of the CZ can be inferred from measurements of 6N, which
should increase linearly with depth within the firn column as a result of gravitational
separation. Measurements of 8°N remain consistent with depth within the CZ (Buizert et al.,
2011). Measurements of very rapidly growing atmospheric compounds (e.g., HCFC-22, HFC-
141b, 142b) can also be used to infer the depth of the zone (O'Doherty et al., 2004).

The zone below the CZ is called the diffusive zone or DZ, because transport is dominated by
diffusion (Sowers et al., 1992). The zone is characterised by increasing density with depth due
to the augmenting weight of the overlying firn (Bales and Wolff, 1995). Density in this zone is
typically between ~200 and 800 kg m™ (Bales and Wolff, 1995). In the diffusive zone, porosity
decreases within the firn, and transport of gases becomes unaffected by surface turbulence
and pressure variations. The movement of air in this region is primarily due to diffusion and
movement of gases due to gravity (Sowers et al., 1992). The diffusion within the firn is
governed by Fick's laws of diffusion and is composed of both molecular and eddy diffusion.
Molecular diffusion is a microscopic process originating in the thermal motion of the
molecules, whereas eddy diffusion refers to mass transfer caused by macroscopic flow
patterns in the open porosity of the firn (Buizert et al., 2011 and Rommelaere et al., 1997). This
diffusion of compounds in the firn column decreases with depth as the diffusive path becomes
increasingly tortuous as a result of the densification process (Schwander et al., 1988). The

chemical composition in the overlying atmosphere which is in equilibrium will also deviate in
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the firn column due to gravitational enrichment. Gravitational enrichment results in heavier
molecules and isotopes becoming progressively enriched with depth (Sowers et al., 1989 and
Craig et al., 1988). This means that in the DZ, movement is controlled by diffusion and
gravitational settling, which are dependent on the effective diffusivity of the firn as well as the

mass and molecular diffusivity of an individual species.

The lock-in depth is defined as the depth at which gravitational enrichment stops, (63 m at the
NEEM site (Buizert et al., 2011)). Below this depth is the lock-in zone or LIZ. In this region,
transport is dominated by advection within the firn matrix. This is also the region where the
majority of bubble closure/occlusion occurs (Sander et al., 2003 and Rommelaere et al., 1997).
The diffusivity in this zone is so low that gas transport ceases and the composition of air
composition is no longer modified until it reaches the ‘close-off’ and is occluded into ice
bubbles. However, recent research by Buizert et al. (2011) found strong evidence that
diffusivity does not vanish completely in the firn lock-in zone. Landais et al. (2006) and
Schwander et al. (1997) show that LIZ is generally around 10 m at most sites. However, the
depth varies from site-to-site depending on the site temperature and accumulation rates, with

a larger LIZ typical at high accumulation sites (Sowers et al., 1992).

At the bottom of the LIZ is the close off zone / firn-ice transition zone where complete pore
close off occurs isolating the air from the overlying atmosphere. This is then preserved for
thousands of years in the ice. The close off zone is characterised by the critical density interval
between 800 kg m™ and 830 kg m™ (Schwander et al., 1997). Usually, sites with higher
accumulation rates and colder temperatures will have deeper close off zones and thus, a
longer firn column (Sowers et al., 1992). The trapping of air at the bottom of the firn column,
has to be balanced by an air flux divergence. This results in a downward “air flux” in the whole
firn column, with the vertical velocity of this flux depending on the trapping of air into ice
bubbles and on the open porosity of the column (Rommelaere et al., 1997). As a result of these
physical processes, the air that is diffusing through the firn experiences a certain degree of
smoothing such that at any particular depth, the age of the air is not specific to any particular
year but is representative of a spread of ages (Schwander et al., 1993). The spread of ages

increases with depth and depends on the individual firn column.

Firn air provides a continuous record of atmospheric composition which is ideal for
reconstructing atmospheric time series from the present up to a century back in time (Battle et
al., 1996 and Schwander et al., 1989). The porous structure of the firn enables large volumes of

air to be extracted and sampled for a wide range of trace gas analyses.
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1.6 Scientific rationale and research questions addressed in the current study

Since the publication by Schwander et al. (1989), many studies have used firn air to reconstruct
the atmospheric time series of trace gases. This has increased the scientific knowledge of
these compounds by bridging the age gap between direct atmospheric observations and any
ice core records (Etheridge et al., 1998). Several of these studies include Butler et al. (1999)
who obtained records for CFCs and chlorocarbons from firn air at the South Pole (Antarctica),
Siple Dome and Tunu (Greenland). Sturges et al. (2001a and 2001b) presented reconstructed
atmospheric time series for several organobromine gases (CHBrs;, CH,Br,, CHBrCl,, CHBr,Cl and
CH,BrCl) and carbonyl sulfide (COS) in firn air sampled at Dronning Maud Land, and the Dome
C site. Mixing ratios of CO,, CFCs and chloroform have been reported by Trudinger et al. (2004,
2002 and 1997). Sturges et al. (2012 and 2000) presented atmospheric records of SFs and
SFsCF; from northern (including the NEEM site) and southern hemispheric firn air. Aydin et al.
(2004) presented time series of CH;Cl from Antarctic firn air. Worton et al. (2007) presented
the long term atmospheric time series of CF, and C,F¢ in Berkner Island and NGRIP firn air,
whilst Laube et al. (2012 and 2008) reported the time series of n-C4F1o, N-CsF15, N-CeF14, N-C;F 15
and HFC-227ea from the NEEM site. There are currently no published northern and southern
hemispheric time series from firn air of most of the chlorocarbon and bromocarbons. The
majority of the published atmospheric time series for the fluorinated greenhouse gases have

used the air firn measures produced in the current study.

In this study, the reconstructed atmospheric time series of the chlorocarbons, bromocarbons
and the fluorinated greenhouse gases from northern and southern hemispheric firn air are
discussed in Chapter 3, 4 and 5. Comprehensive literature reviews of the individual compounds
are also presented in the individual Chapters. Some of the key research questions that form

the scientific basis of the current study include:

o Can firn air measurements combined with a multi-site firn model be used to reconstruct

both northern and southern hemispheric atmospheric time series of traces gases?

¢ What effects have chlorocarbons and bromocarbons had on the atmosphere in the 20"

and early 21* centuries?

e What effects have the fluorinated long-lived greenhouse gases had on the atmosphere in

the 20" and early 21 centuries?
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e How have the emissions rates of these compounds varied in the 20" and early 21%

centuries?

¢ What has been the relative importance of naturally emitted trace gases to the
atmosphere compared with purely anthropogenic emitted trace gases in the 20" and early 21

centuries?
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Chapter 2: Methodology

2.1 Introduction
2.2 Firn air extraction (NEEM Site)
2.3 Trace gas measurements
2.4 Calibration
2.5 Atmospheric modelling
2.5.1 Firn modelling

2.5.2 Atmospheric time series produced using the LGGE method

2.5.3 Atmospheric time series produced using iterative dating methods
2.5.4 Emissions estimates

2.5.5 2-Box atmospheric model
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2.1 Introduction

In Chapter 1 it was highlighted that measurements of trace gases are needed to obtain a full
understanding of the chemical composition of the atmosphere. The development of high
precision measurements from firn air samples at the University of East Anglia (UEA) was an

essential prerequisite for this study.

Details of the firn air extraction methodology and details of the North Greenland Eemian Ice
Drilling (NEEM) firn site are presented in Section 2.2. The methodology for halocarbon
measurements from NEEM firn air samples is presented in Section 2.3, with the firn air /

atmospheric modelling used in this study presented in Section 2.4.

2.2 Firn air extraction (NEEM Site)

Firn air can be used as an archive of old air and when extracted and analysed for its gas
composition, the firn record can potentially produce a time series dating back to the early
twentieth century. The advantages of using firn air to reconstruct atmospheric time series, are
that relatively large volumes of samples (compared to ice core sampling) are collected.
Therefore a number of repetitive measurements can be made on the same sample which helps
to improve the analytical precision. Also the firn air samples represent a spectrum of different
ages which can be analysed in a short span of time, whereas real-time observations measured
over a long period have a problem with potential drifts in instrumental analysis or reference
scales. Nevertheless the atmospheric time series from firn air are subjected to several
uncertainties pertaining to the structure of the firn and the physical processes that modifies

the trace gas concentrations.

In this study firn air samples collected from the NEEM firn site, were measured for a number of
trace gases. These observations along with measurements from previous firn air
measurements from other northern hemispheric firn sites, North Grip (NGRIP) and Devon
Island (DI), as well as from southern hemispheric firn sites, Dronning Maud Land (DML) and
Dome Concordia (DC), were used to reconstruct the atmospheric time series of these

compounds. The general properties of these firn air sites can be found in Table 2.1.

Further details of the NGRIP site can be found in Worton et al. (2006) and Reeves et al. (2005).
Information on the Devon Island, Dome C and DML sites is contained in Sturges et al. (2001a),
with the sampling procedures at these sites presented in Sturges et al. (2001a) and Schwander

etal. (1993).
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Table 2.1: General properties of firn air drill sites.

Northern Hemisphere Southern Hemisphere
Firn Sites NEEM NGRIP DI DC DML
Drill date July. 2008 July. 2001 April. 1998 Jan. 1999 | Jan. 1998
Location 77°27'N 75°10'N 75° 20°'N 75°10'S 77°S
51°3' W 42°30' W 82° 08'W 123°35'E 10°W

NEEM is an international ice core and firn air research project aimed at retrieving an ice core
and firn air samples from North-West Greenland. The project logistics was managed by the
Centre for Ice and Climate, Denmark, and the air support is carried out by US ski equipped
Hercules managed through the US Office of Polar Programs, National Science Foundation. The
co-ordinates of the NEEM sites are 77.445°N, 51.066°W, 2484 m.a.s.| with the main camp

infrastructure being constructed during the 2008 season (Figure 2.1) (Schwander et al., 2008).
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Figure 2.1: Location of NEEM and firn-air sampling sites (Image courtesy of Jakob Schwander)

An automatic weather station was located 7 km away from the main NEEM camp. This
weather station indicated that the prevailing wind direction at the site was from 130 degrees,
with an average atmospheric pressure of ~745 hPa. The climatic data of the site indicates that
the annual mean temperature was -28 °C (from downhole measurements) and an ice

accumulation rate of 224 mm yr* (Schwander et al., 2008).

The firn air sampling was located at 77.43 °N, 51.10 °W, which was 1.5 km SW (220°) from the

main camp on the edge of the NEEM clean air sector (Figure 2.1). This location was selected so
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that the sampling would avoid contamination from the main camp (e.g. generator and
vehicles). This was achieved by going up wind of the prevailing wind. The sampling also had to
be at least 1 km away from the skiway, however it still needed to be a reasonable distance to
the main camp in order to limit the time needed for movement of equipment and personnel.
The sampling also need to take place outside of the designated clean sector, with was
designated as a 90 degree sector between SE and SW. The generator for the firn sampling was
placed 80 m downwind inorder to minimize air contamination. Vehicles were parked near the

generator and within the last 80 m all equipment was transported by manhauling.

The main sampling was done from 2 downholes (EU: S2 and US: S3) separated by 63.5 meters
(Figure 2.1). In this study only measurements from the EU : S2 will be reported. The downholes
were drilled with a diameter of 103.6 mm using a Danish electromechanical shallow drill. This
drill produces an ice core of 78 mm diameter. In order to have an undisturbed surface for the
first sampling levels, the first 10 m were drilled with a hand auger which produced the same
diameter hole and core. The EU hole was drilled in 17 days between the 14™ and 30" of July

2008, with a maximum depth of 86 m (Table 2.2) (Schwander et al., 2008).

Two separate firn air sampling systems were used for the EU and US firn air extractions. Both
sites were powered by one 50Hz generator, which was changed on the 25" of July due to a
slight problem with the voltage regulator. The sampling procedure for trace gases was similar
to that used during previous projects (Sturges et al. 2001b and Schwander et al. 1993) in that
the hole was drilled to a certain depth level. The exact depth was determined using a
measuring tape. Immediately afterwards, the bladder was lowered and inflated and the gas
pumps were started. The CO, mixing ratio was monitored by a MAIHAK CO, analyzer to check
the quality of the air pumped from the firn. Filling of the 3 | SilcoCans was started after the CO,
mixing ratio reached a constant level. The sample flasks were then generally stored outside of
the shelter in the original boxes. The Bern bladder assembly used for the extraction of firn air
is shown in Figure 2.2. The outside diameter of the bladder was 95 mm, leaving a 4.3 mm

clearance with the hole wall (Schwander et al., 2008).
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Figure 2.2: Bern Bladder: Left: 4-meter butyl bladder. Right: Lower end-cap. The air from above the
central disk (Bender baffle) is in general vented to the atmosphere (reduce potential contamination
from bladder). SYNFLEX-1300 tube ends were plugged with small amount of glass wool to prevent ice
dust to enter. (Image courtesy of Jakob Schwander)

The tubing and bladder were leak-tested, with slight changes in pressure during these tests
being taken as artefact of the pressure gauges and not a leak in the system. This conclusion
was supported by a breathing air test on the fittings while analysing for CO, which showed no
signs of leaks. The bladder reached the diameter of the hole with an overpressure of 0.1 to 0.2
bar. The exact pressure was dependent upon the temperature and relaxation time. Tests then
showed that the bladder formed an air tight seal at pressures above 0.2 bar. During sampling
the bladder was pressurised to an overpressure of 0.35 bar, apart from at the lowest level,
when an overpressure of 0.4 bar was used (Schwander et al., 2008). The hole was drilled about
18 m from the (University of Bern) firn gas pumping equipment (Figure 2.3). The length of

tubing used was ~120 m, resulting in a maximum sample depth of 100 m.
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Figure 2.3: (University of Bern) Firn gas pumping equipment. The moisture trap was not used for the
UEA samples (Image courtesy of Jakob Schwander).

The samples were filled according to the instructions of the participating laboratories. The
sampling method used for the samples collected for this study were similar to those used by
other laboratories. However the Mg(ClO,), water trap was not used for the UEA samples
(Figure 2.3). This was to make sure that no traces gases were scrubbed from the sample. The
samples were filled into 3 | SilcoCans that had been evacuated and baked out at 100 °C for 24
hours, and then filled with 2 bar Oxygen Free Nitrogen (OFN), before being sent to Greenland.
After the SilcoCans were attached to the firn gas pumping equipment, they were evacuated,
then twice filled to 1 bar over ambient before being evacuated again. Finally the SilcoCans

were filled to 2.8 bar (40 psi) at a constant flow rate of ~ 5 | min™.

A total of 34 firn air samples were taken for this study between the 15" and the 29™ of July
2008 (Table 2.2). Also 10 atmospheric samples were taken on three different days (16", 17"
and 29" of July 2008) during the sampling period. No serious problems were recorded during
the sampling produce. However, the CO, concentrations at 75.9 m and 77.75 m (Schwander et
al., 2008), were slightly higher than expected. This was most likely due to the interconnecting
layers within the firn porous structures. As the number of interconnections decrease with
depth, the probability of interconnections to higher strata is larger than to deeper strata.

Therefore the average sampling depth is most likely to be closer to the surface than the actual

depth of the sample inlet.
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Table 2.2: Sampling depths and collection date of the UEA samples

Sample No. | Depth (m) Collection Date
1 Surface 16/07/2008
2 Surface 16/07/2008
3 Surface 17/07/2008
4 Surface 17/07/2008
5 Surface 17/07/2008
6 Surface 29/07/2008
7 Surface 29/07/2008
8 Surface 29/07/2008
9 Surface 29/07/2008
10 Surface 29/07/2008
11 2.50 15/07/2008
12 4.90 16/07/2008
13 4.90 16/07/2008
14 7.55 16/07/2008
15 10.10 17/07/2008
16 14.80 17/07/2008
17 19.75 18/07/2008
18 19.75 18/07/2008
19 27.54 18/07/2008
20 34.72 20/07/2008
21 42.42 21/07/2008
22 42.42 21/07/2008
23 50.00 21/07/2008
24 54.90 21/07/2008
25 57.40 22/07/2008
26 57.40 22/07/2008
27 59.90 22/07/2008
28 61.95 23/07/2008
29 61.95 23/07/2008
30 63.85 23/07/2008
31 65.75 23/07/2008
32 65.75 23/07/2008
33 68.05 24/07/2008
34 68.05 24/07/2008
35 70.05 24/07/2008
36 70.05 24/07/2008
37 72.00 25/07/2008
38 72.00 25/07/2008
39 74.08 25/07/2008
40 74.08 25/07/2008
41 75.90 27/07/2008
42 75.90 27/07/2008
43 77.75 27/07/2008
44 77.75 27/07/2008

26



2.3 Trace gas measurements

Trace gases (CHsCl, CHCl;, CH,Cl,, CCI,CCl,, CH,CICH,CI, C,HsCl, CHCICCI,, CH3Br, CHBr3, CH,Br,,
CH,BrCH,Br, C,HsBr, CH,BrCl, CHBr,Cl, CHBrCl,, CFsCHBrCl, SFs, SFsCF3, n-C4F10, N-CsF1;, N-CgFy4
and n-C;F.5, HFC-32) were measured in firn air samples from NEEM firn site. The methodology
for the analysis of trace amounts of atmospheric halocarbons is well established at UEA. A
brief description is included below and further details can be found in Laube et al. (2012),

Oram et al. (2011) and Laube et al. (2010).

The trace gas measurements in this study were performed on a Waters® Micromass®
AutoSpec PremierTM Mass Spectrometer (MS). This instrument uses electron ionization (El)
and has double-focusing electric sectors and a magnetic sector in an EBE configuration which
provides measurements that have high sensitivity, high resolution and low background noise.
The first electric sector has de-magnifying optics that give high resolution and sensitivity
whereas the second electric sector improves abundance sensitivity by filtering unwanted
metastable ions and reducing background noise. The mass spectrometer was coupled with an

Agilent 6890 gas chromatograph, which was used to separate the analytes.

An in depth analysis of Gas Chromatography (GC) and the principles of Gas Chromatography-
Mass Spectrometry (GC-MS) is beyond the scope of this study. A brief description of the
techniques | used in this study are included below and further details can be found in Heard

(2006) and Skoog (2004)

In gas chromatography, a mobile phase, known as the carrier gas, transports components of a
gas mixture to be separated through or over a stationary phase (column), separating them
according to differences in the rates of migration. In this study | used an Agilent 6890 gas
chromatograph with an Agilent GS- GasPro column (length 30 m, ID 0.32mm). The GC was run
in “constant flow” mode of 2.0 ml min™. In “constant flow” mode, inlet pressure increases
automatically to maintain constant outlet flow rate as the oven temperature increases during
the run. Constant flow mode reduces run time and ensures that flow-sensitive detectors see a
constant column effluent flow. The carrier gas used in this study was research grade helium.

Table 2.3 below shows the temperature programme for the GC.
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Table 2.3: Temperature Programme for the GC

Stage | Start Time | End Time | Initial Temp (°C) | Final Temp (°C) Rate (°C/min)
(mins) (mins)

1 0.00 2.00 -10 -10 0

2 2.00 23.00 -10 200 10

3 23.00 26.00 200 200 0

After the samples have been separated by the GC, they are introduced in to the ion source of
the MS. In the ion source, the analytes eluting from the GC undergo electron ionisation, which
produces molecular ions and ion fragments. The initial step of electron ionisation is that the

molecule (e.g. SF¢) gains a high energy electron and produces the SFs ** molecular ion:

SFe+e > SFe™ +2e (Equation 1)

+o

Then due to sufficient excess energy the charged SFg ions may undergo further
fragmentation into lower mass ions by losing one or more fluorine atoms. For example, the

loss of one F atom will produce a SFs" ion:
SFe ™ > SFs" +F° (Equation 2)

This would give a peak with mass 127 in the mass spectrum in addition to the molecular ion
peak at mass 146. Similarly, peaks at masses 108 and 89 may also be present, due to SF," and
SF;" ions respectively. These ions are then focused and accelerated towards the magnetic
sector by a series of electrostatic slits and then on to a photomultiplier tube for detection. The
MS was run in the Selective lon recording (SIR) mode, in which the mass analyser is set to pass
only ions of a particular mass to charge ratio (m/z) at a set time. Table 2.4 shows the SIR

programme used in this study.

As well as El, this study also used chemical ionisation in combination with gas chromatography
to measure the Halons from the firn air samples. In chemical ionisation, ions are produced
through the collision of the molecule to be analysed with primary ions present in the source. In
the El method, the ions tend to acquire a large amount of excess energy, which leads to
additional fragmentation. However, in Cl technique, the ions acquire less energy which leads
to less fragmentation and therefore is known as a “softer” ionization technique (Heard, 2006).
In Cl, both positive ions and negative ions can be produced. In this study only negative

ionisation was used. The reactant gas ions are created by leaking a reactant gas into an ion
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source where they interact with an electron beam to produce primary ions. In this study
methane was used as the reagent. The reagent ions then react with the sample molecules of
interest to produce ions. The advantages of this method, is that only a few negative ions are
produced, which results in a low signal background and thus a clear peak shape. This helps
with the identification of peaks and the precision of the measurements. Also the mass
spectrum produced is easily decipherable, especially for complex sample mixtures (e.g.
ambient air). This means that trace gases of interest in the sample can be detected
preferentially over the more abundant species (e.g. N, and O,). The disadvantage of this
method, is that there is poor specificity between the analytes. This is a result of the Cl
producing the same ions and thus the mass to charge ratio for all chlorine or bromine
substances (e.g. "°Br and ®'Br for bromine substances). Therefore analytes can only be

identified by their retention time.
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Table 2.4: Experimental SIR programme used in the GC-MS analysis of compounds in this study

Function # Start Time End Time Compound Retention Quantification Qualification Channel Monitored lon
(min) (min) Time (min) m/z m/z Time (ms)
1 4.00 7.00 SFs 4.75 126.96410 80.0 SFs"
Ci6Fs Lock Mass 113.13300 40.0 CgHy7"
2 7.00 8.70 CH,F, 7.90 51.00460 60.0 CHF,"
52.01250 60.0 CH,F,"
Ci6F3a Lock Mass 57.07040 40.0 CiHs"
3 8.70 11.50 SF<CF5 9.80 88.96730 60.0 SF;*
CFC-12 10.20 86.96270 40.0 cr el
100.96410 60.0 cFcl,’
Ci6F3a Lock Mass 99.11740 40.0 CoHis"
4 11.50 12.40 CH,Cl 11.90 49.99230 5.0 CH, >l
51.98940 40.0 CHs'cl'
Ci6Fs Lock Mass 57.07040 20.0 C4Ho'
5 12.40 14.15 CH5Br 13.80 93.94180 60.0 CH5"°Br"
95.93980 60.0 CH5 'Br'
CicFaa Lock Mass 99.11740 40.0 C/Hys
6 14.15 15.50 CFC-11 14.60 101.93610 10.0 cF®cl,’
102.93320 10.0 cF>cl¥clt
Ci6F3a Lock Mass 99.11740 20.0 CoHis
7 15.50 17.00 C,HsCl 16.00 64.00800 20.0 CHs>cl
CH,Cl, 16.30 83.95340 20.0 CH,cl,’
85.95040 20.0 cH,”cl¥clt




T€

Function # Start Time End Time Compound Retention Quantification Qualification Channel Monitored lon
(min) (min) Time (min) m/z m/z Time (ms)
Ci6F3s Lock Mass 85.10170 20.0 CeHys'
8 17.00 17.60 CFC-113 17.35 100.93610 10.0 ccl,F*
C,HsBr 17.54 107.95750 60.0 C,Hs°Br*
109.95540 60.0 CHs 'Br
CieFaa Lock Mass 99.11740 20.0 CHis'
9 17.60 18.70 CH,BrCl 17.90 129.90080 100.0 cH,*'Brcl’
CHCl, 18.00 82.94550 20.0 CH®cl,’
84.94260 20.0 cH*cl’crt
Ci6Faa Lock Mass 99.11740 40.0 CHis'
10 18.70 19.25 CF5CHBrCI 19.10 156.9514 80.0 crFc”Brcl’
CHcIccl2 19.35 129.91440 40.0 cH>cic®cl,’
133.90850 40.0 cH>”cicYcl,’
Ci6Fs Lock Mass 141.16430 60.0 CioHy"
11 19.25 20.10 CH,Br, 20.00 92.93400 20.0 CH,”’Br"
94.93190 20.0 CH,”'Br"
CHBrCl, 20.07 82.94550 20.0 cH>cl,’
84.94260 20.0 cH”ccr
CH5CCl, 20.11 96.96120 20.0 CH,Ccl;*
Ci6Fs Lock Mass 85.10170 20.0 CeHys"
12 20.10 21.00 ccl,ccl, 21.00 93.93770 40.0 cal’
95.93480 40.0 c,>ccrlt
CH,CICH,Cl | 21.00 61.99230 60.0 CH,>cIcH?
63.98940 60.0 CH,>’cIcH?
CiFaa Lock Mass 71.08610 30.0 CsHut'




[43

Function # Start Time End Time Compound Retention Quantification Qualification Channel Monitored lon
(min) (min) Time (min) m/z m/z Time (ms)
13 21.00 22.50 CHCIBr, 21.80 128.89300 100.0 cH”ci*Br
126.86500 80.0 cH”cl”Br'
Ci6Fs Lock Mass 127.14860 60.0 CoHyg"
14 225 26.00 CHBr; 23.60 172.84250 100.0 CH””Br*'Br*
170.84450 20.0 CH”Br,"
CH,BrCH,Br | 23.60 106.94760 160.0 CH,”’BrCH,"
108.94760 20.0 CH,*'BrCH,"
Ci6F3a Lock Mass 141.16430 60.0 CioHa"




The mass spectrometer was tuned and mass calibrated every day before any measurements
were made. This was achieved by introducing hexadecane (CisF34) as a reference gas into the
source, before tuning the electron energy and emission current to maximise ionisation
efficiency. The ion repeller and the focusing lenses were also adjusted to optimise the peak
shape and intensity. After this tuning was competed it was saved in the tuning file, before the
mass calibration procedure were carried out for the SIR programme. In the mass calibration
process, the accelerating voltage is scanned over the selected mass range and the major peaks
matched with the tuning file. This ensures that the peak positions and the masses are correctly
identified with each function in the SIR programme being calibrated separately. A lock mass is
used to provide corrective measures to account for small changes in the peak position that can
be caused by slight fluctuations in the magnetic field during SIR measurements. As a result a
mass corresponding to a hexadecane ion is included in each SIR function as a lock mass (Table
2.4). The computer software makes sure that the centroid of the lock mass peak is monitored.
Therefore if the lock mass peak position changes then the mass calibration is automatically

corrected accordingly for all the masses monitored in that function.

Before the samples were injected into the GC-MS they were pre-concentrated to increase the
sensitivity of the measurements. The main process of the pre-concentration, is to separate the
measured compounds from the bulk of the air sample (primarily N, and O,) by cryogenic
trapping. In this study the cryogenic trapping consisted of a 1/8” stainless steel tubing packed
with Hayesep D, 80/100 mesh (HD trap) and immersed in a ethanol and dry ice (-72 °C)
mixture. After pre-concentration, the compounds on the HD trap were thermally desorbed

using boiling water (100 °C) and injected into the analytical column of the GC.

There was a possibility that samples were not consistently being fully flushed off the HD trap
and onto the column especially if there were large concentrations introduced. To establish the
capacity of the HD trap, several measurements of different volumes of a sample were
compared to different volumes of the standard gas were carried out. Figure 2.4 shows that
CH3Br peak area is linearly correlated with the volume of sample injected up to 250 ml of
sample volume, indicating that CH;Br is being fully flushed off the HD trap. However CHBr;
peak area is not linearly correlated with the volume of sample injected, indicating that CHBr;

was not being fully flushed off the trap and into the column of the GC-MS.
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Figure 2.4: Sampling linearity test for CH;Br (blue point) and CHBr; (red points) trapping.

A schematic of the manual inlet system used for GC-MS analysis during this work is shown in
Figure 2.5. The inlet system consists of Nupro valves used to isolate the inlet line from the
vacuum, glass tubing packed with magnesium perchlorate (MPC) to remove any water vapour
from the samples, the HD trap for sample pre-concentration and a manually operated Valco 6
port Valve (Homan et al., 2010) for injecting samples into the GC. The flow rate of sample
through the pre-concentration trap was controlled by a needle valve. A consistent flow rate is
important in order to achieve efficient trapping and to avoid sample breakthrough. A
reference canister was located downstream of the trap and had a volume of 6 L. The pressure
was measured downstream by a baratron. The reference canister prevented any back diffusion
of lab air into the inlet system and also made it possible to measure the sample volume.
Therefore once the desired sample volume was collected then the HD trap was isolated from
the sample flow. Then the Valco valve was switched into the sample injection position and the
ethanol and dry ice dewar was swapped with a dewar containing boiling water to desorb the
analytes off the HD trap. After sample injection, the entire line including the reference canister

was evacuated.
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Figure 2.5: Schematic diagram of the inlet and pre-concentration set-up for the GC-MS
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At the beginning of each measurement day, the reference standard (AAL-071170) held at UEA
was analysed to allow for the instrument to settle down. Once the instrument response was
stable, a He blank was run to show if there were any contaminants in the pre-concentration
system or the GC-MS. After the He blank then a reference air standard was run, followed by 2
duplicate runs of the same sample and then another reference air standard run. This pattern of
2 duplicate runs of the same sample followed by a reference air standard run was then

repeated up to end of the measurement day.

Peak areas were used to quantify each compound of interest in a sample. These peak areas
were then calculated as a relative ratio to the average area of the working standard, and then
multiplied by the concentration of that compound in the working standard (Table 2.3). During
a measurement day the instrument response factor may change (known as instrumental drift),
resulting in the working standard recording slight variations in area response values. Therefore
data for every sample was corrected for this instrumental drift. The drift correction was
applied by fitting a time dependent straight line between the peak areas of the reference
standards measurement before and after the sample measurements. The sample peak areas
were then normalised to this line by interpolating a correction factor. The precision of
replicate measurements was further improved by correcting the peak areas for the differences

between pre-concentration volumes.

The analysis of trace gases in firn air, archive air and in background air is well established at
UEA (e.g. Worton et al., 2006, Reeves et al., 2005 and Sturges et al., 2001). Peak identification
was made based on retention time and the ions being monitored in each SIR function (Table
2.4). Below are the typical chromatograms of a SFs peak, CH,Cl, peak and CF;CHBrCl peak
(Figure 2.6).
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Figure 2.6: A typical chromatogram of (a) SFs peak (m/z = 126.96410, ppt = 5.89), (b) CH,Cl, peak (m/z =
83.95340, ppt = 31.08) and (c) CF;CHBrCl peak (m/z = 156.9514, ppt = 0.007), monitored on in 250 ml of
AAL-071170 standard.
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The analytical precision of the sample measurements was calculated as the square root of the
sum of the squares of one standard deviation (1 o) of the replicate analyses at each sampling
depth (either 2 or 4 measurements see Table 2.2 for details), 1 o of the reproducibility of the
standard on the measurement day and the 1 o of the reproducibility of the He blank taken
throughout the measurement process. The replicate analysis defines the 2 duplicate runs of
the same sample that were taken next to each other during that days sampling process for
every sample measured. The reproducibility of the standard is the taken as one standard
deviation of all the standards measured throughout the day. The reproducibility of the He
blank is taken a 1 o of every He Blank measurement taken throughout the whole of the

measurement procedure (10 in total).

The limit of detection is the lowest concentration that can be determined by an analytical
method. In this study the detection limit was defined as the analyte concentration that has a
signal three times the standard deviation of the blank/background signal. It should be noted
that the detection limit varies, depending on the compound being analysed, the choice of
monitored ion, the background noise, the ionising conditions and the volume of air sample
analysed. Table 2.5 shows the typical value of the detection limit for each individual compound

measured in this study, as well as the typical analytical uncertainties.

Table 2.5: The detection limits of the individual compounds based on 250 ml of standard air
analysed and typical analytical uncertainties.

Compound | Detection limit (ppt) | Typical analytical uncertainties
CFC-11 0.061 0.5%
CFC-12 0.094 0.6 %
CFC-113 0.015 1.3 %
CH;Cl 3.377 0.5%
CHCl; 0.027 2.6 %
CH,Cl, 0.093 0.9%
CCl,CCly 0.026 1.3 %
CH;CCl; 0.026 1.0%
CH;Br 0.008 0.8 %
CH,Br, 0.013 1.8%
CH,BrCH,Br 0.061 5.2 %
C,HsBr 0.010 6.1 %
CH,BrCl 0.0004 4.7 %
CHBrCl, 0.011 3.9%
CHCIBr, 0.010 2.0%
CF3CHBrCI 0.0001 5.4 %
SFs 0.002 0.6 %
SFsCFs3 0.001 1.7%
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2.4 Calibration

All measurements were referenced to one working standard (AAL-071170) contained in a
pressurised Aculife-treated aluminium cylinder. This standard was purchased from the
National Oceanic and Atmospheric Administration (NOAA) and consists of a real air sample
collected at Niwot Ridge, Colorado (40 °N) in 2006. In addition, the NOAA standard was pre-
calibrated at NOAA-CMDL (Climate Monitoring and Diagnostic laboratory) for a number of
compounds enabling us to report our values on the NOAA calibration scale. There have been a
number of updates to the NOAA calibration scales since 2006. Therefore two other working
standards purchased from NOAA were analysed against the AAL-071170 standard in April
2011, as well as other working standards used in the measurements of the other firn site
samples. This was then used to update all compounds to the lasted calibration scale. This was
also done to take into effect any drift in concentration with the standards, to make sure that
all measurements where on the same calibration scale. The mixing ratios of various

halocarbons in AAL-071170 used for calibration are shown in Table 2.6.

Table 2.6: Concentration of compounds in AAL-071170 reference standard

Compound | Scale Scale year AAL-071170 Scale uncertainty
mixing ratio (ppt) | (ppt)

CFC-11 NOAA 1993 250.23 2.99
CFC-12 NOAA 2008 543.15 2.66
CFC-113 NOAA 2002 80.21 1.42
CHsCl NOAA 2003 580.90 7.49
CHCl; NOAA 2003 8.68 0.33
CH,Cl, NOAA 2003 31.08 0.96
CCl,Ccl, NOAA 2.61 0.16
CH5CCl5 NOAA 2003 16.43 0.49
CHsBr NOAA 2003 8.28 0.18
CHBr3 NOAA 2003 4.35 0.65
CH,Br, NOAA 2004 2.66 0.14
CH,BrCH,Br UEA 0.03 0.003
C,HsBr UEA 0.12 0.01
CH,BrCl UEA 2.69 0.25
CHBrCl, UEA 0.176 0.002
CHCIBr, UEA 0.083 0.003
CF5CHBrCI UEA 0.007 0.0002
SFe NOAA 2006 5.89 0.10
SFCF, UEA 0.152 0.005

A schematic of the dilution system used to calibrate trace gases during this study, are shown in
Figure 2.7. At the start of the calibration procedure the 2 ml sample loop (Figure 2.7a) was

filled with the pure compound at low pressures (50 to 300 mbar). The sample loop was
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connected to a six-port two-position Valco valve which was used to isolate the loop after
filling. To stop loss of the compound due to condensation inside the dilution system, all parts
except for the pressure sensors and the two 100-litre drums were heated to 80°C. The whole
system (apart from the 2 ml sample loop) was then filled with Oxygen Free Nitrogen (OFN) to
~2 bars before being evacuated to about 1 mbar. This flushing was repeated 10 times to
remove the residual compound from the system. The system was then again filled with OFN
and the valve leading to an aluminium drum (filled with OFN at atmospheric pressure) was
opened. When a constant flow (~300 ml min™) had been established into the drum, the sample
loop with the pure gas was switched and the compound was flushed into the drum for about 4
minutes. The drum was then closed and a fan inside the drum turned on for 30 minutes to
create a uniform gas mixture. This procedure was then repeated to add an internal reference
compound (usually CFC-12) into the mixture. This reference compound had a known
concentration within the working standard. After another 30 minutes of mixing, the drum was
reconnected to a second similar system (Figure 2.7b). The second dilution step was carried out
following a similar method to the first. At the start of the dilution step the 10 ml sample loop
(Figure 2.7b) was filled with an aliquot of air out of the first dilution drum. The whole system
(apart from the 10 ml sample loop) was flushing with OFN 10 times to remove the residual
compound from the system. The aliquot of air from the first dilution drum was then flushed
into the second aluminium drum for 4 minutes. Then after 30 minutes of mixing, an aliquot of
air from the second dilution drum was measured on the GC-MS against the reference
standard, to determine the concentrations of the target gas and reference compound in the

standard.
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Figure 2.7a: Schematic diagram of the first dilution system used to calibrate trace gases at UEA
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Figure 2.7b: Schematic diagram of the second dilution system used to calibrate trace gases at

UEA
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2.5 Atmospheric modelling
2.5.1 Firn modelling

A firn diffusion model is essential for interpreting the firn air trace measurements. The model
is generally used as a dating tool to interpret the trace gas measurements with depth. The firn
diffusion model used in this study was developed by the Centre National de la Recherché
Scientifique - Laboratoire de Glaciologie et Géophysique de I'Environnement (CNRS-LGGE) in
Grenoble France and a detailed description of this model is given in Rommelaere et al. (1997).
This is a numerical model that simulates the movement of a gas through the firn column in firn
pores that are still connected with the surface (open porosity) (Rommelaere et al., 1997). The
model incorporates factors that influence transport rate such as molecular mass and molecular
diffusivity of the gas, gravitational fractionating, as well as the effect of the firn structure. This
model incorporates the same physical processes as in the previous models developed by
Trudinger et al. (1997) and Schwander et al. (1993) but it also models the effect of air trapping
in ice bubbles at the bottom of the firn column, on the movement of the air within the firn

(Rommelaere et al., 1997).

The firn density profiles for the model were assumed to be in steady state, and that the sites
have been climatically stable over the study period. Also each individual firn site was
characterised through a tuning procedure to several site-specific and gas-related parameters.
This tuning procedure was undertaken using the methods reported in Buizert et al. (2011) and

Witrant et al. (2011).

It is important to characterise diffusion through the firn as this is the dominant mechanism by
which variations in atmospheric composition are transferred into the firn (Schwander et al.,
1993). Diffusion is used as a generic term for processes that are well described by Fick’s law.
The diffusivity profile in the firn reconstruction is composed of two parts, molecular diffusion
and macroscopic flow. The molecular diffusion is a microscopic process originating in the
thermal motion of the molecules constituting the firn air (Buizert et al., 2011). However, the
eddy diffusion refers to the mass transfer caused by macroscopic flow patterns in the open
porosity (Buizert et al., 2011). The model used in the current study, was tuned by adjusting the
effective diffusivity at each depth in order to optimise the agreement between the modelled
and measured concentration of a selection of reference gases with a known atmospheric time
series (Buizert et al., 2011). In this study the model was tuned using an ensemble of ten
reference tracers, to constrain the diffusivity reconstruction. These are shown in Table 2.7. The

effective diffusivity is defined as an increasing function of open porosity or rather as a
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decreasing function of depth and therefore does not take into account the effect of refrozen

melt layers or other heterogeneities in the firn (Martinerie et al., 2009).

Table 2.7: Ten reference tracers used to constrain the diffusivity reconstruction

Tracer Measured By.
CO, NOAA, CSIRO, IUP
CH, NOAA, CSIRO

SFe NOAA, CSIRO, UEA*
CFC-11 UEA*

CFC-12 UEA*

CFC-113 UEA*

HFC-134a | UEA

CH5CCl3 UEA*

A™CO, ANSTO

5N, SIO

*| personally measured

A “best- estimate” of the atmospheric time series was reconstructed for each of the tracers
used from direct atmospheric measurements from the NOAA and AGAGE sampling networks
or archived air (e.g. Geller et al., 1997). In addition, emission-based estimates from a 2-D
atmospheric transport model that includes latitudinal source and sink distributions were used
so in Martinerie et al. (2009). Together these were, used to achieve complete time coverage
for SFg and the halocarbons from before the onset of direct atmospheric measurements. Also
firn air and ice core measurements were used from the high accumulation Law Dome site,
Antarctica (Etheridge et al., 1998) and tree-ring measurements were used for the isotope
atmospheric history of Carbon-14 (**C) (Reimer et al., 1997). The “best- estimate” of the
atmospheric history of CFC-12 and CH;CCl; produced by Buizert et al. (2011) with the

corresponding depth profile measured at the NEEM site are shown in Figure 2.8.

43



600

e CFC-12
500 H ===CH3CCI3 o’ 200
=% / 150 §
) -
8 / 2
[32]
2. 300 8
g - 100 :I:M
200 ©
/ \ - 50
100 ‘/ \
0 —/ T T T T T 0
1940 1950 1960 1970 1980 1990 2000 2010
Time (years)
600 200

©CFC-12

SORCAC OB I a2 14 £ - 180
500 @ CH3CCI3 | 160
400 - 140
300

by =
A 120 g
[32]
ﬁ. 100 S
g - 80 o
200 ©

- 60

100 - 40

o
T
o N
o

0 10 20 30 40 50 60 70 80

Depth (m)

Figure 2.8: Top panel, “best-estimate” of the northern hemispheric atmospheric history of CFC-12 (blue
line) and CH3CCl; (red line) produced by Buizert et al. (2011). Bottom panel, depth profiles of CFC-12
(blue points) and CH;CCl; (red points) concentration with depth at the NEEM firn site, compared with
model simulations based on the “best-estimate” of the northern hemispheric atmospheric history
indicated in the top panel. The error bars represent the 1 ¢ of the measurements.

Each of these tracers constrains the firn profile differently because of its unique atmospheric
history and its free air diffusivity. This method also determines the uncertainties in both the
measured data and the reference gas atmospheric time series so that weightings can be
assigned to each of the tracers for the model tuning, as well as defining a root mean square
criterion that can then be minimised in the tuning process. This multiple-tracer
characterisation method of tuning is therefore an improvement over the commonly used

single-tracer tuning method (Buizert et al. 2011).
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After the effective diffusivity profile was obtained, the concentration depth profile of any gas
could be modelled using a reference diffusion coefficient of CO,. The different trace gases have
different molecular masses (Mg,) and diffusion coefficients in air (Dg,s), which results in
different diffusion speed within the firn. Therefore, the reference diffusion coefficient of CO,
can be applied to any another gas by scaling with Dg.s/Dco,. However, this does mean that any
bias in the effective diffusivity is implicated in the data interpretation of all the gases. The
diffusion coefficients for trace gases modelled in this study were estimated using a semi-
empirical formula developed in terms of critical temperature (in K) and molar volumes (in cm?

mol™) (Chen and Othmer, 1962). The values of Mgas and Dygas/Dco, Used in this study can be
found in Table 2.8.

Table 2.8: Values of M,, and Dg.s/Dco, Used in this study

Compound | Mg, (8/mol) | Dgas/Dcoy
CFC-11 137.37 0.575
CFC-12 120.90 0.618
CFC-113 187.38 0.495
CH5CCl5 133.40 0.537
CHsCl 50.49 0.789
CHCl; 119.38 0.595
CH,Cl, 84.93 0.709
ccl,ccl, 165.83 0.496
CH,CICH,CI 98.96 0.600
C,HsCl 64.51 0.743
CHCcCIcCl, 131.39 0.504
CH,Br, 173.84 0.522
CH,BrCH,Br 98.96 0.540
C,H:sBr 65.71 0.191
CH,BrCl 129.38 0.559
CHBrCl, 163.83 0.499
CHCIBr, 208.28 0.474
CF;CHBrCI 197.38 0.465
SFg 146.06 0.621
SFsCF; 196.06 0.467
CsF1o 238.03 0.421
CsFypn 288.03 0.367
CeF1a 338.04 0.316
C/F6 388.04 0.297
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2.5.2 Atmospheric time series produced using the LGGE method

The firn modelling methodologies used for the LGGE method have been briefly described
earlier (see Section 2.5.1), with more information being given in Buizert et al. (2011) and
Witrant et al. (2011). Further information on the scenario reconstruction method is given in

Martinerie et al. (2009) and Rommelaere et al. (1997).

The main problem with producing atmospheric time series from firn air measurements is that
mathematically the solution is under-determined, resulting in several possible solutions
(Rommelaere et al., 1997). The LGGE method obtains a solution that is between the simplest
solution (which is a straight line that almost invariably does not match the firn data), and the
most complex solution (which, although it nearly matches all the firn data, produces an

oscillating and unrealistic scenario).

The model aims at finding a unique solution, which is intended to be the simplest/smoothest
acceptable solution. This is addressed by adding a regularization term. The LGGE method
always attempts to find a smooth solution, this is because diffusion within the firn column
smoothes the atmospheric time series of a compound. Also, the errors in the firn air extraction
and measurements and errors in the LGGE, means that it is unrealistic that an unsmoothed
solution can be accurately produced. The method defines an acceptable solution as being
directly related to the uncertainty of the firn data. This is because the uncertainties on the firn
data help to define what is considered as an effect of an atmospheric signal and what is
considered as noise within the firn data. Therefore the regularization term is formulated with
an adjustable scalar, which is adjusted so that the output error of the method (RMSD ogel-data)
matches the uncertainty of the data (Rommelaere et al., 1997). This means that the LGGE
method is sensitive to relative errors (shifting one point with respect to another in the depth
profile) but not to absolute errors (which shift the whole firn dataset with respect to an
absolute scale). In multi-site modelling the method is sensitive to calibration shifts between
datasets. Therefore in this study all compounds from the different firn sites were placed on the

same calibration scale and were checked for calibration between measurements.

The regularization term imposes a smoothness on the scenario which prevents short-term
mixing ratio variations (such as seasonal variations) to be modelled (Wang et al., 2012). Thus,
the effect of seasonality has to be dealt with by excluding the upper firn data that is influenced
by seasonality from the inverted dataset. In this study, the evaluation of the effect of
seasonality on the firn profile was assessed using atmospheric data as an input to the direct

firn model.
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Trace gas concentrations in firn air can only provide information about past atmospheric
trends for a limited period of time, because the air gets trapped into closed bubbles in the
deepest firn. The significant length of a reconstructed scenario from firn air measurements has
been estimated in previous studies, based on the proportion of air of a given age present in
the open versus closed porosity of the firn (Bernard et al., 2006 and Sowers et al., 2005). In this
study, | define the significant length of the time series as the mean age at the depth for which
the open/closed porosity ratio is 0.5 (76 m depth for NEEM). Following the Green’s function
approach, the age distributions of air with in the firn column can be established by studying
the response of the model to a pulse in trace gas concentration (Martinerie et al., 2009,
Trudinger et al., 1997 and Schwander et al., 1993). It allows for the calculation of the
probability of having a trace gas of a given age at a given firn depth. An example of this is given

in Figure 2.9 which shows the Green’s function of CCI,CCl, at the NEEM site.
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Figure 2.9: Green function for CCI,CCl, in firn air at the NEEM site at a number of different depths.

Figure 2.9 shows that at 76 m the mean age of CCI,CCl, is 60 years before the drill date. This
results means that the time series produced in this study for CCIl,CCl, will be shown back to
1950. Once the length of time series was determined for each compound the LGGE method
was used in single site mode to produce time series from the individual firn profiles. This was
done to make sure that the individual firn sites were indicating similar atmospheric time series.

These single sites runs for CCI,CCl, are shown in Figure 2.10.
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Figure 2.10: Top panel, atmospheric time series produced by a single site inversion modelling of the
NEEM, (blue lines), NGRIP (purple lines) and DI (orange line) firn air measurements using the LGGE
method. The dashed lines represent the uncertainty envelope of the time series. The dash lines are
taken as RMS (root mean square) of the RMSD (Root-mean-square-deviation), of the difference
between the firn concentrations and the modelled firn profile and the smoothing factor of the model.
The smoothing factor is taken as RMSD of the difference between one box and another within the
model (i.e. the less stability there is in the model the greater the uncertainties in the different
atmospheric time series). Bottom panel, depth profiles of northern hemispheric CCI,CCl, concentration
with depth at the; NEEM (blue points), NGRIP (purple points) and DI (orange points) firn sites, compared
with model simulations based on the corresponding atmospheric time series in the top panel.

Figure 2.10 shows that that there is reasonable agreement between the individual firn sites;
therefore all three sites can be used in the multi-site model. Figure 2.10 also shows that the
greater the scatter in the depth profile at a given firn site (e.g. DI firn site), the larger the
uncertainty in the derived atmospheric time series (dashed lines, top panel Figure 2.10).

Therefore the uncertainty of the time series depends on the accuracy of the firn air
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measurements. Therefore when the time series are derived using the multi-site model it was
run in two modes. Firstly it was run with equal weighting between the sites and secondly it
was run with weighting given to the sites with the smaller uncertainties in their single sites

runs (dotted lines Figure 2.10). The multi-site runs for CCI,CCl, are shown in Figure 2.11.
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Figure 2.11: Top panel, atmospheric time series derived by a weighted and equal weighted multi-site
inversion modelling of the NEEM, NGRIP and DI firn air measurements using the LGGE method. As the
firn sites have different drill dates the LGGE method produces an atmospheric time series using all of the
firn sites up to the drill date, after this the atmospheric time series is derived using the remaining sites.
The dashed lines represent the uncertainties envelope of the time series (as described Figure 2.10).
Bottom panel, depth profiles of northern hemispheric CCI,CCl, concentration with depth at the NEEM,
NGRIP and DI firn sites compared with model simulations based on the weighted (solid line) and equal
weighted (dotted line) atmospheric time series indicated in the top panel.

Figure 2.11 shows that there is good agreement between the weighted and equal weighted

multi sites runs. In this case, the weighted site was taken as the atmospheric time series of
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CCl,CCl, as it has smaller uncertainties (dotted lines top panel Figure 2.11). To validate this
atmospheric time series the multi-site model was run again with the regularization term

increasing / decreasing by factors of 100 (Figure 2.12).
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Figure 2.12: Top panel, atmospheric time series derived by an optimal, increased and decreased
smoothing factors, multi-site inversion modelling of the NEEM, NGRIP and DI firn air measurements
using the LGGE method. As the firn sites have different drill dates the LGGE method derives an
atmospheric time series using all of the firn sites up to the drill date of a firn site, after this the
atmospheric time series is derived using the remaining sites. The dashed lines represent the
uncertainties envelope of the time series (as described Figure 2.10). Bottom panel, depth profiles of
northern hemispheric CCI,CCl, concentration with depth at the; NEEM, NGRIP and DI firn sites compared
with model simulations based on the optimal (solid lines), increased smoothing factor (dotted lines) and
the decreased smoothing factor (dashed lines) atmospheric time series indicated in the top panel.

Figure 2.12 indicates that the optimal solution is well centred between the increased

smoothing factor and the decreased smoothing factor, suggesting that the regularization term
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is at the optimum value. This helps to validate the time series. It should also be noted that
even though the imposed variations of the regularization term were relatively large, their

impacts on the fit of the firn data and RMSD,¢el-gata Was relatively small.

The time series derived by the LGGE method is able to model the depth profile of
concentration within the firn column. However, the time series is unable to model the
variations in the concentration in the shallowest part of the firn columns, which forms as a
result of the seasonal cycle in atmospheric mixing ratios. These variations in the shallowest
part of the firn columns have been described in more detail in Kaspers et al. (2004) and Sturges
et al. (2001a). To model these variations, as well as assessing the seasonal cycle in atmospheric
mixing ratios, the input into the direct firn model was the time series derived using the LGGE
method that was modulated by a sinusoidal seasonal cycle with a winter maximum and
summer minimum. This modulation to the time series only applied to dates between 1990 and
present, because annual variations are rapidly smoothed out with depth in the firn (Schwander
et al., 1993) and an oscillating time series causes spurious effects in the model output closest
to firn close-off (Sturges et al., 2001a). An example of these sinusoidal seasonal cycles and the

effect they have on the firn depth profiles are shown in Figure 2.13.
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Figure 2.13: Top panel, modelled depth profiles of concentration, based on the time series indicated in
the bottom panel, using a Dg,s/Dco, of 0.5. Bottom panel, Atmospheric time series held at a constant 5
ppt between 1900 and 2008.5 (1980 to 2008.5 shown) with sinusoidal seasonal cycles added to the time
series between 1990 and 2008.5. The sinusoidal seasonal cycles are indicated as, 0% (dark blue line), 5%
(red line), 10% (green line), 20% (purple line), 40% (light blue line) and 60% (orange line).

Figure 2.13 indicates that the effect of a seasonal cycle for a compound that has a D,,s/Dco, of
0.5 on the concentration depth profile occurs down to a depth of 30 m. Figure 2.13 also

indicates that a 60 % seasonal cycle produces a 14 % variation in the firn depth profile.

This same procedure described in this section was used to derive the time series of the
majority of compounds reported in the current study. However, for convenience, only the

optimal solution is shown hereafter.
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2.5.3 Atmospheric time series produced using iterative dating methods

For species that had not been modelled by the full multi-site procedure described above, |
used an iterative modelling approach to convert the measured concentrations with firn depth
profiles of SFs, SFsCF;, n-C4F19, N-CsFip, N-CgF14, N-C;F16 and HFC-32 into atmospheric time
series. This method was developed by Trudinger (2002) and was used with the firn model
described earlier. This method has few assumptions about the atmospheric time series, other
than that compounds were increasing monotonically from negligible abundances to the known
present day atmospheric mixing ratios. This technique has proven to work well in previous
studies for several species of anthropogenic origin such as halocarbons, CFC’s (Sturrock et al.,
2002) and PFCs (Worton et al., 2007) as well as that of Laube et al. (2012) which included the
time series of n-C, to n-C; produced in this study. However this method is not able to derive
atmospheric time series for compound that have mixing ratios that have increased and then
decreased in the atmosphere. This results in a number of periods of time having the same
atmospheric mixing ratio. Therefore the iterative technique yields non-unique ‘pseudo’ dates

and thus can not derive a new time series.

The iterative dating methods requires an initial time series, that was generated by producing a
linear fit from the concentration at the bottom of the firn column to the surface mixing ratio at
the firn site (black line in top panel Figure 2.14), which was then used to generate a modelled
concentration — depth profile (black line in bottom panel Figure 2.14). This output was then
compared with the input time series, so that “pseudo” dates could be assigned to each
sampling depth based on the modelled concentration at that depth and the corresponding
date from the input atmospheric scenario. This mixing ratio - age profile was then used to
generate another atmospheric time series by fitting a polynomial trend line (blue line in Figure
2.14). This new time series could then be, used as a new input scenario for the firn modelled.
This procedure was then repeated until the age estimate was refined, this usually occurred
after two runs when the atmospheric time series converge towards a similar atmospheric time

series and an optimal fit is obtained between the modelled and measured depth profile.
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Figure 2.14: Top panel: The generated atmospheric time series used in the firn diffusion model to
reconstruct the atmospheric time series of n-C,Fy, “initial guess” (black line), Run1 (blue line), Run2 (red
line) and Run3 (green line). The concentration- age profile for Run 2 and Run 3 (green line) converged to
similar atmospheric time series and an optimal fit is obtained between the modelled and measured
depth profile so the iterative dating deemed to be optimal. Bottom: depth profiles of n-C4Fy, firn air
measurements (points), compared with model simulations based on the atmospheric time series, initial
(black line), Run1 (blue line), Run2 (red line) and Run3 (green line), indicated in the top panel.

Figure 2.14 indicates that the iterative dating process used in this study was able to produce a
consistent time series for the atmospheric trace gas. It should be noted that these atmospheric
time series from firn air measurements have been smoothed relative to the original record due
to firn processes and mixing (Trudinger, 2002). Any short scale variations in the time series
such as inter-annual variations are not recorded, with medium scale variations being damped.

The time series are smoothed because they have polynomials fitted to them (up to 6™ order)
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which can not follow every small variation in the data, but this seems appropriate because of

the known smoothing from diffusive transport in the firn.

In the current study | have are also used a new iterative modelling approach to convert the
measured concentrations with firn depth profiles of non-monotonic trends (e.g. CH,BrCl,
CHBrCl, and CHBr,Cl) into atmospheric time series. This method uses the same iterative
method (Trudinger, 2002) and also the same firn model both of which have been described
earlier (Section 2.5.1 and 2.5.3). This method is an extension of the iterative method
developed by Trudinger (2002) and | devised it for this current study. The method was
developed to account for species with atmospheric time series that reverse, for which the
iterative technique yields non-unique ‘pseudo’ dates. | dealt with this problem by splitting the
time series into two and apply the ‘pseudo’ dating method separately to the ascending and

descending parts of the time series.

This new method makes assumptions that the atmospheric time series of a trace gas has
increased monotonically before peaking in the atmosphere and then declining to current
atmospheric mixing ratios. | then assumed that any measurements in firn air samples that are
increasing in concentration towards the surface (purple points in Figure 2.15) occurred before
the peak in atmospheric mixing ratio and are assigned dates accordingly. Any measurements in
firn air samples that decrease in concentration towards the surface (brown points in Figure
2.15) are assumed to have occurred after the peak in atmospheric mixing ratio and are also
assigned dates accordingly. An initial time series was generated by producing a polynomial fit
from the concentration at the bottom of the firn column in 1950 to the surface mixing ratio
with a peak in 1980 (black line in top panel Figure 2.15). 1980 was used as the initial peak date
as it is around the mid-point between 1950 and 2008. Tests were under taken with different
initial peak data and there was very good general agreement between all optimal time series
derived. The “initial guess” was used to generate a model concentration — depth (black line in
bottom panel Figure 2.15). This output was then compared with the input time series, so that
dates could be assigned to each sampling depth, based on the modelled concentration at
depth and the corresponding date from the input atmospheric scenario, using the assumptions
stated earlier. The mixing ratio - age profile obtained from this run was then used to generate
another atmospheric time series by fitting a polynomial trend line (blue line in Figure 2.15).
This new time series was then used as the input scenario for the firn air model. This procedure
was then repeated until the age estimate was refined, this usually occurred after two runs
when the atmospheric scenario generated tended to converge towards a similar atmospheric

time series.

55



0.3

0.25
i‘; DUNO
0 0.15 & Initial Guess X
Q, ¢ Runl
S Run2
(@] 0.1 ¢ un
) ¢ Run3 N
Poly. (Initial Guess)
0.05 Poly. (Runl)
Poly. (Run2)
Poly. (Run3)
O T T T T T
1950 1960 1970 1980 1990 2000 2010
Time (years)
0.40

@ Ascending points
0.35 @ Descending points <o
' ¢ Outlying points
e |nitial Guess

0.30 ——Run1l >
e RUN2

Run3

o
N
]

CH,BrCl (ppt)
o o
G S
@
o

o
o
\K\@
\

0.05

0.00 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Depth (m)

Figure 2.15: Top panel: The generated atmospheric time series used in the firn diffusion model to
reconstruct the atmospheric history of CH,BrCl, “initial guess” (black line), Runl (blue line), Run2 (red
line) and Run3 (green line). The concentration- age profile for Run 2 and Run 3 (green line) converged to
similar atmospheric time series and an optimal fit is obtained between the modelled and measured
depth profile so the iterative dating deemed to be optimal. Bottom panel: depth profiles of CH,BrCl firn
air measurements, ascending data (purple points), descending data (brown points) and outlying data not
used in the dating process (yellow points) compared with model simulations based on the atmospheric
time series, initial (black line), Runl (blue line), Run2 (red line) and Run3 (green line), indicated in the
top panel.

Figure 2.15 indicates that the iterative dating process used in this study was able to produce
time series for atmospheric trace gases. Again, it should be noted that these atmospheric time
series from firn air measurements have been smoothed relative to the original record due to
firn processes and mixing (Trudinger, 2002), as well as the assumptions stated earlier. To

validate that this new iterative modelling approach can produce time series for compounds
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that have increased, peaked and then deceased in the atmosphere, it was compared with a

time series of a compound that has also been dated using the LGGE model (Figure 2.16).

0.035
LGGE - Modelling
0.030 |  e=|terative dating
0.025
=
2
—0.020 -\
O
1Y
T
5 0.015 — A\
u-m
o
0.010 \
0.005 7
0.000 T T T T T
1950 1960 1970 . 1980 1990 2000 2010
Time (years)

Figure 2.16: atmospheric time series of CF3CHBrCl produced by a multi-site inversion modelling of the
NEEM, NGRIP and DI firn air measurements (orange line) using the LGGE method, and the iterative
method developed in this study. The dashed lines represent the uncertainties envelope (as described
Figure 2.10) of the LGGE method.

Figure 2.16 indicates that the atmospheric time series produced using the iterative dating
process is in good general agreement with time series produced using the LGGE method. This

helps to validate this method of dating firn air measurements.
2.5.4 Emissions estimates

Annual emissions estimates of gases were produced in this study using the atmospheric time
series and a 1 - box model (Figure 2.17) based on the method used by Maiss and
Brenninkmeijer (1998) and Maiss and Levin (1994). This model uses Equation 3 to estimate

emission rates.
E(L) = [C(l)t - (C(L)O X e(_At/T))] X M(a) X mg - Equation 3

In which Eg; — emission rate of compound i, C; — average atmospheric mixing ratio at time t,
Ciio — initial atmospheric mixing ratio, At — change in time (taken as 1 year), T — atmospheric
lifetime in years, M, - total number of moles in the atmosphere (taken as 1.771 x 10% (Maiss

and Brenninkmeijer, 1998)), m — molecular mass.
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Figure 2.17: a) schematic diagram of one-box model for the atmospheric mixing ratio (C) of species i
based on Jacob (1999). In which Ej — emissions, P;; — chemical production, Qg — chemical loss and Dy —
deposition. b) schematic diagram of one-box model used in this study to calculate emissions estimate,
assuming that the difference between annually averaged atmospheric mixing ratio is wholly due to
emission rates E(). Note, all the loss terms from Figure 2.17 a) have been combined to a single loss term
Li which is proportional to the atmospheric lifetime (t) of species i.

A schematic diagram of the one-box model for the atmospheric mixing ratio of species i, is
shown in Figure 2.17 a). This model calculates the atmospheric mixing ratio of a compound
given the production and loss rates of the compound. Sources of the compound in the
atmosphere include contributions from emissions and chemical production, whereas sinks of
the compound include contributions from chemical losses and deposition. The one-box model
does not resolve the spatial distribution of the mixing ratio of the compound inside the box.
The method of estimating emissions rates used in this study does make a number of
assumptions. Firstly, that the compounds have a constant atmospheric lifetime (i.e. a
homogeneous OH field). Secondly that the total mass of the atmosphere is 5.1 x 10 kg.
Thirdly, that there is instantaneous mixing in the atmosphere and finally that the difference
between annually averaged atmospheric mixing ratios is wholly due to emissions rates and
that there is an annually averaged OH loss. The resulting one-box model produced by these
assumptions is shown in Figure 2.17 b). The emission estimates calculated by the model shown
in Figure 2.17 b) produces emissions rates in mixing ratio per year to obtain mass per year
estimations, this emission estimate was then multiplied by the molarity of the atmosphere and

the molecular mass of the compound.
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2.5.5 2-Box atmospheric model

A 2-Box atmospheric model was also used in the current study. The aim of this model is to
produce a southern hemispheric (SH) time series from a northern hemispheric (NH) time
series. The SH time series are then compared with SH scenarios already derived using Antarctic
firn. If the modelled trends from the 2 — Box model and the firn model correlate, it is taken as
evidence that the firn profiles and the firn modelling in the two hemispheres are consistent
and that the assumed atmospheric lifetime of the gas is correct. The firn modelling method
developed at LGGE derives atmospheric time series for the northern and southern hemisphere
independently. The model assumes that there is no relationship between the two scenarios;
therefore, the 2-box model can be used to validate this approach. The 2-box model uses

Equation 4:
—-At At —At .
Cs(t+At) = Cs(t) e /2 + [F (Cn(t) - Cs(t))] e /e . Equation 4

In which, C; — southern hemispheric mixing ratio, C, — northern hemispheric mixing ratio, k
interhemispheric exchange time which is taken as 1.34 years, At — change in time (model time

step taken as 1 month), T —atmospheric lifetime in years.
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Figure 2.18: Top panel, schematic diagram of two-box model for the atmospheric mixing ratio (C) of
species i based on Jacob (1999) for the northern hemisphere (n) and the southern hemisphere (s). In
which E; — emissions, P; — chemical production, Qj — chemical loss and Dj — deposition.
Interhemispheric exchange rate (R) between northern to southern hemisphere (ns) and southern to
northern hemisphere (Thompson, 2004). Bottom panel, schematic diagram of two-box model used in
this study to produce a southern hemispheric time series from a northern hemispheric time series. This
model assumes that that all anthropogenic emissions are from northern hemispheric sources and that
the interhemispheric exchange rate is equal to change in time divided by the interhemispheric exchange
time. There is also two loss terms, one due to the sink of the compound already in the southern
hemisphere (L;s) and one due to the sink as the compound moves from the northern hemisphere into
the southern hemisphere (L;;x). The loss terms are proportional to the atmospheric lifetime (t) of species
i.
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A schematic diagram of two-box model for the atmospheric mixing ratio of species i, is shown
in Figure 2.18 (top panel). The method of producing a southern hemispheric (SH) time series
from a northern hemispheric (NH) time series used in this study does make a number of
assumptions. This model assumes that all anthropogenic emissions are from northern
hemispheric sources and that air at the north pole will take 1.34 years to travel to the south
pole (Jacob, 1999). Therefore, this model was only used for compounds with predominantly
anthropogenic sources. The model also assumes that there are only two loss terms, one due to
the sink of the compound already in the southern hemisphere and one due to the sink as the
compound moves from the northern hemisphere into the southern hemisphere. These loss
terms are also proportional to the atmospheric lifetime of the compound. The resulting two-

box model produced by these assumptions is shown in Figure 2.18 (bottom panel)

To validate this model, it was run with northern and southern hemispheric time series of

CH3CCl; produced by Buizert et al., (2011) and Witrant et al., (2011) (Figure 2.19).
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Figure 2.19: Northern (blue line) and Southern (red line) hemispheric atmospheric time series of CH;CCl;
produced by Buizert et al., (2011) and Witrant et al., (2011) compared with the modelled Southern
hemispheric time series produced using the 2-box model (green line).

Figure 2.19 indicates that the southern hemispheric time series produced using the 2-box
model agrees well with the southern hemispheric time series produced by Buizert et al., (2011)
and Witrant et al., (2011). This model will be used to validate the time series derived in

Chapters 3 and 4.
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Chapter 3: Analysis of chlorocarbons from firn extracted from both Arctic and

Antarctic firn sites

3.1 Introduction
3.2 Methyl Chloride
3.2.1 Background information on CH;Cl
3.2.2 Results and discussion of CH;Cl
3.2.3 Emissions of CH;Cl
3.3 Very Short-Lived (VSL) chlorinated substances
3.3.1 Background information on CHCl;
3.3.2 Results and discussion of CHCI;
3.3.3 Background information on CH,Cl,
3.3.4 Results and discussion of CH,Cl,
3.3.5 Background information on CCI,CCl,
3.3.6 Results and discussion of CCI,CCl,
3.3.7 Background information on CH,CICH,CI, C,H;Cl and CHCICCI,
3.3.8 Results and discussion of CH,CICH,CI, C,HsCl and CHCICCI,
3.3.9 Emissions of the VSL chlorinated substances
3.4 Equivalent effective stratospheric chlorine of the chlorocarbons

3.5 Summary
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3.1 Introduction

In this study, firn air samples collected from the North Greenland Eemian Ice Drilling (NEEM),
were measured for a number of chlorinated compounds by gas chromatography—mass
spectrometry. These observations along with firn air measurements taken previously from
other northern hemispheric firn sites, (North Grip (NGRIP) and Devon Island (Dl)), and
southern hemispheric firn sites, (Dronning Maud Land (DML) and Dome Concordia (DC)), were
used to reconstruct the atmospheric time series of the methyl chloride and very short lived
chlorinated substances. These histories were derived with the help of a 1-dimensional firn
diffusion model and iterative dating techniques. In this chapter, these atmospheric time series

for the chlorinated compounds are discussed.

The chlorinated compounds measured are all part of the group of chemicals known as the
chlorocarbons. They include, the short-lived chlorine substances (lifetimes of greater than 6
months but less than a few years, e.g. CH;Cl) and the very short-lived (VSL) chlorine substances
(lifetimes of less than 6 months, e.g. CHCl; and CH,Cl,). These compounds originate from both
natural and/or anthropogenic sources and are important for the chlorine chemistry of the
atmosphere (Montzka et al., 2010). It is generally accepted that reactive chlorine compounds
could play a significant role in controlling the composition of the global atmosphere. In recent
decades, stratospheric ozone depletion has largely been driven by increases in the
atmospheric concentrations of a number of anthropogenic halogen compounds. These
anthropogenic compounds are now regulated by the Montreal Protocol and a number of them
now shown signs of decline in their atmospheric abundances (Gonzdlez et al., 2006). However
there are still a number of short-lived industrial chlorinated chemicals (e.g. CH,Cl, and CCI,CCl,)
that are not presently controlled under the Montreal Protocol, due to the lack of information
on the effect these compounds have on the atmosphere. Naturally emitted species are
important for stratospheric ozone chemistry and are likely to become proportionately more

important in the future as anthropogenic emissions of halogen compounds decreases.

Chlorinated compounds are important in the atmosphere because of their effect on the
stratospheric ozone budget. Chlorinated compounds are subject to photolysis in the
stratosphere, forming halogened radicals, which can then act as catalysts in the destruction of
ozone. Total tropospheric chlorine from long-lived chemicals was ~3.4 ppb in 2008 with an
atmospheric trend of -14 ppt yr' during 2007-2008 (Montzka et al., 2010). This decrease in
tropospheric chlorine has slowed in recent years (-21 ppt yr'* during 2003—2004). This decrease

is slower than the decline of -23 ppt yr' in 2008 projected in the A1 (most likely, or baseline)
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scenario of the WMO: Scientific Assessment of Ozone Depletion: 2006 Assessment (Clerbaux

and Cunnold et al., 2006).

The principal objective of the study reported in this chapter is to reconstruct atmospheric time
series of the chlorocarbons. This will include the first full reconstruction of the atmospheric
histories of the VSL chlorocarbons; CCl,CCl, CH,CICH,CI, C,HsCl and CHCICCl,. These
reconstructed time series will then be compared with ambient in situ atmospheric

observations or measurements from air archives.

This study provides insights into the growth rates of the chlorinated compounds, the pre-
industrial mixing ratios of the compounds with natural emissions, and the date of first
significant atmospheric abundance of the compounds that are fully anthropogenic in origin.
Also, emissions estimated from the growth rates were calculated, as well as assessing the
effect these ozone depleting substances have on the stratospheric ozone budget by estimating

their equivalent effective stratospheric chlorine.

This chapter consists of a detailed discussion of each individual chlorocarbon species. Each
subsection has its own background information, results and discussion on atmospheric time
series from the firn data and estimating emissions from the reconstructed time series. At the
end of the chapter, the equivalent effective stratospheric chlorine of individual compounds is

calculated.

3.2 Methyl Chloride

Methyl chloride (CHsCl) is presently the most abundant chlorine containing organic compound
in the atmosphere and contributes 16 % to the total chlorine budget from long-lived gases in
the troposphere (Montzka et al., 2010). The global mixing ratio of CH;Cl was 545 ppt in 2008
(Montzka et al., 2010). A better understanding of the global budget of methyl chloride and its
atmospheric history can help inform about the large amount of atmospheric Cl that is not

controlled under the Montreal Protocol.

3.2.1 Background information on CHsCl

Methyl chloride has both natural and anthropogenic sources, with Xiao et al. (2010) estimating
the total global emissions for 20002004 to be 4.10 + 0.47 Tg yr™. Both modelled results and
observations indicate that about 55 % or 2.3 + 0.3 Tg yr" of these emissions come from
tropical terrestrial sources (Montzka et al., 2010). Measurements from South American and
Asian rainforests have reinforced the importance of tropical terrestrial CH3;Cl sources

(Gebhardt et al., 2008, Yokouchi et al., 2007 and Saito and Yokouchi, 2006). Emissions from
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terrestrial sources in the tropics have been found to vary with global temperature changes
(Xiao et al., 2010). As well as being emitted from living plants, Blei et al. (2010) have found
emissions from leaf litter. The large source of CH;Cl in the tropics generates a latitudinal
gradient and consequently, the mixing ratio of CH;Cl is reduced at high latitudes (e.g. at the
poles) (Khalil and Rasmussen, 1999). Khalil and Rasmussen (1999) showed a strong correlation

between CH;Cl mixing ratios and latitude, regardless of hemisphere.

Other major atmospheric sources of methyl chloride include biomass burning, oceans and
anthropogenic activities (Montzka et al., 2010) (Table 3.1). Production has been recorded in
the open ocean by Moore (2008), as well as supersaturations of CH;Cl reported in coastal
waters off of the United States by Hu et al. (2010) and China by Lu et al. (2010). Emission rates

from the total global oceans are estimated to be 0.43 + 0.1 Tg yr™ Xiao et al. (2010).

Table 3.1: Estimated source and sink strengths for atmospheric methyl chloride from

observations and three-dimensional model studies based on Montzka et al. (2010)

Source Reference Strength
(Ggyr?)
Tropical Terrestrial Xiao et al. (2010) 2300 + 300
Biomass burning Andreae and Merlet (2001) 325-1125
Oceans Xiao et al. (2010) 430 + 100
Salt marshes Clerbaux and Cunnold et al. (2006) 65 -440
Fungi Clerbaux and Cunnold et al. (2006) 43 - 470
Wetlands Varner et al. (1999) 48
Rice paddies Lee-Taylor and Redeker (2005) 2.4-49
Fossil fuel burning Clerbaux and Cunnold et al. (2006) 5-205
Waste incineration Clerbaux and Cunnold et al. (2006) 15-75
Industrial processes Clerbaux and Cunnold et al. (2006) 10
Subtotal 2844 - 5508
Sink
OH reaction Lee-Taylor and Redeker (2005) 3800 -4100
Loss to stratosphere Clerbaux and Cunnold et al. (2006) 100 - 300
Cl reaction Clerbaux and Cunnold et al. (2006) 180 - 550
Soil Clerbaux and Cunnold et al. (2006) 100 - 1600
Loss to cold waters Moore (2000) 93-145
(polar oceans)
Subtotal 4273 - 6695

The major sinks of tropospheric CH;Cl include oxidation by hydroxyl radicals, loss to the
stratosphere, reaction with chlorine radicals, loss to polar ocean waters, and uptake by soils

(Table 3.1). The Arctic tundra appears to be a net sink for CH5Cl, with uptake rates increasing



under drier conditions (Teh et al., 2008 and Rhew and Abel, 2007). Measurements from a sub-

Arctic wetland show a small net source for CH;Cl (Hardacre et al., 2009).

Measurements from National Oceanic and Atmospheric Administration, Earth System Research
Laboratory (NOAA/ESRL) since 1995 and Advanced Global Atmospheric Gases Experiment
(AGAGE) since 1998 are consistent with an observed global average mixing ratio of 545 — 547
ppt in 2008 (Montzka et al., 2010). A latitudinal gradient results in a higher mixing ratio in the

tropics compared with polar regions.

The global mixing ratio of methyl chloride has increased by small amounts during years 2004 to
2008 (2 to 3 ppt yr™, or 0.4 to 0.5 % yr™) (Montzka et al., 2010), though these changes follow a
large decrease of -2.6 % yr™' reported for the years 1998 to 2001 by Simmonds et al. (2004).
Changes observed from 2007 to 2008 are small, though variations in increases (AGAGE) or
decreases (NOAA) in the global mixing ratio are reported by different measurements networks.
The cause of these differences is not fully understood, but the differences are likely to be
insignificant relative to measurement errors, or may reflect regional variations in rates of

change of CH;CI.

Ambient air measurements of methyl chloride extend back only to 1980 (Khalil and
Rasmussen, 1999b). However, the atmospheric history of CH;Cl has been determined through
the analysis of firn air and air bubbles in ice cores. Measurement of CH;Cl has been undertaken
from several sources, including: firn air from Dronning Maud land, Antarctica, (describing the
variability from 1975 — 2000 (Kaspers et al., 2004b)), firn air from Law Dome in Antarctica
(dating back to before 1940 (Trudinger et al., 2004)), firn air from the South Pole and an ice
core from Siple Dome in Antarctica (showing the variability during the past 300 years (Aydin et
al., 2004)). Butler et al. (1999) also investigated CH;Cl levels in firn air collected from South
Pole, Siple Dome in Antarctica and from the northern hemisphere at Tunu in Greenland. A
comparison of the atmospheric time series for CH;Cl over the 20" century atmospheric time
series derived from firn air studies, along with the general properties of these study sites can

be found in Table 3.2.
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Table 3.2: General properties of previous firn air studies

Site South Pole, Siple Dome, Tunu, South Pole, Dronning Law Dome,
Antarctica Antarctica Greenland Antarctica | Maud Land, Antarctica
Antarctica
Reference Butler et al., Butler et al., |Butleretal., | Aydin etal. Kaspers et | Trudinger et
(1999) (1999) (1999) (2004) al. (2004b) al. (2004)
Location 90° S 81°40’S, 78° 01N, 89°98'S, 75°00’'S, 66°S,
148° 49° W 33°59'E 118°73' W 15° 00’ E 112°E
Elevation (m) 2841 ~600 ~2400 ~2800 3453 ~1300
Sampling date Jan. 1995 Dec. 1996 Apr. 1996 2001 2001 Jan. 2001

A comparison between the atmospheric time series of CH;Cl derived by Trudinger et al. (2004)
and Aydin et al. (2004) for sties in Antarctica are shown in Figure 3.1. Aydin et al. (2004) “firn
air’” reconstruction (red line, Figure 3.1) shows mixing ratios that are consistently lower in the
early part of the 20" century than the Trudinger et al. (2004) time series (blue line, Figure 3.1),
with the increase in mixing ratios occurring later (in 1965) and more sharply in the Aydin et al.
(2004) “firn air” time series. The Aydin et al. (2004) “sinusoidal” time series (green line, Figure
3.1) again has mixing ratios that are consistently lower in the early part of the 20™ century
than the Trudinger et al. (2004) time series. However, there is reasonably good agreement
between the two reconstructions after 1960. The Kaspers et al. (2004b) (purple line, Figure
3.1) reconstruction shows little agreement with any study, however there is a lot of
uncertainty with this reconstruction. The differences between the atmospheric reconstructions
appear to be too significant to result, from differences in the smoothing characteristics of the

sites.
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Figure 3.1: Comparison of methyl chloride 20" century southern hemispheric atmospheric
concentration obtained from firn air and ice cores data. From; Trudinger et al. (2004) blue line, “firn air”
history Aydin et al. (2004) red line, ““sinusoidal” history Aydin et al. (2004) green line and Kaspers et al.
(2004b) purple line.

Kaspers et al. (2004b) sampled firn air collected at Dronning Maud Land (DML), during the
Norwegian Antarctic Research Expedition (NARE) 2000/ 2001 (Winther, 2002). Thirteen
samples were collected in total, with samples extracted every 8 m until pore close-off. One
drawback associate with this method is that with a vertical resolution of only 8 m, and a
standard error of around + 50 ppt, most of the samples have an uncertainty of ~ 20 % making
it difficult to obtain an accurate atmospheric history. This is especially true for the bottom part
of the firn column where the diffusion process is slowed due to the closing of pores. In this
region of the firn column there is a higher resolution of the atmospheric history of CH;Cl.
Therefore, the greater the number of samples taken in a region, the more precise any
atmospheric history inferred from firn air measurements will be. With a vertical resolution of 8
m, Kaspers et al. (2004b) has only 2 data points in the last 20 m of the firn column, limiting the

accuracy of result obtained.

From the methyl chloride analysis, Kaspers et al. (2004b) deduced a background surface
concentration of 548 * 32 ppt in 2000, with a decreasing trend over the previous 25 years
towards a present day mixing ratio of 1.2 + 0.6 ppt per year (Figure 3.1). This result is in
reasonable agreement with the reported decreasing trend of Khalil and Rasmussen (1999).
However the atmospheric time series Kaspers et al. (2004b) shows no evidence of the
increasing trend from the beginning of the twentieth century to the 1970s that has been

reported in other previous firn air studies (e.g. Trudinger et al., 2004). The range of
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measurements in the study by Kaspers et al. (2004b) varied between 532 and 627 ppt which is
in good agreement with the mixing ratio measured at South Pole between 1984 and 1994
which varied between 477 and 596 ppt (Khalil and Rasmussen, 1999). However Butler et al.
(1999) derived a somewhat lower mixing ratio range of 480-521 ppt for the same region and

time period (1975—1999).

Butler et al. (1999) sampled air collected from firn at the South Pole and Siple Dome in
Antarctica and at Tunu in Greenland. To date, this is the only study which includes a methyl
chloride firn air record from the northern hemisphere. Concentrations of CH;Cl were found to
be significant in the deepest samples. The concentrations of CH;Cl in samples collected
between 20 m and 45 m depth have found to be similar to the mean annual concentrations at
Cape Grim, Tasmania, (Butler et al., 1998). There was a difference of 5 - 10 % between bottom
and mid-hole samples which suggests that the atmospheric mixing ratio of CH;Cl has increased
by about 5 - 10 % during the past century. This relates to an increase of around 40 ppt in the
atmospheric mixing ratio of CH;Cl over the past century (Butler et al., 1999). This inferred

temporal change in CH5Cl is small relative to its variability in the firn air (Butler et al., 1999).

Aydin et al. (2004) collected firn air samples during three different Antarctic field expeditions:
to South Pole in 1995 (SP0O-95), to South Pole in 2001 (SPO-01), and to Siple Dome in 1996
(SDM-96). Measurements of methyl chloride in the SPO-95 and SDM-96 firn samples were
used in Butler et al. (1999). However they were updated in Aydin et al. (2004) to account for
the revised calibration scales from the 1996 to the 2003 NOAA calibration scale. A 1-D forward
model of a firn air column was used to simulate how a specified atmospheric history of CH;Cl is
incorporated into the air in firn or ice (Schwander et al., 1989). The resulting atmospheric
history is referred to as the ““firn air”’ history (Aydin et al., 2004). In the “firn air’ history, the
atmospheric abundance of CH;Cl increases from about 470 ppt in the 1940’s to nearly 530 ppt
in the early 1990’s (Figure 3.1). The steepest change is observed between 1955 and 1985 when
CH;Cl increases by about 50 ppt in 30 years. If it is assumed that any change that occurred
during the 20" century is a result of human activities, then the firn record implies that roughly
10% of the CH;Cl currently in the atmosphere is anthropogenic in origin. This is in agreement

with the conclusion of Butler et al. (1999).

As well as firn air samples, Aydin et al. (2004) collected ice core samples from the Siple Dome C
core, drilled in December 1995, West Antarctica (81.65°, 148.81°W) as part of the West
Antarctic Ice Sheet Program (WAISCORES). Ice core samples were taken ranged in depth from

57 m to 83 m and had a mean CH;Cl mixing ratio of 499 + 28 ppt and range of 462 to 571 ppt
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(Aydin et al., 2004). The data from these ice cores have a distinct oscillatory behaviour with
two cycles. The resulting atmospheric history is referred to as the “sinusoidal’’ history, two full
oscillations occur between 1720 and 1940 C.E., across a period of 110 years and an amplitude
of 42 ppt. It is currently unclear what could be driving this cycle (Aydin et al., 2004), but it does
appear to predate significant industrial activity. Therefore, this apparently natural variation

may reflect climate-driven changes in the CH;Cl budget.

III

The “sinusoidal” history was extended through the 20" century to examine the implications of
such cyclic behaviour on the interpretation of firn air data (Aydin et al., 2004). For the period
between 1940 and 1990, the “sinusoidal”’ atmospheric history is similar to the “firn air only”

IH

history (Figure 3.1). The ability of the “sinusoidal” history to simulate the firn air data
demonstrates that the evolution of atmospheric CH;Cl over Antarctica during the 20th century
is consistent with preindustrial variability, without invoking anthropogenic contributions to its

atmospheric budget.

In Trudinger et al. (2004) atmospheric levels of methyl chloride were reconstructed to pre-
1940 through the study of firn air collected from Law Dome, East Antarctica. The site used for
methyl chloride analysis was the DSSW20K location, 20 km west of the deep DSS drill site near
the summit of the dome. Firn air samples were collected in the austral summer of 1997-98
from 8 depths, including 6 specifically select for halocarbon measurements, (Trudinger et al.,
2004). One problem with this collection method is that with only 6 samples, any outlying
samples will not become evident, and could result in an uncertainty in the reported
atmospheric time series. Again, this is especially true for the bottom part of the firn column
where the diffusion process is slowed due to the closing of the pores. Firn air data from
Trudinger et al. (2004) shows methyl chloride mixing ratio increasing from about 1930 to 1980,
with steeper growth occurring after about the mid-1960s. The shallowest firn measurements

suggest relatively steady levels after 1980 until at least the mid-1990s (Figure 3.1).
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3.2.2 Results and discussion of CH;Cl

In the current study, | will report firn air measurement of CH;Cl from a number of northern and
southern hemispheric firn air records, as well as southern hemispheric observations from the
Cape Grim baseline air pollution station. These measurements have then been used to derive
the atmospheric time series of CH;Cl mixing ratios. The time series of atmospheric CH;Cl
mixing ratios were derived using the direct firn modelling method developed at Laboratoire de
Glaciologie et Géophysique de I'Environnement (LGGE) Grenoble. These new atmospheric time
series are then compared with previous atmospheric time series estimated by Aydin et al.
(2004), Kaspers et al. (2004b), Trudinger et al. (2004) and Butler et al. (1999). The time series
obtained and the output from the inverse model for the northern and southern hemisphere
site are shown alongside the measured concentration of CH;Cl with depth at northern
hemispheric firn sites (NEEM and NGRIP) and southern hemispheric (DC and DML) firn sites in

Figures 3.2 and Figures 3.3, respectively.
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Figure 3.2: Top panel, depth profiles of northern hemispheric CH;Cl concentration with depth at the,
NEEM firn site (blue points) and the NGRIP firn site (purple points) compared with model simulations
based on the atmospheric time series indicated in the bottom panel with a seasonal cycle of 13 % added
to the time series. The error bars represent the 1 o of the measurements (see methods chapter for more
details). Bottom panel, Atmospheric time series derived by a multi-site inversion modelling of the NEEM
and the NGRIP firn air measurements (solid line) using the LGGE method. As the firn sites have different
drill dates the LGGE method derives an atmospheric time series using all of the firn sites up to the drill
date of a firn site, after this the atmospheric times series is derived using the remaining sites. The time
series derived by NEEM and NGRIP — purple line and NEEM only — blue line. The dashed lines represent
the uncertainties envelope of the time series (as described Figure 2.10). Observations of atmospheric
CH;Cl from the Barrow observation station updated from Khalil and Rasmussen (1999) (grey line).
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Figure 3.3: Top panel, depth profiles of southern hemispheric CH;Cl concentration with depth at the
DML firn site (green points), compared with model simulations based on the atmospheric time series
indicated in the bottom panel with a seasonal cycle of 13 % added to the time series. The error bars
represent the 1 o of the measurements. Bottom panel, Atmospheric time series derived by a single site
inversion modelling of the DML firn air measurements (solid line) using the LGGE method. The time
series derived by the DML - green line. The dashed lines represent the uncertainties envelope of the
time series (as described Figure 2.10). Also the mixing ratios of CH;Cl as a function of time as measured
in air samples collected in the southern hemisphere (blue points, from Cape Grim, Tasmania, 41°S, 145°
E). The black line is a sigmoid expression fitted through the Cape Grim time series in order to derive
growth rates and emissions.

Ambient air measurements (shown as depth = 0 m) were collected at the NEEM site in July
2008 during the firn air drilling. These ambient air measurements have an average mixing ratio
of 527.6 + 4.3 ppt, and are the most recent northern hemispheric measurements of CH;Cl in

this study. Ambient air measurements were collected at the DML site in December 1997
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during the firn air drilling. These ambient air measurements have an average mixing ratio of

557.6 £ 9.8 ppt and are the most recent southern hemispheric in the current study.

Firn data most likely reflects the long term time series in CH3;Cl atmospheric mixing ratio.
However, anomalous data points occur in the NEEM firn air measurements at 77.75 m and
74.08 m. These data points do not fit the basic trend of the firn profile. The point at 77.75 m is
the deepest data point, and a higher than expected concentration is probably due to
contamination with modern day air. This, contamination occurs due to the permeability of the
firn diminishing towards zero at the close off depth, such that pumping causes a partial
vacuum below the sealing bladder and in the inlet lines. Therefore the pressure gradients to
the atmospheric air increases, which makes leaks more likely. This entrainment of modern day
air can also be seen in other gases especially CFC-11 and CFC-115, where there is also an
increase in concentration at 77.75 m. As both of these CFCs are purely anthropogenic, this
increase is unlikely to be a result of any changes in atmospheric concentration, suggesting that
the sample is likely to be contaminated. To check that these anomalous points are
independent of analytical techniques a duplicate set of measurements were made on the gas
chromatograph coupled with a flame ionization detector (GC-FID) system at the Max Planck
Institute for Chemistry. Again the data showed elevated concentrations at 74.08 m and 77.75
m, indicating that the anomalous data points are a result of elevated sample concentrations

and not as a result of analytical techniques.

With a total atmospheric lifetime of 1 year (Montzka et al., 2010) CH;Cl should have a short
enough lifetime for there to be a seasonal cycle in its atmospheric mixing ratio, compared with
other trace gases with similar lifetimes. The seasonal cycle of CH;Cl has been determined by
Khalil and Rasmussen (1999) using time series from several atmospheric observation stations.
The data was analysed using a moving average filter to subtract cycles of periods longer than
12 months; this includes any long-term trends in the atmospheric mixing ratio. The amplitude
of the seasonal cycle was taken to be the difference between average concentrations between
the periods February-April and August-October (Khalil and Rasmussen, 1999b). Khalil and
Rasmussen (1999a) observed a seasonal cycle with an amplitude of 15 % of the mean mixing
ratio. The effect of a large ice sheet on the seasonal cycle of CH3;Cl has been assessed by
Kaspers et al. (2004a), in which they demonstrated that the amplitude of the seasonal cycle for
CH;Cl could be significantly increased in firn air compared with nearby observation stations,
although the phase is in line. The derived seasonal amplitudes could be as much as 1.6 times
larger in the firn air. The cause of this possible increase is unclear, but could be the result of

the enhanced oxidation conditions over a large ice sheet in summer (Swanson et al., 2002).
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There may also be different sources and transport mechanisms which influence the seasonality
of CH;Cl, especially with it having a relatively short atmospheric lifetime. This seasonal cycle
can be seen in variations in CH;Cl concentration in the shallowest part of the firn column, as
described in Kaspers et al. (2004) and Sturges et al. (2001). This is also supported by the

detrended Cape Grim observations which are shown in Figure 3.4.
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Figure 3.4: Top panel, Atmospheric mixing ratios of CHsCl as a function of time from observations of
archived samples taken at Cape Grim (blue points), a polynomial expression fitted through the Cape
Grim time series in order to detrend the data (black line), a modelled seasonal cycle based on the
seasonal cycle observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Six data points at 1995.62, 1999.71, 2000.04, 2002.21, 2005.37 and 2006.12 (red points) were
found to be outliers for a number of different compounds thus were taken as unreliable samples and
have been removed from all calculations of seasonal cycle from the Cape Grim data. Bottom panel,
percentage deviation from the annual mean CH;Cl mixing ratios based on the Cape Grim observations
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(top panel), taken as the mean of the observations made in a particular calendar month (between 3 - 8
data points). The error bars represent the 1 o of the measurements.

The seasonal patterns of the Cape Grim observations were determined by using a polynomial
expression fitted through the data to subtract cycles of periods longer than 12 months, which
includes long-term trends. A polynomial expression was used, but | did not use a 12 month
moving average filter as used by Khalil and Rasmussen (1999) because the Cape Grim data
were not measured for every month, and a moving average would not remove cycles of
periods shorter than 12 months. The resulting time series after subtracting the long term trend
was averaged for each of the 12 months over the years when measurements were taken. Data
points more than 3 standard deviations away from the mean were taken as outliers and
removed from the seasonal cycle calculation (yellow points, Figure 3.4). Six data points at
1995.62, 1999.71, 2000.04, 2002.21, 2005.37 and 2006.12 (red points, Figure 3.4) were found
to be outliers for a number of different compounds thus were taken as unreliable samples and
have been removed from all calculations of seasonal cycle from the Cape Grim data. The result

is 12 indices which represent an estimate of the CH;Cl seasonal cycle (Figure 3.4).

Figure 3.4 shows that there is a seasonal cycle in the atmospheric mixing ratio of CH;Cl. The
amplitude of the seasonal cycle is taken as the difference between the average of the winter
(June, July and August) and summer months (Decembers, January and February). Therefore
the detrended Cape Grim observation indicates a seasonal cycle with an absolute amplitude of
13 % of the annual mean mixing ratio in the southern hemisphere. This would represent a
southern hemispheric seasonal cycle with an amplitude of 76.6 ppt in 2008, and the seasonal

cycle agrees with that observed seasonal cycle of 80 ppt by Khalil and Rasmussen (1999).

Figures 3.2 and 3.3 indicate that the 1950 mixing ratio of CH;Cl was 507 ppt in the northern
hemisphere and 528 ppt in the southern hemisphere. This is evidence that CH;Cl has sources
that existed before the middle of the last century likely both natural and anthropogenic in
origin. This is consistent with the findings of Aydin et al. (2004) discussed in 3.2.1 who
observed significant CH5Cl in ice core samples, indicating significant natural emissions. After
the 1950s, the time series show a sustained growth in both hemispheres until the mid to late
1980s. The average growth rate during this period was 1.6 ppt yr or 0.3 % yr™ in the northern
hemisphere and 0.8 ppt yr* or 0.9 % yr in the southern hemisphere. The peak in the northern
hemisphere atmospheric mixing ratio occurred at 565 ppt in ~1987, which is an 11 % increase
from the 1950 mixing ratio. The peak in the southern hemisphere atmospheric mixing ratio
occurred at 561 ppt in ~1989 which is a 7 % increase from the 1950 mixing ratio. After the

peak in atmospheric mixing ratios in both hemispheres, there is a decease until mid-2008
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where the mixing ratio was 515 ppt in the northern hemisphere, and 560 ppt in early 1998 in
the southern hemisphere. January 1998 is the drill date of the DML firn air, and therefore this
is the end of the southern hemispheric time series that can be derived from firn air in this
study. Southern hemispheric measurements of CHCI; mixing ratios have been made from 1992
onwards at the Cape Grim baseline air pollution station. Figure 3.3 shows that these
observations are in general agreement with the firn derived southern hemispheric time series,
nevertheless there may be a number of outlying points. Growth rates were inferred for the
Cape Grim observations by fitting a three parameter sigmoid expression to the data set (the
black line in Figure 3.3). The northern hemispheric time series of atmospheric CH;Cl mixing
ratio agrees with the time series in atmospheric CH;Cl observed at the Barrow observation
station since 1998 (Figure 3.2) (Updated from Khalil and Rasmussen, 1999b). Although there is
an offset between the absolute mixing ratios, this difference is likely due to a calibration scale
offset between the two studies. A comparison of calibration scales by Cox et al. (2003) showed
a4 +1 %, offset in the NOAA measurements compared with AGAGE. Figures 3.2 and 3.3
indicate that the seasonal cycle with an amplitude of 13 % is able to model variations in the
CH;Cl concentration in the shallowest part of the firn columns (Kaspers et al., 2004) and
Sturges et al., 2001). This means that in the current study there is no evidence of an increased

seasonal amplitude on a large ice sheet as suggested by Kaspers et al. (2004a).

An averaged ‘global’ atmospheric time series of CH;Cl was estimated between 1950 and
2008.5 (the drill date of the NEEM site) by averaging northern and southern hemispheric time
series (Figure 3.5). The southern hemispheric time series was derived using both the firn
derived time series and the Cape Grim time series. These two time series were averaged for
the years that are covered by both. This averaged atmospheric time series cannot be taken as
the true global average, as CH;Cl has a strong latitudinal gradient (Khalil and Rasmussen,
1999). Therefore this average atmospheric time series does not take into account the high
mixing ratios observed in the tropical regions (Khalil and Rasmussen, 1999). Consequently, the
‘global’ averaged time series | have produced also cannot be taken as the true global average

as only polar regions observations have been taken.
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Figure 3.5: Northern hemispheric atmospheric time series of CH;Cl derived from Arctic firn air (blue
line). Southern hemispheric atmospheric time series of CH;Cl derived from Antarctic firn and Cape Grim
observation (red line). The average atmospheric time series of CH;Cl was estimated by averaging the
northern and southern hemispheric time series (green line).

Figure 3.5 indicates that the mixing ratio of CH;Cl increased from 518 ppt in 1950 to a
maximum of 563 ppt in ~1987. In mid-2008 the ‘global’ mixing ratio was 517 ppt and the
growth rate was -4 ppt yr™* in 2007. These ‘global’ observations are in general smaller than the
annual mean mixing ratio in 2008 observed by the AGAGE and NOAA networks (545.0 - 547.0
ppt (Montzka et al., 2010)). This difference is most likely due to the fact that in this study, only
polar and mid to low latitude observations have been taken, with no measurements being

made in the tropics, which has a higher mixing ratio (Montzka et al., 2010).

Figure 3.5 shows that there is a correlation both in trend and absolute mixing ratio between
the different time series. This result indicates that there is a similarity between the overall
time series and absolute mixing ratio for northern and southern hemispheric atmospheric
CH3CL. It is unexpected for a compound that only has a total atmospheric lifetime of 1 year
(Montzka et al., 2010), to have such hemispheric symmetry. This probably results from CH;Cl
having such strong in the tropics, spanning the equator and dispersing the compound into both
hemispheres equally. This permits that atmospheric time series of CH3;Cl from the southern
hemisphere can be used to assess the NEEM data. To validate the southern hemispheric time
series, it was used to model the EDML firn air measurements (Figure 3.6). The EDML firn air
samples were taken at Dronning Maud Land in Antarctica (75° S, 0° E) in January 2006. Due to

the multi-site model not being tuned for the EDML firn air samples at the time of this study,
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these measurements were not able to be used to derive an atmospheric time series from the

multi-site inversion modelling.
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Figure 3.6: Depth profiles of southern hemispheric CH;Cl concentration at the EDML firn site (yellow
points) compared with model simulations based on the atmospheric time series indicated in Figure 3.5.
The error bars represent the 1 o of the measurements.

Figure 3.6 shows that the southern hemispheric time series does agree with the firn air
measurements from the EDML firn air site, validating the southern hemispheric time series.
However the EDML does show that the concentration of CH;Cl at 92.75 m was 471 ppt, which
is the lowest concentration measured in the firn in this study. Therefore a multi-site model run
with this firn profile in may extend the southern hemisphere time series to an earlier date.
Therefore | would recommend that this multi-site derived time series be derived when the
model is able to assess EDML firn profiles. As well as validating this time series, it was used as a
comparison with other firn air and ice core derived time series. These comparisons can be seen

in Figure 3.7.
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Figure 3.7:. Northern hemispheric time series from this study (purple line — Figure 3.2) and the southern
hemispheric time series from this study (orange lines — Figure 3.3) compared with the southern
hemispheric CH;Cl atmospheric mixing ratio time series from selected previous studies obtained from
firn air and ice cores data; Trudinger et al. (2004) (blue line), “firn air” history Aydin et al. (2004) (red
line) and “sinusoidal” history Aydin et al. (2004) (green line)

Figure 3.7 shows there is a good general agreement between the different studies. There is an
offset between the absolute mixing ratios, which is most likely due to a calibration scale offset
of ~ 4 % between the two studies. For example, a comparison of calibration scale by Cox et al.

(2003) showed a difference between 2 different studies.

Trudinger et al. (2004) explained much of this variation in the CH;Cl budget as a result of
emissions from biomass burning. The authors assessed the biomass burning emissions with the
use of a two-box atmospheric model (Trudinger et al., 2004). The model used time variation of
the sources such as biomass burning, coal combustion, waste incineration and industry. Coal
combustion was scaled with the time evolution of CO, emissions due to estimated solid fuel
uses from Marland et al. (2003). Emissions due to biomass burning were scaled using the
method of Reeves (2003) which scales emission estimates by global population, with 10 % of
the present-day value held constant. Global population data for Trudinger et al. (2004) came
from the United Nations Chamie et al. (1999). However, unlike Aydin et al. (2004), the other
large sources of CH;Cl such as tropical plants and oceans remained relatively constant with in
the model. The results from the Trudinger et al. (2004) model suggest that the time series
derived in this study could be caused by biomass burning emissions increasing at similar rate to
human population growth until around 1980. However, after 1980, the firn reconstruction
shows a reduced growth rate for CH;Cl mixing ratio while the biomass burning source,

following population, drives the modelled mixing ratios higher. Rather little is known about the
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variation in global emissions of CH;Cl from biomass burning over the last century. However,
Duncan et al. (2003) has estimated biomass burning emissions of CO from satellite
measurements between 1979 - 2000. These estimated emissions show that there is no general
trend for emissions during this period, but there is a significant interannual variability, with a
very large peak in 1998. The results from Trudinger et al. (2004) show that most of this
variation in CH;Cl atmospheric mixing ratio could be caused by an increase in biomass burning
source increasing in a similar way to population until 1980, then becoming more stable (apart
from some high burning years). The decrease in CH;Cl observed after 1998 may be due to a
period of recovery after the large biomass burning event in 1997-1998 (Simmonds et al.,
2004). Alternatively, this increase in mixing ratios could have resulted from one or more
source(s) also varying in a manner similar to population growth (e.g. increased industrial /
agricultural and/or some other anthropogenically influenced source). However Aydin et al.
(2004) reported that it was unlikely that anthropogenic emissions were responsible for the
increase in atmospheric CH;Cl mixing ratios derived during the 20™ century, because the CH,CI
atmospheric mixing ratio time series did not show any correlation with the temporal pattern of

emissions from coal combustion during the 20" century (Keeling, 1994).

There is also be evidence of natural variability in the flux of CH;Cl. Aydin et al. (2004) observed
an oscillating pattern in the atmospheric mixing ratio of CH;Cl over the lasted 300 years (green
line - Figure 3.7 — only between 1900 and 2008). If the atmospheric CH;Cl mixing ratio time
series is sinusoidal, then it is unclear what the underlying causes of these regular cycles are.
However, the cycles seem to predate significant industrial activity, thus Aydin et al. (2004)
indicate that a natural variability may reflect climate-driven changes in the CHsCl budget. The
apparent dominance of tropical plants as a CH;Cl source (Yokouchi et al., 2002), resulted in
Aydin et al. (2004) speculating that such variability could arise from changes in tropical flora as
a response to changes in climate. The cycles may also point to changes in the atmospheric
lifetime of CH;Cl. The largest atmospheric sink of CH;Cl is through oxidation with the OH
radical (Montzka et al., 2010). Therefore any cycles in the OH budget could result in a similar
cycle in CH3Cl mixing ratios. Although there is currently no evidence of a cycle in the global OH
budget, Prinn et al. (2005) reported OH concentrations in 2003—2004 as comparable to those
in 1979, with a derived global averaged OH linear trend of 0.2 % year” during this period.
Analysis of global average OH levels indicates a small maximum around 1989 and a minimum
around 1998 (6 % drop in OH between 1997-1999) (Montzka et al., 2010). There have been
observations of strong centennial-scale climatic oscillations in atmospheric gases. However,

this has not yet been observed for CH;Cl, during the late Holocene from Greenland ice cores
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(Meeker and Mayewski, 2002 and Appenzeller et al., 1998). These variations appear to reflect
large-scale atmospheric circulation changes associated with the North Atlantic Oscillation.
Hundred year periodicities are also apparent in other climate proxy records during the last
thousand years (Briffa et al., 2001 Mann et al., 1998 and Overpeck et al., 1997). Gleissberg
(1966) suggested that variability in solar activity may provide the forcing for climate change on

such time scales, but as yet there is no direct evidence for this mechanism.

The general agreement between the Aydin et al. (2004) “sinusoidal”’ history and the time
series derived in this study during the 20™ century indicates that the CH,Cl time series are
consistent with preindustrial variability, without including any anthropogenic contributions to
the atmospheric budget. This result suggests there may not be a significant industrial or
agricultural contribution to CHsCl levels in the modern atmosphere. If CH;Cl in the atmosphere

IH

continues to oscillate as suggested in the past by the Aydin et al. (2004) “‘sinusoidal’’ history,
then the CHsCl burden may decrease by up to 10 % over the next half century. However since
ca. 2000 the Aydin et al. (2004) “sinusoidal’’ history does not accurately reproduce the decline
in atmospheric mixing ratio observed in the current study by the NEEM firn air and Cape Grim
measurements as well as the observation from Barrow (updated from - Khalil and Rasmussen,
1999b). This indicates that either the “sinusoidal” forcing on CH;Cl mixing ratios has not been
effecting the global abundance, or that this forcing has now stopped or that the current

IM

sources and sinks are now counteracting this “sinusoidal” forcing.

3.2.3 Emissions of CHsCl

The ‘global’ annual emission of CH;Cl was estimated using the atmospheric time series in
Figure 3.5 and with the use of a 1 - box model, further details of the emission estimate process
are given in the methods chapter (Section 2.5.4). These annual emission estimates are shown

in Figure 3.8.
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Figure 3.8: Annual emission of CH;Cl based on the atmospheric time series in Figure 3.5.

Figure 3.8 shows that the emissions of CHsCl rose from 3000 Gg yr' in 1950 to a peak of 3200
Gg yr' in 1986 before progressively declining to 3000 Gg yr'* in 2007 this is a decline of around
7 % from the peak emission. These emissions estimates generally agree with the global
emissions estimates report by Montzka et al. (2010) of between 2844 and 5508 Gg yr.
However, as stated earlier this study does under estimate the global mixing ratio due to the
strong tropical emissions of CH;Cl (Montzka et al. 2010). There means that it is likely that the
emissions estimates are an under estimate of the global emission rate. It should also be noted
that there are still uncertainties in the strength and sources of CH;Cl emissions, therefore
these atmospheric time series may point to an as yet unidentified anthropogenic source or an
indirect effect of human activities on natural sources and sinks, for example those caused by

changes in land use patterns and agricultural practices (Aydin et al. 2004).
3.3 Very Short-Lived (VSL) chlorinated substances

The VSL chlorine substances are defined as chlorinated trace gases whose local lifetimes are
comparable to, or shorter than, the tropospheric transport timescales and that have non-
uniform tropospheric abundances (Montzka et al., 2010). Generally, VSL chlorine substances

are considered to be compounds that have atmospheric lifetimes of less than 6 months.

Based on a limited number of observations, very short-lived source gases account for 55 (38—
80) ppt chlorine in the middle of the tropical tropopause layer (Montzka et al., 2010).
Approximately 40 ppt of the chlorine from source gases is from anthropogenic VSLs emissions

(e.g. CHCl; and CH,Cl,) (Montzka et al., 2010). The amount of chlorine from a VSL source
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substance that reaches the stratosphere depends on the location of the emissions as well as
atmospheric removal and transport processes (Montzka et al., 2010). Therefore, there are
uncertainties in quantifying the full impact of VSL chlorine-containing compounds on

stratospheric ozone.

In this section, | will report the atmospheric time series of the mixing ratios of the VSL chlorine
substances: CHCl;, CH,Cl,, CCI,CCl,, CH,CICH,Cl, C,HsCl and CHCICCI,. Firn air samples collected
in Greenland were used to reconstruct a northern hemispheric time series. Samples collected
in Antarctica, as well as observations from archived samples taken at the Cape Grim baseline
air pollution station were used to reconstruct a southern hemispheric time series. These two

time series are then used to calculate emission rates for the VSL chlorine substances.

3.3.1 Background information on CHCI;

Chloroform (trichloromethane, CHCl;) is the second most abundant organic source of natural
chlorine to the atmosphere after methyl chloride and is an important source of tropospheric
chlorine. The globally averaged mixing ratio of chloroform at the earth’s surface was calculated
as 7.0 £ 1.5 ppt in 2008 (Montzka et al., 2010). It is used almost exclusively in the production of
HCFC-22 and fluoropolymers, but is also released as a by-product from chlorine bleaching in

the paper and pulp industry and from water chlorination (Worton et al., 2006).

“Top-Down” average annual global emission were calculated to be 315-373 Gg yr* for 2001
(Worton et al., 2006) and 370 + 120 Gg yr" between 2000-2004 (Xiao, 2008). About 75 % of
these emissions are natural in origin (Montzka et al., 2010). The largest single source appears
to be the open oceans (contributing 168 + 106 Ggyr™, (Xiao, 2008)), from a yet undefined
biological process (Khalil et al., 1999). However sources from macroalgae in the coastal regions

of the ocean appear not to contribute much to the total release (Baker et al., 2001).

Table 3.3: Annual emissions of atmospheric CHCl; in Gg yr™.

Source Emissions Emissions Emissions Emissions

(Xiao, 2008) (Keene et al., (Worton et al., (McCulloch, 2003)

1999) 2006)

Reference year 2000-2004 1990 2001 (not given)
Oceans 168 + 106 361 360 £ 90
Soils 136 £ 56 202 220 + 100
Industry 64.5 65 79-108 66 + 23
Biomass burning 1.97 £1.83 2
Total 370+ 120 630 315-373 660 + 220




Soil processes are the next most important natural source for CHCl; formation. The worlds
soils emit about 136 + 56 Gg yr'* of CHCl; (Xiao, 2008), and it is produced naturally in the top
layers of soil when an oxidising agent acts on an organic material in the presence of chloride
ions (Hoekstra et al., 1998b Hoekstra et al., 1998a and). Rice fields and termite bearing soils
have also been identified as a CHCl; sources (Khalil et al., 1998). Other natural sources, mainly

volcanic and geological, account for less than 20 Gg yr™ (McCulloch, 2003).

Industrial sources of CHCI; total 65-108 Gg yr'1 (Xiao, 2008, Worton et al., 2006 and McCulloch,
2003) and are predominantly the result of using strong oxidizing agents on organic material in
the presence of chloride ions, which is a direct parallel with the natural processes occurring in
soils. CHCl; is produced as a by-product during the delignification of wood and other cellulose
pulps and the bleaching of paper by chlorine. Juuti et al. (1996) identified that other chlorine-
containing oxidants used in these processes (such as chlorine dioxide, ClO,) also generate
CHCI;. Chloroform is produced when water is treated with chlorine through the haloform
reaction involving humic compounds (Larson and Weber, 1994). With its relatively low
solubility in water and relatively high vapour pressure, CHCl; generated in water can be

expected to partition into the atmosphere (Ballschmiter, 1992).

Xiao (2008) and O'Doherty et al. (2001) estimated around 62 % of total CHCl; emissions
originate from the Northern Hemisphere. Chloroform is only estimated to contribute < 10 ppt
(McCulloch, 2003) to stratospheric chlorine as a result of its short tropospheric lifetime of 149
days (Montzka et al., 2010). CHCl; is degraded in the troposphere through oxidation by OH to
phosgene (COCl,) a small percentage of which reaches the stratosphere where it can
participate in ozone destruction (Kindler et al., 1995). Chloroform is also removed by anaerobic
and aerobic soil microorganisms, although not important to the global CHCI; mixing ratio, this
can have a profound effect on the local concentration in the soil that cannot equilibrate into

the atmosphere (McCulloch, 2003).

Chloroform has been observed in the environment over many years: in air (O'Doherty et al.,
2001 and Murray and Riley, 1973), water (Zok et al., 1998) and soil pores (Hoekstra et al.,
1998a). The globally averaged mixing ratio of chloroform at the Earth’s surface has been
reported to be 18.5 ppt between 1986 and 1994 (Khalil and Rasmussen, 1999a). The mixing
ratio is estimated to have contributed ca. 60 ppt chlorine to the lower troposphere, and about
40 ppt chlorine to the total troposphere (Khalil and Rasmussen, 1999a). Later measurements
from the AGAGE network between 1994 and 1998 show a much lower global average baseline

mixing ratio of 8.9 + 0.1 ppt with no appreciable trend during this period (O'Doherty et al.,
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2001). Since 2000, annual averaged CHCl; mixing ratios have remained approximately
constant, suggesting little change in the fraction arising from industrial emissions (Montzka et
al., 2010). The globally averaged mixing ratio of CHCI; at the Earth’s surface was 7.0 + 1.5 ppt
in 2008. This was only a -0.02 * 0.09 ppt change in mixing ratio from the 2007 value (Montzka
etal., 2010).

Long term time series of atmospheric chloroform mixing ratio have been assessed through the
analysis of air trapped in firn from both the Arctic and Antarctic (Worton et al., 2006 and
Trudinger et al., 2004). The detail of these firn air sites can be found in Table 3.1 and Chapter
2.

The Trudinger et al. (2004) reconstruction of southern hemispheric CHCI; mixing ratios in the
atmosphere shows an increase from about 1930, to ca. 1970, with CHCl; mixing ratios reaching
a maximum around 1990 before then decreasing (Figure 3.9). The mixing ratio around 1940
was ~3.9 ppt and the maximum (mean annual) mixing ratio was over 6.5 ppt in ca. 1990
(Trudinger et al., 2004). Between 1986 and 1994, Khalil and Rasmussen (1999) made
measurements of atmospheric CHCl; mixing ratios directly from the atmosphere at a number
of sites including Cape Grim and Antarctica. Their records show consistently higher mixing
ratios than the firn or AGAGE records, but this may be due to a difference in calibration scale

(Cox et al., 2003).
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Figure 3.9: The atmospheric time series of chloroform during the 20" century from the “best fit”
modelled global (green line), northern hemispheric (NH, blue line), and southern hemisphere (SH, red
line) by Worton et al. (2006) and the southern hemisphere atmospheric time series (purple line) by
Trudinger et al. (2004).

Worton et al. (2006) collected firn air samples at the North Greenland Ice core Project (NGRIP),
Greenland, Devon Island (Dl), Canada, Dronning Maud Land (DML), Antarctica and Dome

Concordia (Dome C), Antarctica sites (Chapter 2).

Worton et al. (2006) generated the atmospheric mixing ratios for the locations of the firn sites
with the use of a 2-D atmospheric chemistry transport model, detailed in Reeves (2003). To
validate these atmospheric mixing ratios, a firn physical transport model (Rommelaere et al.,
1997) was used to interpolate atmospheric time series into firn concentration depth profiles.
By varying the magnitudes of anthropogenic and natural emissions of CHCl; in the atmospheric
model, Worton et al. (2006) produced four scenarios that matched the firn profiles. These

profiles are referred to as the “best fit” time series.

These four “best fit” scenarios incorporate either 4 or 5 times the reported paper and pulp
emissions by Aucott et al. (1999), double the reported water chlorination and other industrial
emissions by Aucott et al. (1999) and natural emissions based on Khalil et al. (1999). These
modelled calculations suggest anthropogenic emissions accounted for ca. 14 - 20 % of total
CHCl; emissions in 1950, and increased to 41 - 50 % of total emissions at the peak in global
mixing ratios around 1990. Anthropogenic emissions subsequently decreased to ~ 19 % of total
emissions in 2001 (Worton et al., 2006). This decrease was attributed mostly to a reduction in
paper and pulp manufacture, from the 1990s. When the “best fit” scenarios were modelled a

global background mixing ratio of ~5.4 pptv was derived for the start of the 20" century
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(Figure 3.9). The atmospheric mixing ratios of CHCl; was then shown to increase to a global

background maximum of 13.0 pptv in 1990, before decreasing in the atmosphere.

There is agreement between the atmospheric time series derived by the different studies. For
example, the southern hemispheric time series derived by Worton et al. (2006) correlates with

the southern hemispheric time series derived by Trudinger et al. (2004).

Worton et al. (2006) estimated an average global mixing ratio of 10.4 pptv CHCI; between 1994
— 1998, which is higher than the 8.9 + 0.1 pptv measured by the AGAGE network (O'Doherty et
al., 2001). The rate of decline during this period, (-0.42 pptv yr* (Worton et al., 2006)) is
slightly outside the errors of the estimated decrease during the same period measured by the

AGAGE network (O'Doherty et al., 2001).
3.3.2 Results and discussion of CHCl3

In the current study, | will report firn air measurement of CHCI; from a number of northern and
southern hemispheric firn air records, as well as southern hemispheric observations from the
Cape Grim baseline air pollution station. These measurements have then been used to derive
the atmospheric time series of CHCl; mixing ratios. The time series of atmospheric CHCl;
mixing ratios were derived using the LGGE method, which is described in more detail in the
methods chapter. These new atmospheric time series are then compared with previous
atmospheric time series estimated by Worton et al. (2006). The time series obtained and the
output from the inverse model for the northern and southern hemisphere site are shown
alongside the measured concentration of CHCIl; with depth at northern hemispheric firn sites
(NEEM, NGRIP and DI) and southern hemispheric (DML) firn sites in Figures 3.10 and 3.11,

respectively.
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Figure 3.10: Top panel, depth profiles of northern hemispheric CHCl; concentration with depth at the;
NEEM firn site (blue points), NGRIP firn site (purple points) and the DI firn site (yellow points), compared
with model simulations based on the atmospheric time series indicated in the bottom panel with a
seasonal cycle of 28 % added to the time series. The error bars represent the 1 o of the measurements.
Bottom panel, Atmospheric time series derived by a multi-site inversion modelling of the NEEM, NGRIP
and DI firn air measurements (solid line) using the LGGE method. The time series derived by the NEEM,
NGRIP and DI - yellow line, NEEM and NGRIP — purple line and NEEM only — blue line. The dashed lines
represent the uncertainties envelope of the time series (as described Figure 2.10). Observations of
atmospheric CHCl; from the Mace Head observation station updated from O'Doherty et al. (2001) (grey
line) and the “Best fit” northern hemispheric time series derived by Worton et al. (2006) (light blue line)
are shown as comparisons.
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Figure 3.11: Top panel, depth profiles of southern hemispheric CHCl; concentration with depth at the
DML firn site (green points), compared with model simulations based on the atmospheric time series
indicated in the bottom panel with a seasonal cycle of 28 % added to the time series. The error bars
represent the 1 o of the measurements. Bottom panel, atmospheric time series derived by a single site
inversion modelling of the DML firn air measurements (solid line) using the LGGE method. The dashed
lines represent the uncertainties envelope of the time series (as described Figure 2.10). Also the mixing
ratios of CHCl; as a function of time as measured in air samples collected in the southern hemisphere
(blue points, from Cape Grim). The black line is a sigmoid expression fitted through the Cape Grim time
series in order to derive growth rates and emissions. The “Best fit” southern hemispheric time series
derived by Worton et al. (2006) (light purple line) and the time series derived by Trudinger et al. (2004)
(light orange line)are shown as comparisons.
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The ambient air measurements (shown as depth = 0 m) were collected at the NEEM site in July
2008. These ambient air measurements had an average mixing ratio of 10.70 + 0.23 ppt and
represent the latest northern hemispheric measurements of CHCl; in this study. The ambient
air measurements were collected at the DML site in the December 1997 during the firn air
drilling. These ambient air measurements have an average mixing ratio of 5.54 + 0.12 ppt and

are the latest southern hemispheric measurements from the firn air sites in this study.

With a total atmospheric lifetime of 149 days (Montzka et al., 2010), CHCI; should have a short
enough lifetime for there to be a seasonal cycle in its atmospheric mixing ratio. O'Doherty et
al. (2001) observed a seasonal cycle in the atmospheric mixing ratio of CHCI; that appears to
be consistent with the removal by reaction with OH, However, it also appears that the cycle is
effected by the seasonality in CHCI; emissions. O'Doherty et al. (2001) observed a seasonal
cycle with an amplitude of 23 % of the mean mixing ratio. Worton et al. (2006) modelled the
seasonal cycle of CHCI; using a 2-D atmospheric chemistry transport model (Reeves, 2003), by
assigning a seasonal variation to each source and sink. Worton et al. (2006) calculated a
seasonal cycle of around 28 % of the mean mixing ratio. This seasonal cycle can be seen in the
variations in the CHCl; concentration in the shallowest part of the firn columns, as described in
Kaspers et al. (2004) and Sturges et al. (2001). This is also supported by the detrended Cape

Grim observations which are shown in Figure 3.12.
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Figure 3.12: Top panel, atmospheric mixing ratios of CHCl; as a function of time from observations of
archived samples taken at Cape Grim (blue points). A polynomial expression fitted through the Cape
Grim time series in order to detrend the data is shown by a black line and a modelled seasonal cycle
based on that observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Six unreliable samples were also removed from the seasonal cycle calculation (red points) (see
Figure 3.4 for more details). Bottom panel, percentage deviation from the annual mean CHCl; mixing
ratio based on the Cape Grim observations (top panel), taken as the mean of the observations made in a
particular calendar month (between 3 - 8 data points). The error bars represent the 1 ¢ of the
measurements.

The seasonal patterns of the Cape Grim observations were determined by using the same
method described in section 3.2.2. Figure 3.12 shows that there is a seasonal cycle in the
atmospheric mixing ratio of CHCl;. The amplitude of the seasonal cycle is taken as the

difference between the average of the winter (June, July and August) and the  summer
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months (Decembers, January and February) average mixing ratios. The Cape Grim observation
indicates a seasonal cycle with an total amplitude of 28 % of the annual mean mixing ratio in
the southern hemisphere. This would represent a southern hemispheric seasonal cycle with
an amplitude of 1.43 ppt in 2008. This seasonal cycle agrees with that observed by Worton et
al. (2006) and O'Doherty et al. (2001).

Figures 3.10 and 3.11 indicate that the mixing ratio of CHCl; was 8.5 ppt in the northern
hemisphere and 4.5 ppt in the southern hemisphere in 1950. After the 1950s, the time series
show a sustained growth in both hemispheres until the mid-1980s in the northern hemisphere
and around 1990 in the southern hemisphere. Average growth rates during this period were
0.25 ppt yr' or 2.0 % yr' in the northern hemisphere and 0.05 ppt yr or 0.9 % yr' in the
southern hemisphere. The greater increase in the northern hemisphere reflects a larger
contribution of northern hemispheric anthropogenic emissions of CHCI; to the global mixing
ratio. Xiao (2008) estimated 62 % of global CHCI; emissions originate from the northern
hemisphere. The peak in the northern hemisphere atmospheric mixing ratio occurred at 16.8
ppt in 1984 which is double the 1950 mixing ratio. In contrast the peak in the southern
hemisphere atmospheric mixing ratio occurred at 6.3 ppt in 1988 which is around 1.5 times the
1950 mixing ratio. The results also indicate that there has been a doubling of CHCl;
concentration over the last century consistent with Worton et al. (2006) and Trudinger et al.
(2004). After the observed peak the atmospheric mixing ratios in both hemispheres deceased
to 11.3 ppt in mid-2002 in the northern hemisphere and 5.9 ppt in January 1998 in the
southern hemisphere. January 1998 is the drill date of the DML firn air, and therefore
represents the most recent data point in the current study for CHCl; derived from firn air in the

southern hemisphere.

Southern hemispheric measurements of CHCl; mixing ratios have been observed from 1994
onwards at the Cape Grim baseline air pollution station. Figure 3.11 shows that these
observations are in general agreement with the firn derived southern hemispheric time series,
although there may be a number of outlying points. Growth rates were inferred for the Cape
Grim observations by fitting a three parameter sigmoid expression to the data set (the black
line in Figure 3.11). Figure 3.10 indicates that there is good general agreement between the
time series derived in the current study and the “best fit” northern hemispheric time series
modelled by Worton et al. (2006). Although the time series in the current study has been
smoothed compared to that of Worton et al. (2006). This result validates the findings of
Worton et al. (2006), and shows that previously anthropogenic emission estimates have been

underestimated. This is especially true for emissions from the pulp and paper industry, which
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was underestimated by 4-5 fold by Aucott et al. (1999). Also Figure 3.11 indicates that there is
general agreement between the time series derived in the current study and the southern
hemispheric time series derived by Worton et al. (2006) and Trudinger et al. (2004). This
indicates that the anthropogenic emissions of CHCl; increased relative to human population

increases up until 1990.

Since 2002, the atmospheric mixing ratio has remained almost constant in both hemispheres
the mixing ratio was estimated as 11.5 ppt in the northern hemisphere and 5.1 ppt in the
southern hemisphere by mid-2008. With the growth rate during this period being only 0.02 ppt
yr'' in the northern hemisphere and -0.06 ppt yr™ in the southern hemisphere, this suggest
there has been little change in the emissions of CHCl; during this period. The atmospheric
mixing ratio of CHCl; in mid-2008 is larger than the 1950 mixing ratio, which suggests that

there are still significant anthropogenic emissions.

The ‘global’ averaged atmospheric time series of CHCl; was estimated between 1950 and 2008
(the drill date of the NEEM site). This ‘global’ average time series was derived by averaging the
northern and southern time series (Figures 3.10 and 3.11). The southern hemispheric time
series was derived using both the firn derived time series and the Cape Grim time series. These

two southern hemispheric time series were averaged for the years that are covered by both.
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Figure 3.13: Northern hemispheric atmospheric time series of CHCl; derived from Arctic firn air (blue
line). Southern hemispheric atmospheric time series of CHCl; derived from Antarctic firn and Cape Grim
observation (red line). ‘Global’ atmospheric time series of CHCl; derived as the average between the
northern and southern hemispheric time series (green line).
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Figure 3.13 indicates that ‘global’ mixing ratio of CHCI; increased from 6.5 ppt in 1950 to a
maximum of 11.5 ppt in 1985. In mid-2008 the ‘global’ mixing ratio was 8.3 ppt and the growth
rate was 0.01 ppt yr' in 2007. This is consistent the ‘global’ observations from the AGAGE
network which reported a mixing ratio of 7.0 = 1.5 ppt in 2008 (Montzka et al., 2010). Figure
3.13 also indicates that the northern hemispheric time series of atmospheric CHCI; agrees with
the time series in atmospheric CHCl; observed at the Mace Head observation station since

1994 (Updated from O'Doherty et al., 2001).

3.3.3 Background information on CH,Cl,

Dichloromethane or methylene chloride (CH,Cl,) is a very short-lived source gas and a known
source of chlorine to the tropical tropopause layer (TTL) (Montzka et al., 2010). CH,CI, is a
highly volatile solvent which finds application in a wide variety of industrial and commercial
processes. The global average mole fraction of dichloromethane was estimated as ca. 22.1
6.7 ppt in 2008 (Montzka et al., 2010). The corresponding tropospheric chlorine burden was
approximately 0.25 Tg Cl (Xiao, 2008).

About 70 % of CH,Cl, emissions are anthropogenic in origin (Montzka et al., 2010). CH,CI, is
principally used are as a paint remover, in foam production and foam blowing applications, as
a solvent and degreaser, in fumigation, and even as an extraction solvent in the decaffeination
of coffee (Cox et al., 2003). Natural emissions of this compound include production from both

the open and costal ocean and biomass burning (Keene et al., 1999).

Estimated industrial emissions (from audited sales) data were about 519 + 32 Gg yr* for the
years 1999-2003 (Simmonds et al., 2006), and Xiao (2008) estimated rates of 430 + 12 Gg yr'
for a similar time period between 2000-2004. Both these estimates are lower than the 580 Gg
yr'! given by McCulloch et al. (1999a). There has been a steady decline in emission rates of
about 12 Gg yr? between 1988 and 1996 (McCulloch et al., 1999a). Xiao (2008) shows that in
the years 2000-2004, emissions from the Southeast Asian region increased, with the region
becoming a significant source of CH,Cl, emissions. In contrast, emissions from North America

have reduced in recent years.

A model analysis of the atmospheric data by Simmonds et al. (2006) indicates that more than
90% of the emissions originate from the Northern Hemisphere, which further indicates their
predominantly industrial origin. Industrial inventories support this model and indicate that 1%
of industrial emissions are from the Southern Hemisphere (McCulloch et al., 1999a). However,
other anthropogenic and natural sources are likely to contribute to CH2CI2 mixing ratios in the

atmosphere. The nature and magnitude of natural CH,Cl, sources are not well known, but
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some natural emissions sources include the ocean (Keene et al., 1999 and Khalil et al., 1999)

with estimated emissions of 190 Gg yr™.

Emissions of CH,Cl, from the oceans show well-established seasonal variations. Greater
emissions have been modelled for the tropical oceanic regions compared with higher latitudes
(Xiao, 2008), probably related to the higher sea surface temperature. Recent work by Moore
(2009) suggests that the apparent supersaturation of this gas in higher latitude waters is an
artifact of circulation and mixing. In this sense, the observed surface supersaturation of the gas
would likely have resulted from the recent decline of this gas in the atmosphere (Simmonds et
al., 2006) with the ocean gradually re-equilibrating, and not necessarily the result of
production in the ocean. Studies by Keene et al. (1999) and Khalil et al. (1999) conclude that
oceanic emissions of dichloromethane could account for about 25 % of the total emissions to

the atmosphere.

An estimate of biomass burning to global atmospheric CH,Cl, was given as 7 % by Keene et al.
(1999) later supported by Xiao (2008). Lobert et al. (1999) estimated emissions due to biomass
burning of about 50 Gg yr''. However, these values have been questioned by Simmonds et al.
(2006) on the basis of much lower (by two orders of magnitude) biomass burning emission

factors observed from Australian wild fires.

The major atmospheric removal process for CH,Cl, is destruction by OH, with a resultant
atmospheric lifetime of 144 days (Montzka et al., 2010). Compared to longer-lived
chlorocarbons, this significantly lowers the likelihood of CH,Cl, reaching the stratosphere
where it could damage the ozone layer. Graedel and Keene (1996) estimate that about 2 % of
CH,Cl, emissions reach the stratosphere. Because of its low impact on stratospheric ozone, it is
not regulated by the Montreal Protocol. However, it is classified as a hazardous air pollutant
and a toxic volatile organic compound in regional air quality inventories (Simmonds et al.,

2006).

Atmospheric measurements of CH,Cl, extending back in time are quite limited. AGAGE
measurements began in 1998 at Mace Head, Ireland and Cape Grim, Tasmania (Simmonds et
al., 2006 and Cox et al., 2004). CH,Cl, has increased significantly in recent years in both
hemispheres, having previously fallen from 1995 (when records began) to about 2000
(updated from Simmonds et al., 2006). In the northern hemisphere, mean surface mixing ratios
in 2008 are similar to those previously observed in the mid-1990s. The growth rate between
2007 and 2008 increased by 8.1 + 2.3 % yr’ to give a global average of 22.1 + 6.7 ppt (Montzka
et al., 2010).
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Elkins (2001) reported mixing ratios of CH,Cl, of approximately 20—40 ppt between 1995-1997
at Niwot Ridge, values 20 % greater at higher northern latitudes (e.g., Barrow), and markedly
less (8 — 12 ppt) in the southern hemisphere. Between the years 1998 — 2004, mixing ratios in
the northern and southern hemispheres were about 30.8 + 0.2 ppt and 8.74 + 0.03 ppt,
respectively (Simmonds et al., 2006), which gives an inter-hemispheric contrast with a factor of
around 3.5. This large inter-hemispheric difference reflects the significant contribution of
anthropogenic emissions in the Northern Hemisphere. This is supported by Montzka et al.

(2010) who report 93 % of global emissions are from the northern hemisphere

Trudinger et al. (2004) reconstructed Southern Hemispheric mixing ratios of dichloromethane
to pre-1940 through the study of firn air. The reconstruction shows a steep increase in mixing
ratios from ca. 1960, peaking around 1990, then decreasing (Trudinger et al., 2004) (Figure
3.14). The rate of change in the most recent years of the reconstruction matches well with the

rate of change of the Cape Grim record (Trudinger et al., 2004).
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Figure 3.14: The atmospheric time series of dichloromethane during the 20" century from the synthesis
time series based on Trudinger et al. (2004).
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3.3.4 Results and discussion of CH,Cl,

In the current study, | will report firn air measurement of CH,Cl, from a number of northern
and southern hemispheric firn air records, as well as southern hemispheric observations from
the Cape Grim baseline air pollution station. These measurements have then been used to
derive the atmospheric time series of CH,Cl, mixing ratios. The time series of atmospheric
CH,Cl, mixing ratios were derived using the LGGE method, which is described in more detail in
the methods chapter. These new atmospheric time series are then compared with previous
atmospheric time series estimated by Trudinger et al. (2004). The time series obtained and the
output from the inverse model for the northern and southern hemisphere site are shown
alongside the measured concentration of CH,Cl, with depth at northern hemispheric firn sites
(NEEM, NGRIP and DI) and southern hemispheric (DC and DML) firn sites in Figures 3.15 and

3.16, respectively.
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Figure 3.15: Top panel, depth profiles of northern hemispheric CH,Cl, concentration with depth at the;
NEEM (blue points), NGRIP (purple points) and the DI (yellow points), compared with model simulations
based on the atmospheric time series indicated in the bottom panel with a seasonal cycle of 46 % added
to the time series. The error bars represent the 1 o of the measurements. Bottom panel, Atmospheric
time series derived by a multi-site inversion modelling of the NEEM, NGRIP and DI firn air measurements
(solid line) using the LGGE method. As the firn sites have different drill dates the LGGE method derives
an atmospheric time series using all of the firn sites up to the drill date of a firn site, after which the
atmospheric time series is derived using the remaining sites. The time series derived are illustrated by
the NEEM, NGRIP and DI - yellow line, NEEM and NGRIP — purple line and NEEM only — blue line. The
dashed lines represent the uncertainties envelope of the time series (as described Figure 2.10).
Observations of atmospheric CH,Cl, updated from Simmonds et al. (2006) (grey line) are shown for
comparative purposes.
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Figure 3.16: Top panel, depth profiles of southern hemispheric CH,Cl, concentration with depth at the;
DC (red points) and the DML (green points), compared with model simulations based on the
atmospheric time series indicated in the bottom panel with a seasonal cycle of 46 % added to the time
series. The error bars represent the 1 o of the measurements. Bottom panel, Atmospheric time series
derived by a multi-site inversion modelling of the DC and DML firn air measurements (solid line) using
the LGGE method. The time series derived by the DC and DML - green line and DC only — red line. The
dashed lines represent the uncertainties envelope of the time series (as described Figure 2.10). Also the
mixing ratios of CH,Cl, as a function of time as measured in air samples collected in the southern
hemisphere (blue points, from Cape Grim, Tasmania, 41°S, 145° E). The black line is a sigmoid expression
fitted through the Cape Grim time series in order to derive growth rates and emissions. The southern
hemispheric time series (light blue line) derived by Trudinger et al. (2004) is show for comparative
purposes.

The ambient air measurements (shown as depth = 0 m) were collected at the NEEM site in July
2008 during firn air drilling. These measurements have an average mixing ratio of 39.6 + 0.4

ppt and are the latest northern hemispheric measurements of CH,Cl, in this study. The

100



ambient air measurements were collected at the DML site in the December 1997 during the
firn air drilling. These air measurements have an average mixing ratio of 9.4 + 0.1 ppt and are
the latest southern hemispheric measurement from the firn air sites in this study. This is
because the DC ambient air measurements are much lower than the other DC measurement

and therefore are like to be an outlining data point.

CH,Cl, has a significant atmospheric sink as a result of its reaction with the hydroxyl radical
(OH) (Montzka et al., 2010). The atmospheric lifetime of CH,Cl, with respect to OH is 144 days
(Montzka et al., 2010). This should be short enough for there to be a seasonal cycle in CH,Cl,
atmospheric mixing ratio compared with other trace gases with similar lifetimes. This seasonal
cycle can be seen in the variations in CH,Cl, concentration in the shallowest part of the firn
columns, that would have reflected the seasonality in the OH atmospheric mixing ratios that
has been described in Kaspers et al. (2004) and Sturges et al. (2001). This is also supported by

the detrended Cape Grim observations which are shown in Figure 3.17.
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Figure 3.17: Top panel, Atmospheric mixing ratios of CH,Cl, as a function of time from observations of
archived samples taken at Cape Grim (blue points). A polynomial expression fitted through the Cape
Grim time series in order to detrend the data (black line). A modelled seasonal cycle based on the
seasonal cycle observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Six unreliable samples were also removed from the seasonal cycle calculation (red points) (see
Figure 3.4 for more details). Bottom panel, percentage deviation from the annual mean CH,Cl, mixing
ratio based on the Cape Grim observations (top panel), taken as the mean of the observations made in a
particular calendar month (between 3 - 8 data points). The error bars represent the 1 ¢ of the
measurements.

The seasonal patterns of the Cape Grim observations were determined by using the same
method stated earlier (section 3.2.2). Figure 3.17 shows that there is a seasonal cycle in the
atmospheric mixing ratio of CH,Cl,. The amplitude of the seasonal cycle is taken as the

difference between the average of the winter months (June, July and August) and summer
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months (Decembers, January and February). Therefore, the Cape Grim observation indicates a
seasonal cycle with an amplitude of 46 % of the annual mean mixing ratio in the southern
hemisphere. This would represent a southern hemispheric seasonal cycle with an amplitude of
5.5 ppt in 2008. This seasonal cycle agrees with that observed by Montzka and Elkins (2006)
with an amplitude of 48 %. Montzka and Elkins (2006) observed the seasonal cycle from
measurements of CH,Cl, from the Barrow observation station. Barrow is a long term
observation research station in the northern hemisphere run as part of the NOAA/ESRL's

Global Monitoring Division and is located at 71.3°N, 156.6°W and 11 m a.s.l.

Figures 3.15 and 3.16 indicate that the 1950 mixing ratios of CH,Cl, were 2.8 ppt in the
northern hemisphere and 1.1 ppt in the southern hemisphere. After 1950, the time series
show a sustained growth in both hemispheres until the mid-1980s in the northern hemisphere
and around 1990 in the southern hemisphere. The average growth rates during this period
were 1.8 ppt yr' in the northern hemisphere and 0.2 ppt yr™ in the southern hemisphere. This
greater value for the northern hemisphere reflects the significant contribution of northern
hemispheric anthropogenic emissions of CH,Cl, to the global mixing ratio. Montzka et al.
(2010) report that 93 % global CH,Cl, emissions are from the northern hemisphere. The peak in
the northern hemisphere atmospheric mixing ratio occurred in 1985 at 67.4 ppt, whereas the
peak in the southern hemisphere atmospheric mixing ratio occurred in 1990 at 10.8 ppt. These
measurements are in general agreement with the southern hemispheric time series derived by
Trudinger et al. (2004) (light blue line Figure 3.16), although the southern hemispheric
atmospheric time series derived in this study is ~ 10 % larger that the Trudinger et al. (2004)
time series. This difference is likely due to a calibration scale offset between the two studies. A
comparison of calibration scales by Simmonds et al. (2006) observed an 8.8 + 4%, increase in

the NOAA measurements compared with AGAGE.

After the peak in atmospheric mixing ratios in both hemispheres, there was a continual
decease until a mixing ratio of 34.5 ppt in mid-2002 in the northern hemisphere and 9.8 ppt in
January 1999 in the southern hemisphere. January 1999 is the drill date of the Dome C firn air
and therefore represents the end of the southern hemispheric time series. Southern
hemispheric measurements of CH,Cl, mixing ratios have been made from 1994 onwards at the
Cape Grim baseline air pollution station. Figure 3.16 shows that these observations are in
general agreement with the firn derived southern hemispheric time series, although there may
be a number of outlying points. Growth rates were inferred for the Cape Grim observations by
fitting a three parameter sigmoid expression to the data set (the black line in Figure 3.16). The

Cape Grim time series shows a continuation of the decreasing trend in the southern
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hemisphere down to a mixing ratio of 9.6 ppt in mid-2002. This is in agreement with the
northern hemispheric time series. However, since 2002 the atmospheric mixing ratio has
started to increase again in both hemispheres reaching 38.2 ppt in the northern hemisphere
and 10.1 ppt in the southern hemisphere by mid-2008. The growth rate during this period has
also increased year-on-year from 0.12 ppt yr™ in 2003 up to 0.87 ppt yr'' 2007 in the northern
hemisphere and from 0.01 ppt yr* in 2003 up to 0.12 ppt yr' 2007 in the southern

hemisphere, which suggests this increase is likely to continue in the future.

The turnaround in the atmospheric time series of CH,Cl, occurs at around 34 ppt in the
northern hemisphere and around 10 ppt in the southern hemisphere. This is much larger than
the 1950 levels measured in the current study. This would suggest that this increase is due to
an increased in anthropogenic emissions as it is unlikely that natural emission rates have
increased by this amount. If the major source of CH,Cl, emissions is anthropogenic in origin, it
is unclear if either a previously known source has increased emissions rate or if there is a new
source. The northern hemispheric time series of atmospheric CH,Cl, agrees with the time
series observed at Mace Head since 1998 (Figure 3.15) (Updated from Simmonds et al., 2006).
Again the difference in absolute mixing ratio is likely due to a calibration difference between

the two studies.

The ‘global’ averaged atmospheric time series of CH,Cl, was estimated between 1950 and
2008 by averaging the northern and southern time series (Figure 3.18). The southern
hemispheric time series was estimated using both the firn derived time series and the Cape

Grim time series. These two time series were averaged for the years that are covered by both.
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Figure 3.18: Northern hemispheric atmospheric time series of CH,Cl, derived from Arctic firn air (blue
line). Southern hemispheric atmospheric time series of CH,Cl, derived from Antarctic firn and Cape Grim
observation (red line). ‘Global’ atmospheric time series of CH,Cl, estimated as the average between the
northern and southern hemispheric time series (green line).

Figure 3.18 indicates that ‘global’ mixing ratio of CH,Cl, increased from 2.0 ppt in 1950 to a
maximum of 39.0 ppt in 1985. In mid-2008 the ‘global’ mixing ratio was 24.1 ppt with a growth
rate of 0.5 ppt yr* in 2007. These ‘global’ observations are in good general agreement with the
global observation from the AGAGE network which observed a mixing ratio of 22.1 + 6.7 ppt in

2008 (Montzka et al., 2010).

The firn modelling method developed at LGGE derives atmospheric time series for the
northern and southern hemisphere independently. This means that the model assumes that
there is no relationship between the two time series; therefore, a 2 box was used to validate
the two time series. The 2 box model uses the northern hemisphere as an input and then
derives a southern hemispheric time series using the inter-hemispheric mixing time (1.34
years) and an atmospheric lifetime of 144 days (Montzka et al., 2010). This modelled southern
hemispheric time series was then compared with the atmospheric time series derived from the
southern hemispheric firn air measurements (Figure 3.19). However this method makes the
assumption that all emissions of CH,Cl, are in the northern hemisphere, with zero emissions in
the southern hemisphere, consistent with Simmonds et al. (2006) who indicated that > 90 % of
the emissions emanate from the northern hemisphere and McCulloch et al. (1999), who
indicated that only 1 % of industrial emissions are in the southern hemisphere. More details on

this model can be found in section 2.5.5.
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Figure 3.19: Northern hemispheric atmospheric time series of CH,Cl, derived from Arctic firn air (blue
lines). Southern hemispheric atmospheric time series of CH,Cl, derived from Antarctic firn and Cape
Grim observations (red lines). The dotted lines represent the uncertainty of the atmospheric time series
as stated in Figures 3.15 and 3.16. Modelled southern hemispheric time series derived using the 2 box
model (green line).

Figure 3.19 shows that there is good agreement between the calculated and observed
southern hemispheric CH,Cl, atmospheric time series. Both time series have similar growth
rates between the mid-1950 and the peak in atmospheric CH,Cl, in late 1980. However, Figure
3.19 does indicate that the decline after the 1980s was greater in the northern hemisphere,
suggesting that since 1990, southern hemispheric emissions have increased relative to those in

the northern hemispheric.

3.3.5 Background information on CCI,CCl,

This section will report the atmospheric time series of the atmospheric mixing ratios of
perchloroethylene (tetrachloroethene, "dry-cleaning fluid", CCI,CCl,). Firn air samples collected
in Greenland were used to reconstruct a northern hemispheric history of CCl,CCl, atmospheric
mixing ratios. Firn air samples collected in Antarctic were used to reconstruct a southern
hemispheric history of CCI,CCl, atmospheric mixing ratios. CCI,CCl, was also detected and
quantified in air samples from the Cape Grim baseline air pollution station in the southern

hemisphere (Tasmania, 41°S, 145°E) from archived samples dating back to 1979.

Nearly 100 % of CCI,CCl, emissions are anthropogenic in origin (Montzka et al., 2010). Its
principal uses are in dry-cleaning applications, in the textile industry and in vapour degreasing

of metals (Phillips, 2006). Also, small but significant quantities of CCI,CCl, is emitted in the “flue
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gas” from coal-fired power plants (Garcia et al., 1992). It has also been used as an
intermediate in the manufacture of HFC-134a and related refrigerants (Montzka et al., 2010).
This dominance of its anthropogenic production source makes it a useful tracer for
urban/industrial activities (Blake et al., 2003). In terms of natural sources, biomass burning is

thought to contribute < 1 % to total global emissions of CCI,CCl, (Montzka et al., 2010).

Reaction with OH is the primary atmospheric sink of CCI,CCl, (Montzka et al., 2010). The
unsaturated nature of CCI,CCl, with its C=C double bond makes it readily susceptible to
degradation by OH and Os. Rudolph et al. (1996) noted that CCI,CCl, reacts about 300 times
faster with Cl atoms than with OH, although tropospheric levels of Cl are too small for this to
be a significant atmospheric sink. Simpson et al. (2003) have suggested that CCI,CCl, undergoes
cirrus-activated depletion in the upper troposphere. It has also been estimated that about 5 %
of CCL,CCl, in the atmosphere is converted into trichloroacetic acid (CCI;COOH, TCA), via an
alternate pathway involving Cl atoms (McCulloch, 2002). The atmospheric lifetime of CCI,CCl, is
90 days (Montzka et al., 2010). This lifetime is shorter than the inter-hemispheric mixing time
of ~ 1 yr (Seinfeld et al., 1998) and CCI,CCl, consistently shows a strong inter-hemispheric

gradient, with higher mixing ratios in the northern hemisphere (Simpson et al., 2004).

CCl,CCl, has been declared a hazardous air pollutant under the U.S. Clean Air Act Amendments
of 1990 because of potential health and environmental impacts (Kleiman and Prinn, 2000). In
the UK, releases of CCI,CCl, are controlled under the Surface Water Regulations and Pollution
Prevention and Control Regulations. Voluntary reductions of industrial CCI,CCl, emissions
began in the U.S. in 1991, and increased solvent recycling and lower production rates of CFC-
113 (the principal derivative of CCI,CCl,) have helped reduce industrial emissions (Simpson et

al., 2004).

Atmospheric mixing ratios of CCl,CCl, have been observed by a number of different studies
(Laube et al., 2008 Clerbaux and Cunnold et al., 2006 and Schauffler et al., 1999) summarised
in Table 3.4. Observations range from 1.2—-3.8 ppt in the marine boundary layer (Clerbaux and

Cunnold et al., 2006) to 0.1-1.0 ppt in the tropical tropopause (Laube et al., 2008).
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Table 3.4: Summary of available observations of CCI,CCl, from the marine boundary layer

(MBL) to the tropical tropopause layer (TTL) based on Montzka et al. (2010).

Region Marine Upper Lower level of zero | Upper TTL | Tropical
Boundary Troposphere | TTL radiative Tropopause
Layer heating
(LZRH)
Ref. Clerbaux Schauffler et Laube et Clerbaux Clerbaux Laube et al.
and Cunnold | al. (1999) al. (2008) | and Cunnold | and (2008)
et al. (2006) et al. (2006) | Cunnold et
al. (2006)
Height 0-~2 10-12 12-14 14.5-15.5 15.5-16.5 16.5-17
range
(km)
CCl,CCl, 1.2-3.8 0.7-1.8 0.8-1.5 0.4-1.3 0.3-0.9 0.1-1.0
(ppt)

Long term observations of CCI,CCl, have been made by Simpson et al. (2004) since 1989 and
have been up dated by Montzka et al. (2010) from a number of remote surface locations
around the world. These observations show that the global mean annual CCI,CCl, mixing ratio
has decreased almost monotonically from 6.3 £ 0.6 ppt in 1989 (Simpson et al., 2004) to about
1.7 £ 0.7 in 2008 (Montzka et al., 2010). The northern hemispheric mixing ratio was 13.9 + 0.5
ppt in 1989 and deceased to 6.5 + 0.2 ppt in 2002 (Simpson et al., 2004). However, in recent
years this declining trend has levelled off with the 2007 — 2008 growth rate being 0.01 £ 0.00
ppt yr'' (Montzka et al., 2010). Dimmer et al. (2001) observed an average baseline mixing ratio
of 4.26 + 0.84 ppt during the 1998 CHAOS cruise in the north eastern Atlantic and Arctic
Oceans (April-May 1998); during a separate field campaign (July—September 1997) at Ny-
Alesund (Norwegian Arctic) a much lower mixing ratio of 1.77 + 0.07 ppt was reported.
Between March 1998 to January 1999 high frequency CCI,CCl, measurements have been
observed by Kleiman and Prinn (2000) for the north eastern United States with clean
background CCI,CCl, levels around 2 ppt and polluted levels up to 90 ppt. CCI,CCl, exhibits a
strong interhemispheric gradient (Rudolph et al., 1996 and Wang et al., 1995) with an
estimated tropospheric mixing ratio of 5 — 15 ppt in the northern hemisphere and 0.7 — 1.5 ppt
in the southern hemisphere (Ko and Poulet, 2003). It is likely that significant calibration
differences exist between the measurements of CCl,CCl, made by different laboratories, with
Simmonds et al. (2006) noting a 10 % difference between NOAA and AGAGE measurements of
CCI,CCl,. To date, no intercomparison exercises have been published for atmospheric mixing

ratios of CCl,CCl,.

Estimates of total global and industrial emissions of CCI,CCl, have been calculated in a number

of different studies (Simmonds et al., 2006, Simpson et al., 2004 and McCulloch et al., 1999a).
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These studies show that emissions estimate derived from a “top-down” analysis of
atmospheric observations are similar to independently estimated industrial emissions derived
from recorded inventories. Also, a model analysis of the atmospheric observation of CCI,CCl,
by Simmonds et al. (2006) indicates that > 90 % of the emissions emanate from the northern
hemisphere. Industrial inventories by McCulloch et al. (1999), indicate that only 1 % of
emissions from industrial sources originate in the southern hemisphere, and suggests that
other sources such as biomass burning might contribute to the total atmospheric CCl,CCl,

mixing ratios.

3.3.6 Results and discussion of CCI,CCl,

In the current study, | report firn air measurement of CCl,CCl, from a number of northern and
southern hemispheric firn air records, as well as southern hemispheric observations from the
Cape Grim baseline air pollution station. These measurements have then been used to derive
the atmospheric time series of CCI,CCl, mixing ratios. The time series of atmospheric CCl,CCl,
mixing ratios were derived using the LGGE method, which is described in more detail in the
methods chapter. The time series obtained and the output from the inverse model for the
northern and southern hemisphere site are shown alongside the measured concentration of
CCl,CCl, with depth at northern hemispheric firn sites (NEEM, NGRIP and DI) and southern

hemispheric (DML) firn sites in Figures 3.20 and 3.21, respectively.
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Figure 3.20: Top panel, depth profiles of northern hemispheric CCI,CCl, concentration with depth at;
NEEM (blue points), NGRIP (purple points) and DI (yellow points), compared with model simulations
based on the atmospheric time series indicated in the bottom panel. The error bars represent the 1 o of
the measurements. Bottom panel, atmospheric time series derived by a multi-site inversion modelling of
the NEEM, NGRIP and DI firn air measurements (solid line) using the LGGE method. As the firn sites have
different drill dates the LGGE method derives an atmospheric time series using all of the firn sites up to
the drill date of a firn site, after this the atmospheric time series is derived using the remaining sites. The
time series derived by the NEEM, NGRIP and DI - yellow line, NEEM and NGRIP — purple line and NEEM
only — blue line. The dashed lines represent the uncertainties envelope of the time series (as described

Figure 2.10).
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Figure 3.21: Top panel, depth profiles of southern hemispheric CCI,CCl, concentration with depth at the
DML firn site (green points), compared with model simulations based on the atmospheric time series
indicated in the bottom panel. The error bars represent the 1 o of the measurements. Bottom panel,
atmospheric time series derived by a single site inversion modelling of the DML firn air measurements
(solid line) using the LGGE method. The time series derived by the DML firn air - green line. The dashed
lines represent the uncertainties envelope of the time series (as described Figure 2.10). The mixing
ratios of CCI,CCl, as a function of time as measured in air samples collected in the southern hemisphere
(blue points, from Cape Grim, Tasmania, 41°S, 145° E). The black line is a sigmoid expression fitted
through the Cape Grim observation in order to derive growth rates and emissions.

The ambient air measurements (shown as depth = 0 m) were collected at the NEEM site in July
2008 during the firn air drilling. These ambient air measurements have an average mixing ratio
of 4.75 + 0.05 ppt and are the latest northern hemispheric measurements of CCI,CCl, in this

study. The ambient air measurements were collected at the DML site in the December 1997
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during the firn air drilling; they have an average mixing ratio of 0.76 + 0.02 ppt and are the

latest southern hemispheric measurement from the firn air sites in this study.

With a total atmospheric lifetime of 90 days (Montzka et al., 2010), CCI,CCl, should have a
short enough lifetime for there to be a seasonal cycle in its atmospheric mixing ratio,
compared with other trace gases with similar lifetimes. Wang et al. (1995) observed a seasonal
cycle in the northern hemisphere with an amplitude of 14 ppt in 1990, but did not observe any
apparent seasonal variations in the southern hemisphere. In additions, Simmonds et al. (2006)
observed a seasonal cycle for CCI,CCl, with an amplitude of about 40% of the mean mixing
ratio. However, even with this relatively large seasonal cycle, there are no signs of variations in
the mixing ratio of CCl,CCl,in the shallowest part of the firn columns, that would have reflected
the seasonality in the OH atmospheric mixing ratios previously described in Kaspers et al.
(2004) and Sturges et al. (2001). However, Kaspers et al. (2004) only observed this variation for
CH3Cl which has a larger atmospheric mixing ratio and seasonal cycle. Although this cannot be
taken as evidence that there is no seasonality in the CCI,CCl, atmospheric mixing ratio, either
the amplitude of seasonality is not large enough to be recorded in the firn air measurements

or decrease in CCl,CCl, mixing ratio is masking any seasonality.
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Figure 3.22: Top panel, atmospheric mixing ratios of CCl,CCl, as a function of time from observations of
archived samples taken at Cape Grim (blue points). A polynomial expression fitted through the Cape
Grim time series in order to detrend the data (black line). A modelled seasonal cycle based on the
seasonal cycle observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Six unreliable samples were also removed from the seasonal cycle calculation (red points) (see
Figure 3.4 for more details). Bottom panel, percentage deviation from the annual mean CCI,CCl, mixing
ratio based on the Cape Grim observations (top panel), taken as the mean of the observations made in a
particular calendar month (between 3 - 8 data points). The error bars represent the 1 ¢ of the
measurements.

The seasonal patterns of the Cape Grim observations were determined by using the same
method stated in section 3.2.2. Figure 3.22 shows that there is a seasonal cycle in the
atmospheric mixing ratio of CCI,CCl,. The amplitude of the seasonal cycle is taken as the

difference between the average of the winter (June, July and August) and summer months
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(Decembers, January and February). The Cape Grim observation indicates a seasonal cycle with
an amplitude of 40 % of the annual mean mixing ratio in the southern hemisphere. This would
represent a southern hemispheric seasonal cycle with an amplitude of 0.4 ppt in 2008. This

seasonal cycle agrees, with the observation by Simmonds et al. (2006).

Figures 3.20 and 3.21 indicate that the 1950 mixing ratios of CCI,CCl, were 2.8 ppt in the
northern hemisphere and only 0.8 ppt in the southern hemisphere. As CCI,CCl, originates
principilly from anthropogenic sources this indicates that significant anthropogenic emissions
of this compound must have started before 1950. After 1950, the time series show a sustained
growth in both hemispheres until around 1980. The average growth rate during this period
was 0.7 ppt yr' in the northern hemisphere and 0.002 ppt yr' in the southern hemisphere.
The peak in the northern hemisphere atmospheric mixing ratio occurred at 23.0 ppt in 1978,
whereas the peak in the southern hemisphere atmospheric mixing ratio occurred at 1.2 ppt in
1981. After the peak around 1980, the atmospheric mixing ratio have decreased until the drill
dates of the firn sites (NH = 2008 and SH = 1999).

Measurements of CCl,CCl, mixing ratios have been made from 1979 onwards at the Cape Grim
baseline air pollution station. Figure 3.21 shows that these observations are in good general
agreement with the firn air derived southern hemispheric time series, although there are a
number of outlying points. Growth rates were inferred for the Cape Grim observations by
fitting a three parameter sigmoid expression to the data set (the black line in Figure 3.21). The
average growth rate during this period was -0.6 ppt yr in the northern hemisphere and -0.01
ppt yr' in the southern hemisphere. This decline in the atmospheric mixing ratios during this
period is consistent with the long term measurements of Simpson et al. (2004) who observed a
decline in CCI,CCl, atmospheric mixing ratios since their observations began in 1989. Simpson
et al. (2004) observed a northern hemispheric mixing ratio of 13.9 + 0.5 ppt in 1989 whereas in
the current study, the mixing ratio was 16.7 ppt in 1989. Also, in the Arctic regions, Dimmer et
al. (2001) observed an average baseline mixing ratio of 1.77 + 0.07 ppt (July—September 1997)
at Ny-Alesund (Norwegian Arctic) which is much lower mixing ratio than the 8.6 ppt observed
in the current study. This offset of ~ 16 % in the absolute mixing ratio is likely to be a result of
significant calibration differences. Simmonds et al. (2006) observed a 10 % calibration

differences between the AGAGE and NOAA scales.

The decline in atmospheric mixing ratios occurred before controls were introduced on
emissions in the early 1990s (Kleiman and Prinn, 2000) suggesting that emissions were falling

before they were officially controlled. However, in recent years, this decline has slowed with
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CCl,CCl, remaining somewhat constant since around 2006. In the northern hemisphere in
2007, the mixing ratio was 5.0 ppt with a growth rate of -0.09 ppt yr'’; this is 22 % of the peak
mixing ratio. In the southern hemisphere in 2007 the mixing ratio was 1.0 ppt with a growth
rate of -0.01 ppt yr’; representing 78 % of the peak mixing ratio. This levelling off is in
agreement with recent trends observed by (Montzka et al., 2010). Also, the greater percentage
decline in CCI,CCl, in the northern hemisphere and the large interhemispheric ratio shows that
CCI,CCl, emissions are dominated by northern hemispheric anthropogenic emissions. This
agrees with the model analysis by Simmonds et al. (2006) who indicated that > 90 % of the
emissions emanate from the northern hemisphere. It should also be noted that these growth
rates and peak timing represent only the best estimates and contain considerable

uncertainties within the envelopes shown in Figures 3.20 and 3.21.

The ‘global’ averaged atmospheric time series of CCI,CCl, was derived between 1950 and 2008
(the drill date of the NEEM site) by averaging the northern and southern time series (Figure

3.23). Using the method described in section 3.2.2.
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Figure 3.23: northern hemispheric atmospheric time series of CCl,CCl, derived from Arctic firn air (blue
line). Southern hemispheric atmospheric time series of CCl,CCl, derived from Antarctic firn and Cape
Grim observation (red line). ‘Global’ atmospheric time series of CCI,CCl, derived as the average between
the northern and southern hemispheric time series (green line).

Figure 3.23 indicates that ‘global’ mixing ratio of CCI,CCl, increased from 1.9 ppt in 1950 to a
maximum of 12.1 ppt in 1978, before declining to 2.9 ppt in mid-2008. These ‘global’ mixing
ratios are higher than the global observations made by Simpson et al. (2004) and Montzka et
al. (2004); this offset is likely to result from significant calibration differences between the two

studies.
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A 2-box model used the northern hemisphere time series as an input to derive a southern
hemispheric time series using the inter-hemispheric mixing time (1.34 years) and an
atmospheric lifetime of 90 days (Montzka et al., 2010).This modelled southern hemispheric
time series was then compared with the atmospheric time series derived from the southern
hemispheric firn air measurements (Figure 3.24). More details on this model can be found in

sections 2.5.5 and 3.3.4.
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Figure 3.24: Northern hemispheric atmospheric time series of CCI,CCl, derived from Arctic firn air (blue
lines). Southern hemispheric atmospheric time series of CCI,CCl, derived from Antarctic firn and Cape
Grim observation (red lines). The dotted lines represent the uncertainty of the atmospheric time series
as stated in Figures 3.20 and 3.21. The modelled southern hemispheric time series derived using the 2
box model (green line).

As can be seen from Figure 3.24, there is good general agreement between the calculated and
observed southern hemispheric CCI,CCl, atmospheric time series. Although there is a slight
difference with the observed time series being marginally higher than the modelled time
series. Although this is likely due a small error in the atmospheric lifetime and/or transport
times, it may indicate a significant southern hemispheric source of CCl,CCl,. McCulloch et al.
(1999) suggest that biomass burning might provide the largest source of CCI,CCl, in the
southern hemispheric. However, a greater number of observations are needed to validate if

there is a significant source and whether it derives from a biomass source.

3.3.7 Background information on CH,CICH,Cl, C;HsCl and CHCICCI,

In this section | will discuss the atmospheric time series of a number of VSL chlorocarbons: 1,2
dichloroethane (CH,CICH,Cl), chloroethane (C,HsCl) and trichloroethene (CHCICCI,). All of these

VSL chlorocarbons originate principally from anthropogenic sources. CH,CICH,Cl is used in the
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production of polymers and rubbers and is also used as a solvent, as a fumigant and as a food
additive as a result of its use in extracting spices (Phillips, 2006). It was also historically widely
used as a lead scavenger in antiknock gasoline (Phillips, 2006). CH,CICH,CI was first used in
antiknock gasoline in the 1940's when it replaced around 50 % of CH,BrCH,Br in gasoline, in a
new mixture known as "motor fluid" (Otto and Montreuil, 1976). This "motor fluid" contains 61
% (CH5CH,)4Pb, 18 % CH,BrCH,Br, 19 % CH,CICH,CI, and 2 % dye (Otto and Montreuil, 1976).
After the 1940’s this became the primary lead additive fluid sold worldwide (Thomas et al.,
1997). The U.S. Environmental Protection Agency (EPA) began reducing the use of leaded
petrol in 1973 (Santodonato et al., 1985 and Fishbein, 1980), and as a result, CH,CICH,Cl use as

a fuel additive declined rapidly.

Sources of atmospheric C,HsCl are not well known. It is used in the manufacture of ethyl
cellulose, dyes, and pharmaceuticals as well as being used as a refrigerant, flame retardant and
as a topical anesthetic (Montzka et al., 2010). It was also formerly used as a starter compound
for the production of tetraethyl lead ((CH;CH,),Pb) (Low et al., 2003). As well as these
anthropogenic sources, Williams et al. (1999) have observed a very small level of natural

emission of C,HsCl from cows.

CHCICCI, was first widely produced in the 1920s where it was used to extract vegetable oils
from plant materials. Since then it has been used by the food industry in the decaffeination of
coffee and the preparation of flavouring extracts from hops and spices as well as the
production of 100% ethanol (Phillips, 2006). From the 1930s through the 1970s, it was used as
a volatile anaesthetic in both Europe and North America (Fenton, 2000). It was phased out in
developed countries as an anaesthetic in the 1960s by the introduction of halothane (Section
4.4.2), although as of 2000, it was still in use as an anaesthetic in Africa (Fenton, 2000).
CHCICCI, has also been used as a dry cleaning solvent, although it was widely replaced by

CCI,CClyin the 1950s.

The major use of CHCICCI, has been as a degreaser for metal parts in industry (Montzka et al.,
2010), although its demand as a degreaser began to decline in the 1950s in favour of the less
toxic CH;CCl; (Phillips, 2006). Under the terms of the Montreal Protocol (Gonzdlez et al., 2006)
CH3CCl; production has been phased out in most of the world, and as a result CHCICCI, has
experienced some resurgence in use as a degreaser (Phillips, 2006). CHCICCI, is also used in the
manufacture of a range of fluorocarbon refrigerants such as HFC 134a (Phillips, 2006). The
main sink of atmospheric CH,CICH,Cl, C,HsCl and CHCICCI, is through the reaction with the
hydoxyl (OH) radical (Montzka et al., 2010).
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Atmospheric mixing ratios of CH,CICH,Cl and CHCICCI, have been observed by a number of
different studies (Laube et al., 2008 Clerbaux and Cunnold et al., 2006 and Schauffler et al.,
1999), summarised in Table 3.5.

Table 3.5: Summary of available observations of CH,CICH,Cl and CHCICCI, (in ppt) from the
marine boundary layer (MBL) to the tropical tropopause layer (TTL) based on Montzka et al.
(2010).

Region Marine Upper Lower LZRH Upper TTL | Tropical
Boundary | Troposphere | TTL Tropopause
Layer
Ref. Clerbaux Schauffler et Laube et | Clerbaux Clerbaux Laube et al.
and al. (1999) al. and and (2008)
Cunnold et (2008) Cunnold et | Cunnold et
al. (2006) al. (2006) | al. (2006)
Height 0-~2 10-12 12-14 14.5-15.5 15.5-16.5 16.5-17
range (km)
CH,CICH,CI 0.7-14.5 1.9-54 19-4.1 1.6-49 1.2-4.0 0.6-4.3
CHCICCI, 0.05-2.00 0.00-2.02 0.00 - 0.00 - 0.00-0.05 0.00-0.17
0.16 0.17

The background mixing ratio of CH,CICH,Cl in the northern hemispheric was observed as <1 to
24 ppt between 1982 and 1985 (Class and Ballschmiter, 1987) and a background mixing ratio
for the southern hemisphere was given as <1 ppt for the same period (Class and Ballschmiter,
1987). However, the large interhemispheric ratio does suggest a predominantly anthropogenic
source at that time. In 2008, the atmospheric mixing ratio was taken to be approximately 6 £ 6
ppt (Montzka et al., 2010). C,HsCl was claimed to be detected in Los Angeles air (Pellizzari et

al., 1976), but was not quantified.

Low et al. (2003) observed a northern hemispheric mixing ratio of C,HsCl of 2.6 ppt and a
southern hemispheric mixing ratio of 1.6 ppt between 1996 and 1999. This indicates that there
might be a significant, presumably nonindustrial, source to sustain this observed southern
hemispheric abundance. In addition, higher values have also been noted in the tropical marine
boundary layer, also indicative of a natural source (Low et al., 2003). C,HsCl was not quantified,
but was estimated to be in the order of 1.5 ppt in the upper tropical troposphere (Montzka et
al., 2010). The AGAGE global network observed a global atmospheric mixing ratio of CHCICCI,
of 0.19 + 0.19 ppt in 2007 and 0.28 + 0.28 in 2008 (Montzka et al., 2010). However the short
atmospheric lifetime of CHCICCl, means that the global mixing ratio should be seen rather as
an approximation than a defined global value (Montzka et al., 2010). Emission rates of
CH,CICH,ClI and CHCICCI, have been calculated by McCulloch et al. (1999), Class and
Ballschmiter (1987) and Singh et al. (1983).

118



3.3.8 Results and discussion of CH,CICH,Cl, C;HsCl and CHCICCI,

In the current study, | report firn air measurement of CH,CICH,Cl, C,HsCl and CHCICCI, from a
number of northern hemispheric firn air records. The NEEM measurements are a new set of
data obtained during this study whereas the NGRIP measurements have previously been
measured at the University of East Anglia. These measurements have then been used to derive
northern hemispheric time series of atmospheric mixing ratios. The time series of atmospheric
CH,CICH,CI, C,HsCl and CHCICCI, mixing ratios were derived using the LGGE method, which is
described in more detail in the methods chapter. The time series obtained and the output
from the inverse model (Figure 3.25 and 3.26) are shown alongside the measured
concentration of CH,CICH,Cl and C,HsCl with depth at the NEEM firn sites in Figure 3.25, and

the measured concentration of CHCICCI, with depth at the NGRIP firn sites in Figure 3.26.
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Figure 3.25: Top panel, measured concentration of northern hemispheric CH,CICH,CI (blue points) and
C,HsCl (red points) with depth at the NEEM firn site, compared with model simulations based on the
atmospheric time series indicated in the bottom panel with a seasonal cycle with an amplitude of 60 %
added to the CH,CICH,CI time series. The error bars represent the 1 o of the measurements. Bottom
panel, atmospheric time series derived by a single site inversion modelling of the NEEM firn air
measurements CH,CICH,CI (blue line) and C,HsCl (red line) using the LGGE method. The dashed lines
represent the uncertainties envelope of the time series (as described Figure 2.10). The reference scale is
used to scale the NEEM data to previous observations. This was achieved by scaling the CH,CICH,Cl data
so that the 2008 mixing ratio equals 6 ppt (Montzka et al., 2010) and the C,HsCl data so that the 1999
mixing ratio equals 2.6 ppt (Low et al., 2003).
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Figure 3.26: Top panel, measured concentration of northern hemispheric CHCICCI, (green points) with
depth at the NGRIP firn site, compared with model simulations based on the atmospheric time series
indicated in the bottom panel. The error bars represent the 1 o of the measurements. Bottom panel,
atmospheric time series derived by a single site inversion modelling of the NGRIP firn air measurements
CHCICCI, (green line) using the LGGE method. The dashed lines represent the uncertainties envelope of
the time series (as described Figure 2.10).

Figure 3.25 and 3.26 shows that CH,CICH,CI, C,HsCl and CHCICCI, at the NEEM and NGRIP firn
air observations have good measurement precision. All of the VSL chlorocarbons have a
significant atmospheric sink as a result of reactions with the hydroxyl radical (OH) (Montzka et
al., 2010). The local atmospheric lifetime of bromo-chloro methanes are given as: CH,CICH,Cl —
65 days, C,HsCl — 39 days, and CHCICCI, — 4.9 days (Montzka et al., 2010). This should be short
enough for there to be a seasonal cycle in their atmospheric mixing ratio compared with other

trace gases with similar lifetimes. This seasonal cycle can be seen in variations in
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concentrations in the shallowest part of the firn columns for CH,CICH,ClI, which would have
reflected the seasonality in the OH atmospheric mixing ratios previously described by Kaspers
et al. (2004) and Sturges et al. (2001). However, there are no signs of variation in C,HsCl and
CHCICCI, concentrations in the shallowest part of the firn columns. Although this does not
mean that there is no seasonality in the C,HsCl and CHCICCI, atmospheric mixing ratio, the
amplitude of seasonality might not be large enough to be recorded in the firn air
measurements or a general decrease in C,HsCl and CHCICCI, mixing ratio could mask any

seasonality.

The seasonal cycle of CH,CICH,Cl was calculated by adding seasonal cycles with increasing
amplitudes to the atmospheric time series in Figure 3.25 until the time series derived the
lowest error with the firn air measurements. The error was calculated as the square root of the
sum of the squares of the difference between the model and the observations. This method
derived a seasonal cycle for CH,CICH,Cl with an amplitude of 60 % of the annual mean mixing
ratio, which results in a seasonal cycle with an amplitude of 3.6 ppt in 2008. This indicates that
CH,CICH,CI does have a large amplitude in its seasonal cycle in terms of the percentage to the
annual mean mixing ratio; this result is consistent with the size of the amplitudes observed

from other compounds with similar atmospheric lifetimes (Atlas and Ridley, 1996).

Figure 3.25 indicates that the 1950 mixing ratio of CH,CICH,Cl was 1.5 ppt in the northern
hemisphere. CH,CICH,Cl was first used in antiknock gasoline in the 1940's (Otto and Montreuil,
1976). Therefore, it is expected that there would be a significant atmospheric mixing ratio of
CH,CICH,CI by 1950. After 1960, the time series show a sustained growth until 1983 when the
atmospheric mixing ratio was 10.5 ppt. The average growth rate during this period was 0.4 ppt
yr™. This increase in atmospheric mixing ratio is consistent with the use of CH,CICH,Cl in
antiknock gasoline which was extensively used from the 1940s up to the mid-1970s when its
use was banned (Santodonato et al., 1985 and Fishbein, 1980). However, the atmospheric
mixing ratios continued to increase after the decrease in use of antiknock gasoline which
suggests that other emissions source(s) might be governing atmospheric mixing ratios. Since
1983, mixing ratios have deceased continually reaching a mixing ratio of 3.9 ppt in mid-2001.
During this period, the average growth rate was -0.4 ppt yr'. However, since 2001 the
atmospheric mixing ratio shows evidence of increasing and reached 5.4 ppt in mid-2008. The
growth rate during this period also increased year-on-year from 0.03 ppt yr™ in 2002 up to 0.4

ppt yr* 2007, which suggests that this increase is likely to continue in the future.
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It is unclear what is causing this current increase in CH,CICH,Cl mixing ratios, either a
previously known source has increased its emissions rate or there might be a new source of
atmospheric CH,CICH,CI. Figure 3.25 also indicates that the 1950s mixing ratio of C,HsCl was
7.1 ppt which indicates that there must be a significant pre-1950 source. After the 1950 the
time series show a sustained growth until 1973 when the atmospheric mixing ratio was 13.5
ppt. The average growth rate during this period was 0.3 ppt yr*. These measurements agree
with the phasing out of leaded petrol in the U.S. and Europe in the early 1970s (Santodonato et
al., 1985 and Fishbein, 1980). After a peak in the early 1970s, the atmospheric mixing ratios
decrease until the drill data of the firn sites in the mid-2008. The average growth rate during
this period was -0.4 ppt yr''. However, in recent years this decline has stopped with C,HsCl
mixing ratios remaining somewhat constant. In the northern hemisphere the decline stopped
in 2005 at a mixing ratio of 1.7 ppt, which represents 13 % of the peak mixing ratio (Figure
3.25). These results indicate that the atmospheric mixing ratio of C,HsCl is likely to be very

strongly linked to its use in leaded petrol.

Figure 3.26 shows that the 1950 mixing ratio of CHCICCl, was 0.1 ppt in the northern
hemisphere. This is in good general agreement with the introduction of CHCICCI, in many
industrial processes in the 1920s (Phillips, 2006). After 1950, the time series show a sustained
growth until 1983 when the atmospheric mixing ratio was 0.8 ppt. The average growth rate
during this period was 0.02 ppt yr™. Since 1983, mixing ratios have deceased continually to 0.2
ppt in mid-2001. During this period, the average trend was -0.03 ppt yr™. However, in recent
years the rate of decline in the atmospheric mixing ratio has decreased to -0.002 ppt yr’ in
2000. This atmospheric time series is very similar to that of CH,CICH,Cl and may suggest a
similar emissions source or related emissions rates between the two compounds. The
CH,CICH,CI time series shows an increase in mixing ratios after 2001. However, the CHCICCI,
time series only go to 2001 therefore, it is unclear if there has been an increase in the mixing
ratio in recent years. Nonetheless the AGAGE network do observe an increase in mixing ratio
between 2007 and 2008 (Montzka et al., 2010) which suggest that there is similar emissions
sources between these two compounds. It should also be noted that these growth rates and
peak timing represent only the best estimates and contain considerable uncertainties within

the envelopes shown in Figures 3.25 and 3.26.
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3.3.9 Emissions of the VSL chlorinated substances

Annual emissions of CHCl;, CH,Cl,, CCl,CCl,, CH,CICH,Cl, C,HsCl and CHCICCI, were derived
using the atmospheric time series in Figures 3.13, 3.18, 3.23, 3.25 and 3.26 with use of a 1 -
box model, further details of the emission estimate process are given in the methods chapter.

These annual emission estimates are shown in Figure 3.27, 3.28, 3.29 and 3.30.
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Figure 3.27: Annual emission of CHCl; based on the atmospheric time series in Figure 3.13.

Figure 3.27 shows that the emissions of CHCl; rose from 175 Gg yr in 1950 to a peak of 330
Gg yr' in 1985 before progressively declining to 220 Gg yr' in 2002; this represents ~67 % of
peak emissions. In recent years, emissions have remained almost constant with an average of
225 Gg yr' emitted between 2000 and 2007. The CHCl; emissions associated with the Worton

et al. (2006) “best fit” scenario are shown in Table 3.6.

Table 3.6: Comparison of anthropogenic and estimated global CHCl; emissions for 1950, 1990
and 2001 based on Worton et al. (2006)

Emissions (Gg yr ') (Worton et al., 2006) . Emissions
Anth - Global Anthropogenic (G r'l)
Year nthropogenic oba Contribution gy
(%) Current
study

1950 46-55 270-335 14-20 175
1990 193-226 417-506 41-50 300
2001 91-93 315-373 25-29 220

Table 3.6 shows that the emissions estimate derived by Worton et al. (2006) are larger than
emissions estimate derived in the current study. Worton et al. (2006) did note that by invoking

a more northerly transport in their model would result in a slight reduction of the estimated
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magnitude of their estimated emissions. The differences between the two emissions estimates
suggest that the assumptions (Section 2.5.4) used in the model in the current study do not
represent the emissions of CHCls. In the current study the emission modelling does not take
into account the global location of the emissions. Therefore, as the model does not take into
account any loss of atmospheric CHCl; before it reaches the polar regions, it under estimates
the emission rate at the source. The time series of the emission rates do, however agree
between the two studies. The emission rate is within the 32 % uncertainty of the reported 460
Gg yr! for 1990 reported by McCulloch (2003) and Keene et al. (1999). Table 3.6 also shows
that the contribution from anthropogenic sources dropped since 1990. This suggests that the
decline shown in the time series (Figure 3.10 and 3.11) is most likely due to declines in
anthropogenic emissions. This decline is largely due to reduced emissions from the pulp and
paper industry which became undetectable in ~ 2001 (Worton et al., 2006). Therefore, the
almost constant global emissions after 2001 results mainly from emissions from the pulp and
paper industry and no longer effecting the global emissions. It also indicates that there has
been little change in the other sources during this period, which agrees with the findings of
Montzka et al. (2010). If the decline in CHCI; emissions after 1985 was assumed to be entirely
due to the paper and pulp industry and that all the other emissions sources remained constant
during this period, it can be calculated that at its peak in 1985, the paper and pulp industry

was responsible for emitting 109 Gg yr* of CHCl,.
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Figure 3.28: Annual emission of CH,Cl, based on the atmospheric time series in Figure 3.18.

Figure 3.28 shows that the emissions of CH,Cl, rose from 38 Gg yr in 1950 to a peak of 550 Gg
yr'' in 1985 before progressively declining to 310 Gg yr™ in 2002. This is around 57 % of the
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peak emissions. In recent years, emissions have started to increase up to 330 Gg yr' estimated
in 2007. These emission estimates agree with the estimates of industrial emissions by
Trudinger et al. (2004) who report an increase from 1930 up to a peak of 650 Gg yr' by ~
1990. There have been a number of assessments of the location of the global industrial
emissions of CH,Cl,. Table 3.7 shows a comparison between 1990 emission rates by Keene et

al. (1999) and 2000-2004 emission rates by Xiao (2008) from different global regions.

Table 3.7: Comparison of averaged surface flux values from industrial sources from different
regions during 1990 by Khalil et al. (1999) and during 2000-2004 by Xiao (2008).

Region Keene et al. (1999) Xiao (2008)
1990 2000 - 2004
(Gg yr?) (Gg yr?)

Europe 184 42
North America 168 95
South East Asia 118 195
Rest of the World 111 98
Global Industrial 581 430
Total Global Emission 836 629

Table 3.7 shows that the emission estimates in the current study are lower than the total
global emissions estimated by Xiao (2008) and Khalil et al. (1999). It also shows that between
1990 and 2000-2004 the global industrial emissions decreased from 580 Gg yr to 430 Gg yr™.
This decrease is mainly down to a reduction in emissions from Europe and North America
during this period. However, during the same period, emissions from South East Asia rose
significantly to become the major industrial source region of CH,Cl,. Therefore, the current

increase in CH,Cl, is most likely a result of increased emissions from South East Asia.
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Figure 3.29: Northern hemispheric emission of CCI,CCl, based on the atmospheric time series in Figure
3.23.

Figure 3.29 shows that emissions of CCI,CCl, rose year-on-year from the 1950s to the late
1970s, peaking at 360 Gg yr™ in ca. 1978 before progressively declining to 87 Gg yr™ in 2007,
representing around 25 % of the peak emission. These emissions estimate generally agree with
the modelled average annual emission between 1999 to 2003 of 228 Gg yr™ (Simmonds et al.,
2006), and the industrially derived global emission estimates of 268 + 27 Gg yr™* for 1999 and
2000, (McCulloch et al., 1999a). Although it is significantly larger than the emission estimates
of 366 Gg yr™ in 1990 reported by McCulloch et al. (1999).
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Figure 3.30: Annual emission of CH,CICH,CI (blue points), C,HsCl (red points) and CHCICCI, (green points)
based on the atmospheric time series in Figure 3.25 and 3.26. Annual emission of bromine from leaded
petrol based on Thomas et al. (1997) are given as a comparison (purple points).

Figure 3.30 shows that estimated emissions of C,HsCl rose year-on-year from 87 Gg yr™ in 1950
to a peak of 160 Gg yr' in 1972 before progressively declining to 21 Gg yr' in 2007,
representing around 13 % of the peak emission. These emissions estimates are in general
agreement with the reported temporal trend of leaded petrol emissions in the United States,
which declined rapidly between 1971 and 1991 (Penkett et al., 1995). In addition they agree
well with the bromide emissions from leaded petrol given by Thomas et al. (1997) (Figure
3.30). The authors estimated bromine emissions from lead petrol based on the world use of
lead in petrol and on petrol scavenger formulations (Thomas et al., 1997). However, the
estimated emissions from the firn air derived time series are smoothed due to diffusion within
the firn as well as the smoothing factors in the firn model process. This will result in the
emissions from the firn time series smoothing some features such as the timing and the value
of the peak emission. These estimated emissions in the current study are in general agreement
with the time series of emission estimates of CH,BrCH,Br (Figure 5.14), which indicates they
might share a common emissions source most likely to be the emissions from leaded petrol

(Thomas et al., 1997 and Otto and Montreuil, 1976).

Figure 3.30 shows that the emissions of CH,CICH,Cl rose from 17 Gg yr™ in 1955 to a peak of
170 Gg yr'* in 1983, before progressively declining to 68 Gg yr™ in 2002 this is around ~40 % of
the peak emission. In recent years emissions have started to increase. These estimates are less
than the northern hemispheric emissions deduced by Class and Ballschmiter (1987) be in the

range of 400-500 Gg yr" between 1982 and 1985, representing about 3-4 % of the global
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production of > 12000 Gg yr reported (Schulze et al., 1985) during this period. The emissions
are also less than the global emissions of 534 Gg yr™ reported by Singh et al. (1983) based on
numbers from Bauer (1979) for the year 1981. Figure 3.30 also shows that the emissions of
CHCICCI, rose from 2 Gg yr* in 1950 to a peak of 18 Gg yr™ in ca. 1982, before progressively
declining to 6 Gg yr™ in 2000 this is ~35 % of the peak emission. As a result of the similarity in
emissions rates between CH,CICH,Cl and CHCICCI, it is highly likely that they are emitted from

similar sources.
3.4 Equivalent effective stratospheric chlorine of the chlorocarbons

When chlorine and bromine atoms are released from the degradation of ODSs in the
stratosphere, they combine to form the inorganic chlorine and bromine containing compounds
that belong to the chemical groups called total inorganic chlorine (Cl,) and inorganic bromine
(Bry). Some ODSs, such as methyl chloride and methyl bromide, and a number of other
halogen-containing gases, do also have natural sources. Therefore there is a natural
background in Cl, and Br, produced from ODSs which have significant natural sources
(Montzka et al., 2010). The combination of Cl, and Br, in the stratosphere represents the
potential for halogens to destroy ozone. A measure of this potential is defined as equivalent

stratospheric chlorine (ESC) which is calculated using Equation 1 (Eyring et al., 2007).

ESC =Cl, + a-Br, -(Equation1)

where the units are stratospheric mixing ratio and a is the weighting factor that accounts for
the greater effectiveness of bromine in ozone destruction compared to the effectiveness of

chlorine on a per atom basis.

Although the relative effectiveness of bromine compared with chlorine for ozone depletion is
treated as a single, fixed quantity, it represents a globally integrated result with sensitivity to
many factors, including the kinetic parameters for chlorine and bromine species, the amount
of inorganic bromine and inorganic chlorine in the background atmosphere, and atmospheric
transport. In addition, it varies with altitude, latitude and total emissions of halogen gases at
the Earth’s surface. In the lower stratosphere, a is estimated to be 60 and around 5 in the
upper stratosphere at mid-latitudes ((Montzka et al., 2010 and Sinnhuber et al., 2009), and a
value of 65 is used for Antarctic regions (Montzka et al., 2010). In the current study | selected a
value of 60 for the weighting factor. For fluorine, the relative effectiveness compared with

chlorine for ozone destruction is negligibly small (Blake et al., 1997).
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There is a lack of direct measurements of Cl, and Br, which makes it difficult to derive ESC
directly from observations. Therefore, an approximation of the spatial and temporal
distributions of Cl, and Br, are generally used. This approximation uses the time series
measurements of ODS surface concentrations combined with estimated rates at which
individual gases release their halogens into the stratosphere (fractional release rates), as well
as estimates of the age of air parcels, which is taken as the time elapsed since air parcels
entered the stratosphere at the tropical tropopause. Using these estimates in Equation (1)
yields equivalent effective stratospheric chlorine (EESC) (Equation 2) (Clerbaux and Cunnold et
al., 2006). Therefore EESC provides a simple index that relates the time evolution of surface
mixing ratios of ODSs with the ozone-destructive ability of stratospheric halogens that come
from these source gases (Montzka et al., 2010).

fi fi :
EESC(t) = ferc-11 [ni,Cl 7 Pientry T & Nipr f_pi,entry] - Equation 2
11 CFC-11

CFC-

where fcc.q1 is the fractional release factor of CFC-11, n; is the number of chlorine or bromine
atoms in the source gas, fi / fcrca1 represents the relative fractional release and p;enty is the

tropospheric mixing ratio of source gas i when it entered the stratosphere.

The distributions of species in the stratosphere depend on the competition between local
photochemical removal processes and transport processes that carry the material from the
entry point through, and out of, the stratosphere. Once a halogen source gas is in the
stratosphere, halogen atoms can be released through photolysis or chemical reactions. The
fractional release factor, fi(x,y,z,t) is calculated as the fraction of halocarbon (i) converted to an
inorganic form by some time at a given location in the stratosphere (Equation 3) (Montzka et

al., 2010).

Pientry—pPi(x,y.zt)

Pientry

filx,y,z,t) = - Equation 3

where pi(x,y,z,t) denotes the mixing ratio of the halocarbon at a given stratospheric location
(x,y,z) at time t, and p;,entry is the mixing ratio of species i in the air parcel when it entered the

stratosphere.

The relative fractional release term used in Equation 2 is the ratio f; / fcec.11, Which is @ measure
of the local fractional release of inorganic halogen compounds relative to the fractional release
of CFC-11. Conceptually, the fractional release factor should be globally integrated. However, a
more limited range of measured correlations representing mid to high latitudes, where ozone

is highly sensitive to changes in the local photochemical removal rate, is generally used
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(Schauffler et al., 2003). Currently there are no calculated values of fractional release for the

VSL chlorocarbons. Therefore, in the current study these will be estimated (Table 3.8).

Table 3.8: Fractional release values of the chlorocarbons and CFC-11

Compound feiern f fi/ ferenn

CHsCl 0.47 0.44" 0.94
CHCl, 0.47 1.00 2.13
CH,Cl, 0.47 1.00 2.13
ccl,ccl, 0.47 1.00 2.13
CH,CICH,CI 0.47 1.00 2.13
C,HsCl 0.47 1.00 2.13
CHclccl, 0.47 1.00 2.13

# Montzka et al. (2010)

The VSL chlorocarbons release chlorine atoms very quickly after they have entered the
stratosphere due to their high photolysis rate and reactivity to the OH radical (Montzka et al.,
2010). This means that chlorine is released very quickly, and an estimated fractional release
factor of 1.0 is used in this study. This is consistent with Montzka et al. (2010), which
recommends a unit fractional release value for any VSLS. It is also supported by observations
by Wamsley et al. (1998), who reported that short-lived species are seen to have been fully

degraded at altitudes below the mid-stratosphere.

To retain the simplicity of the EESC index, the stratospheric entry mixing ratio for a given time
is calculated assuming a simple time lag (I') from the surface observations (Montzka et al.,
2010). In this study I was taken to be 3 years (typical of the lower, midlatitude stratosphere
(Montzka et al., 2010)) to obtain a value appropriate for relating to midlatitude-averaged
ozone loss. This assumption is used for CH;Cl in the current study, so that they are consistent
with EESC estimations derived by Montzka et al. (2010). However, this assumption is likely to
be an overestimate of the EESC contribution for shorter-lived compounds like CHCl;, whose
abundance will be reduced before reaching the tropopause. In this study a reduction factor is
used to account for this decline in mixing ratio between the surface and the tropopause. These
reduction factors are calculated by taking the fraction between the surface mixing ratios and
the mixing ratios at the tropopause observed in previous studies. These reduction factors can
be found in Table 3.9. It should be noted that all EESC estimates in the current study are for
mid-latitude and mid-stratosphere values. The estimated EESC for CH;Cl would be greater in

the polar regions, due to more chlorine being released, as a result of the increase mean age of
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the air (Newman et al., 2007). However, as | have assumed a fractional release value of one

for the VSL chlorocarbons, their estimated EESC will not increase in the polar regions.

Table 3.9: Reduction factors of chlorocarbons based on Montzka et al. (2010)

Compounds Surface mixing | Mixing ratio at the | Reduction
ratio (ppt) tropopause (ppt) factor
CHCl; 7.8 4.9 0.63
CH,Cl, 17.5 12.6 0.72
ccl,ccl, 1.8 0.5 0.28
CH,CICH,CI 3.7 2.0 0.54
C,HsCl 2.6 1.5 0.58
CHCICCI, 0.5 0.03 0.06

There are a number of limitations to the concept of EESC, due to the uncertainties, in the
transport time, the efficiency of stratospheric halogen released from the source gas and the
spatial and temporal dependencies of the bromine efficiency for ozone destruction versus
chlorine (Newman et al., 2007). The EESC concept also does not account for changes in the

atmospheric emissions and mixing ratios of other relevant constituents that can also affect

ozone (e.g. CO, and methane) (Daniel et al., 2010).
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Figure 3.31: Equivalent effective stratospheric chlorine emitted since 1950 from CH;Cl (blue area), CHCl;
(light green), CH,Cl, (red area), CCI,CCl, (purple area), CH,CICH,CI (yellow area), C,HsCl (dark green area)
and CHCICCI, (orange area).

Figure 3.31 indicates that in 2008 these chlorocarbons had a combined total of 290 ppt EESC.
This is ~17 % of the 1700 ppt total EESC in 2008 from inorganic halogen calculated for the
midlatitude stratosphere from surface measurements (Montzka et al., 2010) and ~19 % of the
1500 ppt total EESC in 2008 from anthropogenic sources including the halogenated ODS and
N,O modelled by Daniel et al. (2010).

Figure 3.31 also shows that the EESC of the chlorocarbons peaked at 356 ppt in 1984 before
decreasing by 20 % to its 2008 value. This peak in EESC occurred nearly 15 years before the
peak in total EESC from inorganic halogen, which occurred in 1997 and is important because
the EESC value in 1980 is used as an important benchmark for ozone recovery (Montzka et al.,
2010). Therefore, these chlorocarbons were likely to be having a significant effect on the
ozone layer around this time. In 1980, the EESC value from these chlorocarbons was 350 ppt
which is around 29 % of the 1200 ppt EESC value used in the last Scientific Assessment of
Ozone Depletion as the 1980 benchmark for mid-latitude stratosphere from surface

measurements (Montzka et al., 2010).

Between 1990 and 2004, the observed declines in EESC values was mainly a result of the
decline in the shorter-lived gases CH;CCl; and CH3Br (Clerbaux and Cunnold et al., 2006). This is
also the period of the greatest decrease in EESC from the chlorocarbons. However, between
2005 and 2008, no single chemical class dominated the decline in the total combined

abundance of ozone-depleting halogen (Table 3.10) (Montzka et al., 2010).

133



Table 3.10: Changes in EESC values between 2005 and 2008 based on Montzka et al. (2010)

Compounds Change in EESC 2005 -2008 (ppt)
CFCs -17
CH;CCl; -20
CH3Br -24
Ccl, -10
Halons -4
HCFCs +6
Chlorocarbons” -2
# This study

Table 3.10 shows that the chlorocarbons observed in this study have decreased only slightly
between 2005 and 2008 especially compared to the other halogenated compounds. This is a
result of the increase in the EESC mixing ratio of CH,Cl, and CH,CICH,Cl during this period.
Therefore, these chlorocarbons are likely to have a significant effect on future changes of total
EESC. Figure 3.31 shows that CH;Cl has the largest EESC of the chlorocarbons with 227 ppt in
mid-2008. This is in good general agreement with the findings of Montzka et al. (2010) who

observed that CH;Cl has the greatest effect on the stratospheric ozone of the chlorocarbons.

As well as equivalent effective stratospheric chlorine, it is important to assess the stratospheric
chorine injected as source gases from the chlorocarbons. This was calculated by reducing the
surface chlorine mixing ratios by the reduction factors in Table 3.9. The 2008 stratospheric

chlorine contributions from the chlorocarbons source gases are shown in Table 3.11.

Table 3.11: Stratospheric chlorine from the chlorocarbons

Compounds Stratospheric chlorine
in 2008 (ppt)
CHsCl 517
CHCl; 16
CH,Cl, 35
CCl,cdcl, 3
CH,CICH,CI 6
C,HsCl 1
CHclccl,” 0.04
Total VSL chlorocarbons 61
Total chlorocarbons 580

# Stratospheric chlorine in 2001 (ppt)

Table 3.11 shows that the VSL chlorocarbons provide 61 ppt of stratospheric chlorine in 2008

from source gases. This includes the 2001 stratospheric chlorine from CHCICCI,, although this
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contributed only 0.04 ppt or 0.1 % to the total. This observation agrees with Montzka et al.
(2010) who estimated that the VSLS chlorine source gases, including unmeasured species (this

includes C,HsCl), account for about 55 (38—80) ppt at the tropical cold point tropopause.

However, it is important to note that, the observations in the current study are from polar
regions, and not the tropics. This means that the EESC values are likely to be an underestimate
for compounds like CH;Cl that have strong emissions rates in the tropics. It should also be
noted that the EESC in the current study might be an underestimate as the calculation does
not account for any product gas injection from the VSL chlorocarbons. Aschmann et al. (2009)
modelled transport of VSL halogenated compounds into the lower stratosphere and estimated
that product gas injection could account for an addition 30 % of stratospheric halogen from
VSL halogenated compounds. Hossaini et al. (2010) and Sinnhuber and Folkins (2005),
indicated that the ratio of product gas injection to source gas injection is greater for VSL

compounds containing more halogen atoms.

3.5 Summary

In this chapter, | have reported observations of the chlorocarbons from northern and southern
hemispheric firn air, with the resulting derived atmospheric time series from the mid-20"
century up until mid-2008. Table 3.12 summarises the atmospheric time series, growth rates,

emissions and EESC for the compounds reported in this study.

| have provided the first detailed northern hemispheric atmospheric time series from 1950 to
2008 for CH;CI, CH,Cl,, CCI,CCl,, CH,CICH,CI, C,HsCl and CHCICCI,. | have shown that all of these
compounds had significant atmospheric mixing ratios in 1950. Since 1950, all of the reported

gases have shown significant growth before a steady decline.

Even though the VSI chlorocarbons have small atmospheric mixing ratios, | have shown that
they do significantly add to the stratospheric loading of ozone-depleting halogenated
compounds. Currently, these compounds contribute 61 ppt of the stratospheric chlorine from
source gases, with CH,Cl, and CH,CICH,Cl mixing ratios currently are increasing in the

atmosphere.

These results also indicate that it would be desirable to minimise future anthropogenic
emissions and that further studies should include observations from global ground-based
networks, are needed to improve the understanding of the emission processes, patterns and

the global distribution of the chlorocarbons.

135



9¢€T

Table 3.12: Summary of the chlorocarbons.

Compound | 1950 mixing | Mid—2008 | 2007 Growth | Maximum Date of 2008 Equivalent | Key Finding
ratio mixing rate (pptyr') | annual emission | maximum effective
ratio (ppt) (Ggyr) annual emission | stratospheric
chlorine (ppt)
CHsCI? 518 517 -4.3 3200 1986 227 A significant decline in emissions
since 1990
CHCl5* 6.5 8.3 0.005 330 1983 16 Mixing ratio currently stable
CH,Cl," 2.0 24.1 0.5 550 1985 35 Mixing ratio currently increasing
ccl,ccl,? 1.8 2.9 -0.05 680 1978 3 Emissions are dominated by northern
hemispheric anthropogenic emissions
CH,CICH,CI' 1.5 5.5 0.4 190 1983 6 Mixing ratio currently increasing
C,HsCl" 6.9 1.9 0.1 160 1973 1 Emissions strongly reflected its use in
leaded petrol
CHclccl,' 0.07 0.2* -0.002° 18 1982 0.04* Similar emissions source as
CH,CICH,CI
# ‘Global’

t Northern Hemisphere
* Mid—2001 mixing ratio (ppt)
© 2000 Growth rate (ppt yr™)

¥ 2001 Equivalent effective stratospheric chlorine (ppt)



Chapter 4: Analysis of bromocarbons from firn extracted from both Arctic and

Antarctic firn sites

4.1 Introduction
4.2 Methyl bromide
4.2.1 Background information on CH3;Br
4.2.2 Results and discussion of CH;Br
4.3 Very Short-Lived (VSL) brominated substances
4.3.1 Background information on CH,Br,
4.3.2 Results and discussion of CH,Br,
4.3.3 Background information on CH,BrCH,Br
4.3.4 Results and discussion of CH,BrCH,Br
4.3.5 Background information on C,H;Br
4.3.6 Results and discussion of C,HsBr
4.3.7 Background information on CH,BrCl, CHBr,Cl and CHBrCl,
4.3.8 Results and discussion of CH,BrCl, CHBr,Cl and CHBrCl,
4.3.9 Background information on CHBr;
4.3.10 Results and discussion of CHBr;
4.3.11 Emissions of the VSL brominated substances
4.4 Halothane (CF3CHBrCl)
4.4.1 Background information on CF;CHBrCl
4.4.2 Results and discussion of CF;CHBrCl
4.4.3 Emissions of CF;CHBrCI
4.5 Halons (H-1202, H-1211, H-2402 and H-1301)
4.5.1 Background information on H-1202, H-1211, H-2402 and H-1301
4.5.2 Results and discussion of H-1202, H-1211, H-2402 and H-1301
4.6 Equivalent effective stratospheric chlorine of the bromocarbons

4.7 Summary

137



4.1 Introduction

In this study firn air samples collected from the North Greenland Eemian Ice Drilling (NEEM),
were measured for a number of brominated compounds by GC- MS. These observations along
with measurements from previous firn air measurements from other northern hemispheric firn
sites, North Grip (NGRIP) and Devon Island (Dl), as well as from southern hemispheric firn
sites, Dronning Maud Land (DML) and Dome Concordia (DC), were used to reconstruct the
atmospheric time series of these compounds. These histories were derived with the help of a
1-dimensional firn diffusion model and iterative dating techniques. In this chapter these

atmospheric time series for the brominated compounds are discussed.

The brominated compounds | measured are all part of the group of chemicals known as the
bromocarbons. They include: the short-lived brominated substances (lifetimes of greater than
6 months but less than a few years, e.g. CH3Br), the very short-lived (VSL) brominated
substances (lifetimes of less than 6 months, e.g. CHBr; and CH,Br,) and the fully anthropogenic
brominated compounds (e.g. Halons and CF;CHBrCl). These compounds originate from both
natural and/or anthropogenic origins and are important for the bromine chemistry of the
atmosphere (Montzka et al., 2010). It is generally accepted that reactive bromine compounds,
could be playing a significant role in controlling the composition of the global atmosphere. In
recent decades, stratospheric ozone depletion has been largely driven by increases in the
atmospheric concentrations of a number of anthropogenic halogen compounds. These
anthropogenic compounds are now regulated by the Montreal Protocol and a number of them

have now show signs of decline in their atmospheric abundances (Gonzdlez et al., 2006).

Bromine is much less abundant in the atmosphere than chlorine (Montzka et al., 2010).
Nonetheless, its ability to deplete stratospheric ozone is 45 to 69 times more efficient on a per
atom basis (Sinnhuber et al., 2006). This means that reactions involving bromine contribute
about half of the seasonal polar ozone loss and about 45 % of the long-term column loss at
northern midlatitudes (Sinnhuber et al., 2006). Therefore, release of just a few parts per trillion
of additional bromine into the atmosphere can result in a significantly larger loss of
stratospheric ozone (Salawitch et al., 2005) particularly under enhanced aerosol loading
(Montzka et al., 2010). Feng et al. (2007), used an atmospheric chemical transport model to
calculate that an additional 5 ppt of bromine from short-lived species can result in mid-latitude

column ozone decreases by about 10 Dobson units (DU).

Compared with the stratosphere, the current understanding of the role of bromine in the

global troposphere is not as well known. It has been observed for a number of years that
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brominated compounds are responsible for sporadic and rapid ozone depletion in the polar
boundary layer (e.g. Barrie et al., 1988). In the last few years modelling studies by von Glasow
et al. (2004) and Yang et al. (2005) have argued that bromine compounds, including both the
bromocarbons as well as the inorganic salts, can have an important influence on global

tropospheric ozone and oxidising capacity.

The principal objective of this study is to provide atmospheric time series of the
bromocarbons, this will include the first full reconstruction atmospheric histories of the VLS
bromocarbons; CH,Br, CH,BrCH,Br, C,HsBr, CH,BrCl, CHBr,Cl and CHBrCl, and the short lived
fully anthropogenic bromocarbon; CF;CHBrCl. These reconstructions of time series are then

compared with ambient atmospheric observations or measurements from air archives.

This study provides insights into the growth rates of these compounds, the 1930 mixing ratios
of the compounds with natural emissions, and the date of first significant atmospheric
abundance of the compounds that are fully anthropogenic in origin. Also emissions estimated
from the growth rates will be obtained, as well as assessing the effect these ozone depleting
substances have on the stratospheric ozone budget, by estimating their equivalent effective

stratospheric chlorine.

This chapter consists of detailed discussion of each individual bromocarbon species. Each
subsection has its own background information on the compound, results and discussion on
atmospheric time series from the firn data and estimating emissions from the reconstructed
time series. At the end of the chapter, the equivalent effective stratospheric chlorine of the

individual compounds are calculated.
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4.2 Methyl Bromide

Methyl bromide (bromomethane, CH3Br) is an organic halogenated compound that is a
colourless and non-flammable gas with chemical properties that are quite similar to those of
methyl chloride. CH3Br is also a recognized ozone-depleting chemical as it is a major source of
stratospheric bromide (Montzka et al., 2010) and is currently the most abundant brominated

gas regulated by the Montreal Protocol (Montzka et al., 2010).

4.2.1 Background information on CH3Br

CH;Br differs from most of the other “long-lived” ozone depleting gases because it has
significant natural and anthropogenic sources. The main anthropogenic sources of CH3Br
include fumigation of soils for planting and agricultural products for import and export,
biomass burning from human activities and automobile emissions as a result of burning leaded
gasoline (Montzka et al., 2010). It is believed that the oceans are the largest natural source for

atmospheric CH3Br (Montzka et al., 2010), but further studies are needed to confirm this.

Many studies have observed net fluxes of CH3;Br from isolated, terrestrial ecosystems. For
example Dimmer et al. (2001) measured net fluxes of CH3Br from Irish peatlands, Varner et al.
(1999) measured net fluxes from New Hampshire wetlands and Rhew et al. (2001) and Rhew
et al. (2000) studied the net fluxes of CH;Br from salt marshes and shrublands. Chemical

information for CH;3Br is given Table 4.1.

Table 4.1: Chemical information for CH;Br based on Montzka et al. (2010).

Compound | Lifetime | ODP 2008 mixing 2007-2008
(Days) (Relative to ratio (ppt) Growth rate
CFC-11) (ppt yr?)
CH3Br 292 0.66 7.4 -0.3
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4.2.2 Results and discussion of CH3Br

Figure 4.1 shows the measured concentration of CH;Br with depth at the NEEM northern

hemispheric firn sites.
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Figure 4.1: measured concentration of CH3;Br with depth at the NEEM firn site (blue points). The error
bars represent the 1 o of the measurements.

The firn air profile of CH;Br shows that concentration increase by 11.5 ppt between the surface
and the bottom of the firn profile, representing a 125 % increase. This does not agree the
atmospheric time series observed by Trudinger et al. (2004) with an increase in mixing ratios
from about 1950 to 1980, then a period of roughly stable concentration to 1990, followed by
an increase during part of the 1990s. Since the 1990s atmospheric measurements show a
decline in mixing ratios until 2008 (Montzka et al., 2010, Simmonds et al., 2004 and Yokouchi et
al., 2002). Therefore this firn profile is likely a result of the production of CH;Br within the firn
column and not a representation of the atmospheric time series of the compound. Production
of CH;3Br has been observed in Greenland snowpack by Swanson et al. (2002), who suggest
that the photochemistry associated with the surface snowpack environment plays an
important role in the oxidative capacity of the local atmospheric boundary layer, and
influences the post-depositional chemistry of CH3;Br. This means that | was not able to derive

an atmospheric time series for CH3Br in this study.
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4.3 Very Short-Lived (VSL) brominated substances

The VSL bromine substances are defined as brominated trace gases whose local lifetimes are
comparable to, or shorter than, the tropospheric transport timescales and that have non-
uniform tropospheric abundances (Montzka et al., 2010). Generally, VSL bromine substances
are considered to be those compounds that have atmospheric lifetimes of less than 6 months.
In 2008, total bromine in the stratosphere was 22.5 ppt (Montzka et al., 2010), this
stratospheric bromine budget cannot be explained simply by the breakdown of the short and
long lived bromine compounds of methyl bromide and the halons. Therefore, the very short-
lived bromine compounds are needed to balance the bromine budget in the lower
stratosphere (Montzka et al., 2010 Dorf et al., 2006 and Pfeilsticker et al., 2000). The amount
of bromine from a VSL source substance that reaches the stratosphere depends on the
location of the emissions as well as atmospheric removal and transport processes (Montzka et
al., 2010). Therefore, there are substantial uncertainties in quantifying the full impact of VSL

bromine-containing compounds on stratospheric ozone.

In this section | will report the atmospheric time series of the mixing ratios of VSL bromine
substances: CH,Br,, CH,BrCH,Br, C,HsBr, CH,BrCl, CHBr,Cl, CHBrCl, and CHBr;. Firn air samples
collected in Greenland were used to reconstruct northern hemispheric time series. Firn air
samples collected in Antarctica, as well as observations from archived samples taken at the
Cape Grim baseline air pollution station were used to reconstruct southern hemispheric time
series. These time series will then be used to calculate emission rates for the VSL bromine

substances.

4.3.1 Background information on CH;Br,

To date dibromomethane (CH,Br,) has only been showed to be emitted into the atmosphere
from natural sources (Montzka et al., 2010 Worton et al., 2006 and Yokouchi et al., 2005).
These include ice algae (Sturges et al., 1993b), and macroalgae/phytoplankton (Tokarczyk and
Moore, 1994, Moore and Tokarczyk, 1993, Sturges et al., 1993b and Manley et al., 1992).

All of these sources are emitted predominantly from the oceans, with a combination of both
open ocean sources (Tokarczyk and Moore, 1994) and coastal waters (Clerbaux and Cunnold et
al., 2006). Recent studies have emphasized the potential importance of coastal water
emissions (Liang et al., 2010, Butler et al., 2007 and Clerbaux and Cunnold et al., 2006).
Conversely, Palmer and Reason (2009) considered tropical coastal sources to be unimportant
based on a supposition that seaweeds are largely absent from the tropics. However, relatively

high mixing ratios of CH,Br, have been measured by Yokouchi et al. (2005), being emitted from
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algal-colonized tropical shores. It has not yet been unequivocally proven that macroalgae
account for all coastal emissions, as O'Brien et al. (2009) detected elevated mixing ratios of
CH,Br, without evidence of significant macroalgae in coastal waters off the tropical Atlantic. In
addition, Quack et al. (2007) have suggested that CH,Br, might originate naturally as part of

biologically mediated reductive hydrogenolysis of CHBrs.

Oceanic emissions of CH,Br, are potentially influenced by changes in seawater temperature,
pH, wind speed, mixed layer depth, light penetration, nutrient supply, the depth of biotic
production and the depth of degradation of trace gases (Montzka et al., 2010, Schmittner et
al., 2008 and Kloster et al., 2007). Quack et al. (2007) showed that CH,Br, concentrations,
around the Mauritanian upwelling off West Africa are enhanced in colder, nitrogen-enriched

and deeper waters.

Anthropogenic sources of CH,Br, cannot be ruled out, there is evidence from a few published
data sets on interhemispheric ratios (Atlas et al.,, 1993 and Penkett et al., 1985) and
measurements during arctic haze pollution episodes (Rasmussen and Khalil, 1984). However
Worton et al. (2006) did not find any significant 20" century trends in CH,Br, mixing ratios,
which leads to the conclusion that it is largely emitted from natural sources. The main
destruction of atmospheric CH,Br, is via reactions with the OH radical, but also through
photolysis (Montzka et al., 2010), the resultant local lifetime of CH,Br, is 123 days (Montzka et
al., 2010).

Estimates of global oceanic emissions of CH,Br, have been calculated in a number of different
studies (e.g. Liang et al., 2010 Butler et al., 2007 and Warwick et al., 2006) and give a range of
270 - 57 Gg Bryr™ (Table 4.2).

Table 4.2: Fluxes of bromine from CH,Br, in Gg Bryr™.

Reference Global Open Ocean Coastal
Butler et al. (2007) 280 50 230
Liang et al. (2010) 57 34 23
Warwick et al. (2006) 100

The data in Table 4.2 emphasizes the potential importance of coastal oceans to the global
emissions of CH,Br,. However these values should be treated with caution as a result of large

variation in emissions from coastal zones (Butler et al., 2007).

Some studies suggest significant regional “hotspots” in the tropics and subtropics (Palmer and
Reason, 2009 and Kerkweg et al., 2008), especially in the west Pacific Ocean near Indonesia.

This is consistent with Butler et al. (2007), who estimated that 40% of CH,Br, emissions
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originated from the Pacific (24% from the tropical Pacific, and 40% in total from the tropics),

compared with 20% from the Atlantic.

Atmospheric mixing ratios of CH,Br, have been observed by a number of different studies
(Laube et al., 2008 Clerbaux and Cunnold et al., 2006 and Schauffler et al., 1999a), which are
summarised in Table 4.3.

Table 4.3: Observations of CH,Br, from the marine boundary layer (MBL) to the tropical
tropopause layer (TTL) based on Montzka et al. (2010).

Region | Marine Upper Lower TTL | LZRH Upper TTL | Tropical
Boundary Troposphere Tropopause
Layer
Ref. Clerbaux and | Schauffler et Laube et Clerbaux Clerbaux Laube et al.
Cunnold et al. (1999) al. (2008) and Cunnold | and (2008)
al. (2006) etal. (2006) | Cunnold et
al. (2006)
Height 10-12 12-14 14.5-15.5 15.5-16.5 16.5-17
range
(km)
CH,Br, 0.7-15 0.63-1.21 0.77-1.15 | 0.59-0.99 | 0.43-0.83 0.3-0.86
(ppt)

Observations of CH,Br, range from 0.7 — 1.5 ppt in the marine boundary layer (Clerbaux and
Cunnold et al., 2006) to 0.3 — 0.86 ppt in the tropical tropopause (Laube et al., 2008). Inter
hemispheric observations have been made by Carpenter et al. (2003) from Mace Head, Ireland
(1.76 ppt in September, 1998) and Cape Grim, Tasmania (0.33 ppt in January-February, 1999).
These data indicate that southern hemisphere mixing ratios are 20 % lower than northern
hemisphere mixing ratios. However, it should be noted that Mace Head is strongly influenced
by emissions from local macroalgae (Carpenter et al., 2003). Atlas and Ridley (1996), observed

CH,Br, at Mauna Loa, Hawaii (20°N, 156°W) in 1992 with an average mixing ratio of 0.79 ppt.

A 20" century time series for CH,Br, has been derived by Worton et al. (2006) from Arctic firn
air taken from the NGRIP drill site and by Sturges et al. (2001) from Antarctic firn air taken
from the DML and DC sites. These studies show no significant change in atmospheric mixing
ratios during this period. Worton et al. (2006) observed a constant northern hemispheric
atmospheric mixing ratio of 1.00 ppt with a seasonal cycle with an amplitude of 0.15 ppt. In
contrast Sturges et al. (2001) observed a constant northern hemispheric atmospheric mixing

ratio of 0.83 ppt with a seasonal cycle of 1.2 ppt.
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4.3.2 Results and discussion of CH,Br,

In the current study, | will report firn air measurement of CH,Br, from a number of northern
and southern hemispheric firn air records, as well as southern hemispheric observations from
the Cape Grim baseline air pollution station. These measurements have then been used to
derive the atmospheric time series of CH,Br, mixing ratios. The time series of atmospheric
CH,Br, mixing ratios were derived using the direct firn modelling method developed at
Laboratoire de Glaciologie et Géophysique de I'Environnement (LGGE) Grenoble. These new
atmospheric time series are then compared with previous atmospheric time series estimated
by Worton et al. (2006) and Sturges et al. (2001). The time series obtained and the output from
the inverse model for the northern and southern hemisphere site are shown alongside the
measured concentration of CH,Br, with depth at northern hemispheric firn sites (NEEM and

NGRIP) and southern hemispheric (DC and DML) firn sites in Figures 4.2 and 4.3, respectively.
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Figure 4.2: Top panel, depth profiles of northern hemispheric CH,Br, concentration with depth at the;
NEEM firn site (blue points) and the NGRIP firn site (purple points), compared with model simulations
based on the atmospheric time series indicated in the bottom panel with a seasonal cycle of 12 % added
to the time series. The error bars represent the 1 o of the measurements (see methods chapter for more
details). Bottom panel, Atmospheric time series derived by a multi-site inversion modelling of the NEEM
and NGRIP firn air measurements (solid line) using the LGGE method. As the firn sites have different drill
dates the LGGE method derives an atmospheric time series using all of the firn sites up to the drill date
of a firn site, after this the atmospheric time series is derived using the remaining sites. The time series
derived by NEEM and NGRIP firn air — Purple line and NEEM only firn air — blue line. The dashed lines
represent the uncertainties envelope of the time series (as described Figure 2.10).
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Figure 4.3: Top panel, depth profiles of southern hemispheric CH,Br, concentration with depth at the DC
firn site (red points) and the DML firn site (green points), compared with model simulations based on the
atmospheric time series indicated in the bottom panel with a seasonal cycle of 12 % added to the time
series. The error bars represent the 1 o of the measurements. Bottom panel, Atmospheric time series
derived by a multi-site inversion modelling of the DC and DML firn air measurements (solid line) using
the LGGE method. The time series derived by the DC and DML (green line) and DC only (red line). The
dashed lines represent the uncertainties envelope of the time series (as described Figure 2.10). Also the
mixing ratios of CH,Br, as a function of time as measured in air samples collected in the southern
hemisphere (blue points, from Cape Grim). The black line is a polynomial expression fitted through the
Cape Grim time series in order to derive growth rates and emissions, based on the method used by
Laube et al. (2012) and Sturges et al. (2012).

147



Ambient air measurements (depth, 0 m) were collected at the NEEM site on three different
days (16, 17, 27 July 2008) during the firn air drilling. These ambient air measurements have an
average mixing ratio of 0.882 + 0.050 ppt and are the most recent northern hemispheric
measurements of CH,Br, in this study. The ambient air measurements were collected at the
DC site on the 28 December 1998 during firn air drilling. These ambient air measurements
have an average mixing ratio of 0.992 + 0.054 ppt and represent the most recent southern

hemispheric measurement from the firn sites in this study.

CH,Br, has a significant atmospheric sink as a result of its reaction with the hydroxyl radical
(OH) (Montzka et al., 2010). The local lifetime of CH,Br, with respect to OH is 123 days,
(Montzka et al., 2010), which results in a total local lifetime of 123 days (Montzka et al., 2010).
This enables a seasonal cycle in the CH,Br, atmospheric mixing ratio. This seasonal cycle can be
seen in the variations in CH,Br, concentration in the shallowest part of the firn columns, which
would likely have reflected the seasonality in the OH atmospheric mixing ratios described in
Kaspers et al. (2004) and Sturges et al. (2001). This is supported by the Cape Grim observations

from the current study (Figure 4.4).
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Figure 4.4: Top panel, Atmospheric mixing ratios of CH,Br, as a function of time from observations of
archived samples taken at Cape Grim (blue points). A polynomial expression fitted through the Cape
Grim time series in order to detrend the data (black line). A modelled seasonal cycle based on the
seasonal cycle observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Six unreliable samples were also removed from the seasonal cycle calculation (red points) (see
Figure 3.4 for more details). Bottom panel, percentage deviation from the annual mean CH,Br, mixing
ratio based on the detrended Cape Grim observations (top panel), taken as the mean of the
observations made in a particular calendar month (between 3 - 8 data points). The error bars represent
the 1 o of the measurements.

The seasonal patterns of the Cape Grim observations were determined by using a polynomial
expression fitted through the data to subtract cycles of periods longer than 12 months, which
includes long-term time series. A polynomial expression was used an not a 12 month moving

average filter as used by Khalil and Rasmussen (1999) because the Cape Grim data was not
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measured for every month so that the moving averaged did not remove cycles of periods
shorter than 12 months. The resulting time series after the subtraction by long term trends
was averaged for each of the 12 months over the years when measurements were taken.
However data points more than 3 standard deviations away from the mean are taken as
outliers and removed from the seasonal cycle calculation. The result is 12 indices which

represent an estimate of the CH,Br, seasonal cycle (Figure 4.4).

Figure 4.4 shows that there is a seasonal cycle in the atmospheric mixing ratio of CH,Br,. The
amplitude of the seasonal cycle is taken as the difference between the average of the winter
months (June, July and August) and the average of the summer months (Decembers, January
and February). Therefore the detrended Cape Grim observation indicates a seasonal cycle with
an amplitude of 12 % of the annual mean mixing ratio in the southern hemisphere. This would
represent a southern hemispheric seasonal cycle with an amplitude of 0.12 ppt in 2008.
Worton et al. (2006) observed a 12 % seasonal cycle in the northern hemispheric NGRIP firn
air, which agrees with the findings in this study. However long-term observations at Summit
Greenland observe a seasonal cycle with an amplitude of 41 % (personal communication with

Steve Montzka). Although using this seasonal cycle in the firn modeling (Figure 4.2) I was not

able to reproduce the variation in the upper part of the firn profile.

Figures 4.2 and 4.3 indicates that the 1930 atmospheric mixing ratio of CH,Br, was 1.2 ppt in
the northern hemisphere and 0.9 ppt in the southern hemisphere. After the 1930s the time
series show a period of stable atmospheric mixing ratios in both hemispheres. This stable
atmospheric mixing ratio continued in the southern hemisphere up to 1999 when the Dome C

firn air was abstracted.

Measurements of CH,Br, mixing ratios have been made from 1992 onwards at the Cape Grim
baseline air pollution station. Figure 4.2 shows that these observations are in general
agreement with the firn derived southern hemispheric time series, although there are a
number of outlying points. Growth rates were inferred for the Cape Grim observations by
fitting a polynomial expression to the data set (the black line in Figure 4.3) similar to the
method presented in Laube et al. (2012) and Sturges et al. (2012). These results are in
agreement with the findings of Sturges et al. (2001) who observed no significant trends in the
southern hemispheric atmospheric mixing ratios as well as Worton et al. (2006) who observed

no significant trends in the northern hemisphere.

However in the northern hemisphere (Figure 4.2) mixing ratios remained approximately

constant for the 1930s till the early 1990s. Since 1990 atmospheric mixing ratios have been
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shown to decrease from 1.3 ppt in 1990 to 1.0 ppt in mid-2008, which is 79 % of the peak
mixing ratio. The average change during this period was -0.01 ppt yr™. However, the rate of
this decrease has been increasing in recent years from -0.007 ppt yr™ in 2000 to -0.015 ppt yr*
in 2007. The firn air used for current analyses was collected in July 2008. Therefore, an average
growth rate cannot be provided for 2008, but mixing ratios continued to show a decrease. It
should also be noted that these growth rates and peak timing represent only the best
estimates and contain considerable uncertainties within the envelopes shown in Figures 4.2
and 3. It is currently unclear if this decline is due to a decrease in atmospheric mixing ratios in
the northern hemisphere or is some process with the firn that is resulting in a increase in
concentration in the upper part of the firn column. More studies are needed to validate this

finding.

It is also unclear what might be causing the observed decline in northern hemispheric CH,Br,
mixing ratio since 1990. In 2008, the northern hemispheric mixing ratio (1.0 ppt, Figure 4.2)
decreased to the same abundant as the southern hemispheric mixing ratio (1.0 ppt, Figure
4.5), which may suggest that a northern hemispheric anthropogenic source has declined in
recent years. However, it may also imply a decline in the natural sources of CH,Br, in the

northern hemisphere.

The ‘global’ averaged atmospheric time series of CH,Br, was derived between 1930 and June
2008 (the drill date of the NEEM site) by averaging the northern and southern time series
Figure 4.5. The southern hemispheric time series was derived using both the firn derived time
series and the Cape Grim time series. These two time series were averaged for the years that

are covered by both.
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Figure 4.5: Northern hemispheric atmospheric time series of CH,Br, derived from Arctic firn air (blue
line). Southern hemispheric atmospheric time series of CH,Br, derived from Antarctic firn and Cape Grim
observation (red line). ‘Global’ atmospheric time series of CH,Br, shown as the average between the
northern and southern hemispheric time series (green line).

Figure 4.5 indicates that the global mixing ratio of CH,Br, remain stable at 1.1 ppt between
1930 and 1990, before declining to 1.0 ppt in 2008. These ‘global’ mixing ratios are in general
agreement with those observed by Clerbaux and Cunnold et al. (2006) of between 0.7 — 1.5 in

the marine boundary layer.
4.3.3 Background information on CH,BrCH,Br

This section will report the first atmospheric time series of the atmospheric mixing ratios of
1,2-dibromoethane (CH,BrCH,Br, Ethylene Dibromide (EDB) and trade names Bromofume /
Dowfume). CH,BrCH,Br has mainly anthropogenic sources, but it does have a few natural
sources. Its main use is as an additive in leaded petrol where it acts as a "scavenger" that
converts lead oxides in cars to lead halides (Fishbein, 1980). This additive has been used since
1925 (Randi, 1952), in a fuel known as "aviation fluid". In the 1940s, CH,CICH,Cl was used to
replace around 50 % of CH,BrCH,Br and this new mixture was termed "motor fluid" (Otto and
Montreuil, 1976). However, "aviation fluid" continued to be used as an automobile fuel in
some countries (e.g. the Soviet Union) and only as aviation gasoline in others. During this
period the U.S. consumption of aviation gasoline was only about 0.25 % of its consumption of
automobile petrol (Thomas et al., 1997). In 1978, 90 % of the CH,BrCH,Br production went into
the additives used in leaded petrol (Santodonato et al., 1985). The U.S. Environmental
Protection Agency (EPA) implemented legislation in 1973 to reduce the use of leaded petrol

(Santodonato et al., 1985 and Fishbein, 1980), and as a result, since the 1970’s, CH,BrCH,Br use
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as a fuel additive declined rapidly from 121 ktonnes in 1971 to 24 ktonnes in 1991 in the USA
(Penkett et al., 1995).

In the 1970s and early 1980s, the second largest application of CH,BrCH,Br was as a soil
fumigant to protect against insects, pests, and nematodes in citrus, vegetable, and grain crops
and as a fumigant for turf, particularly on golf courses (Phillips, 2006). However, in 1984, EPA
banned the use of it as a soil and grain fumigant, thus eliminating this market for
manufacturers in the US (Santodonato et al., 1985). Currently, other minor applications include
treatment of felled logs for bark beetles, termite control, control of wax moths in beehives,
spot treatment of milling machinery, Japanese beetle control in ornamental plants, and as a
chemical intermediate for dyes, resins, waxes, and gums (Phillips, 2006). Small amounts of
CH,BrCH,Br have been used in the manufacture of vinyl bromide, which is used as a flame
retardant (Phillips, 2006). It also has a source from the release from industrial processing
facilities (Roper. W, 1992). Natural sources of CH,BrCH,Br induce production by a large number
of macroalgae such as kelp (Baker et al., 2001 and Laturnus et al., 1996). The main destruction
of atmospheric CH,BrCH,Br is via reactions with the OH radical (Montzka et al., 2010), and the

resultant local lifetime of CH,BrCH,Br is 70 days (Montzka et al., 2010).

CH,BrCH,Br has previously been detected in the atmosphere by Pratt et al. (2000), Brodzinsky
et al. (1997), Khalil and Rasmussen (1985) and Berg et al. (1984). During 1981, observations
from 676 sites in US, recorded a mean mixing ratio of 26 ppt with a range of 0 — 130 ppt
(Brodzinsky et al., 1997). Whereas observations from urban areas in the 1990s indicated a
mixing ratio of around 5 ppt (Pratt et al., 2000). At high latitudes, mixing ratios have been
measured at 1 ppt at the South Pole (Khalil and Rasmussen, 1985), whilst observations from 8
sites in the Arctic during March and April of 1983 measured an average mixing ratio of 11 £ 10
ppt (Berg et al., 1984). A stratospheric mixing ratio for CH,BrCH,Br was determined as being
around 32 ppt in March 1983 above Baffin Bay near Thule, Greenland (70 °N) (Berg et al.,
1984). In the tropics Laube et al. (2008) have suggested unidentified peaks in their

chromatogram from air sampled at 15.2 km that point towards the presence of CH,BrCH,Br.

Currently there is not a fully publicly available report on the worldwide production, sales or
emission of CH,BrCH,Br, although data is available for the United States. In the 1970s,
production of CH,BrCH,Br in the United States averaged 127 Gg yr (Phillips, 2006). The
production volume in 1974 was 151 Gg yr’, and in 1979 was 130 Gg yr’* (Phillips, 2006). After

the increase in government regulations and restrictions in the 1970s, the production of
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CH,BrCH,Br, steadily decreased. By 1982, U.S. production of CH,BrCH,Br had fallen to 77 Gg yr’

! (Phillips, 2006), following which data has not been available.

The annual world use of bromine in gasoline has been estimate by Thomas et al. (1997), based
on world use of lead in gasoline and on gasoline scavenger formulations. Bromine in gasoline
peaked in the early 1970s at about 170 *+ 20 Gg, before declining to 100 £ 11 in 1980, 40 £ 5 Gg
in 1990 and 23 £ 2.5 Gg in 1995 (Thomas et al., 1997). Southern hemisphere use was relatively
constant at 9 + 1 Gg yr' between 1970 - 1985, and dropped to 6.6 + 0.7 Gg yr* by 1990 and 4.3
Gg yr' by 1995 (Thomas et al., 1997).

4.3.4 Results and discussion of CH,BrCH,Br

In this study, | report firn air measurement of CH,BrCH,Br from a number of northern and
southern hemispheric firn air records. These measurements have then been used to derive the
atmospheric time series of CH,BrCH,Br mixing ratios. The time series of atmospheric
CH,BrCH,Br mixing ratios were derived using the LGGE method, which is described in more
detail in the methods chapter. The time series obtained and the output from the inverse
model for the northern and southern hemisphere sites alongside the measured concentration
of CH,BrCH,Br with depth at northern hemispheric firn sites (NEEM, NGRIP and DI) and

Southern Hemispheric (DML) firn sites are shown in Figures 4.6 and 4.7, respectively.
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Figure 4.6: Top panel, depth profiles of northern hemispheric CH,BrCH,Br concentration with depth at
the NEEM firn site (blue points), NGRIP firn site (purple points) and the DI firn site (yellow points),
compared with model simulations based on the atmospheric time series indicated in the bottom panel.
The error bars represent the 1 o of the measurements. Bottom panel, Atmospheric time series derived
by a multi site inversion modelling of the NEEM, NGRIP and DI firn air measurements (solid line) using
the LGGE method. As the firn sites have different drill dates the LGGE method derived an atmospheric
time series using all of the firn sites up to the drill date. After this the atmospheric time series is derived
using the remaining sites. The time series derived by the NEEM, NGRIP and DI (yellow line), NEEM and
NGRIP (purple line) and NEEM only (blue line). The dashed lines represent the uncertainties envelope of
the time series (as described Figure 2.10).
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Figure 4.7: Top panel, depth profile of southern hemispheric CH,BrCH,Br concentration with depth at
the DML firn site (green points), compared with model simulations based on the atmospheric time series
indicated in the bottom panel. The error bars represent the 1 o of the measurements. Bottom panel,
atmospheric time series derived by a single site inversion modelling of the DML firn air measurements
(solid line) using the LGGE method. The time series is derived by the DML (green line). The dashed lines
represent the uncertainties envelope of the time series (as described Figure 2.10). The mixing ratios of
CH,BrCH,Br as a function of time measured in air samples collected in the southern hemisphere (blue
points, from Cape Grim). The black line is a polynomial expression fitted through the Cape Grim time
series in order to derive growth rates and emissions.
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The ambient air measurements (depth, 0 m) were collected at the NEEM during July 2008.
These ambient air measurements have an average mixing ratio of 0.149 + 0.007 ppt and are
the most recent northern hemispheric measurements of CH,BrCH,Br in this study. The
ambient air measurements were collected at the DC site on the 28 December 1998 during the
firn air drilling. These ambient air measurements have an average mixing ratio of 0.117 + 0.007
ppt and represents the most recent southern hemispheric measurement from the firn sites in

this study.

CH,BrCH,Br has a significant atmospheric sink as a result of its reaction with the hydroxyl
radical (OH) (Montzka et al., 2010). The local lifetime of CH,BrCH,Br is 70 days (Montzka et al.,
2010). This should be short enough for there to be a seasonal cycle in CH,BrCH,Br atmospheric
mixing ratio compared with other trace gases with similar lifetimes (i.e. CH,Br,). However
there are no signs of variations in CH,BrCH,Br concentration in the shallowest part of the firn
columns, that would have reflected the seasonality in the OH atmospheric mixing ratios as has
been described in Kaspers et al. (2004) and Sturges et al. (2001). This does not necessarily
mean that there is no seasonality in the CH,BrCH,Br atmospheric mixing ratio as the amplitude
of seasonality might not be large enough to be recorded in the firn air measurements and/or
the general decrease in CH,BrCH,Br mixing ratio could mask patterns of seasonality. This is

supported by the detrended Cape Grim observations which are shown in Figure 4.8.
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Figure 4.8: Top panel, Atmospheric mixing ratios of CH,BrCH,Br as a function of time from observations
of archived samples taken at Cape Grim (blue points). A polynomial expression fitted through the Cape
Grim time series in order to detrend the data (black line). A modelled seasonal cycle based on the
seasonal cycle observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Six unreliable samples were also removed from the seasonal cycle calculation (red points) (see
Figure 3.4 for more details). Bottom panel, percentage deviation from the annual mean CH,BrCH,Br
mixing ratio based on the detrended Cape Grim observations (top panel), taken as the mean of the
observations made in a particular calendar month (between 3 - 8 data points). The error bars represent
the 1 o of the measurements.

The seasonal patterns of the Cape Grim observations were determined by using the same
method that has been stated earlier. | show in Figure 4.8 that there is a seasonal cycle in the
atmospheric mixing ratio of CH,BrCH,Br. The amplitude of the seasonal cycle is taken as the

differences between the average of the winter months (June, July and August) and the average
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of the summer months (December, January and February). Therefore, the detrended Cape
Grim observation indicates a seasonal cycle with an amplitude of 21 % of the annual mean in
the southern hemisphere. This would suggest a southern hemispheric seasonal cycle with an

amplitude of 0.01 ppt in 2008.

Figures 4.6 indicate that the 1920 mixing ratio of CH,BrCH,Br was 0.17 ppt in the northern
hemisphere. Whereas Figures 4.7 indicate that the 1930 mixing ratio of CH,BrCH,Br was 0.01
ppt in the southern hemisphere. The first reported use of CH,BrCH,Br was as an additive in
leaded petrol in 1925 (Randi, 1952). This agrees with the period of a sustained growth in the
mixing ratio of CH,BrCH,Br in both hemispheres up until the early 1970s. The average growth
rates during this period were 0.01 ppt yr™* or 1.8 % yr™ in the northern hemisphere and 0.004

ppt yr* or 3.7 % yr'' in the southern hemisphere.

The peak in the northern hemisphere atmospheric mixing ratio occurred in 1970 at 0.90 ppt,
whereas the peak in the southern hemisphere atmospheric mixing ratio occurred in 1973 at
0.16 ppt. These measurements in general agree with the phasing out of leaded petrol in the
U.S. and Europe in the early 1970s (Santodonato et al., 1985 and Fishbein, 1980). After the
peak in the early 1970s, atmospheric mixing ratios in both hemispheres have been shown to
decrease until the drill date of the firn sites (NH = 2008 and SH = 1999). Measurements of
CH,BrCH,Br mixing ratios have been made from 1994 onwards at the Cape Grim baseline air
pollution station. Figure 4.7 shows that these observations are in general agreement with the
firn derived southern hemispheric time series, although there are a number of outlying points.
Growth rates were inferred for the Cape Grim observations by fitting a three parameter
polynomial expression to the data set (the black line in Figure 4.7) similar to the method
presented in Laube et al. (2012) and Sturges et al. (2012). The average growth rates during this
period were -0.03 ppt yr™ in the northern hemisphere and -0.003 ppt yr™ in the southern
hemisphere. However, in recent years this decline has stopped, with CH,BrCH,Br mixing ratios
remaining somewhat constant. In the northern hemisphere, the decline stopped in 2004 at a
mixing ratio of 0.08 ppt, which is 8 % of the peak mixing ratio (Figure 4.6). This is a return to
the mixing ratios of the 1920 and may suggest that CH,BrCH,Br is currently at its natural
background level. In the southern hemisphere, this decline stopped in 2006 at 0.05 ppt,
representing 33 % of the peak mixing ratio (Cape Grim time series — Figure 4.7). It should also
be noted that these growth rates and peak timings, represent only the best estimates and

contain considerable uncertainties within the envelopes shown in Figures 4.6 and 4.7.
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| derived the ‘global’ averaged atmospheric time series of CH,BrCH,Br between 1930 and 2008
(the drill date of the NEEM site) by averaging the northern and southern time series (Figure
4.9). The southern hemispheric time series was derived using both the firn derived time series
and the Cape Grim time series. These two time series were averaged for years covered by

both.
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Figure 4.9: Northern hemispheric atmospheric time series of CH,BrCH,Br derived from Arctic firn air
(blue line). Southern hemispheric atmospheric time series of CH,BrCH,Br derived from Antarctic firn and
Cape Grim observation (red line). ‘Global’ atmospheric time series of CH,BrCH,Br derived as the average
between the northern and southern hemispheric time series (green line).

Figure 4.9 indicates that the ‘global’ mixing ratio of CH,BrCH,Br was ~ 0.1 ppt in 2008, which is
13 % of the peak mixing ratio. These ‘global’ mixing ratios are much lower than the mixing
ratios observed by Pratt et al. (2000), Brodzinsky et al. (1997), Khalil and Rasmussen (1985)
and Berg et al. (1984) which suggest a mixing ratios of around 5 ppt in urban areas (Pratt et al.,
2000) and 1 ppt at the South Pole (Khalil and Rasmussen, 1985). This difference is most likely a

result of differences in the calibration scales used between studies.

4.3.5 Background information on C;HsBr

This section reports the northern hemispheric time series of the atmospheric mixing ratios of
Bromoethane (ethyl bromide, C,HsBr). C,HsBr is a bromine-containing very short-lived source
gas with predominately anthropogenic sources. Carpenter et al. (2000) observed emissions
from 10 species of brown, red, and green macroalgae collected in the intertidal or subtidal

zones off the west coast Ireland. Very small emissions of C,H;Br have also been observed from
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cattle (Williams et al., 1999) and volcanic gases (Phillips, 2006), as well as being released by the

species of seaweed Sargassum fucales (Class and Ballschmiter, 1988).

The main anthropogenic sources of C,HsBr are from use as an ethylating agent in organic
synthesis and as a solvent in the chemical and pharmaceutical industries (Phillips, 2006). It has
also been used as a refrigerant and as a flame retardant (Low et al., 2003), as well as being part
of a blend with halon-2402 (Montzka et al., 2010). C,HsBr has been historically used as an
anesthetic, but widespread use for this purpose has now been stopped (Phillips, 2006).
Carpenter et al. (1999) suggested that there is a correlation between CH3;Br and C,HsBr
emissions and may be a result of similar emission rate from macroalgae. The main destruction
of atmospheric C,HsBr is via reactions with the OH radical (Montzka et al., 2010), with a

resultant local lifetime of 41 days (Montzka et al., 2010).

Currently the worldwide production, sales or emission of C,HsBr are not well known. Although
U.S. production has been estimated as >0.45 Mg yr in 1972 and 1.36 Mg yr'' in 1975 (Phillips,
2006). An upper limit to the global emissions of C,HsBr is estimated at 1.4 + 0.4 Gg for 2000
(Low et al., 2003).

Atmospheric mixing ratios of C,Hs;Br have been observed by a number of different studies (Low
et al., 2003, Pfeilsticker et al., 2000, Carpenter et al., 1999, Class and Ballschmiter, 1988 and
Shah and Singh, 1988). Low et al. (2003) observed atmospheric mixing ratios of C,HsBr at
coastal and inland sites in California between 1996 and 1999. The observed median ambient
mixing ratio averaged during this period was <0.3 + 0.4 ppt (Low et al., 2003). Higher variability
was seen at urban sites which suggests there might be significant sources of C,HsBr in polluted
air. A median northern hemispheric mixing ratio of 0.3 + 0.1 ppt was observed from a number
of Pacific Ocean transects taken between 1996 and 1999, with a median southern hemispheric
mixing ratio of less than 0.2 ppt (Low et al., 2003). These observations are in general
agreement with Carpenter et al. (1999) who observed a mean of 0.23 ppt, with a range

between 0.09 to 0.49 ppt in May 1997 at Mace Head.

In the upper atmosphere, whole air samplers on board balloons observed C,HsBr mixing ratios
of 0.11 ppt just above the Arctic tropopause (9.5 km) in early 1999 (Pfeilsticker et al., 2000). In
addition Laube et al. (2008) suggested unidentified peaks in their chromatogram from air
sampled at 15.2km pointed towards the presence of C,HsBr. Pfeilsticker et al. (2000) reported
a decrease in C,HsBr by an order of magnitude in mixing ratio from 9 km to 16 km. Also
modelled C,HsBr concentrations by Hossaini et al. (2012) have shown that C,HsBr is sufficiently

long-lived to be potentially an important carrier of bromine to the stratosphere. Simulations
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show, regardless of the surface mixing ratios ~ 70 — 73 % of surface bromine from C,HsBr at the

surface in the tropics can reach the lower stratosphere (Hossaini et al., 2012).

4.3.6 Results and discussion of C;HsBr

In this study, | report firn air measurement of C,HsBr from a number of northern hemispheric
firn air records. These measurements have then been used to derive the atmospheric time
series of C,HsBr mixing ratios. This time series was derived using the LGGE method, which is
described in more detail in the methods chapter. The time series obtained and the output
from the inverse model for the northern hemisphere sites alongside the measured
concentration of C,HsBr with depth at northern hemispheric firn sites (NEEM, and NGRIP) are

shown in Figure 4.10.
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Figure 4.10: Top panel, depth profiles of northern hemispheric C,HsBr concentration with depth at the
NEEM firn site (blue points) and the NGRIP firn site (purple points), compared with model simulations
based on the atmospheric time series indicated in the bottom panel. The error bars represent the 1 o of
the measurements. Bottom panel, Atmospheric time series derived by a multi-site inversion modelling
of the NEEM and NGRIP firn air measurements (solid line) using the LGGE method. As the firn sites have
different drill dates the LGGE method derives an atmospheric time series using all of the firn sites up to
the drill date of a firn site, after this the atmospheric time series is derived using the remaining sites. The
time series derived by NEEM and NGRIP (purple line) and NEEM only (blue line). The dashed lines
represent the uncertainties envelope of the time series (as described Figure 2.10).

C,HsBr has a significant atmospheric sink as a result of its reaction with the hydroxyl radical
(OH) (Montzka et al., 2010). With the total local lifetime of C,HsBr is 41 days (Montzka et al.,
2010). As stated earlier this should be short enough for there to be a variation in the upper
part of the firn column. However there are no signs of variations in the C,HsBr concentration in

the shallowest part of the firn columns. Although this does not necessarily mean that there is

163



no seasonality in the C,Hs;Br atmospheric mixing ratio, as the amplitude of the seasonality
might not be large enough to be detected in the firn air measurements, or the general
decrease in C,HsBr mixing ratio could be masking any seasonality. There might also be a local

contaminate at the drill sites that could also be masking any seasonality.

Figure 4.10 indicates that the 1930 mixing ratio of C,HsBr was 1.6 ppt in the northern
hemisphere. As the worldwide production, sales and emissions of C,HsBr are not well known
and it is unclear when anthropogenic sources emissions began. Therefore, this 1930 mixing
ratio cannot be taken as the natural background. After 1930s, the time series show a sustained
growth until the mid-1970s, with the average growth rate during this period calculated as 0.02
ppt yr' or 1.1 % yr". The peak in the northern hemisphere atmospheric mixing ratio occurred
at 2.7 ppt in 1976. After this peak, atmospheric mixing ratio decreased to 0.9 ppt in the early
2000s, which is 35 % of the peak mixing ratio. During this period the average growth rate was -
0.08 ppt yr'. However in recent years, this decline has stopped with C,HsBr mixing ratios
remaining somewhat constant (Figure 4.10), with the atmospheric mixing ratio being 1.0 ppt in
2008. This time series does not match the atmospheric time series of CH3;Br observed by the
NOAA and AGAGE network (Montzka et al., 2010). This indicates that there is not a correlation
between CH;Br and C,HsBr emissions as suggested by Carpenter et al. (1999). It should also be
noted that these growth rates and peak timing represent only the best estimates and contain
considerable uncertainties within the envelopes as shown in Figure 4.10. It should also be
noted that this atmospheric time series do not agree with previous atmospheric
measurements of C,HsBr of < 0.3 £ 0.1 ppt in 1999 (Low et al., 2003) and 0.23 ppt in 1997
(Carpenter et al., 1999). The difference between this study and previous measurements are

most likely due to a difference in calibration scales.

4.3.7 Background information on CH,BrCl, CHBr,Cl and CHBrCl,

The bromo-chloro methanes consist of three compounds; bromochloromethane (methylene
bromochloride, CH,BrCl), dibromochloromethane (CHBr,Cl) and bromodichloromethane
(CHBrCl,). All of the bromo-chloro methanes originate from both natural and anthropogenic
sources (Worton et al., 2006). They have been formerly used as flame retardant and are
currently used as a laboratory reagents (Phillips, 2006). CHBr,Cl was also used as an
intermediate in chemicals manufacturing (Phillips, 2006), whereas CHBrCl, has been used as a
solvent for fats and waxes and because of its high density, for mineral separation. CH,BrCl was
invented for use in fire extinguishers by the Germans during the mid-40s and was used up until
the late 1960s, being officially banned by the US by the National Fire Protection Association

(NFPA) for use in fire extinguishers in 1969 (Phillips, 2006). Due to its ozone depletion
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potential, its production was banned from January 2002 by the Montreal Protocol on
Substances that Deplete the Ozone Layer (Gonzdlez et al., 2006). CHBr,Cl and CHBrCl, are
formed through so called “haloform” reactions, which revolve around the bromide
substitution of chloroform. Lepine and Archambault (1992) have shown through the analysis of
pre and post treated water, that these compounds can be generated with the chlorination of
water. Worton et al. (2006) calculated that there is a significant emission from the chlorination
of seawater used as cooling water in coastal power stations and estimate this source to

contribute ~ 10 % to the global budgets.

The main natural source of the bromo-chloro methanes is from biogenic emissions (Carpenter
et al., 1999, Ekdahl et al., 1998 Sturges et al., 1993a and Class and Ballschmiter, 1988). CHBrCl,
has been been reported from soils through the process of natural chlorination of organic
matter with bromide substitution (Hoekstra et al., 1998). High atmospheric mixing ratios have
been observed within the marine boundary layer in regions of high oceanic productivity
(Clerbaux and Cunnold et al., 2006). The main sink of atmospheric CH,BrCl, CHBr,Cl and
CHBrCl, is through the reaction with the hydoxyl (OH) radical (Montzka et al., 2010). However,
there is a minor, but not insignificant sink from photolysis in the troposphere (Montzka et al.,

2010).

Atmospheric mixing ratios of CH,BrCl, CHBr,Cl and CHBrCl, have been observed by a number of
different studies (e.g. Laube et al., 2008, Clerbaux and Cunnold et al., 2006 and Schauffler et
al., 199a), summarised in Table 4.4. Recorded observations range from 0.1 — 0.9 ppt in the
marine boundary layer (Clerbaux and Cunnold et al., 2006) to 0.00 — 0.14 ppt in the tropical
tropopause (Laube et al., 2008). The sum of CH,BrCl, CHBr,Cl, and CHBrCl, contributes about
0.5 ppt of bromine to the upper troposphere and lower TTL. Near the tropical tropopause the

total contribution of these source gases declines to about 0.2 ppt (Montzka et al., 2010).
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Table 4.4: Summary of available observations of bromo-chloro-methanes from the marine

boundary layer (MBL) to the tropical tropopause layer (TTL) based on Montzka et al. (2010).

Region Marine Upper Lower TTL | LZRH* Upper TTL | Tropical
Boundary Troposphere Tropopause
Layer
Ref. Clerbaux Schauffler et Laube et Clerbaux Clerbaux Laube et al.
and Cunnold | al. (1999) al. (2008) and and (2008)
et al. (2006) Cunnold et | Cunnold et
al. (2006) al. (2006)
Height 10-12 12-14 14.5-15.5 | 15.5-16.5 16.5-17
range
(km)
CH,BrCl 0.4-0.6 0.03-0.16 0.13-0.16 | 0.08-0.13 | 0.1-0.12 0.05-0.11
(ppt)
CHBr,Cl 0.1-0.8 0.01-0.36 0.06-0.15 | 0.03-0.11 | 0.01-0.11 0.00-0.14
(ppt)
CHBrCl, 0.1-0.9 0.02-0.28 0.18-0.22 | 0.12-0.18 | 0.11-0.14 0.03-0.12
(ppt)

# level of zero clear-sky radiative heating

A 20™ century time series for the bromo-chloro methanes has been observed by Worton et al.
(2006) from Arctic firn air taken from the NGRIP drill site in Greenland. Longer term time
series have also been determined for the southern hemisphere from the analysis of firn air at
two Antarctic sites, DML and DC (Sturges et al., 2001). Sturges et al. (2001) found no evidence
for any significant temporal trends in the southern hemisphere mixing ratio of these
compounds. The Worton et al. (2006) NGRIP firn profiles indicate that the annual mean
atmospheric mixing ratio of CH,BrCl has remained constant since ~ 1950 and thus imply that
anthropogenic sources are insignificant. There is evidence of a few data points in the deepest
firn with relatively high concentrations which could be the result of post deposition effects and
which might have complicated the interpretation of results. In contrast, Worton et al. (2006)
observed an increase in the concentrations of CHBr,Cl and CHBrCl, in the direction of the
surface within the firn column. This observed behaviour can be explained by an increase in the
atmospheric mixing ratios of CHBr,Cl and CHBrCl, since ~1950. The authors observed that this

increase in atmospheric mixing ratios levelled off in about 1992 (Worton et al., 2006).
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4.3.8 Results and discussion of CH,BrCl, CHBr,Cl and CHBrCl,

In this study | report firn air measurement of CH,BrCl, CHBr,Cl, and CHBrCl, from a number of
northern hemispheric firn air records. The NEEM measurements are a new set of data
obtained in this study whereas the NGRIP measurements are taken from Worton et al. (2006).
These measurements have then been used to derive the atmospheric time series of CH,BrCl,
CHBr,Cl, and CHBrCl, mixing ratios. These were derived using a new iterative modelling
approach as based on the method described in Trudinger (2002). However, it has the added
advantage that it can be used for atmospheric time series that have increased monotonically
up to a peak mixing ratio before decreasing monotonically. More details on this method are
given in the methods chapter. The time series obtained and the output from the model for the
NEEM site are shown in Figure 4.11 alongside the measured concentration of CH,BrCl, CHBr,Cl,

and CHBrCl, with depth at northern hemispheric firn sites (NEEM and NGRIP).
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Figure 4.11: Top and middle panel, measured concentration of northern hemispheric CH,BrCl (blue
points), CHBr,Cl (red points) and CHBrCl, (green points) with depth at the NEEM firn site (top) and
NGRIP firn site (middle, taken from Worton et al. (2006)), compared with model simulations based on
the atmospheric time series indicated in the bottom panel with a seasonal cycle (Table 4.5) added to the
time series. The error bars in top and middle panels represent the 1 o of the measurements. Bottom
panel, atmospheric time series based on the NEEM and NGRIP firn air measurements CH,BrCl (blue line),
CHBr,Cl (red line) and CHBrCl, (green line) using the new iterative method. The dashed lines consist of
the sum of a) the firn air model maximum and minimum runs obtained by adding and subtracting the 1
o measurement to/from the firn data and b) the maximum deviation of the actual mixing ratios from the
polynomial fitted to derive the time series.
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Figure 4.11 shows that there is one outlying point in the CH,BrCl NEEM data at 70.04 m. The
ambient air measurements (shown as depth = 0 m) were collected at the NEEM site during July
2008. These ambient air measurements have average mixing ratios of: CH,BrCl - 0.16 £ 0.01
ppt, CHBr,Cl - 0.12 £+ 0.01 ppt, and CHBrCl, - 0.25 £+ 0.01 ppt, represent the most recent

measurements of the bromo-chloro methanes in this study.

All of the bromo-chloro methanes have a significant atmospheric sink as a result of their
reaction with the hydroxyl radical (OH) (Montzka et al., 2010). The local atmospheric lifetime
of bromo-chloro methanes are given as: CH,BrCl — 137 days, CHBr,Cl — 59 days, and CHBrCl, -
78 days (Montzka et al., 2010). This should be short enough for there to be a seasonal cycle in
their atmospheric mixing ratio compared with other trace gases with similar lifetimes.
However there are no signs of variations in the CH,BrCl concentration in the shallowest part of
the firn columns. Although this does not necessarily mean that there is no seasonality in the
CH,BrCl atmospheric mixing ratio, as the amplitude in seasonality might not be large enough to
be recorded in the firn air measurements especially as it has small atmospheric mixing ratio
and has a relatively long lived. This is support by the findings of Yokouchi et al. (1996) who
observed a seasonal cycles for CH,BrCl, of 5 % at the Alert Arctic observation station. The
seasonal cycle of the bromo-chloro methanes was calculated by adding seasonal cycles with
increasing amplitudes to the atmospheric time series in Figure 4.14, until the time series
derives the lowest error with the firn air measurements. Where the error was calculated as the
square root of the sum of the squares of the difference between the model and the
observations. Seasonal cycle information for the bromo-chloro methanes is shown in Table

4.5.

Table 4.5: Seasonal cycle of the bromo-chloro methanes

Compound | Amplitude of Amplitude of Amplitude of
seasonal cycle seasonal cycle | seasonal cycle from
(% of the annual in 2008 (ppt) Worton et al. (2006)
mean mixing ratio) (% of the annual

mean mixing ratio)

CH,BrClI 0 0 0

CHBr,Cl 55 0.08 60

CHBrCl, 40 0.1 44

Table 4.5 shows that both CHBr,Cl and CHBrCl, have a large amplitude in their seasonal cycle in
terms of the percentage to the annual mean mixing ratio and they general agree with Worton
et al. (2006). This agrees with the findings of Yokouchi et al. (1996) who observed a seasonal

cycles for CHBr,Cl, of 66 % at the Alert Arctic observation station. These seasonal cycle also
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general agreement with the seasonal cycles of 60 % - CHBr,Cl and 35 % - CHBrCl, observed by
Atlas and Ridley (1996) at the Mauna Loa observatory although this is located in a tropical

region.

Figure 4.11 indicates that the 1950 mixing ratio of CH,BrCl was 0.17 ppt in the northern
hemisphere. As CH,BrCl has been used in fire extinguishers since the 1940s, these 1950 mixing
ratios cannot be taken as natural background. After the 1950 the time series show a sustained
growth until 1970 when the atmospheric mixing ratio reached 0.25 ppt. The average growth
rate for CH,BrCl during this period was 0.01 ppt yr'’. This time series is consistent with the
previously discussed use of CH,BrCl in fire extinguishers. Since 1970, mixing ratios have
deceased continually up to 0.10 ppt in mid-2008 when the firn was extracted. During this
period, the average atmospheric growth rate was -0.004 ppt yr™ or -2.1 % yr " with the growth
rate in 2007 being -0.009 ppt yr™ or -8.7 % yr™. This decline in the atmospheric mixing ratio
agrees with the total banning of production of CH,BrCl in January 2002, by the Montreal
Protocol on Substances that Deplete the Ozone Layer (Gonzdlez et al., 2006). The 2008
atmospheric mixing ratio is less than the 1950 mixing ratio, which suggests that | have not
observed the natural background mixing ratio for CH,BrCl in this study. Also it is likely that in
the future the atmospheric mixing ratio will continue to decline until it approaches the natural

background mixing ratio.

Figure 4.11 indicates that the atmospheric time series of both CHBr,Cl and CHBrCl, are very
similar. Both compounds increase in the later part of the 20" century from their natural
background (1950) mixing ratio by between 18 to 28 %. This is consistent with the findings of
Worton et al. (2006) who observed an increase of between 16 — 24 % in the concentrations of
CHBr,Cl and CHBrCl, from firn air records at the NGRIP site in Greenland. Worton et al. (2006)
also observed that the increase in atmospheric mixing ratios levelled off at ~1992, which again
agrees with the findings in this study. Since 1992, the mixing ratios of both compounds
deceased continually until they reached approximately natural background levels. A
comparison between the nature of the observed changes in the atmospheric time series of
CHBr,Cl and CHBrCl, indicates that there is likely to be a similar source driving their
atmospheric mixing ratios. This could result from emissions from the chlorination of seawater
used as cooling water in coastal power stations. This emission source was estimated to
contribute ~ 10 % to the global budget of these compounds in 2000 (Worton et al., 2006).
However it remains unclear what has caused emissions to decline since 1992, as there are no

signs of a decrease in water chlorination during this period (Worton et al., 2006).
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4.3.9 Background information on CHBr;

Bromoform (CHBr3) is an organic halogenated compound which has chemical properties that
are quite similar to those of chloroform. CHBr; is a recognized ozone-depleting chemical as it is
a source of stratospheric bromine (Montzka et al., 2010). The anthropogenic sources of CHBr;
are small in comparison to natural sources. Small emissions of CHBr; occur from chlorination of
drinking water and power plant cooling water (Worton et al., 2006). In the past, it was used as
a solvent, sedative and flame retardant, but now it is mainly used as in laboratory reagent
(Phillips, 2006). It has also been used as a heavy liquid floatation agent in mineral separation
and a purification of materials such as quartz (Phillips, 2006). The largest natural source of
atmospheric CHBr; is from the ocean (Montzka et al., 2010). Oceanic emissions originate from
either the open ocean or coastal regions (Montzka et al., 2010). While numerous studies have
identified coastal macroalgae as significant source of CHBr; in coastal regions (Clerbaux and
Cunnold et al., 2006). Although, it has not been unequivocally proven that macroalgae account
for all such coastal emissions. Close to shore in Cape Verde in the tropical Atlantic, O'Brien et
al. (2009) detected elevated mixing ratios of CHBr; without evidence of significant macroalgae

on the local shore.

The atmospheric mixing ratio of CHBr; in 2008 was 1.5 (Montzka et al., 2010) which is around
20 % of the atmospheric mixing ratio of CHBr;. Although CHBr; provides 4.5 ppt of Br to the

atmosphere which is around 60 % of the atmospheric Br provided by CH3Br.

4.3.10 Results and discussion of CHBr;

This gas is of large importance to the global bromine budget. Therefore | measured CHBr;
concentrations in this study from NEEM firn air samples. The variation in concentration with

depth is shown in Figure 4.12.
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Figure 4.12: Top panel, measured concentration of CHBr; with depth at the NEEM firn site (blue points).
The error bars in both panels represent the 1 o of the measurements.

The firn air profile of CHBr; concentrations shows a scattered profile (Figure 4.12). As a result
of extensive testing at different pre-concentration volumes and concentrations, | discovered
that CHBr; was not consistently being fully flushed off the trap and onto the column of the GC-
MS. Therefore, data from the GC-MS used in this study did not produce accurate
measurements of CHBr; concentrations and | have not derive an atmospheric time series for

this compound in this study.

4.3.11 Emissions of the VSL brominated substances

| dervied the annual emissions for the VSL bromine substances (CH,Br,, CH,BrCH,Br, C,H;sBr,
CH,BrCl, CHBr,Cl, CHBrCl,) using the atmospheric time series in Figures 4.5, 4.9, 4.10 and 4.11
using the 1 - box model described in methods chapter. These annual emissions estimates are
shown in Figures 4.13, 4.14, 4.15 and 4.16 respectively. These emissions are derived by
assuming that there is: a constant atmospheric lifetime (i.e. a homogeneous OH field), a
constant total mass of the atmosphere of 5.1 x 10 kg, instantaneous mixing in the
atmosphere and the difference between annually averaged atmospheric mixing ratio is wholly

due to emissions rates.
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Figure 4.13: Annual emissions of CH,Br, based on the atmospheric time series in Figure 4.5.

Figure 4.13 shows that estimated emissions of CH,Br; rose slightly from ~33 Gg yr™ in 1951 to a
peak of ~34 Gg yr' in 1980 before progressively declining to ~33 Gg yr™ by 2007, representing
around 89 % of the peak emission. These emissions estimates are in general agreement with
the global emissions derived by Kurylo and Rodriguez (1999) of 58 Gg yr' and Liang et al.
(2010) of 57 Gg yr'. Although it is much less than 280 Gg yr” and 100 Gg yr” reported by
Butler et al., (2007) and Warwick et al., (2006), respectively. However, it is worth noting that
there are large uncertainties associated with the estimates, of Butler et al. (2007) and Warwick

et al. (2006), notably due to the large variability in emissions from coastal zones.
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Figure 4.14: Annual emission of CH,BrCH,Br (blue points) based on the atmospheric time series in Figure
4.9. The annual Br emission based on Thomas et al. (1997) is given as a comparison (red points). The
C,HsCl emissions derived in this study (green points) are also included as a comparison.

Figure 4.14 shows that estimated emissions of CH,BrCH,Br rose year-on-year from ~14 Gg yr™*
in 1951 to a peak in 1970 of ~18 Gg yr™ before progressively declining to ~2 Gg yr™ in 2007,
representing around 13 % of the peak emission. These emissions estimates are in general
agreement with the reported temporal trend of CH,BrCH,Br use as an additive in leaded petrol
in the United States, which declined rapidly between 1971 and 1991 (Penkett et al., 1995). In
addition they agree well with the bromide emissions from leaded petrol given by Thomas et al.
(1997) (Figure 4.14). The authors estimated bromine emissions from lead petrol based on the
world use of lead in petrol and on petrol scavenger formulations (Thomas et al., 1997). |
derived the CH,BrCH,Br emission estimate by assuming that 14 % of bromine emissions from
leaded petrol are in the form of CH,BrCH,Br. However, the estimated emissions from the firn
air derived time series are smoothed due to diffusion within the firn as well as the smoothing
factors in the firn model process. This will result in the emissions from the firn time series
smoothing some features such as the timing and the value of the peak emission. These
estimated emissions in the current study are in general agreement with the time series of
emission estimates of C,HsCl (Figure 4.14), which indicates they might share a common
emissions source most likely to be the emissions from leaded petrol (Thomas et al., 1997 and

Otto and Montreuil, 1976).
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Figure 4.15: Annual emission of C,HsBr based on the atmospheric time series in Figure 4.10.

Figure 4.15 shows that estimated emissions of C,HsBr rose slightly from ~40 Gg yr™ in 1951 to a
peak of ~53 Gg yr' in 1976 before progressively declining to ~18 Gg yr” in 2001 representing
~35 % of the peak emission. In recent years, emissions have remain somewhat constant at ~19
Gg yr. These estimated emissions are higher than the global emissions derived by Low et al.
(2003) of 1.4 + 0.4 Gg for 2000. As stated earlier, this is most likely due to calibration

differences between the studies.
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Figure 4.16: Annual emission of CH,BrCl (blue points), CHBr,Cl (red points) and CHBrCl, (green points)
based on the atmospheric time series in Figure 4.11.

Figure 4.16 shows that emissions of CH,BrCl rose year-on-year from ~4 Gg yr' in 1951 to a
peak of ~6 Gg yr™ in 1970. This is larger than the estimate of 4.54 x 10° Gg yr™” production rate
in the US in 1972 based on manufactures’ reports (Phillips, 2006). However this estimate was
based on production from one country, and was reported as a likely under-estimate of the true
US production, as not all emissions sources were reported (Phillips, 2006). After 1970,
emissions progressively declined to ~2 Gg yr™ in 2007, representing around 40 % of the peak
emission. These emissions estimates are in general agreement with the reported temporal
trend of CH,BrCl use in fire extinguishers (Phillips, 2006). The estimated emissions of CHBr,Cl
rose from ~6 Gg yr™ to a peak of ~7 Gg yr' in 1992, which is similar to the emissions of CHBrCl,
which rose from ~7 Gg yr' to a peak of ~9 Gg in 1992 yr™. After 1992, both emissions rates
decreased to ~5 Gg yr™* (CHBr,Cl) and ~7 Gg yr'* (CHBrCl,) by 2007. As a result of the similarity
in emissions rates between CHBr,Cl and CHBrCl, it is highly likely that they are emitted from
similar sources. However, it should be noted that the emissions estimated from the firn air
derived time series are smoothed due to diffusion within the firn as well as the smoothing
factors in the firn model process. This will result in the emissions from the current time series

will smooth some features such as the timing and the value of the peak emission.
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4.4 Halothane (CF;CHBrCI)

This section reports the first measurements of the atmospheric mixing ratio of 2-bromo-2-
chloro-1,1,1-trifluoroethane (Halon-2311, Halothane, Fluorothane, CF;CHBrCl). CF;CHBrCl has
been used widely for a number of years as a general anaesthetic gas for both humans (Bovill,
2008) and animals (Riviere and Papich, 2009), used widely in operating theatres, dentist and
veterinary rooms as well as in animal research laboratories and is still stated as a core
medicine in the World Health Organization's "Essential Drugs List" (WHO, 2011). Concern has
been expressed over the use of CF;CHBrCl because of its potential for stratospheric ozone
destruction (Norreslet et al., 1989 and Fox et al., 1975), although its contribution to the total
global warming potential of the atmosphere is either small (Bosenberg, 2011 Ishizawa, 2011
and Brown et al., 1989) or negative if the indirect global warming potential is calculated. As it is
the only widely used inhalational anaesthetic agent to contain a bromide atom, it has the

largest ozone depletion potentials (ODP) of any anaesthetic compounds (Brown et al., 1989).

Firn air samples collected in Greenland (NEEM, NGRIP and DI) were used to reconstruct a
northern hemispheric time series of CF;CHBrCl atmospheric mixing ratios. Firn air samples
collected from the Antarctic (DC and DML) were used to reconstruct a southern hemispheric
time series. CF;CHBrCl was also detected and quantified in air samples from the Cape Grim
baseline air pollution station in the southern hemisphere from archived samples dating back to
1978. Furthermore these atmospheric histories have been used to validate the atmospheric
lifetime of CF;CHBrCl. This is important because in recent years there have been a number of
different atmospheric lifetimes calculated (Montzka et al., 2010, McCulloch, 2000, Langbein et
al., 1999 and Brown et al., 1989).

4.4.1 Background information on CF;CHBrCl

It has been noted that more than 80% of inhalation anaesthetic agents are exhaled unchanged
by the patient (Shiraishi and lkeda, 1990) and therefore can be emitted into the lower
atmosphere (Norreslet et al., 1989). The production of CF;CHBrCl has also been identified as a
possible source to the atmospheric mixing ratio (Phillips, 2006). The main sink of atmospheric
CF3;CHBrCl is through the reaction with the hydoxyl (OH) radical (Montzka et al., 2010). There is
a minor, but not insignificant sink from photolysis in the troposphere and stratosphere (Bilde

et al., 1998).

CF;CHBrCl was first synthesized by C. W. Suckling of Imperial Chemical Industries Homan et al.,
2010) in 1951 and was first used clinically by M. Johnstone in the U.K. in 1956 and then in the
U.S. in 1958 (Bunker and Forrest, 1969). By 1960, CF;CHBrCl was the most widely used general
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anaesthic agent used in humans in the western world (Riviere and Papich, 2009). In the period
between 1960 and the mid-1980s, CF;CHBrCl was given to many millions of adult and
paediatric patients as well as animals worldwide. Use of CF;CHBrCl was phased out during the
1980s for adults and the 1990s for paediatric patients as different anesthetic agents became
more popular (Bovill, 2008). In recent years, its common use as an anaesthetic has been largely
replaced by newer volatile anaesthetics, and as a result, its commercial availability is becoming
more limited (Riviere and Papich, 2009). However, CF;CHBrCl retains some use in veterinary

surgery and is popular in developing countries because of its lower cost (Phillips, 2006).

CF3;CHBrCl has previously been detected in the atmosphere by Ensminger (1998). During an air
sampling campaign in France between 1981 and 1985, 22 of the 2013 air samples recorded
CF;CHBrCl (Ensminger, 1988). Highly elevated mixing ratios (0.08 - 9.19 ppm) have been
measured in the personal air samples of 13 veterinarians during 38 surgical procedures (Potts
and Craft, 1988). Currently there is not a fully publicly available report on the worldwide
production, sales or emission of CF;CHBrCI. Although the average annual consumption rate has
been given 342 kg yr* by the University Hospital Gottingen during the late 1980s (Langbein et
al., 1999), and 426 kg yr* by the 31 operating theatres of the Grampian Health Board in 1988
(Hopkins et al., 1989). The maximum global capacity to produce CF;CHBrCl was calculated at
1500 tonnes yr'1 by McCulloch (2000). Also, manufacturer of CF;CHBrCl (May and Baker, ICI
and BOC Health Care) have been quoted in Hopkins et al. (1989) that total annual production
did not exceed 1000 tonnes yr . However, this production value was only an estimate as

precise details were deemed to be commercially sensitive.

Since Fox et al. (1975) first published a warning in 1975, concern has been repeatedly
expressed about the potential harm that release of CF;CHBrCl poses to the global
environment. CF;CHBrCl is potentially destructive to stratospheric ozone as well as having a
small effect on the total global warming potential of the atmosphere. A number of reports
have assessed these potentials by calculating the Ozone Depletion Potentials (ODP), the direct
Greenhouse Warming Potentials (GHWP) and the direct Global Warming Potentials (GWP) for
CF3;CHBrCl (e.g.Ishizawa, 2011, Langbein et al., 1999 and Brown et al. ,1989). Also because the
significance of CF;CHBrCI to the stratospheric ozone loss and to the global climate warming
depends on the atmospheric lifetime of CF;CHBrCl, a number of studies have calculated this

value (Table 4.6).
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Table 4.6: Atmospheric lifetimes (t) and Ozone Depletion Potentials (ODP), of CF;CHBrCI.

Paper T ODP ODP
(years) (relative to CFC-11) (t=1vyear)t
(relative to CFC-11)

Brown et al. (1989) 2.0 0.36 0.18
Langbein et al. (1999) 6.6 1.56 0.24
McCulloch (2000) 3.6 0.7 0.19
Montzka et al. (2010) 1.0

Bosenberg (2011) 6.6 —7.0" 1.56 0.22
Ishizawa (2011) 7.0 0.36 0.05

# taken from Langbein et al. (1999)

t 1 =1 years is taken from Montzka et al. (2010)

As there are a number of different estimate of the atmospheric lifetime of CF;CHBrCl (Table
4.6), in this study | used a 1 year lifetime (Montzka et al., 2010). As such, | have re-calculated
the ODP from previous studies using a 1 year atmospheric lifetime (Table 4.6). Table 4.6 shows
that CF;CHBrCI has a significant ODP of around 0.2. This suggests that CF;CHBrCl does have a
significant potential for ozone destruction. However, in addition to being a greenhouse gas,
CF;CHBrCl destroys stratospheric ozone, another radiatively important gas. Therefore, a
change in ozone radiative forcing due to the addition of CF;CHBrCl can be attributed to
CF;CHBrCl as an indirect radiative forcing. Stratospheric ozone losses are generally thought to
cause a negative radiative forcing, partly cancelling the increased radiative forcing arising from

the direct influence of CF;CHBrCI.

4.4.2 Results and discussion of CF3CHBrCl

In this study | report firn air measurement of CF;CHBrCl from a number of northern and
southern hemispheric firn air records, as well as southern hemispheric observations from the
Cape Grim baseline air pollution station. These measurements have then been used to derive
the atmospheric time series of CF;CHBrCl mixing ratios. The time series of atmospheric
CF;CHBrCl mixing ratios were derived using the LGGE method, which is described in more
detail in the methods chapter. The time series obtained and the output from the inverse
model for the northern and southern hemisphere sites alongside the measured concentration
of CF;CHBrCl with depth at northern hemispheric firn sites (NEEM, NGRIP and DI) and Southern

Hemispheric (DC and DML) firn sites are shown in Figures 4.17 and 4.18, respectively.
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Figure 4.17: Top panel, depth profiles of northern hemispheric CF;CHBrCl concentration with depth at
the NEEM firn site (blue points), NGRIP firn site (purple points) and the DI firn site (yellow points),
compared with model simulations based on the atmospheric time series indicated in the bottom panel.
The error bars represent the 1 o of the measurements. Bottom panel, Atmospheric time series derived
by a multi-site inversion modelling of the NEEM, NGRIP and DI firn air measurements (solid line) using
the LGGE method. As the firn sites have different drill dates the LGGE method derives an atmospheric
time series using all of the firn sites up to the drill date of a firn site, after this the atmospheric time
series is derived using the remaining sites. The time series derived by the NEEM, NGRIP and DI (yellow
line), NEEM and NGRIP (purple line) and NEEM only (blue line). The dashed lines represent the
uncertainties envelope of the time series (as described Figure 2.10).
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Figure 4.18: Top panel, depth profiles of southern hemispheric CF;CHBrCl concentration with depth at
the DC firn site (red points) and the DML firn site (green points), compared with model simulations
based on the atmospheric time series indicated in the bottom panel. The error bars represent the 1 o of
the measurements. Bottom panel, atmospheric time series derived by a multi-site inversion modelling of
the DC and DML firn air measurements (solid line) using the LGGE method. The time series derived by
the DC and DML - green line and DC only — red line. The dashed lines represent the uncertainties
envelope of the time series (as described Figure 2.10). Also the mixing ratios of CF;CHBrCl as a function
of time as measured in air samples collected in the southern hemisphere (blue points, from Cape Grim).
The black line is a polynomial expression fitted through the Cape Grim time series in order to derive
growth rates and emissions, based on the method used by Laube et al. (2012) and Sturges et al. (2012).
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The ambient air measurements (shown as depth = 0 m) were collected at the NEEM site in July
2008 during the firn air drilling. These ambient air measurements have an average mixing ratio
of 6.1 £ 0.5 ppq and are the most recent northern hemispheric measurements of CF;CHBrClI
presented in this study. The ambient air measurements were collected at the DC site in
December 1998 during the firn air drilling. These ambient air measurements have an average
mixing ratio of 5 £ 2.6 ppq and are the most recent southern hemispheric measurement from

the firn air sites presented in this study.

With a total atmospheric lifetime of 1 year (Montzka et al., 2010) CF;CHBrCl should have a
short enough lifetime for there to be a seasonal cycle in its atmospheric mixing ratio,
compared with other trace gases with similar lifetimes (e.g. CH;Cl). However, there are no
signs of variations in the CF;CHBrCl concentration in the shallowest part of the firn columns,
that would have reflected the seasonality in the OH atmospheric mixing ratios as described in
Kaspers et al. (2004) and Sturges et al. (2001). Nonetheless, Sturges et al. (2001) only observed
this variation for VSLS with a lifetime of less than 150 days and Kaspers et al. (2004) only
observed this variation for CH;Cl which has a larger atmospheric mixing ratio and seasonal
cycle. Although this does not necessarily indicate an absence of seasonality in the CF;CHBrCl
atmospheric mixing ratio, as the amplitude of seasonality might not be large enough to be
detected in firn air measurements, alternatively, general decreases in CF;CHBrCl mixing ratio
could mask any seasonality. In this study the seasonal cycle of CF;CHBrCl was determined by

detrending the Cape Grim observations (Figure 4.19).
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Figure 4.19: Top panel, Atmospheric mixing ratios of CF;CHBrCl as a function of time from observations
of archived samples taken at Cape Grim (blue points). A polynomial expression fitted through the Cape
Grim time series in order to detrend the data (black line). A modelled seasonal cycle based on the
seasonal cycle observed in the bottom panel (green line). Data points more than 3 standard deviations
away from the mean were taken as outliers and removed from the seasonal cycle calculation (yellow
points). Bottom panel, percentage deviation from the annual mean CF;CHBrCl mixing ratio based on the
detrended Cape Grim observations (top panel), taken as the mean of the observations made in a
particular calendar month (between 3 - 8 data points). The error bars represent the 1 ¢ of the
measurements.

The seasonal patterns of the Cape Grim observations were determined by using the same
method that has been stated earlier. Figure 4.19 shows that there is a seasonal cycle in the
atmospheric mixing ratio of CF;CHBrCl. The amplitude of the seasonal cycle is taken as the
differences between the average of the winter months (June, July and August) and the average

of the summer months (Decembers, January and February). Therefore the detrended Cape
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Grim observations indicate a seasonal cycle with an amplitude of 16 % of the annual mean in
the southern hemisphere. This would represent a southern hemispheric seasonal cycle with

an amplitude of 0.5 ppq in 2011.

Figure 4.17 and 4.18 indicate that it is most likely that significant emissions of CF;CHBrCl
started in the mid-1950s in the northern hemisphere, with significant mixing ratios appearing
in the southern hemisphere in the late 1950s. These significant southern hemispheric mixing
ratios may be as a result of southern hemispheric emission or as a result of northern
hemispheric mixing ratios being transported into the southern hemisphere. Thus it remains
unclear when southern hemispheric emissions started. This pattern of mixing ratios is in
agreement with the first synthesis of CF;CHBrCl in 1951, and its first clinical use in 1956
(Bunker and Forrest, 1969). After the 1960s the time series show a sustained growth of
CF;CHBrCl in both hemispheres until the mid 1980s. The average growth rates during this
period were 1.0 ppq yr' in the northern hemisphere and 0.5 ppq yr' in the southern
hemisphere. Cape Grim observations began in 1978 and Figure 4.18 shows that these
observations are in general agreement with the firn derived southern hemispheric time series,
although there are a number of outlying points. Growth rates were inferred for the Cape Grim
observations by fitting a four parameter polynomial expression to the data set (Figure 4.18)
similar to the method presented in Laube et al. (2012) and Sturges et al. (2012). The peak in
the northern hemisphere atmospheric mixing ratio occurred in 1984 at 31 ppq, whereas the
peak in the southern hemisphere atmospheric mixing ratio occurred in 1986 at 12 ppg. These
measurements agree with the phasing out of CF;CHBrCl in the medical profession in the mid-
1980s (Bovill, 2008). After the peak in the mid-1980s, atmospheric mixing ratios are shown to
decrease until the drill date of the firn sites (NH = 2008 and SH = 1999) and the Cape Grim
observations in 2011. The average growth rate during this period was -1.0 ppq yr' in the
northern hemisphere and -0.4 ppq yr' in the southern hemisphere. The rate of this decrease
has been slowing in recent years in the northern hemisphere from -0.8 ppq yr™ in 2000 to -0.5
ppq yr' in 2007. In the southern hemisphere this rate has decreased from -0.6 ppg yr™ in 2000
to -0.1 ppg yr™ in 2010 as noted in the Cape Grim time series. The firn air itself was collected in
July 2008, therefore an average growth rate cannot be provided for 2008, but mixing ratios
continued to decrease. It should also be noted that these growth rates and peak timing
represent only the best estimates and contain considerable uncertainties within the envelopes

shown in Figures 4.17 and 4.18.

The ‘global’ averaged atmospheric time series of CF;CHBrCl was calculated between 1950 and

2008 (the drill date of the NEEM site) by averaging the northern and southern time series
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Figure 4.20. The southern hemispheric time series used both the firn derived time series and
the Cape Grim time series. These two time series were averaged for the years that are covered
by both time series (i.e. 1950 - 1977 uses the firn time series only, 1978 - 1999 uses the
average between the firn air derived time series and the Cape Grim time series and 2000 —

2008 uses the Cape Grim time series only).
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Figure 4.20: Northern hemispheric atmospheric time series of CF;CHBrCl derived from Arctic firn air
(blue line). Southern hemispheric atmospheric time series of CF;CHBrCl derived from Antarctic firn and
Cape Grim observation (red line). ‘Global’ atmospheric time series of CF;CHBrCl derived as the average
between the northern and southern hemispheric time series (green line).

Figure 4.20 indicates that ‘global’ mixing ratio of CF;CHBrCl increased from 0.0 ppq in the mid

1950s to a maximum of 21 ppq in 1984, before declining to 5 ppq in 2008.

The firn modelling method developed at LGGE derives atmospheric time series for the
northern and southern hemisphere independently. This means that the model assumes that
there is no relationship between the two time series; therefore a 2 box model was used to
validate the two time series. The 2 box model uses the northern hemisphere as an input and
then derives a southern hemispheric time series using the inter-hemispheric mixing time (1.34
years) and an atmospheric lifetime of 1 year (Montzka et al., 2010). This modelled southern
hemispheric time series was then compared with the atmospheric time series derived from the
southern hemispheric firn air measurements (Figure 4.21). However, this method makes the
assumption that all emissions of CF;CHBrCl are in the northern hemisphere, with zero
emissions in the southern hemisphere. Although CF;CHBrCl has been used in southern

hemispheric hospitals (Phillips, 2006), these emissions will have been significantly smaller than
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from the larger more developed northern hemispheric hospitals (Bovill, 2006). However there

is no current estimate of the size of southern hemispheric CF;CHBrCl emissions.
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Figure 4.21: Northern hemispheric atmospheric time series of CF;CHBrCl derived from Arctic firn air
(blue lines). Southern hemispheric atmospheric time series of CF;CHBrCl derived from Antarctic firn and
Cape Grim observation (red lines). The dotted lines represent the uncertainty of the atmospheric time
series as stated in Figures 4.23 and 4.24. Modelled southern hemispheric time series derived using the 2
box model (green line).

As can be seen from Figure 4.21, there is agreement between the calculated and observed
southern hemispheric CF;CHBrCl atmospheric time series. Both time series have similar growth

rates between the mid-1950, and the peak in atmospheric CF;CHBrCl in the mid-1980s.

However, Figure 4.21 indicates that there is a slight difference between the time series after
1985 with the decline greater in the northern hemisphere. This difference might be due to the
model under estimating the lag time between the hemispheres or that after 1985 there has
been significant southern hemispheric emissions. These significant southern hemispheric
emissions might be a result of CF;CHBrCl being phased out in northern hemispheric hospitals
before southern hemispheric hospitals (Bovill, 2008). It is worth noting that a greater number
of observations are needed to validate if there is a difference between the atmospheric time
series. Figure 4.21 also indicates that the atmospheric lifetime of CF;CHBrCl is around 1 year
(as stated in Montzka et al. (2010)), because the model and observed southern hemispheric

time series agree when you assume a 1 year atmospheric lifetime.
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4.4.3 Emissions of CF;CHBrCl

| derived the ‘global’ annual emissions of CF;CHBrCl using the atmospheric time series in Figure
4.20 using the 1 - box model described in the methods Chapter. These annual emissions

estimates are shown in Figure 4.22.
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Figure 4.22: Annual emission of CF;CHBrCl (blue points) based on the atmospheric time series in Figure
4.25.

Figure 4.22 shows that emissions of CF;CHBrCl rose year-on-year from the 1950s to the 1980s,
peaking at ~0.5 Gg yr" in 1983 before progressively declining to ~0.1 Gg yr' in 2007,
representing ~25 % of the peak emission. These emissions estimates are in general agreement
with the reported temporal trend of CF;CHBrCl use in the medical profession (Bovill, 2008).
The scale of these emissions estimates generally agree with the upper limit of the total annual
production of CF;CHBrCl of less than 1 Gg yr™ in 1988 as report by May and Baker, ICl and BOC
Health Care (Hopkins et al., 1989). The emissions estimates in this study are ~50 % of this

upper limit of total annual production.

4.5 Halons (H-1202, H-1211, H-2402 and H-1301)

Halons are a class of chemical compounds that are fully halogenated hydrocarbons which
contain at least one bromine atom. They are fully-anthropogenic compounds with similar

chemical properties to the chlorofluorocarbons (CFCs).
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4.5.1 Background information on H-1202, H-1211, H-2402 and H-1301

Halons have been used since the early 1960s as effective gaseous fire-extinguishing agents
(McCulloch, 1992). The most effective fire extinguishers and therefore the most widely used
halons are: Halon-1211 (bromochlorodifluoromethane, Freon 12B1 and CBrCIF,), Halon-1301
(bromotrifluoromethane, Freon 13B1 and CBrF;), Halon-1202 (dibromodifluoromethane, Freon
12B2, CBr,F,;) and Halon-2402 (1,2-dibromotetrafluoroethane, Freon-114B2 and C,Br,F.)
(Montzka et al., 2010). The key information for the halons are shown in Table 4.7. Halons are a
source of stratospheric bromine and therefore they have a potential to destroy ozone. In total,
these halons account for about 40 % of the organic bromine that reaches the stratosphere
(Montzka et al., 2003, Pfeilsticker et al., 2000 and Schauffler et al., 1999). As such, the
production and consumption of H-1301, H-1211 and H-2402 have been regulated under the
Montreal Protocol and the subsequent Amendments (Gonzdlez et al., 2006). H-1202 is not
covered by the Montreal Protocol or its Amendments, since most of its production is not

deliberate (Gonzdlez et al., 2006)

Measurements from firn air samples and atmospheric air samples collected since 1978 have
shown that the atmospheric mixing ratios of all 4 of these halons have increased substantially
from zero during the latter part of the 20" Century (Reeves et al., 2005, Fraser et al., 1999 and
Butler et al., 1998)

Table 4.7: Key information for the halons based on Montzka et al. (2010).

Compound | Lifetime | ODP (Relative to | 2008 mixing | 2007-2008 2008 Total Br
(years) | CFC-11) ratio (ppt) Growth rate (ppt)
(ppt yr?)
H-1211 16 7.9 4.34 -0.06 4.34
H-1301 65 15.9 3.08 0.05 3.08
H-1202 2.9 1.7 0.027 -0.002 0.054
H-2402 20 13.0 0.44 -0.01 0.88
Total 7.89 -0.02 8.35

Table 4.7 shows that the halons have a combined atmospheric mixing ratio of 7.89 ppt with
the largest contribution coming from H-1211. It also shows that currently most of the
atmospheric mixing ratios of the halons have stopped increasing (Montzka et al., 2010), with
this decline starting in 2005 and its rate increasing year-on-year (Montzka et al., 2010). The
only halon to currently increase in the atmosphere is H-1301 which has the largest ODP,
although Montzka et al. (2010) notes that the growth rate is at a slower rate than observed in

2003-2004.
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4.5.2 Results and discussion of H-1202, H-1211, H-2402 and H-1301

In this study measurements of H-1211, H-1202 and H-2402 from the NEEM site have been
measured on a negative ion chemical ionization (NICI) mass spectrometer. H-1301 was not
measured because it could not be quantified on the NICI mass spectrometer. Figure 4.23
shows the firn measurements for the halons: the atmospheric time series derived by Mike
Newland at UEA are given as a comparison and used to validate the firn air measurements.
Mike Newland used Cape Grim data and a 2-D atmospheric chemistry-transport model (Oram
et al., 2011 and Laube et al., 2010) which has been shown to reproduce well-known emissions
of compounds emitted predominantly in the northern hemisphere when constrained by
southern hemispheric observations (Reeves et al., 2005). As the atmospheric time series of

these species are well known, | did not derive any new time series in this study.
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Figure 4.23: Top panel, measured concentration of northern hemispheric H-1202 (blue points), H-1211
(red points) and H-2402 (green points) with depth at the; NEEM firn site compared with model
simulations based on the atmospheric time series indicated in the bottom panel. The error bars in both
panels represent the 1 o of the measurements. Bottom panel, atmospheric time series; H-1202 (blue
line), H-1211 (red line) and H-2402 (green line), based on Cape Grim data and derived by Mike Newland.
The atmospheric time series of H-1301 is given as a comparison.

Figure 4.23 shows that the measurements of the Halon concentrations from the NEEM firn site
agrees well with the atmospheric firn sir derived time series derived from the Cape Grim data.
Although, there are a number of outlining points in the H-1211 firn profile. The decline in
mixing ratios in the 1990s is due to a change in the global distribution of emissions. With a
significant increase in south Asian emissions combine with a decrease in north American and
Europe emissions. As well as validating the firn air measurements these results show that the

2-D atmospheric chemistry-transport model (Oram et al., 2011 and Laube et al., 2010) is able
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to reproduce a northern hemispheric time series from southern hemispheric atmospheric

observations.
4.6 Equivalent effective stratospheric chlorine of the bromocarbons

The equivalent effective stratospheric chlorine (EESC) is again used as an approximation of the
spatial and temporal distributions of Cl, and Br, in the stratosphere. This approximation uses
the time series measurements of ODS surface concentrations combined with estimated rates
at which individual gases release their halogens into the stratosphere (fractional release rates)
and estimates of the age of air parcels, which is taken as the time elapsed since air parcels
entered the stratosphere at the tropical tropopause. Therefore, EESC provides a simple index
that relates the time evolution of surface mixing ratios of ODSs with the ozone-destructive
ability of stratospheric halogens that come from these source gases (Montzka et al., 2010).

EESC is explained in more details in Chapter 3.

The distributions of species in the stratosphere depends on the competition between local
photochemical removal processes and transport processes that carry the material from the
entry point through, and out of, the stratosphere. Once a halogen source gas is in the
stratosphere, halogen atoms can be released through photolysis or chemical reactions. The
fractional release factor, fi(x,y,z,t), is calculated as the fraction of halocarbon | converted to an
inorganic form by some time at a given location in the stratosphere (Montzka et al., 2010).
Currently, there are no calculated values of fractional release for the VSL bromocarbons and

CF3;CHBrCI. Therefore in this study these will be estimated (Table 4.8).

Table 4.8: fractional release values of the bromocarbons and CFC-11

Compound frer f, f./ ferenn

CH,BrCH,Br 0.47 1.00 2.13
CH,Br, 0.47 1.00 2.13
C,H<Br 0.47 1.00 2.13
CH,BrCI 0.47 1.00 2.13
CHBr,Cl 0.47 1.00 2.13
CHBrCl, 0.47 1.00 2.13
CF;CHBrCI 0.47 0.62 1.32

# Montzka et al. (2010)

The VSL bromocarbons release bromine atoms very quickly after they have entered the

stratosphere, due to their high photolysis rate and reactivity to the OH radical (Montzka et al.,
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2010). This means that all of the bromine will be released very quickly and they have an
estimated fractional release factor of 1.00 in this study. In comparison, CF;CHBrCI has a slightly
longer atmospheric lifetime, therefore, the fractional release factor for Halon 1211 is used as
an approximation. Halon 1211 is used because it a similar chemical compound to CF;CHBrCI
and therefore likely to release its halogen atom at a similar rate. To retain the simplicity of the
EESC index, the stratospheric entry mixing ratio for a given time is calculated assuming a
simple time lag (I) from the surface observations (Montzka et al., 2010). In this study I' was
taken to be 3 years (typical of the lower, midlatitude stratosphere (Montzka et al., 2010)) to
obtain a value appropriate for relating to midlatitude-averaged ozone loss. This assumption is
used for CF;CHBrCl in this study. However using surface mixing ratios, is likely to result in an
overestimate of the EESC contribution for shorter-lived compounds like CH,Br,, whose
abundance will be reduced before reaching the tropopause. In this study, a reduction factor is
used to account for this decline in mixing ratio between the surface and the tropopause. These
reduction factors are calculated by taking the fraction between the surface mixing ratios and
the mixing ratios at the tropopause observed in previous studies. Although, it should be noted
these observations are from the tropics where the observations in this study are from polar

regions. These reduction factors can be found in Table 4.9.

Table 4.9: Reduction factors of bromocarbons based on Montzka et al. (2010)

Compounds Tropical surface Mixing ratio at the Reduction
mixing ratio (ppt) | tropical tropopause (ppt) | factor
CH,BrCH,Br 11 5 0.45
CH,Br, 1.1 0.58 0.53
C,HsBr 0.3 0.11 0.37
CH,BrCl 0.5 0.08 0.16
CHBr,Cl 0.45 0.07 0.16
CHBrCl, 0.5 0.075 0.15

Table 4.9 indicates that the CH,Br, reduction factor is larger than the 0.3 modelled by
Gettelman et al. (2009). The concept of EESC does have limitations because of uncertainties in
the transport time, in the spatial and temporal dependencies of the bromine efficiency for
ozone destruction versus chlorine (which is generally considered a constant), the efficiency of
stratospheric halogen release from the source gas, and possible temporal changes in transport
times and source gas lifetimes (Newman et al., 2007). It should be noted that the EESC concept

also does not explicitly account for changing atmospheric emissions and concentration of
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other relevant constituents that can also affect ozone, such as CO, and methane (Daniel et al.,
2010). This study only calculates EESC from bromocarbon source gas injection and does not

take into account any product gas injection from the bromocarbons.
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Figure 4.24: Top panel, Equivalent effective stratospheric chlorine mixing ratios since 1930 from CH,Br,
(red area), CH,BrCH,Br (green area), C,HsBr (purple area) and the EESC emitted from the other
bromocarbons since 1960 (blue area). Bottom panel, Equivalent effective stratospheric chlorine emitted
from the other bromocarbons since 1930 (blue area, top panel) showing the contribution from the
individual compounds: CH,BrCl (yellow area), CHBr,Cl (light blue area), CHBrCl, (orange area) and
CF3;CHBrCI (light green area).

Figure 4.24 indicates that in 2008, VSL bromocarbons and CF;CHBrCl had a combined total of
94 ppt of EESC. This is ~“6 % of the 1700 ppt total EESC in 2008 from inorganic halogen

calculated for the midlatitude stratosphere from surface measurements (Montzka et al., 2010)
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and 6 % of the ~1500 ppt total EESC in 2008 from anthropogenic sources including the
halogenated ODS and N,O modelled by Daniel et al. (2010).

Figure 4.24 also shows that the EESC of the VSL bromocarbons peaked at 170 ppt in 1974
before decreasing by 43 % to its 2008 EESC. This peak in EESC occurs nearly 25 years before
the peak in total EESC from inorganic halogen, which occurred in 1997 (Montzka et al., 2010).
This is due to the fact that the anthropogenic sources of the bromocarbons were controlled
much earlier than other halogenated compounds (Santodonato et al., 1985), because the
bromocarbons emissions where not controlled because of their ozone depletion potential. This
peak also occurs before 1980, which is important because the EESC value in 1980 is used as an
important benchmark for ozone recovery (Montzka et al.,, 2010). Therefore, these
bromocarbons were having a significant anthropogenic effect on the ozone layer before this
important benchmark. In 1980, the EESC value from these VSL bromocarbons was 160 ppt
which is around 13 % of the 1200 ppt EESC value used in the last Scientific Assessment of
Ozone Depletion as the 1980 benchmark for mid-latitude stratosphere from surface

measurements (Montzka et al., 2010).

Before 2004, the observed declines in EESC values was mainly a result of the decline in the
shorter-lived gases CH;CCl; and CH;Br (Clerbaux and Cunnold et al., 2006). This is also the
period of the greatest decrease in EESC from the VSL bromocarbons. However between 2005
and 2008, no single chemical class dominated the decline in the total combined abundance of

ozone-depleting halogen (Table 4.10) (Montzka et al., 2010).

Table 4.10: Changes in EESC values between 2005 and 2008 based on Montzka et al. (2010)

Compounds Change in EESC 2005 -2008 (ppt)
CFCs -17

CH5CCl5 -20

CH5Br 24

ccl, -10

Halons -4

HCFCs +6

VSL bromocarbons® -0.9

# This study

Table 4.10 shows that the VSL bromocarbons observed in this study have decreased only very
slightly between 2005 and 2008 especially compared to the other halogenated compounds.
Therefore the VSL bromocarbons are not likely to have much effect on future changes of total

EESC, unless there is a significant change in their emissions patterns.
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Figure 4.24 shows that CH,Br, has the largest EESC of the VSL bromocarbons with 60 ppt in
mid-2008. This is in general agreement with the findings of Montzka et al. (2010) who
observed that CH,Br, has the greatest effect on the stratospheric ozone of the VSL
bromocarbons. The VSL bromo-chloro methanes have a total EESC of 6 ppt in mid-2008 with
the largest contribution from CHBr,Cl (3 ppt EESC) CF;CHBrCl is shown at its peak to contribute
1.0 ppt of EESC in 1985 before declining to 0.2 ppt in mid-2008.

As well as equivalent effective stratospheric chlorine, it is important to assess the stratospheric
bromine mixing ratios of the VSL bromocarbons. This was calculated by reducing the surface
bromine mixing ratios by the reduction factors in Table 4.9. The 2008 stratospheric bromine
contributions from the VSL bromocarbons source gases are shown in Table 4.11 as well as the

EESC mixing ratio.

Table 4.11: EESC and stratospheric bromine from the VSL bromocarbons and halothane

Compounds EESC in 2008 (ppt) Stratospheric bromine
in 2008 (ppt)
CH,Br, 63 1.0
CH,BrCH,Br 4 0.06
C,HsBr 21 0.4
CH,BrCl 1 0.02
CHBr,Cl 3 0.05
CHBrCl, 2 0.04
CFsCHBrCl 0.2 0.01
CHBr;" 16.2 0.27
Total 110 1.9

# taken from Montzka et al. (2010)

Table 4.11 shows that the VSL bromocarbons provide 1.9 ppt of stratospheric bromine in 2008.
This agrees with the Montzka et al. (2010) who estimated that the VSLS bromine source gases,
including unmeasured species (this includes CH,BrCH,Br and C,HsBr), account for about 1.5
(0.7-3.4) ppt at the tropical cold point tropopause. Although, the observation in this study

where from polar regions and not from the tropics.

It should also be noted that the EESC and stratospheric bromine in the current study might be
an underestimate as the calculations do not account for any product gas injection from the VSL
bromocarbons. With, Hossaini et al. (2010), Aschmann et al. (2009) and Sinnhuber and Folkins
(2005), modelling significant contribution to stratospheric halogen mixing ratios from product

gas injection.
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4.7 Summary

In this chapter, | have reported observations of the bromocarbons from northern hemispheric
and southern hemispheric firn air, and presented the derived atmospheric time series from the
mid-20" century up until mid-2008 when the firn air was collected. Table 4.12 summarises the
atmospheric time series, growth rates, emissions and EESC for the individual gases covered in

this study.

| have provided the first detailed northern hemispheric atmospheric time series from 1930 to
2008 for CH,Br,, CH,BrCH,Br, C,HsBr, CH,BrCl, CHBr,Cl, CHBrCl, and CF;CHBrCl. | have shown
that all of these compounds apart from CF;CHBrCl have significant 1930 atmospheric mixing
ratios. Since 1930 all of the reported gases have shown significant growth before a decline. The

rate of this decline has slowed significantly since 2000.

Even though the bromocarbons have small atmospheric mixing ratios, | have shown that they
do significantly add to the destruction of stratospheric ozone from halogenated compounds.
This appears especially true before the 1980 bench-make, which means they represent an
important set of compounds to the atmospheric chemical composition. Currently, these
compounds contributed 94 ppt of EESC to the atmosphere and | suggest this value is unlikely

to change significantly in the near future (discussed in more detail in Chapter 6).

These results also indicate that it would be desirable to minimise future anthropogenic
emissions and that further studies, which should include observations from global ground-
based networks, are needed to improve the understanding of the emission processes, patterns

and the global distribution of the bromocarbons.

196



Table 4.12: Summary of the bromocarbons.

L6T

Compound Modelled Mid-2008 | 2007 Growth | Maximum Date of 2008 Equivalent | Key Finding
1930 mixing | mixing rate (pptyr') | annual emission | maximum effective
ratio (ppt) ratio (ppt) (Ggyr) annual emission | Stratospheric
chlorine (ppt)
CH,Br," 1.1 1.0 -0.007 34 1979 63 A small but significant decline in
northern hemispheric emissions since
1980
CH,BrCH,Br" 0.2 0.07 0.001 18 1970 4 The major source is from its use as an
additive in leaded petrol
CZHSBrT 1.6 1.0 0.01 53 1976 21 Emissions have remain constant since
2000
CH,BrcCI' 0.17 0.10 -0.009 6 1970 1 Emissions strongly reflected it use in
fire extinguishers
CHBrZCI+ 0.15 0.15 0.0 7 1992 3 Similar emissions source as CHBrCl,
CHBrCIz+ 0.24 0.25 0.0 9 1992 2 Similar emissions source as CHBr,Cl
CF;CHBrcl* 0.0 0.005 -0.0003 0.5 1984 0.2 Emissions strongly reflected it use in
the medical profession
# ‘Global’

t Northern Hemisphere



Chapter 5: Analysis of fluorinated greenhouse gas measurements from firn air

extracted at the North Greenland Eemian Ice Drilling site
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5.1 Introduction

In this study firn air samples collected from the North Greenland Eemian Ice Drilling (NEEM),
were analysed for a number of fluorinated compounds by a GC- MS autospec, and their
atmospheric histories were reconstructed with the help of a 1-dimensional firn diffusion model
and an iterative dating technique. In this chapter the atmospheric time series of several

fluorinated compounds are discussed.

The fluorinated compounds studied in this investigation are all part of the group of chemicals
known as the fluorinated greenhouse gases (the so-called "F-Gases") and include the
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and the fully-fluorinated sulphated
compounds. These compounds are very stable, non-toxic and virtually entirely of
anthropogenic origins and the HFCs are also used mainly as replacements for the CFCs

(Montzka et al., 2010).

Although the fluorinated greenhouse gases do not damage the ozone layer like the CFCs that
they replace, they are very effective absorbers of infrared radiation, so that even small
amounts of these gases contribute significantly to the radiative forcing of the climate system
(Forster et al., 2007). Combined with the fact they are generally long-lived in the atmosphere
they have the potential become powerful greenhouse gases. In this chapter, discussions are
limited to the following compounds: the fully-fluorinated sulphated gases (SF¢ and SFsCF;) the
perfluorocarbons (n-C4Fy9, N-CsFy,, N-CgF14 and n-C;Fy6) and one novel hydrofluorocarbon (HFC-

32).

All of these fluorinated greenhouse gases, except SFsCF;, are included in the Kyoto Protocol
(deBoer, 2007) and therefore there is a need to understand how these gases, have evolved
over time, identifying the anthropogenic contributions to their atmospheric abundance and to

enforce mitigation options to reduce its emissions.

The principal objective of this study is to provide the longest reconstructed atmospheric
histories of the PFCs and HFC-32 and also to provide updated trends of the fully-fluorinated
sulphated compounds. These reconstructed time series are then compared with atmospheric
time series from previous firn air studies and as well as with ambient atmospheric
observations and measurements from air archives. This study provides insights into the growth
rates of these compounds, the date of first significant atmospheric abundance and emissions
estimated from the growth rates obtained, as well as accessing the effect these greenhouse

gases have on the atmospheric energy budget by estimating their equivalent CO, emissions.
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Each subsection in this chapter has its own background information, results and discussion on
the atmospheric time series from firn data and estimated emissions predicted from the
reconstructed time series. At the end of the chapter, the equivalent CO, emissions are

calculated for all compounds investigated in this chapter.
5.2 Fully-fluorinated sulphated compounds (SFs and SF5CF3)

In recent years, the atmospheric growth of a number of fully-fluorinated sulphated and very
long lived (t > 1000 years) greenhouse gases or “super” greenhouse gases, has been studied
(e.g. Levin et al. (2010) (SF¢) and Sturges et al. (2012) (SFsCF3)). These gases have exceptionally
high Global Warming Potentials (GWPs), on the order of several thousand times that of CO,,
and thus their unconstrained growth would be of considerable concern for the radiative
forcing of the atmosphere. In this section, | have analysed the atmospheric time series of SFg

and SFsCF; and calculate how emission rates have changed over time.
5.2.1 Background information on SFg

Sulphur hexafluoride (SFg) is an extremely stable compound. It is essentially an anthropogenic
gas as natural emissions are negligible, and is one of the strongest greenhouse gases on a per
molecule basis and emissions have been targeted to be collectively reduced under the Kyoto
Protocol. The main loss of atmospheric SFg is through destruction in the mesosphere (Montzka
et al., 2010) with an atmospheric lifetime of 3200 years (Montzka et al., 2010). SF, also has a
high radiative efficiency (0.52 W m™ ppb™ (Forster et al., 2007)), this results in the largest
recorded Global Warming Potential (GWP) (22800 for a 100 year time horizon (Forster et al.,

2007)) of any known atmospheric compound.

With a long atmospheric lifetime, around 99 % of all SFg emissions have accumulated and
remain in the atmosphere. This permits a direct inference of global emissions based on
observed changes in atmospheric mixing ratio (Maiss and Brenninkmeijer, 1998 and Maiss and
Levin, 1994). Although, SF; has also been used as a tracer to compare and validate atmospheric
transport models (Patra et al., 2009 and Levin and Hesshaimer, 1996), emissions from this
source are negligible. SFs is produced for use as an electrical insulating fluid in power
distribution equipment (Levin et al., 2010). Also traces of SFs have been shown to be produced
in the Earth’ crust, again emissions from its natural fluxes into the atmosphere are negligible

(Busenberg and Plummer, 2000).

The industrial production of SFg began in 1953 for use as an insulation gas in high voltage

installations (Maiss and Brenninkmeijer, 1998 and Ko et al., 1993). Since then emissions from
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the electricity sector (through leakage and venting) has been the largest source of SF; to the
atmosphere (Levin et al., 2010), with additional contributions from magnesium production,

semiconductor manufacturing as well as other minor sources (Olivier, 2005).

Systematic long term measurements of SFs began in 1978 with a mixing ratio of 0.6 ppt
recorded (Fraser, 2004), the lowest reported mixing ratio is, 0.24 ppt in 1976 (Salas et al.,
1977). Butler et al. (1999) measured SFg from firn air extracted from Arctic and Antarctic firn
and derive an atmospheric time series from these measurements. This atmospheric time series
indicates that it is most likely that significant emissions of SFg started in 1960. Since 1960, the
SFs atmospheric mixing ratios increased monotonically year-on-year (Forster et al., 2007). In
1998, the SF; concentration was reported at 4.2 ppt by Law et al. (2008). Global average
mixing ratios of SF; reached 6.4 ppt in 2008 (NOAA, AGAGE (Levin et al., 2010 and Montzka et
al., 2010)), with a yearly (2007-2008) increase of 0.2 ppt yr' (3%) (Montzka et al., 2010),
resulting in a contribution to radiative forcing of 3.4 mW m™ by 2008. Global surface SFs mixing
ratios and the corresponding annual changes have been observed by the AGAGE and NOAA
networks. Similar global SFg growth rates have been derived from the MIPAS satellite data in
2002 — 2004 (Stiller et al., 2008) and from solar spectroscopy (Zander et al., 2008). Emissions
estimate of SFs have been derived from a “bottom-up” approach by the Emission Database for
Global Atmospheric Research (EDGAR) (Olivier et al., 2010) and a “top-down” observations

based approach by Levin et al. (2009).

In this study | have derived atmospheric time series of SFs from firn air measurements taken at
the NEEM firn site (Greenland). Also since SFs has a monotonic atmospheric time series and a
time series that has been previously published tracking its atmospheric mixing ratio back to
zero, these previously observed time series will help to validate both the firn air
measurements from the NEEM site as well as the methods used to derive the corresponding

atmospheric time series.
5.2.2 Results and discussion of SFg

An atmospheric time series was derived from the observed concentrations with firn depth
profile measured at the NEEM site, using an iterative modelling approach as described in
Trudinger (2002) as well as in Chapter 2. This method requires essentially no presumptions
about the atmospheric time series, other than the compound increases monotonically from
negligible abundances to the known present day mixing ratios. The SFs mixing ratio time series
obtained and the output from the model for the NEEM site are shown in Figure 5.1 alongside

the measured concentration of SFg with depth.
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Figure 5.1: Top panel, depth profiles of SFg firn air measurements (points), compared with model
simulations based on the atmospheric time series indicated in the bottom panel. Although the error bars
represent the 1 o of the measurements (See Chapter 2 for more details), most of the error bars are
smaller than the points so cannot be seen. Bottom panel, atmospheric time series based on the NEEM
firn air measurements (blue line) using the Trudinger (2002) method (See Chapter 2 for more details).
The dashed lines consist of the sum of a) the firn air model maximum and minimum runs obtained by
adding and subtracting the 1 o of the measurements to/from the firn data and b) the maximum
deviation of the measured mixing ratios from the polynomial fitted used to derive the NH time series.
This error analysis is based on Laube et al. (2012). The SFg atmospheric time series (orange line) from
Buizert et al. (2011) is given as a comparison.
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The atmospheric mixing ratio time series derived in the current study and shown in Figure 5.1
indicate that significant SFg emissions (emissions that produce an observable atmospheric
mixing ratio) started in the early 1960s. This is consistent with the atmospheric time series
produced by Buizert et al. (2011) and Butler et al. (1999), and agrees with the start of industrial
production of SFg in 1953 (Maiss and Brenninkmeijer, 1998 and Ko et al., 1993). This indicates
that SF¢ originates from entirely anthropogenic sources. The derived atmospheric time series
shows a sustained growth in mixing ratios SFg since the early 1960s until mid-2008 when the

firn air was collected (Figure 5.1).

The calculated growth rate accelerated from 0.06 ppt yr ' in 1975 to 0.16 ppt yr ' by 1985 and
again to 0.22 ppt yr " in 1995 (Figure 5.1). This is in general agreement with the atmospheric
time series produced by Buizert et al. (2011) (orange line — Figure 5.1) which is based on
observations made by the National Oceanic and Atmospheric Administration (NOAA) and
Advanced Global Atmospheric Gases Experiment (AGAGE) networks. As well as agreeing with
the Levin et al. (2010) observed atmospheric time series. After 1995, the average growth rate
is calculated to have remained comparatively constant (0.23 ppt yr ' in 1996 to 0.22 ppt yr " in
2007). This is consistent with the introduction of SFg emissions controls in 1994 as part of the
UNFCCC agreement (deBoer, 2007). As the firn air used for the current analysis was collected
in July 2008, an average growth rate cannot be provided for 2008. However the mixing ratios

indicate a period of increase up to this date.

The global mixing ratios observed from surface measurements and the corresponding annual
changes can be found in Table 5.1. The data from a number of different studies are highly
consistent, despite a range of different methodologies used (MIPAS satellite data in 2002 —

2004 (Stiller et al., 2008) and from solar spectroscopy (Zander et al., 2008)).

Table 5.1: Mean mixing ratio and growth rates of SF¢

Mixing Ratio Growth Rate Date Reference
(ppt) (ppt yr)
6.4" 0.2* 2007 This Study
6.2 0.3 2007 Montzka et al. (2010)
6.2 0.3 2007 Levin et al. (2010)
0.2 2004 Stiller et al. (2008)
0.3 2004 Zander et al. (2008)

# Northern hemispheric mixing ratios
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However, the SFg mixing ratio observed in the current study is slightly larger than the global
surface mean mixing ratio observed by the AGAGE and NOAA networks (Levin et al., 2010 and
Montzka et al., 2010). This is not unexpected result as observations from the NEEM site in the
northern hemisphere typically give greater mixing ratios than the global average mixing ratios
(Levin et al., 2010). In July 2008, the surface mixing ratio of SF; was observed to be 6.62 ppt at
the NEEM site. The NEEM observation is consistent with the monthly mean of 6.63 ppt
observed at the Barrow, Alaska, Observatory (71.3 N, 156.6 W, elevation: 8m) in the same
month (Hall et al.,, 2012). The northern hemispheric growth rate observed in this study
however is less than the Montzka et al. (2010) and Levin et al. (2010) observed global growth
rates. It should also be noted that the growth rates and mixing ratios observed in this study
represent only the best estimates and contain considerable uncertainties within the envelopes

shown in Figure 5.1.
5.2.3 Background information on SFsCF3

Trifluoromethyl sulphur pentafluoride (SFsCF;) is a colourless, odourless and incombustible gas
under normal conditions. It also possesses a high chemical stability and excellent dielectrical
characteristics. SFsCF; was first detected in the atmosphere by Sturges et al. (2000) and was
shown to be anthropogenic in nature. Sturges et al. (2000) suggested that emissions of SFsCF;
were related to SFg, through the possible formation from high energy arc discharge in electrical
equipment containing SF¢ as a high voltage dielectric. This suggested source was supported by
a number of subsequent studies (e.g. Solovev et al., 2007 and Huang et al., 2005). However,
the most up-to-date data shows this process not to be as large as a source as initially reported
(Sturges et al., 2012). Current thinking is that the main source of atmospheric SFsCF; is a by-
product of the manufacture of certain 3M fluorochemicals (Sturges et al., 2012 and Santoro,
2000). SFsCF; is produced during the process of electrochemical fluorination for the production
of perfluorooctanyl sulphonate, (PFOS) and other fluoro surfactants used in the manufacture

of foams and stain-resist coatings (Sturges et al., 2012).

As SFsCF; is fully-fluorinated, it is very stable thus has a very long atmospheric lifetime of 650 —
950 years (Montzka et al., 2010). Measurements of its infrared absorption cross section show
SFsCF; to have a radiative forcing of 0.57 Wm™ ppb™ (Forster et al., 2007). This is the largest
radiative forcing, on a per molecule basis, of any gas found in the atmosphere to date (Sturges
et al., 2012). This results in a GWPy of 17700 relative to CO,, with only SFg having a higher
value (Forster et al., 2007). Therefore, it is important to monitor SF;CF; emissions into the

atmosphere in order to prevent an undesirable accumulation of this greenhouse gas. However,
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it is worth noting that SFsCF; was calculated to contribute just 0.003 % in 2002 to the total

greenhouse effect (McCulloch, 2003).

Sturges et al. (2000) demonstrated that the mixing ratio of SF;CF; started to increase in the
atmosphere from near zero in the late 1960s. This is consistent with large-scale manufacture
of PFOS having begun after 3M acquired the patent for electrochemical fluorination in the
1950s (Sturges et al., 2012). After the 1970s, the SFsCF; mixing ratios increased at a rate of
about 0.008 ppt yr' or 6 % per year until 1999 when the mixing ratio reached 0.12 ppt
(Busenberg and Plummer, 2008 and Sturges et al., 2000). After 2000, there are mixed reports
regarding the SF;CF; atmospheric mixing ratio. Rosiek et al. (2007) reported a continuing
upward trend between 2001 and 2003 in Krakow, Poland. However, Busenberg and Plummer
(2008) reported an apparent subsequent slow-down in the growth rate after 2000 from
various sites in North America. Sturges et al. (2012) reported evidence for an unambiguous
decrease in the atmospheric growth rate of SF;CF; starting in 2000 and declining rapidly such

that an emission rate of zero or almost zero is inferred after 2003.

These observations are consistent with the phasing-out of 3M PFOS manufacture in 2000
(statement on “3M’s Phase Out and New Technologies” (3M, 2012)). As well as the overall
reduction in greenhouse gas emissions (not just SFsCF;) since 1995 (Santoro, 2000). The

phasing-out of PFOS was supposedly completed in 2002 (3M, 2012).
5.2.4 Results and discussion of SF;CF3

An atmospheric time series was derived from the observed concentrations with firn depth
profile measured at the NEEM site, using an iterative modelling approach as described earlier.
The SFsCF; mixing ratio time series obtained and the output from the model for the NEEM site

are shown in Figure 5.2 alongside the measured concentration of SF;CF; with depth.
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Figure 5.2: Top panel, depth profiles of SFsCF; firn air measurements (points), compared with model
simulations based on the atmospheric time series indicated in the bottom panel. The error bars
represent the 1 o of the measurements (See Chapter 2 for more details). Bottom panel, atmospheric
time series based on the NEEM firn air measurements (blue line) using the Trudinger (2002) method.
The dashed lines represent the errors in the time series as described in Figure 5.1. The northern
hemispheric polar region atmospheric time series (orange line) from Sturges et al. (2012) is given as a
comparison.

Figure 5.2 shows that the SF;CF; NEEM firn air data has good measurement precisions and
reveals that concentrations were decreasing almost monotonically with increasing depth. The
atmospheric mixing ratio time series derived in the current study and shown in Figure 5.2 also
indicates that significant SFsCF; emissions (emissions that produce an observable atmospheric
mixing ratio) started in the early 1960s. This is in agreement with the large-scale manufacture

of PFOS which begun after 3M acquired the patent for electrochemical fluorination in the
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1950s. The time series shows a sustained growth of SF;CF; since the early 1960s until around

2000 when the growth rate dramatically decreases.

The average growth rate accelerated from 0.002 ppt yr ™ in 1975, to 0.005 ppt yr ™ in 1985 to
0.007 ppt yr ' in 1995. This is in general agreement with the atmospheric time series derived
by Sturges et al. (2012) using a 2-D global atmospheric chemistry-transport model (Hough,
1989) to derive a “top-down” emission estimate of SFsCF;, fitted to observations made at the
Cape Grim observation station (orange line, Figure 5.2). Although, Sturges et al. (2012) uses a
different data set and a different method to derive their atmospheric time series to this study,
both studies uses data that has been measured with the same techniques and placed on the
same calibration scale. The atmospheric mixing ratios SFsCF of during the 1990s observed in
the time series derived in this study are slightly higher than the mixing ratios observed during
this period in the Sturges et al. (2012) time series. This difference likely arises due to the
limitations of the firn reconstruction which gives a smoothed trend, especially for
reconstructions based on a single site with a limited number of data points and in deep firn
where age mixing is strong. These limitations result in the firn reconstruction smoothing the
slight step change in growth rates that occurs around 1990 in the Sturges et al. (2012) time

series. This limitation of the firn method has been highlight in Laube et al. (2012).

After 2000, the average growth rate decreased rapidly from 0.005 ppt yr™* in 2000 to 0.0004
ppt yr ™ in 2007. In 2008 the mixing ratio of SFsCF; was observed to be 0.15 ppt. It should also
be noted that growth rates and mixing ratios derived in the current study represent only the
best estimates and contain considerable uncertainties within the envelopes shown in Figure
5.2. However, the observed time series for SFsCF; mixing ratios is generally consistent with
Rosiek et al. (2007) who reported a continuing upward trend between 2001 and 2003 in
Krakow, Poland, and the apparent subsequent slow-down in the growth rate of SF;CF;
reported by Busenberg and Plummer (2008) from various sites in North America. It is also in

agreement with the rate of decline modelled by Sturges et al. (2012).
5.2.5 Emissions of the fully-fluorinated sulphated compounds

Annual emissions of SFs and SFsCF; were determined from the atmospheric time series
detailed in Figure 5.1 and 5.2 with use of a 1 - box model, based on the method used by Maiss
and Brenninkmeijer (1998) and Maiss and Levin (1994) (further details of the emission estimate
process are given in Chapter 2). These annual emissions estimates are shown in Figures 5.3 and

5.4.
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Emission estimate of SF; have been derived from a “top-down” observation-based approach
(Levin et al., 2009). Levin et al. (2009) used observations from four globally distributed
observation stations and from meridional transects over the Atlantic Ocean to produce a
global averaged SF¢ mixing ratio. The first temporal derivative of these global atmospheric SFg
mixing ratios was taken to produce a direct observation-based estimate of global SFg
emissions. Global annual SFs emissions have also been estimated by Olivier et al. (2010) using a
“bottom-up” approach, based on statistical information on the sources and their global
distribution. Both these emission estimates have been compared to the emission estimates

derived in this study and are shown in Figure 5.3 as a comparison.
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Figure 5.3: Top panel, annual emissions of SFg (blue points) based on the atmospheric time series in
Figure 5.1. The emissions from Levin et al. (2009) (red points) and from EDGAR (Olivier et al., 2010) are
given as a comparison. Bottom panel, cumulative emissions since 1978 of SF¢ (blue points) based on the
emissions in the top panel. The cumulative emission from Levin et al. (2009) (red points) and from
EDGAR (Olivier et al., 2010) since 1978 are given as a comparison. Levin et al. (2009) start estimating
emissions in 1978 therefore the cumulative emissions have been shown since 1978.

Estimates from the current study shows that emissions of SFs estimated by this study rose
year-on-year from the 1960s to around 1990, increasing from ~ 1 Gg yr"1 in 1970to ~ 5 Gg yr'1
in 1990. In 1994, when the United Nations framework convention on climate change (UNFCCC)
agreement went into force (deBoer, 2007), the growth rate of global SF; emissions slowed.
Estimated global emissions peak in 1998 at ~6 Gg yr. These emission estimates generally

agree with the emissions estimates by Levin et al. (2009) and EDGAR (Olivier et al., 2010)
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(Figure 5.3). However, the emissions produced from the current firn air derived time series are
smoothed due to the processes discussed earlier. This results in features such as the timing
and the value of the peak emission from the firn air derived time series being smoothed. In
addition, Laube et al. (2012) notes that the uppermost part of the firn and the surface
measurements are of samples which does not fully represent the average composition of the
atmosphere. This is due to the fact that the surface measurements are only taken as ‘grab’
samples and not an observation of the average atmospheric mixing ratio. However, the firn air
modelling uses the surface measurements as the average atmospheric of the compound.
Therefore a direct comparison cannot be made between the obverted average atmospheric
mixing ratio in recent years and the firn air derived atmospheric time series. This could explain
why the emissions do not show an increase in 2007 as reported by Levin et al. (2009) and
EDGAR (Olivier et al., 2010) in which Levin et al. (2009) use the average atmospheric mixing
ratios of SFg and Olivier et al. (2010) uses reported industrial emissions. Also as stated earlier
the growth rate in 2007 was smaller than observed growth rates from other studies and as the

emission estimate is based on the growth rate, this is likely where the discrepancies originates.

The cumulative emissions since 1978 are shown in Figure 5.3. The 1978 start date is used
because that is when the Levin et al. (2009) emissions estimates begin. The comparison of the
cumulative emission since 1978 (Figure 5.3) confirms that there is a generally agreement
between the emission estimates. The emission estimate derived in this study are slightly
higher than those by Levin et al. (2009) and EDGAR (Olivier et al., 2010). Cumulative emission
of SFg dating back to 1950 (when the firn derived time series begin) show that there has been
170 Gg of SFg emissions up to 2007. This indicates that there was 20 Gg of SFs emitted
between 1950 and 1978.

Emission estimates of SFsCF; derived in the current study are shown in Figure 5.6 for
comparative purposes, this data is illustrated alongside the data set of Sturges et al. (2012).
The emission estimates of SFsCF; of Sturges et al. (2012) were derived from a “top-down”
observations based approach using Cape Grim data and a 2-D atmospheric chemistry-transport
model (Oram et al., 2011 and Laube et al., 2010). This has been proven to reproduce well-
known emissions of long-lived compounds emitted mainly in the northern hemisphere when

constrained by southern hemispheric observations (Reeves et al., 2005).
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Figure 5.4: Top panel, annual emissions of SFsCF; (blue points) based on the atmospheric time series in
Figure 5.2. The annual emissions from Sturges et al. (2012) is given as a comparison (red points). Bottom
panel, cumulative emission of SFsCF; (blue points) based on the emissions in the top panel. Sturges et al.
(2012) cumulative emissions are again shown as a comparison.

Figure 5.4 shows that the emissions estimates derived in this study generally agree with the
emissions derived by Sturges et al. (2012) (Figure 5.4). However the emissions derived from
the firn air time series are smoothed due to the processes discussed earlier. This will result in
some features such as the timing and the value of the peak emission from the firn air derived
time series being smoothed. The emission estimates derived in this study only agree slightly
with the emissions report by industry. Industrial emissions are reported to have begun in the
1960s (3M, 2012), and phasing-out of emissions in 2000, which was supposedly completed in

2002 (3M, 2012). Whereas this studies emission estimates indicate a beginning of phasing-out
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around 1995. Again this could be due to the smoothing effect of the firn air derived time

series, which will decrease the rate of the rapid decline in industrial emissions.

These results corroborate previous studies that show that there was indeed a rapid decline in
emissions between 2000 and 2003 and that current emissions are very small. Though the
uncertainties in the observations preclude from determining whether emissions have actually
now ceased. Industries having now switched to producing perfluorobutane sulfonate (PFBS),
which does not release SFsCF; instead of PFOS which do (3M, 2012 and Renner, 2006).
However a number of companies worldwide continue to manufacture related PFOs (Renner,
2006), it appears from the observations, that this occurs without incurring substantial
emissions of SF;CF;. Comparisons between the key findings of fully-fluorinated sulphated

compounds are shown in Table 5.2.

Table 5.2: Comparison of the key findings of the fully-fluorinated sulphated compounds

Compound | Mid -2008 mixing ratio | 2007 emission estimate | Total emission up to 2007
(ppt) (Ggyr’) (Gg)

SFe 6.6 6 170

SFsCF3 0.2 0.01 5

Total 6.8 6.01 175

Table 5.2 indicates that SF¢ contributes 97 % of the total emission of the fully-fluorinated
sulphated compounds. Table 5.2 also shows that emissions are non-zero and given a large T we
can infer that SFg is continuing to increase. Current SFsCF; emissions are almost zero. As such,
SF¢ is becoming relatively more important to the energy balance of the atmosphere. Both of
these emissions represent an essentially irreversible change to the composition of the Earth’s

atmosphere.
5.3 Perfluorocarbons (n-C4 to n-C;)

Perfluorocarbons (PFCs) are fully fluorinated hydrocarbons which have very long atmospheric
lifetimes and very high GWPs in the case of the fluoroalkanes (Bravo et al., 2010 and Forster et
al., 2007). Their production and emission are regulated under the Kyoto Protocol to the United
Nations Framework Convention on Climate Change (UNFCCC) (deBoer, 2007). Due to their long
lifetimes and strong absorption in the infrared, PFCs are considered to have a permanent
effect on the Earth’s radiative budget. In this section, the atmospheric time series of four PFCs;

n-decafluorobutane (n-C4F), n-dodecafluoropentane (n-CsFi,), n- tetradecafluorohexane (n-
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CeF14) and n-hexadecafluoroheptane (n-C;Fy¢), are analysed and calculations of their emissions

rates over time presented.
5.3.1 Background information on n-C4F1o, n-C5F15, n-CsF14 and n-C;F ¢

The PFCs are very stable compounds and have very long lifetimes in the atmosphere, 2600
years (n-C4Fy), 4100 years (n-CsFy1,) and 3200 years (n-CgF14) (Forster et al., 2007). In addition,
they have high radiative efficiencies, 0.33 Wm™ ppb™ (n-C4F10), 0.41 Wm™ ppb™ (n-CsF1,) and
0.49 Wm™ ppb™ (n-C¢F14) (Forster et al., 2007). These high radiative efficiencies and long
lifetimes result in large GWPs of, 8860 (n-C4F1,), 9160 (n-CsFy,) and 9300 (n-CgF14) on a 100-yr
time horizon (Forster et al., 2007). There has not yet been any measurement of GWP for n-
C,F.s. However, Laube et al. (2012) noted that the GWP for n-C,F is likely to between 8000
and 10000. This means that even comparably small emissions of these PFCs can result in

significant and long-lasting effects on atmospheric radiative forcing.

The atmospheric sources of the PFCs in the current investigation are entirely anthropogenic,
with n-C4F1o and n-CsFy, being used or proposed for use as refrigerants, in air conditioning, as
fire suppressants and in semiconductor manufacturing (Olivier et al., 2010, IPCC/TEAP et al.,
2005, Mazurin et al., 1995 and Robin and likubo, 1992). The PFCs n-C¢F14 and n-C;F;5 have been
reported to be used as solvents and as heat transfer fluids (Waugh et al., 2011 Olivier et al.,

2010 and Stone and Springer Jr, 1995).

Emission estimates of these PFCs have been derived from a “bottom-up” approach by the
Emission Database for Global Atmospheric Research (EDGAR) (Olivier et al., 2010) and a “top-
down” observations based approach by Laube et al. (2012). Theses PFCs were modelled to be
first detected in the atmosphere between the late 1960s and early 1970s (Laube et al., 2012).
Whereas, lvy et al. (2012) observed n-Cg¢F,, and n-C;Fy¢ in detectable abundances in archived
samples from the AGAGE network dated after 1985. The mixing ratios of all of the PFCs have
increased monotonically year-on-year from zero to the most recent observation in 2010-2011
(Ivy et al., 2012 and Laube et al., 2012). Both lvy et al. (2012) and Laube et al. (2012) observe a
slowing down in the growth rates of the PFCs in the atmosphere in the mid-1990s, which

relates to a decrease in emissions rates during this period.
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5.3.2 Results and discussion of n-C4F,g, n-C5F15, n-C¢F14 and n-C;F46

An atmospheric time series was derived for, n-C4Fyy, n-CsFi,, n-CgF14 and n-C;Fis from the
measured concentrations at the NEEM firn site and firn depth profile using an iterative
modelling approach as described earlier. This measured concentrations and firn depth profile
have been taken from Laube et al. (2012). The time series obtained and the output from the
model for the NEEM site are shown in Figure 5.5 alongside the actual measurements as a

function of depth.
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Figure 5.5: Top panel, depth profiles of; n-C4Fy, (blue points), n-CsF4, (red points), n-CgF14 (green points)
and n-C;Fy6 (purple points) firn air measurements (measurements taken from Laube et al. (2012)),
compared with model simulations based on the atmospheric time series indicated in the bottom panel.
The error bars represent the 1 o of the measurements (See Chapter 2 for more details). Bottom panel,
atmospheric time series based on the NEEM firn air measurements; n-C4Fy, (blue line), n-CsF4, (red line),
n-CgF14 (green line) and n-C;Fis (purple line) using the Trudinger (2002) method. The dashed lines
represent the errors in the time series as described in Figure 5.1.

Figure 5.5 shows that significant n-C4Fyg, n-CsF1,, n-CsF14 and n-C;F,5 emissions (emissions that
produce an observable atmospheric mixing ratio) started in the 1960s. This indicates that
these PFCs are of entirely anthropogenic origins. The compounds n-C,F,, and n-CsF,, became
detectable in the atmosphere in 1969 and 1966, respectively. This is in agreement with the n-
C4F1p and n-CsFy, atmospheric time series derived by lvy et al. (2012). However, there are
discrepancies between the firn air derived time series of this study and those of lvy et al.

(2012). In this study the n-CgF,4 and n-C;F,¢ time series show significant mixing ratio beginning
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in 1961 and 1962 respectively, whereas Ivy et al. (2012) only detected significant mixing ratios
in the late 1960s. The time series in this study show sustained growth of the PFCs since the

late 1960s until mid-2008 when the firn air was collected.

The northern hemisphere atmospheric time series derived in this study are in good agreement
with the archived record from Cape Grim, Tasmania (Laube et al., 2012). This shows
atmospheric mixing ratios of the PFCs increasing monotonically year-on-year from zero until
mid-2008. However Laube et al. (2012) observed a steep increase in growth rate of n-CgF14 in
the Cape Grim archive from the late 1980s to the 1990s, which is not shown in the current
NEEM time series. This difference is likely a result of the limitations of the current firn air
reconstruction which gives a smoothed view of reality, especially for reconstructions based on
a single site with a limited number of data points in deep firn where age mixing is strong
(Laube et al., 2012). There is good agreement for the mixing ratio abundances and trends for
all compounds from 2000 onwards. After 2000, n-C,F.o, n-CsFy, and n-CgF14 show signs of
mixing ratios beginning to level off in the atmosphere. In contrast, there is no evidence of n-
C,F.6 mixing ratios of shows no signs of beginning to level off. The atmospheric mixing ratios
observed at the NEEM site in mid-2008 are shown in Table 5.3, as well as recent observations

from Ivy et al. (2012) and Laube et al. (2012).

Table 5.3: Recent atmospheric mixing ratio of the PFCs

Reference This Study Laube et al. (2012) lvy et al. (2012)
Date 2008.5 2010 2011
Measurement region Northern Southern Global average
Hemisphere Hemisphere
n-C4F g 0.18 0.171 0.18
n-CsFy, 0.14 0.141 0.12
n-CgF14 0.25 0.253 0.28
n-C;F g 0.11 0.105 0.12

Table 5.3 shows that the recent atmospheric mixing ratios for the PFCs observed in this study
are in general agreement with those observed by Ivy et al. (2012) and Laube et al. (2012).
Growth rates for the PFCs were inferred from the atmospheric time series (Figure 5.5) using

the method presented in Laube et al. (2012). These growth rates are shown in Figure 5.6.
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Figure 5.6: Growth rates of, n-C4F,o (blue line), n-CsF4, (red line), n-CsF14 (green line) and n-C;F45 (purple
line) based on the atmospheric time series in Figure 5.5.

Figure 5.6 indicates that n-C,F;, growth rates increased from ~5 ppq yr " (part per quadrillion
per year) in 1980 to a maximum of ~6 ppq yr ' in 1993. Since then, growth rate decreased to
~5 ppq yr* in 2000 reaching ~1 ppq yr ' in 2007. Of the four compounds reported in the

current study n-C4Fo has the smallest growth rates since 2005.

Estimated n-CsF;, growth rates have increased from ~3 ppq yr ' in 1980 to a maximum of ~4
ppg yr ' in 1991. Since then growth rates have been estimated to have decreased to ~2 ppq
yr in 2007. This is generally similar to the temporal evolution of n-C,F1, and suggests that

these two compounds may have been used in similar applications.

Of the four compounds reported here n-C4F,4 is estimated to have had the highest growth rate
of ~12 ppq yr™* in 1997 which increased from ~3 ppq yr in 1980, more than double the
maximum growth rates of n-C4F,q and n-CsF4,. Since 1997 growth rates of this compound have
decreased but were still comparably high in 2007 at ~5 ppq yr*. As a consequence n-CeFiq

became the most abundant of these four PFCs from 1993 onwards (Figure 5.5).

Growth rates of n-C,F;s have been estimated to have increased from ~1 ppq yr™ in 1980 to ~4
ppg yr ' in 2001. Since 2001 estimated n-C;F;¢ growth rate have stabilised and is the only one
of the four compounds which shows no significant decline in growth rate. The time series of n-
CeF14 and n-C;F do not show a strong agreement even though they have been reported to

have the same uses (Waugh et al., 2011, Olivier et al., 2010 and Stone and Springer Jr, 1995).
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5.3.3 Emission of the perfluorocarbons compounds

Three of the four PFCs (n-C4F,0, n-CsF1, and n-C¢Fy4) show a significant decrease in growth rate
since ca. 1995. This can be explained by declining emissions for these PFCs. To validate this the
annual emissions of n-C4Fy, n-CsF1,, n-CgF14 and n-C;F.5 were modelled using the atmospheric
time series in Figure 5.5 and with the use of a 1 - box model, this method has been described

in more detail earlier and in the methods chapter.

Emissions estimate of these PFCs have been derived from a “bottom-up” approach by the
EDGAR (Olivier et al., 2010) and a “top-down” observations based approach by Laube et al.
(2012). Laube et al. (2012) used a similar method to estimate emissions as Sturges et al. (2012)
(this method has been described in more detail earlier). Similarly to the SFsCF; emissions
estimates derived by Sturges et al. (2012), Laube et al. (2012) uses a different data set and a
different method that this study, but both studies use data that have been measured with the
same techniques and placed on the same calibration scale. These emissions are shown in

Figures 5.7 and 5.8.
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Figure 5.7: Top panel, emissions of n-C4Fy, (blue lines) and n-CsF,, (red lines), based on the atmospheric
time series in Figure 5.5 (dashed lines). The annual emissions from Laube et al. (2012) (solid lines) and
from EDGAR (Olivier et al., 2010) (dotted lines) are given as a comparison. Bottom panel, Cumulative
emissions since 1978 of n-C4Fy, (blue lines) and since 1986 of n-CsF,, (red lines), based on the emissions
estimated in this study (top panel) (dashed lines). The cumulative emissions from Laube et al. (2012)
(solid lines) and from EDGAR (Olivier et al., 2010) (dotted lines) are given as a comparison.

Figure 5.7 shows that estimates of n-C4F,o emissions from the current study rose year-on-
year from the 1960s to around 1990, peaking at ~0.3 Gg yr" in 1993 before progressively
declining to ~0.1 Gg yr in 2007. Emissions of n-CsF1, rose year-on-year from the 1960s to
around 1990, peaking at ~0.2 Gg yr in 1992 before progressively declining to ~0.1 Gg yr' in
2007. Again the firn and emission modelling has smoothed the emissions estimates, resulting
in a flattening of the peak emission and thus effect the timing of the peak emission. The

cumulative emissions of n-C4Fy4 since 1978 and since 1986 for n-CsF,, are shown in Figure 5.7.
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These emission estimates generally agree with the those derived by Laube et al. (2012). Figure
5.7 shows that there are huge discrepancies between the “bottom-up” emission database
processed by EDGAR (Olivier et al., 2010) and the “top-down” observation based emissions
derived by this study and by Laube et al. (2012). This might imply that emissions of these two
compounds are under-reported by several orders of magnitude in the EDGAR emission
database. This is not surprising given that there are only a limited number of countries
reporting emissions of n-C,F,; and n-CsF,, to the EDGAR database (Olivier et al., 2010). This is
particularly true in the case of n-CsF;, where Romania has been the only country reporting

emissions (Olivier et al., 2010).
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Figure 5.8: Top panel, emissions of n-C¢F14 (green lines) and n-C;F¢ (purple lines), based on the
atmospheric time series in Figure 5.5 (dashed lines). The annual emissions from Laube et al. (2012) (solid
lines) and from EDGAR (Olivier et al., 2010) (dotted lines) are given as a comparison. Bottom panel,
cumulative emission since 1980 of n-C4F14 (green lines) and since 1986 of n-C;Fs (purple lines), based on
the emissions estimated in this study (top panel) (dashed lines). The cumulative emission from Laube et
al. (2012) (solid lines) and from EDGAR (Olivier et al., 2010) (dotted lines) are given as a comparison.

Figure 5.8 shows that estimated emissions of n-CgF,, from the current analysis rose year-on-
year from the 1960s to the mid 1990s, peaking in 1997 at ~0.7 Gg yr" before progressively
declining to ~0.3 Gg yr'1 in 2007. Emissions of n-C;F; rose year-on-year from the 1960s to
around 2000, peaking at ~0.3 Gg yr™ in 2001 before declining slightly to ~0.2 Gg yr™ in 2007.
The cumulative emissions have been calculated since 1980 for n-C¢F14 and since 1986 for n-
C,F16 (Figure 5.8). Figure 5.8 shows that there is reasonable agreement for n-CgF,, between the

three emission estimates indicating that the emissions sources are well understood and
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quantified for this compound. Whereas, also in comparison, n-C;F; shows reasonable
agreement between the cumulative emissions (Figure 5.8), however EDGAR annual emissions
are up to 60 % higher than the annual emissions estimates from this study and Laube et al.
(2012) between 1990 and 1999 and up to 75 % lower before and after that period. There are
also signs of a slight decline in emissions since 2000, based on current simulations, which is not
shown in Laube et al. (2012). This decline is small and within the error of the atmospheric time
series (Figure 5.5), therefore this decline may not be a true representative of the real
emissions and maybe a result of the smoothed firn air derived emissions estimate. The
introduction of emission reduction techniques in industrial applications such as the use of
alternative chemistries, process optimisation as well as compound destruction, recovery or

recycling (Tsai et al., 2002) may have contributed to this decline.

Emissions estimates from the current study indicate that there are significant unknown
sources releasing n-C,F,, and n-CsF,, (and probably n-C;F,¢) into the atmosphere. However,
due to the limited number of countries reporting to the emission data base (Olivier et al.,
2010), these discrepancies could well be originating from known applications in countries that
have not been reporting these emissions. However it should be noted that even though
different methods were used to derive the emissions estimates of the current study and that
of Laube et al. (2012), the data used has been analysed and placed on the same calibration

scale by the same research group.
5.4 Hydrofluorocarbons (HFC-32)

The hydrofluorocarbons (HFCs) are organic compounds that only contain hydrogen and
fluorine atoms and have entirely anthropogenic origins. They are second-generation
replacements for compounds responsible for the anthropogenic stratospheric ozone
depletion. HFCs were virtually unused before 1990 but since then have been increasingly used
due to the phase-out of chlorofluorocarbons (CFCs) and also their first-generation
replacements (i.e. hydrochlorofluorocarbons, HCFCs, (Montzka et al., 2010)) in, for example,
refrigeration and air-conditioning equipment. Therefore, HFCs have become increasingly
important to study and measure in the atmosphere. In this study | will investigate only one
hydrofluorocarbon, HFC-32 (difluoromethane, CH,F,). In this section | analyse the atmospheric
time series of HFC-32. This is the first time that a full (tracking back to zero atmospheric mixing
ratio) time series has been observed for HFC-32. | then discuss how its emissions rates have

changed over time.
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5.4.1 Background information on HFC-32

HFC-32 is a colourless, flammable, relatively non-toxic gas used as a replacement for CFCs and
HCFCs (Beukes and Nicolaisen, 2000). It is mainly used as a refrigerant (Smith et al., 1996)
where it replaces HCFC-22, normally as a component of refrigerant mixtures containing HFC-
134a and/or HFC-125. This usage typically leads to a slow long-term release of a compound
(Greally et al., 2005). HFC-32 also has an important commercial application as a fire
extinguisher (Schwartz et al., 1998). This is noteworthy because substances used in
extinguisher are chosen specifically to be emitted into the environment during their use. It is
also a by-product of the manufacture of other organic compounds (Blowers and Hollingshead,

2009).

As HFC-32 does not contain any chlorine, bromine or iodine its ozone depletion potential
(ODP) is virtually zero (Montzka et al., 2010). However HFC-32 does have a significant effect on
the radiative forcing of the atmosphere. The Intergovernmental Panel on Climate Change
states that the GWPyo, (GWP on a 100 year time horizon) of HFC-32 as 675 relative to CO,
(Forster et al., 2007). This is in general agreement with Blowers and Hollingshead (2009) who
have calculated the GWP,y, of HFC-32 as 698 relative to CO, using the scaling factor for short

lived halogened compounds described in Highwood and Shine (2000).

The main atmospheric sink of HFC-32 is through the reaction with the OH radical and has a OH
lifetime of 5.5 years (Montzka et al., 2010). The atmospheric lifetime of HFC-32 is 5.2 years
with a stratospheric lifetime of 89 years (Montzka et al., 2010). The atmospheric mixing ratio
of HFC-32 was measured as 0.7 ppt at Mace Head (Ireland) in 2004 by the AGAGE network
(Greally et al., 2005), and increased to 2.7 ppt in 2008 (Montzka et al., 2010). The rate of this
atmospheric growth has also been shown to be increasing year on year with the growth
between 2005 and 2006 being 0.3 ppt yr* compared with 0.6 ppt yr' between 2007 and 2008
(Montzka et al., 2010).

Emission estimates of HFC-32 have been derived from a “bottom-up” approach by the EDGAR
(Olivier et al., 2010) and a “top-down” observations based approach by applying the 12-box

model to AGAGE measurements (Montzka et al., 2010).

In this work | will report the first atmospheric time series that tracks HFC-32 mixing ratios back

to zero. This will be done through the use of firn air measurements taken at the NEEM site.
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5.4.2 Results and discussion of HFC-32

An atmospheric time series was derived for HFC-32 from the measured concentrations and firn
depth profile using an iterative modelling approach as described earlier. The time series
obtained and the output from the model for the NEEM site are shown in Figure 5.9 alongside

the actual measurements as a function of depth.
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Figure 5.9: Top panel, depth profile of HFC-32 firn air measurements (points), compared with model
simulations based on the atmospheric time series indicated in the bottom panel. The error bars
represent the 1 o of the measurements (See Chapter 2 for more details). The reference scale is used to
scale the NEEM data to the AGAGE network. This was achieved by scaling the NEEM data so that the
2008 surface value equals 2.7 ppt (Montzka et al., 2010). Bottom panel, atmospheric time series based
on the NEEM firn air measurements using the Trudinger (2002) method. The dashed lines represent the
errors in the time series as described in Figure 5.1. The purple diamonds are the AGAGE measurements
of HFC-32 from Mace Head (Ireland) (Montzka et al., 2010).
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The atmospheric mixing ratio time series derived in the current study and shown in Figure 5.9
indicate that significant emissions of HFC-32 (emissions that produce an observable
atmospheric mixing ratio) started in 1998. This indicates that HFC-32 is of entirely
anthropogenic origins. This is in agreement with the EDGAR database for HFC-32 emissions in
Figure 5.10 (Olivier et al., 2010). Since 1998 the time series shows a period of sustained growth
in the atmospheric mixing ratio of HFC-32 until mid-2008 when the firn air was collected.
There is also agreement between the derived time series and the atmospheric observations
made at Mace Head (lreland) by the AGAGE network (purple diamonds, Figure 5.9), with
exception of the 2004 measurement. Greally et al. (2005) noted there was an increase in the
baseline growth rate during 2004. This result was explained as either indication of an
instrumental problem or a true reflection of global atmosphere emissions. Nonetheless Greally
et al. (2005) notes’ that a rapid change in the baseline growth rate is unexpected as HFC-32

typically has a slow long-term release period.

The firn air derived average growth rate accelerated continuously from 0.16 ppt yr ' in 2000 to
0.32 ppt yr in 2005 to 0.45 ppt yr ' in 2007. This reflects the increased use of HFC-32 in
recent years as a commercial replacement for CFCs and HCFCs. These growth rates are similar
to those stated by the AGAGE network. However the firn derived growth rate between 2007
and 2008 is less than the AGAGE rate of 0.6 ppt yr ' (Montzka et al., 2010). This increase in the
growth rate is in agreement with the emission record from the EDGAR database HFC-32
emissions (Figure 5.10) which shows a year on year increase in emissions (Olivier et al., 2010).
It should also be note that these growth rates represent only the best estimates and do

contain considerable uncertainties within the envelopes shown in Figure 5.9.

As HFCs have become increasingly more important to the chemical balance of the atmosphere,
it is important to study the relative effect of HFC-32. A comparison of HFC-32 atmospheric

mixing ratio to other observed HFCs is presented in Table 5.4.
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Table 5.4: HFCs global atmospheric mixing ratios

HFCs Mixing % of total Growth % of total | Date Reference
ratio HFCs mixing | rate growth
(ppt) ratio (ppt yr™) rate
HFC-32 (CH,F, )" 2.7 3% 0.5" 6% 2008 | This study
(Calibration
based on
AGAGE)
HFC-134a 38.8- 45% 4.4-4.9 52% 2008 | (Montzka et
(CH,FCF3) 38.9 al., 2010)
HFC-23 (CHF;) 21.8 25% 0.8 9% 2008 | (Montzka et
al., 2010)
HFC-143a 8.5 10% 1.0 11% 2008 | (Montzka et
(CHsCF;) al., 2010)
HFC-125 6.1 7% 0.9 10% 2008 | (Montzka et
(CHF,CF3) al., 2010)
HFC-152a 5.9 7% 0.6 7% 2008 | (Montzka et
(CH5CHF,) al., 2010)
HFC-245fa 1.0 1% 0.4 4% 2008 | (Montzka et
(CF3CH2CHF2) G/., 2010)
HFC-227ea 0.59 1% 0.06 1% 2007 | (Laubeetal.,
(CF3CHFCF3) 2010)
HFC-365mfc 0.4 0.5% 0.1 1% 2008 | (Montzka et
(CF3CH2CF2CH3) a/,, 2010)
Total 85.8 9.0

TNorthern hemispheric mixing ratios, # 2007 growth rate

Estimates from the current study show that HFC-32 has the sixth largest atmospheric mixing
ratio of the HFCs and contributes around 3 % to the total atmospheric abundances of the HFCs
(Table 5.4). Current analysis also shows that HFC-32 has the sixth largest growth rate and
contributes around 6 % to the combined growth rates of the HFCs. These results indicates that

even though HFC-32 is currently small in abundance in the atmosphere, it is becoming

relatively more common and important to the total HFCs atmospheric mixing ratios.

5.4.3 Emission of HFC-32

The annual emissions of HFC-32 were derived using the atmospheric time series in Figure 5.9

and with the use of a 1 - box model, this method has been described in more detail earlier and

in the methods chapter.
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Figure 5.10: Annual emissions of HFC-32 based on the atmospheric time series in Figure 5.9 (blue
points). The annual emissions from EDGAR (red points) (Olivier et al., 2010) and AGAGE (green point)
(Montzka et al., 2010) are given as a comparison.

Figure 5.10 shows that current estimates of emissions of HFC-32 rose year-on-year from ~0 Gg
yr'in 1998 to ~7 Gg yr™ in 2007. These emissions estimates agree with those reported by
EDGAR (Olivier et al., 2010), in so far as the onset of emission in 1998 and the monotonically
increase in emissions rates. However, the absolute strength of the emissions is larger in this
study compared with EDGAR by a factor 3.5. Due to the limited number of reporting countries
in the EDGAR emission estimates (Olivier et al., 2010), the differences between the emissions
database and the current study could well originate from applications in countries that have
not reported emissions. An extrapolation of the emission estimates in this study would be
consistent with the emission estimate of 8.9 Gg yr™ in 2008 derived by the AGAGE network

(Montzka et al., 2010).
5.5 Equivalent CO, emissions of the fluorinated greenhouse gases

The compounds discussed in this chapter strongly absorb in the infrared and are all considered
to be greenhouse gases. The dominant factor in the changes to radiative forcing of climate in
the industrial era has been the increasing concentration of various greenhouse gases in the
atmosphere (Forster et al., 2007). It is therefore important to assess the effect that individual

greenhouse gases have on the atmospheric energy budget.

The contribution of an individual greenhouse gas to the radiative forcing of the atmosphere

over a particular period of time is determined by the change in its mixing ratios in the
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atmosphere over that period and the effectiveness of the greenhouse gas in perturbing the

radiative balance (Forster et al., 2007).

Equivalent CO, emission is a quantity that describes, for a given compound and amount
emitted of that compound, the amount of CO, that would have the same global warming
potential (GWP), when measured over a 100 year time horizon as the observed amount of the
target compounds. Equivalent CO, emission thus reflects the time-integrated radiative forcing
of a quantity of emissions. Equivalent CO, emission is calculated by multiplying the emissions
of an individual compound by their respective direct GWPs (100-year time horizon; CO, = 1)

(Equation 1).
MMTCO,Eq; = (E;) X (GWP;) - Equation 1

MMTCO,Eq; is million metric tonnes of carbon dioxide equivalent of compound J, E; is the
emissions of compound i in million metric tons and GWP; is the global warming potential of
compound i. The GWPs reported in Forster et al. (2007) were applied to derive the CO,
equivalent for 2007 emissions given in Table 5.5. As no GWP is reported for n-C;Fy5 in neither

Bravo et al. (2010) nor Forster et al. (2007) | assumed the same GWP to that of n-CgF4.

Table 5.5: GWP and MMTCO,Eq yr'1, for the fluorinated greenhouse gases presented in this
chapter.

Compound GWP! Emission MMTCO,Eq yr'1
2007 2007
(Ggyr?)
SFs 22800 ~6 130
SFsCF; 17700 ~0.01 0.2
HFC-32 675 ~7 5
n-C4F 10 8860 ~0.1 0.6
n-CsFy, 9160 ~0.1 1
n-CgF14 9300 ~0.3 3
n-C;F16 9300° ~0.3 2
Total ~13 140

1: GWP on a 100 year time horizon (Forster et al., 2007)
2: Using the GWP for n-C¢F4 from Forster et al. (2007)

Table 5.5 indicates that the total equivalent CO, emissions of the fluorinated gases considered
here, was 140 MMT yr in 2007. This is around 10 % of the total MMTCO,Eq yr™ from ODSs
which is estimated as being 1400 in 2010 (Montzka et al., 2010) and around 0.5 % of the 32000
MMT of total CO, emitted in 2010 (Montzka et al., 2010). It should be noted that these
percentages are a comparison between 2007 and 2010 emissions. The largest contribution is

from SF¢ with 130 MMTCO,Eq yr' and the total MMTCO,Eq yr™* from the PFCs (n-C4F1o — n-
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C,F6) is estimated to have been ca. 7 in 2007, with n-CsF,4, making the largest contributor
amongst the PFCs in this chapter. HFC-32 emissions were 5 MMTCO,Eq yr" in 2007 which is
around 1 % of the total HFC emissions in 2010 of ~400 MMTCO,Eq yr'1 (Montzka et al., 2010).

The Kyoto Protocol (see introduction chapter for more details), aims for an overall reduction of
around 2000 MMTCO,Eq yr'* emissions in Annex 1 countries by 2013 (deBoer, 2007). This is a
5.2 % reduction from the 1990 emission rate in Annex 1 countries. The Annex | countries are

defined as industrialized countries or countries whom economy is in transition (deBoer, 2007).

Apart from HFC-32, all of the fluorinated greenhouse gases have atmospheric lifetimes on the
order of thousands of years (Montzka et al., 2010). As such, they accumulate almost
guantitatively once released into the atmosphere. The cumulative carbon dioxide equivalency
for the fluorinated greenhouse gases discussed in this chapter have been calculated and are

shown in Figure 5.11.
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Figure 5.11: Top panel, cumulative MMTCO,Eq emitted since 1960 of SFs (yellow area) and the
combined cumulative MMTCO,Eq emitted from the other fluorinated greenhouse gases since 1960 (red
area). Bottom panel, the cumulative MMTCO,Eq of the other fluorinated greenhouse gases since 1960
(red area, top panel) showing the contribution from the individual compounds; n-C,Fy, (dark blue area),

n-CsFy, (red area), n-C¢Fy4 (green area), n-C;Fy6 (purple area), SFsCF; (light blue area) and HFC-32 (orange
area).

Figure 5.11 indicates that SFg cumulative emissions reached 3800 MMTCO,Eq in 2007, whereas
the sum of the cumulative emissions of the other fluorinated greenhouse gases only reached
450 MMTCO,Eq in 2007, giving a total of 4250 MMTCO,Eq in this year, representing around
0.1 % of the global abundance of 3.05 x 10° MMT of atmospheric CO, in 2007 (Forster et al.,
2007) and around 13 % of the emissions of CO, in the year 2010 (Forster et al., 2007). It also
shows that the sum of the cumulative emissions of the PFCs reached ~340 MMTCO,Eq in 2007,
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with n-C¢F14 having the largest contribution, with a total of ~140 MMTCO,Eq. The other PFCs
contribute just ¥60 MMTCO,Eq each. This is in general agreement with the emissions
estimated by Laube et al. (2012) of 325 MMTCO,Eq for these PFCs at the end of 2009. HFC-32
has had the smallest cumulative emissions of CO, equivalent at ~20 MMTCO,Eq (orange area,
Figure 5.11). However, it has the second largest current growth rate of the fluorinated
greenhouse gases of ~5 MMTCO,Eq yr™ in 2007 (Table 5.5)and therefore, is likely to become
relatively more important to the atmospheric energy budget in future compared to the other

compounds observed in this study.
5.6 Summary

In this chapter, | have reported observations of the fluorinated greenhouse gases from
northern hemispheric firn air, with resulting derived atmospheric time series from the mid-20"
century up until mid-2008 when the firn air was collected. Table 5.6 summarises the

atmospheric time series, growth rates, emissions and CO,-equivalence for the individual gases.

| have shown that all of these compounds have first appeared in detectable abundance in the
atmosphere since 1950. Since their introduction into the atmosphere, all of these gases have

shown significant growth, and apart from SFsCF;, all are showing continuing growth.

This study not only updated atmospheric time series for these gases from the mid-20" century
to 2008 but also for the first time highlights the long term atmospheric time series for n-C4F,,
n-CsF1,, n-C¢F1s and n-C;Fis and HFC-32 from firn air reconstructions that tracks their
atmospheric mixing ratios back to zero and thus derive their first complete atmospheric time

series.

Previous analysis of study of SF¢s has been used in the methods chapter to validate the NEEM
measurements and subsequent analytical processes used in this chapter, through the

comparison with well documented time series and emissions rates.

Even though the fluorinated greenhouse gases currently have small atmospheric mixing ratios
they do have strong GWPs, hundreds to several thousand times higher than that of carbon
dioxide. Apart from HFC-32, these fluorinated greenhouse gases have long atmospheric
lifetimes of several hundred to thousands of years. This means that they are likely to represent
an essentially irreversible change to the composition of the Earth’s atmosphere and to the
radiative forcing of the climate. The results also indicate that it would be desirable to minimise
future emissions as these compounds contributed the equivalent of 4250 MMTCO,Eq by the

end of 2007 and are still likely to be increasing.
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Table 5.6: Summary of the fluorinated greenhouse gases.

Compound | Estimated Mid—-2008 | 2007 Growth | Maximum Date of Total CO,- Key Finding
date of first mixing rate (ppq yr') | annual emission | maximum equivalent
detectable ratio (ppt) (Ggyr?) annual emission | (MMTCO,Eq)
mixing ratio
SFe 1956 6.6 200 6 1998 3800 Largest effect on the atmospheric
radiative forcing of the fluorinated
greenhouse gases
SFsCF3 1960 0.15 0.4 0.3 1994 100 The atmospheric mixing ratios as now
stabilise
n-CsF1 1969 0.17 1 0.3 1993 60 Growth rates and emissions rates are
currently declining
n-CsFq 1966 0.14 3 0.2 1992 60 Growth rates and emissions rates are
currently declining
N-CgF14 1961 0.25 5 0.7 1997 140 Growth rates and emissions rates are
currently declining
n-C;F 1962 0.11 0.4 0.3 2001 60 Shows no sign of significant decrease
in growth rates or emissions rates
HFC-32 1998 2.7 500 7 2007 20 Is currently increasing rapidly in the
atmosphere




Chapter 6: Conclusions, future scenarios and recommendations

6.1 Chlorocarbons and bromocarbons

6.2 Fluorinated greenhouse gases

6.3 Recommendations
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6.1 Chlorocarbons and bromocarbons

One of the aims of this project was to measure chlorocarbon and bromocarbon concentrations
from the NEEM firn air samples. | compared these measurements with those from other firn
air samples to derive both northern and southern hemispheric atmospheric time series. The
reconstruction of these time series was produced using a firn diffusion model (Buizert et al.,
2011 and Witrant et al., 2011) and a multi-site inversion modelling technique developed at
LGGE as well as with iterative dating techniques. Table 6.1 shows the summary of my key

findings.

Table 6.1: Key finding from chlorocarbon and bromocarbon analysis.

Compound NH time series | SH time series | 1950 Mid-2008 | Date of
from firn air from firn air mixing mixing maximum
ratio (ppt) | ratio (ppt) | annual
emission
Chlorocarbons
CH,CI* First report’ Updated 517.8 516.7 1986
CHCI5! Updated* Updated 6.5 8.3 1983
CHZCIZ1 First report First report 2.0 24.1 1985
ccl,ccl,t First report First report 1.8 2.9 1978
CH,CICH,CI? First report - 1.5 5.5 1983
C2H5CI2 First report - 7.0 2.0 1973
CHclccl,? First report - 0.07 0.24° 1982
Bromocarbons 1930
mixing
ratio (ppt)
CH,Br,* Updated Updated 1.1 1.0 1979
CHzBrCHzBr1 First report First report 0.2 0.07 1970
CZHSBr2 First report - 1.6 1.0 1976
CH,BrCI? First report - 0.17 0.10 1970
CHBrCl,? First report - 0.15 0.15 1992
CHBr,CI? First report - 0.24 0.25 1992
CF,CHBrcl* First report First report 0.0 0.005 1984

1: ‘Global’. 2: Northern Hemisphere. 3: First report — The time series produced in this study is the first

reported atmospheric time series from firn air of this compound. 4: Updated - The time series produced
in this study has updated previously observed time series from other studies. 5: mid-2001 mixing ratio
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Table 1 indicates that all of the compounds investigated in the current study apart from
CF;CHBrCl have significant 1930 or 1950 atmospheric mixing ratios. All of the reported
compounds also show significant growth during the 20" century before a period of decline.
However, the rate of this decline has slowed significantly since 2000 for the majority of
compounds whilst for, CH,Cl, and CH,CICH,Cl, atmospheric mixing ratios are currently

increasing.

The atmospheric time series for CH;Cl indicates a 10 % increase in mixing ratio up to 1990
before showing significant decline. However, it is still unclear if the atmospheric time series is
largely effected by natural emissions sources or by anthropogenic emissions (e.g. human
influenced biomass burning). CHCl; emissions estimates produced in this study support the
fact that emissions from the paper and pulp industry have had a large effect on the
atmospheric mixing ratio, and now that emissions from this source have stopped, the
atmospheric mixing ratio has become stable. The most interesting result for this study is that
CH,Cl, is currently increasing in the atmosphere, which is most likely due to an increase in
emissions from South East Asia. In contrast, atmospheric mixing ratios of CCl,CCl, are currently
decreasing, and | have shown that emissions are dominated by northern hemispheric
anthropogenic sources. The mixing ratio of CH,CICH,Cl is also currently increasing in the
atmosphere, however, it is unclear which emissions source(s) has increased to also produce
this trend. CHCICCI, shows a similar atmospheric time series to CH,CICH,Cl which suggests a
similar or related emission source(s). The emissions rate of C,HsCl has decreased since the

1970s, which strongly reflect its use in leaded petrol.

The atmospheric mixing ratios of the bromocarbons generally peaked before the
chlorocarbons. CH,BrCH,Br peaked the earliest in 1970 as a result of its use as an additive in
leaded petrol. The atmospheric mixing ratio of CH,BrCH,Br correlates well with emissions from
this source. In this study, a small but significant decline in northern hemispheric emissions of
CH,Br, since 1980 was observed, suggesting a possible anthropogenic source. The emissions
patterns affecting the atmospheric mixing ratio of C,HsBr are currently unclear as mixing ratios
remaining stable since 2000. The bromo-chloro methanes CHBrCl, and CHBr,Cl have similar
time series, which indicates a possible similar source(s) driving their atmospheric mixing ratios.
This could result from emissions from the chlorination of seawater used as cooling water in
coastal power stations. The atmospheric time series for CH,BrCl, reflects it use in fire

extinguishers. Also CF;CHBrCl emissions rates strongly reflect its use in the medical profession.

235



Even though the chlorocarbons and the bromocarbons have small atmospheric mixing ratios, |
have shown that they do significantly add to the abundance of halogenated compounds in the
stratosphere. This was achieved by calculating the EESC of the chlorocarbons and the
bromocarbons (see Chapter 3 and 4 for more details). The combined EESC of the VSL
chlorocarbons, VSL bromocarbons and CH;Cl are shown in Figure 6.1 as well as the EESC of

chlorine and bromine containing ODSs based on the baseline scenario (Montzka et al., 2010).
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Figure 6.1: Equivalent effective stratospheric chlorine mixing ratios since 1954 from CH;Cl (dark blue
area), CH;Br (light red area), CFCs (light green area), halons (purple area), CCl, (light blue area), CH3CCl;
(pink area) and HCFCs (yellow area) based on Montzka et al. (2010). As well as the contribution from the
VSL chlorocarbons (brown area), VSL bromocarbons (dark green area) and CH;Cl (black line) measured in

the current study.

The mixing ratios from Montzka et al. (2010) shown in Figure 6.1 are taken as an average of
the global mean observations from the NOAA and AGAGE networks. In terms of EESC
contribution, the largest contribution comes from the CFCs and natural CH3;Cl and CH3Br
emissions. Figure 6.1 shows that the VSL chlorocarbons and the VSL bromocarbons contributed
significantly to the total EESC mixing ratio between 1954 and 2008. In 2008, the VSL
chlorocarbons contributed 61 ppt of EESC and the VSL bromocarbons contributed 94 ppt of
EESC with a total from both groups of compounds at 155 ppt of EESC. This is ~ 9 % of the total
EESC from the chlorine and bromine containing ODSs from Montzka et al. (2010). The peak in
EESC from the VLS chlorocarbons occurred in 1984 and the VLS bromocarbons in 1974 which is
before the peak in total EESC which occurred in 1997 (Montzka et al. 2010). This is due to the
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fact that the anthropogenic sources of the chlorocarbons and bromocarbons were controlled
much earlier than other halogenated compounds (Kleiman and Prinn, 2000 and Santodonato
et al., 1985). Figure 6.1 also shows that there is good agreement between the EESC from CH;Cl

measured in the current study and that calculated by Montzka et al. (2010).

As | have shown, (Figure 6.1) a significant EESC mixing ratio originates from VSL chlorocarbons
and VSL bromocarbons. Therefore, it is important to assess the possible future emissions of
these compounds. Possible future emissions sources were assessed by producing 3 different
scenarios. Scenario 1 takes all of the compounds back to their natural background level by the
year 2030 and then holding at this abundance up until 2050. The natural background was
taken as the lowest mixing ratio that was observed in the current study. This scenario is known
as the ‘natural background’ scenario. Scenario 2 continues on the current trend of these
compounds year-on-year up until 2050. This scenario is known as the ‘current trend’ scenario.
Scenario 3 was developed as a ‘business as usual’ scenario in which the compounds with
anthropogenic sources were increased by 4 % year-on-year up until 2050. | used 4 % as the
increase factor as this is similar to the upper limit of the increase in the hydrofluorocarbons
predicted by Forster et al. (2007). The hydrofluorocarbons are compounds that are 100 %
anthropogenic in origin and their production is predicted to increase in the future. Therefore, |
have used them as a guide to a possible increase in the production rate of the VSL
chlorocarbons and VSL bromocarbons. This scenario is known as the ‘4 %’ scenario. These
scenarios along with the time series of EESC based on observations up until 2008 are shown in

Figure 6.2.
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Figure 6.2: Historical and projected EESC mixing ratios for the VSL chlorocarbons (top panel) and the VSL
bromocarbons (bottom panel). The EESC mixing ratios from observed data are shown by the blue line.
The projected scenarios: Natural background — red lines, Current trend — green lines, 4 % increase —
purple line.

Figure 2 indicates that the mixing ratio of VSL chlorocarbons are still above the natural
background as the ‘natural background’ scenario shows a significant decline between 2008 and
2030. However, the VSL bromocarbons are currently at or around natural background level
with the ‘current trend’ and the ‘natural background’ scenarios very similar between 2008 and
2050. The ‘current trend’ for the VSL chlorocarbons indicates that it is likely that EESC from
these compounds will increase in the future. To find the relative contribution these
compounds might have in the future, Figure 3 compares these scenarios to the baseline

scenario of the chlorine and bromine containing ODSs up to 2050 (Montzka et al., 2010).
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Future emissions of chlorine and bromine containing ODSs are determined by using a fixed
annual bank release fraction, calculated as the average ratio over the past 10 years between
the annual emissions and estimated bank plus production. Future production figures are
determined from the Protocol limitations and the most recent annual estimates (Montzka et

al., 2010).

Two future scenarios were produced for CH;Cl. Scenario 1 assumes that the atmospheric time
series of CH,Cl during the 20™ century was driven by anthropogenic sources and have now
reached the natural background. This scenario continues at the current mixing ratio until 2050
and is known as the ‘natural background’ scenario. Scenario 2 assumes that the atmospheric
time series of CH;Cl during the 20" century was driven by natural flux in the atmosphere. This
scenario consists of a sinusoid trend with an amplitude of 10 % of the mean and a period of
110 years as described in Aydin et al. (2004) and is known as the ‘sinusoid’ scenario. These

scenarios are also shown in Figure 6.3.
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Figure 6.3: Historical and projected EESC mixing ratios between 1954 and 2050 from CHCl (dark blue
area), CH;Br (light red area), CFCs (light green area), halons (purple area), CCl, (light blue area), CH;CCl;
(pink area) and HCFCs (yellow area) based on Montzka et al. (2010). As well as the contribution from the
VSL chlorocarbons (brown area), VSL bromocarbons (dark green area) and CH;Cl (black line) measured in
this study. The future scenarios for the VSL chlorocarbons are shown by the brown lines. The future
scenarios for the VSL bromocarbons are shown by the dark green lines, these lines have been added to
the corresponding chlorocarbon scenario. The lines for the different scenarios are shown as ‘natural
background’ (solid line), ‘current trend’ (dashed line) and ‘4 %’ (dotted line). The future scenarios for
CH;Cl are shown by the black lines, ‘natural background’ (dashed line) and ‘sinusoid’ (dotted line). The
1980 bench-mark given by Montzka et al. (2010) is shown by the green line and the 1980 bench-mark
predicted by this study is shown by the red line.
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Figure 6.3 shows that even if the VSL chlorocarbons and the VSL bromocarbons return to their
natural background by 2030, they will still increase relative to the other chlorine and bromine
ODSs by 2050. In 2050 the ‘natural background’ scenario indicates that the contribution from
the VSL chlorocarbons and the VSL bromocarbons will have increased from ~ 9 % to ~ 10 % of
the total EESC from the chlorine and bromine containing ODSs whereas the ‘current trend’
scenario shows an increase to ~ 28 %. Figure 3 also shows that EESC from CHsCl will change

very little over the next 50 years, as there is not much difference between the two scenarios.

If stratospheric ozone levels were affected by only by halocarbons, the ozone layer would be
expected to recover from human activities as anthropogenic ODSs are removed from the
atmosphere. The year 1980 is commonly taken as a as a benchmark year, representing a time
before major stratospheric ozone losses occurred due to halocarbons. Therefore, analyses are
often based on the time it will take for EESC mixing ratios to return to 1980 levels. However,
some ozone losses caused by human activities had most likely already occurred before this
date; for example by the VSL bromocarbons which peaked in the atmosphere before 1980.
Nevertheless, the year EESC returns to 1980 levels has been used as a measure for the degree

of ozone layer recovery and to compare scenarios.

In the baseline scenario of Montzka et al. (2010), only the Montreal Protocol-controlled ODSs
was included and EESC returns to 1980 levels by 2046 for mid-latitude conditions (green line
Figure 6.3). However, if you include the EESC from the VSL chlorocarbons and VSL
bromocarbons, the total EESC will not recover to this value by 2050, even if all of the
compounds return to their natural background. The 1980 benchmark level including the VSL
chlorocarbons and VSL bromocarbons is shown in Figure 6.3 as the red line. The ‘natural
background’ scenario returns to this benchmark level by 2037, whereas the ‘current trend’
scenario returns by 2050. However, it should be noted that this new benchmark does include
significant anthropogenic emissions from the VSLs occurring before 1980. Therefore, the
benchmark year for representing a time before the major stratospheric ozone losses might be
improved if it is taken as 1975 (green line Figure 6.3). This is the year in the current study that
has the same EESC mixing ratios as the ‘1980 benchmark’. It should also be noted that the
impact of these declining EESC mixing ratios depends on the region of the stratosphere
considered, with the greatest effect in regions where less halogen radicals have been liberated
from long-lived source gases, but where chemical ozone loss is still important. Yet, currently it
is unclear how VSLS emission reductions in specific locations and during different times of the
year would quantitatively effect the abundance of stratospheric chlorine. The current results

indicate that it would be desirable to minimise future anthropogenic emissions and that
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further studies, which should include observations from global ground-based networks, are
needed to improve our understanding of the emission processes, patterns and the global

distribution of the chlorocarbons and bromocarbons.

6.2 Fluorinated greenhouse gases

Another aim of this project was to derive a northern hemispheric atmospheric time series for
the fluorinated greenhouse gases from the NEEM firn air samples. The reconstruction of these
time series were produced using a firn diffusion model (Buizert et al., 2011 and Witrant et al.,

2011) and with iterative dating techniques. Table 6.2 shows a summary of the key findings.

Table 6.2: Key finding of the fluorinated greenhouse gases

Compound Publications — using Date of first Mid-2008
this study’s firn detectable mixing
measurements mixing ratio ratio (ppt)

SFs Buizert et al. (2011) and 1956 6.6

Witrant et al. (2011)

SFsCF; Sturges et al. (2012) 1960 0.15
n-CsFio Laube et al. (2012) 1969 0.17
n-CsFi, Laube et al. (2012) 1966 0.14
N-Ce¢Fia Laube et al. (2012) 1961 0.25
n-C;Fi¢ Laube et al. (2012) 1962 0.11
HFC-32 - 1998 2.7

Table 6.2 indicates that all of the compounds, investigated are detectable in the atmosphere
after 1950. Since their introduction into the atmosphere, all of these gases have shown

significant growth, and apart from SFsCF; all are showing continuing growth.

Currently, SF¢ has the largest effect on the atmospheric energy budget of the fluorinated
greenhouse gases with a mid-2008 mixing ratio of 6.6 ppt and a total CO,-equivalent of 3800
MMTCO,Eq. The key finding for SFsCF; is that its emissions are not related to those of SFg, in
contradiction to earlier assertions (Sturges et al., 2000), with the atmospheric mixing ratio of
SFsCF; becoming stable around 2000. The perfluorocarbons measured in this study have all
increased in the atmosphere, during the 20" and early 21 centuries. However currently the
growth rate and the emissions rates of n-C4F,o, n-CsF1, and n-C¢Fy4 are declining, whilst n-C;F 4
shows no major decline. Although significant HFC-32 emissions only began in 1998, they are

currently increasing rapidly.
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As with the VSL chlorocarbons and VSL bromocarbons, it is important to assess the possible
future emissions of the fluorinated greenhouse gases. Possible future emissions trends were
assessed by producing 3 different scenarios. Scenario 1 continues on the current trend of these
compounds year-on-year up until 2050. This scenario is known as the ‘current trend’ scenario.
Scenarios 2 and 3 are based on the emissions scenarios produced by IPCC reports (Forster et

al., 2007 and Houghton et al., 2001).

The IPCC developed a set of scenarios to represent the range of driving forces and emissions as
well as reflecting underlying uncertainties in future emissions. These scenarios are based on
the driving forces and emissions in scenario literature, alternative modelling approaches, and
an “open process” that solicited wide participation and feedback (Forster et al., 2007). Four
different scenario bases (A1, A2, B1 and B2) were developed, with each one representing
different demographic and technological changes as well as social, economic and
environmental developments. In the current study, scenarios Al and B1 are used to estimate

future emissions of fluorinated greenhouse gases.

A1l describes a scenario with very rapid economic growth, a global population that peaks in the
mid-21° century and declines thereafter, and includes the rapid introduction of new and more
efficient technologies (Forster et al., 2007). The emphasis of scenario Al, is on convergence
between regions, capacity building, and increased cultural and social interactions, with a
substantial reduction in the regional differences in per capita income (Forster et al., 2007). B1
describes a scenario with a convergent world with the same population trend as Al, but with
rapid changes in economic structures toward a service and information economy, with
reductions in material intensity, and the introduction of clean and resource-efficient
technologies (Forster et al., 2007). The emphasis of scenario B1 is on global solutions to
economic, social and environmental sustainability, including improved equity, but without
additional climate initiatives. The IPCC produced Al and B1 scenarios for SFs and HFC-32
(Forster et al., 2007 and Houghton et al., 2001). | scaled these scenarios to emissions rates
determined in the current study and then produced future emissions rates shown in Table 6.3.
Future emission estimates for other fluorinated greenhouse gases produced by scaling the
scenarios of each compound to that of SFs. The scenario of SFg was selected to represent the

most likely increase in anthropogenic source gases.

To examine the relative contribution each of these fluorinated greenhouse gases might have in
the future, Table 6.4 compares these scenarios to the Al, B1 and ‘80 %’ scenarios of future CO,

emissions based on Forster et al. (2007). The ‘80 %’ scenario is based on Montzka et al. (2011),
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with a proposed cut of 80 % in 2007 emissions levels by 2050 and a linear phase out between
2009 and 2050. This is used because an 80 % reduction in anthropogenic emissions of CO, is

required just to stabilize its direct radiative forcing (Solomon et al., 2011).
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Table 6.3: Future predicted emissions of the fluorinated greenhouse gases observed in this study in million metric tonnes of CO, equivalents per year

Compound SF¢ SF:CF; n-C4Fyo n-CsFy, n-CgF14 n-C;F6 HFC-32

Scenario CcT Al Bl CT | A1 | B1 | CT |Al1 | B1 | CT | A1 | Bl1|CT | Al |Bl1]|]CT | Al | B1 CcT Al | Bl
2007 129 129 129 102 (02|02]05|05(05]12|12]12]30]30(301]22]22] 22 4.5 45 | 4.5
2020 201 140 131 |02 |(03|02)]|]06 |06 |06]16|13|12]|40 |33 (3135|2423 6.5 9 9
2030 283 196 166 |02 | 04|03)]07 08 (07]19|19|16]|50|46 3950|3429 16.9 16 12
2050 561 352 194 |03 |06 | 04|08 |15(08]28|33|18]|78 |83 |45]199|6.1]| 34| 1135 | 27 17

CT - Current trend, A1 — Al scenario from IPCC (Forster et al., 2007 and Houghton et al., 2001), B1 — B1 scenario from IPCC (Forster et al., 2007 and Houghton et
al., 2001), units - MMTCO,

Table 6.4: Comparison between the total fluorinated greenhouse gases observed in this study and CO, emissions

Compound Total - Fluorinated Total CO, emissions* % of CO, Al % of CO, B1 % of CO, ‘80 %’
GHGs from Table 3 (MMT) emissions scenario emissions scenario emissions scenario
(MMTCO,)

Scenario CcT Al Bl Al Bl 80 % CcT Al Bl CcT Al Bl CcT Al Bl
2007 141 141 141 12000 | 12000 | 12000 | 1.2% | 1.2% | 1.2% | 1.2% | 1.2% | 1.2% | 1.2% 12% | 1.2%
2020 218 157 148 12800 | 12600 | 9100 | 1.7% | 1.2% | 1.2% | 1.7% | 1.2% | 1.2% | 2.4% 1.7% | 1.6%
2030 313 223 187 14300 | 13500 | 6900 | 2.2% | 1.6% | 1.3% | 2.3% | 1.7% | 1.4% | 4.6% 33% | 2.7%
2050 696 399 222 16200 | 14500 | 2400 | 4.3% | 2.5% | 1.4% | 4.8% | 2.8% | 1.5% | 29.0% | 16.6% | 9.2%

* Forster et al. (2007)



Tables 6.3 and 6.4 show that all of the scenarios of the fluorinated greenhouse gases
measured in this study indicate an increase relative to total CO, emissions by 2050. Also, if
there is a reduction in total CO, emissions as in the 80 %’ scenario then the relative emissions
of the compounds observed in this study will increase dramatically. These results indicate that
even though the fluorinated greenhouse gases currently have small atmospheric mixing ratios
they do have strong Global Warming Potentials (hundreds to several thousand times higher
than carbon dioxide). Apart from HFC-32, these fluorinated greenhouse gases have long
atmospheric lifetimes of several hundred to thousands of years. This means that they could
represent an essentially irreversible change to the composition of the Earth’s atmosphere and
to the radiative forcing of the climate in the future. These results also indicate that it is highly

desirable to maximise any reduction in the emissions of these compounds in the future.

6.3 Recommendations

During this study, | have made a number of recommendations and suggest further studies that
| would like to put into practice in the future. The first recommendation | would make on this
project is that currently, CH,CICH,Cl, C,HsCl and HFC-32 are on a reference calibration scale,
with CH,BrCH,Br and C,H;Br being on older ‘UEA scales’. Therefore, these results need to be
verified in the future with the rigorous calibration techniques as described in Chapter 2. There
are also some calibration differences between this study and other previous VSL halocarbons
studies. This is likely due to the lack of inter-calibration measurements of the VSL halocarbons
between individually published datasets. The absence of a common calibration scale makes it
difficult to distinguish true environmental variations from artefacts arising from differences
between calibration methodologies. Therefore, global flux estimates would be improved if a

database of collated global halocarbon observations was produced.

Future monitoring is very important for all the species observed in this study. These
compounds are potent ozone depleting substances or greenhouse gases, and all have a
significant impact on the chemical composition of the atmosphere. Subsequently, it will be
very important to monitor the changing atmospheric mixing ratios of these compounds to
support any future mitigation options should these be needed to control anthropogenic
emissions. There is evidence that CH,Cl,, CH,CICH,Cl (Chapter 3) and HFC-32 (Chapter 5)
currently have rapidly increasing emissions and growth rates and thus require monitoring to

confirm these findings.

245



It is also important to validate all firn air derived atmospheric time series. The best way of
doing this is by taking new firn air measurements from Arctic and Antarctic firn sampling sites
and then using these measurements along with the multi-site modelling method to produce
new time series. These could be compared against results from the current study for
consistency. This is especially true for the southern hemispheric firn air derived times series for
which the last measurement was in 1999. A new Antarctic firn sampling project would be able
to validate the current time series and bring it up-to-date by at least 13 years a period of time
over which much change is likely to have occurred. This Antarctic firn could also be used to
produce southern hemispheric time series for CH,CICH,Cl, C,HsCl, CHCICCI,, C,HsBr, CH,BrCl,

CHBrCl, and CHBr,Cl which | was not able to produce in this study.

| would also recommend in future investigations, the use of either a 2-D or 3-D atmospheric
chemistry-transport model to improve emissions and EESC estimates of the compounds. These
models will improve the emissions estimates by removing a number of the assumptions made
in the current study such as the instantaneous mixing in the atmosphere and the
homogeneous OH field. These models will also refine EESC by improving estimate of source gas
injection into the stratosphere. It would also significantly improve EESC estimates if the
product gas injection from the VSL compounds were modelled using an atmospheric chemistry

model.

| would recommend that in the future there are more stratospheric measurements of
halogenated trace gases. These will help to reduce the uncertainties in the abundance of
halogen-containing ODSs reaching the stratosphere, and the resulting ozone depletion. These
measurements will also help with the understanding of the climate feedbacks that occur
between the emissions and transport of ODSs, particularly in the tropics where short-lived

ODSs can enter the stratosphere in powerful deep convective systems.

In the current study there have been several gross disagreements between top-down and
bottom-up emissions estimates. Therefore, | recommend that there needs to be
improvements in the emissions inventon’s, by the increasing the countries that report
emissions. As well as improving the identification and emission rates of sources. This is

especially true for the compound like CH,Cl, that are current increasing in the atmosphere.
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