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Abstract

Identification and monitoring of halocarbons in the atmosphere remains important for the purposes
of regulation and prediction of stratospheric ozone depletion. Measurements of these and other
compounds have created a demand for techniques that improve the number of atmospheric
compounds analysable. A prototype time-of-flight gas chromatography-mass spectrometer (GC-
MS) was characterised for atmospheric measurements. Instrument performance was found to be
at the lower end of expectations. A comparison to a quadrupole GC-MS indicated that the TOF
GC-MS would be suitable for measurements in polluted environments.

As part of this comparison, a number of halocarbons were analysed in London, U.K. as
part of the ClearfLLo campaign. HCFCs were found at higher concentration than their Northern
Hemispheric (NH) baseline values. Furthermore, HFC-134a and HFC-227ea were almost double
their NH baseline. CH,Cl,, C,Cl, and C,HCl; were encountered at high concentrations and
sources of very short-lived bromomethanes (VSLB) were identified close to London.

As part of the CARIBIC project, five VSLB were measured in the mid-latitude upper tropo-
sphere/lower stratosphere and tropical troposphere. Higher mixing ratios were encountered over
Southeast Asia, likely due to a locally longer CH,Br, lifetime. Total bromine derived from these
five VSLB is at the lower end of the quantity required to balance the stratospheric bromine budget.

During the SAMBBA project, biomass burning and natural sources of COS, methyl halides
and other halocarbons were assessed over Brazil. Methyl halide emissions from rainforest and
savannah fires were quantified. The Cerrado savannah was found to be a strong source of COS.
Regional biomass burning emission estimates indicate that this is an important region for emissions
of these compounds. Terrestrial, natural sources of CH;Cl, CH;Br and CHCl; were confirmed
over the Amazon rainforest. Emissions from a localised source of CHCl; were identified and

wetlands or agricultural soil disturbance were hypothesised as a likely cause.

vii
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Chapter

Introduction

In recent years there has been increased interest in chemical perturbations of the atmosphere.
Key environmental concerns highlighted in the past few decades include urban air pollution, acid
rain, the ozone hole and man-made climate change. These issues have become areas of public as
well as scientific concern due to their deleterious effects on human health and the environment.
Increasingly, governments and the public have accepted that current changes to the atmosphere
are not sustainable. One key issue that highlights the significance of human perturbations to the
atmosphere, and the near-global response possible, is the destruction of the ozone layer. The
discovery of the Antarctic ozone hole and subsequent identification of the gases responsible, e.g.
CFCs, led to a large-scale response systematised by the Montreal Protocol and its subsequent
amendments. The Montreal Protocol has generally been deemed, at least in the public eye, to be
one of the greatest successes in environmental recovery of recent decades. However, continued
vigilance is required by the scientific community and policy-makers in order to maintain the
effectiveness of current legislature, identify non-adherents, prevent relapse and recognise emergent
threats.

This work is mainly concerned with atmospheric trace gases which deplete stratospheric
ozone. A small number of anthropogenic greenhouse gases which contribute to global warming
are also covered. This chapter will introduce some of the basic concepts of atmospheric structure
and circulation, and outline the chemistry of stratospheric ozone depletion. There follows an

introduction to the main compounds considered in subsequent chapters.

1.1 Atmospheric structure

The atmosphere can be divided vertically into four major regions: the troposphere, stratosphere,
mesosphere and thermosphere, Figure 1.1. The troposphere extends from the surface to approxi-
mately 8—18 km altitude dependent on the location and season. The stratosphere extends from
the top of the troposphere to 45-55 km. The transition between the troposphere and stratosphere
is termed the tropopause; the equivalent at the top of the stratosphere, at the transition into the
mesosphere, is termed the stratopause. This work is only concerned with tropospheric chemistry
and its effects on the stratosphere.

These regions, and the boundaries between them, are mainly defined by temperature. In the

troposphere, the main heat source is radiation from the Earth’s surface, leading to an average



2 Introduction

THERMOSPHERE | 000!
| ooz

i—-D.GCE
I
|

00l
—oe

0.05
L
0.2

MESOSPHERE

£ £
o
=
& so- _I &
= ———STRATORAUSE Z
L 2 o
40 | u
| s =
STRATOSPHERE | o
30 | I
| | ‘ 20
| |
a0l | | | 50
| 100
jof-————TROPOPAUSE— i ~200
TROPOSPHERE| —500
o1 - | ——1000
&0 1|80 200 220 240 260 BBO 300

TEMPERATURE (K}

Figure 1.1: Example of the vertical temperature profile in the atmosphere. Courtesy of Wallace & Hobbs
(1977).

decrease in temperature with height (termed the lapse rate) of ~6.5 Kkm~! (Wayne, 1996). This
gives rise to instability in the troposphere, driven by convective processes and leads to a high
degree of vertical transport. Hot, moist air rising in the troposphere is dried by the condensation
of moisture as the temperature drops with altitude. The subsequent release of latent heat by
condensation increases the convective instability and further drives the up-welling of air. At the
tropopause there is a temperature inversion, termed the tropopause, created by the the formation
and destruction of ozone in the stratosphere (see Section 1.3).

In contrast to the troposphere, the stratosphere is characterised by slow vertical transport due
to the temperature inversion which inhibits convective transport. The exception is for warm air
saturated with water, as is frequently encountered in the tropics, which may release enough latent
heat energy to drive air through the tropopause.

1.2 Atmospheric circulation

The general circulation of the atmosphere is driven by the temperature differential between the
warm tropical regions and the cold polar regions. As the atmosphere attempts to equilibrate the
temperature difference, warm air is transported from the equator to the poles. The conservation of
angular momentum in the atmosphere, the Coriolis force, drives the poleward circulation to form
into three circulation cells termed Hadley cells. For the purposes of this work, the most significant
region of circulation is where warm air is transported across the surface from the subtropics and
uplifted at the tropics; a region called the Intertropical Convergence Zone (ITCZ).

The ITCZ is a narrow region close to the equator characterised by strong vertical transport in
the troposphere and is the main region for transport of trace gases into the stratosphere. The ITCZ
has a seasonal, latitudinal oscillation generally moving northwards during Northern Hemispheric
summer and southwards during Southern Hemispheric summer. However, the position of the

ITCZ is also determined by the location of land masses and ocean circulation.
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1.2.1 Stratospheric transport at the ITCZ

At the ITCZ, air is uplifted towards the tropopause by ascent in convective clouds towards a region
termed the tropical tropopause layer (TTL). This layer is defined as the region above the level of
maximum convective outflow (~12 km altitude) and below the cold point tropopause (~17 km).
The TTL acts as a source region for the stratospheric overworld and the extra-tropical lowermost
stratosphere. Net transport into the stratospheric overworld is dominated by large-scale ascent
in the Brewer-Dobson circulation, the slow circulation of stratospheric air from the equator to
the poles. The strength of this circulation is determined by large-scale dynamical processes.
Stratospheric transport from the tropics to the poles occurs most strongly in the upper stratosphere
with large-scale descent occurring at high latitudes. In the lowermost stratosphere at mid-latitudes,
there is greater mixing and transport across the tropopause. Substances entering the stratosphere
from the mid-latitudes are not likely to be transported into the upper stratosphere and have an

impact on stratospheric ozone over the poles where ozone depletion is most significant.

1.3 Stratospheric ozone

The chemistry of the stratosphere is dominated by the reactions of ozone (O5). The catalytic
processes of ozone production and loss are the main source of heat in the stratosphere and are
responsible for the temperature inversion at the troposphere/stratosphere boundary, the tropopause.
Additionally, the ozone layer absorbs most of the UVB (280-315 nm) portion of the spectrum.
This shields the troposphere and surface from intense short-wave UVB radiation, preventing
damage to biological organisms.

The chemistry of atmospheric ozone involves a number of chemical cycles. The production
and loss of ozone in the ‘unperturbed’ stratosphere was first described by Chapman (1930). Ozone
is produced by the photolytic breakdown of oxygen (O,) (Equation 1.1) and the recombination
of atomic oxygen, O with O, (Equation 1.2), where M is a third body required to carry off the
excess energy of formation of Os. In the atmosphere M is largely O, or N,. The overall reaction

produces two ozone molecules for every three oxygen (Equation 1.3).

0,+hv —+0+0 (1.1)
0+0, 250, (1.2)
30, —> 20, (1.3)

Ozone is lost by photolysis (Equation 1.4) and by reaction with O (Equation 1.5) to give the

overall reaction of three O, produced for every two ozone lost (Equation 1.6).
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0,+hv 25 0+0, (1.4)
0+0, —20, (1.5)
20, — 30, (1.6)

The oxygen-only stratospheric cycle proposed by Chapman over-predicts ozone in the strato-
sphere. This is due to the presence of a series of ozone destroying catalytic cycles. The most
basic of these can be generalised as in Equations 1.7, 1.8 and 1.9. The most important species
suggested for the catalytic X in the natural atmosphere are H, OH, NO, CI, Br and, to a lesser
extent, I. Stratospheric NO,, i.e. NO and NO,, is present in the stratosphere due to the breakdown
of the long-lived gas nitrous oxide (N,0). HO, (H, OH and HO,) is mostly created from the
reaction of H,O and CH, with energetically excited oxygen, O('D). Stratospheric Cl, Br and I

are produced from natural and anthropogenic, halocarbon trace gases.

X 40, — X040, (1.7)
X0+0 — X+0, (1.8)
0,+0 — 20, (1.9)

This work is mainly concerned with halogenated species with respect to ozone depletion.
Therefore, only the ozone depletion chemistry of chlorine and bromine will be considered further.
Iodine-ozone chemistry is not discussed further as stratospheric ozone depletion by iodine is
poorly understood with few measurements of active iodine species in the stratosphere (e.g. 10). It
is assumed that, although the ozone depleting efficiency is theoretically high, little iodine crosses

into the stratosphere as iodinated species readily photolyse at high wavelengths.

1.3.1 Chlorine and ozone

The catalytic destruction of ozone by chlorine was proposed by Molina & Rowland (1974),
prompted by the escalating use of halogenated compounds in applications such as refrigeration.
The ozone destruction cycle involving chlorine is shown in Equations 1.10 and 1.11. The chlorine
species involved are generally referred to as C10, where x =0, 1, or 2. The net ozone destruction

is shown in Equation 1.12.

Cl4+0; — CIO+0, (1.10)
ClI0O+0 — Cl1+0, (1.11)

0;,+0—20, (1.12)
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Stratospheric ClO, is derived from natural and anthropogenic species. For instance, the most
abundant natural precursor for CIO, is methyl chloride (CH;Cl). The tropospheric lifetime of
CH;Cl is ~1 yr (Montzka & Reimann, 2011) allowing some CH;Cl to be transported across the
tropopause. Once in the stratosphere, CH;Cl is mainly removed by reaction with hydroxyl radical
(OH), with photolysis becoming more significant at higher altitudes.

The catalytic cycle shown in Equations 1.10-1.12 can be terminated by reaction with NOX,
HOx or ClOx species to form ‘reservoir’ compounds. These species can act as temporary holding
cycles, when not efficiently removed from the atmosphere, or as sinks for CIOx when removed
from the stratosphere. For instance, the formation of chlorine nitrate (CIONO,) forms a temporary
reservoir for C1O as does hypochlorous acid (Equations 1.13 and 1.14) and can lead to a non-linear

response of ozone to chlorine perturbations (Holloway & Wayne, 2010).

CIO+HO, — HOCI 40, (1.13)
Cl0+NO, % CIONO, (1.14)

For ClOx, the main reservoir species is hydrochloric acid (HCI) which can be removed from
the stratosphere by slow transport to the troposphere where it is subsequently dissolved by water
and ‘rained out’. The production of HCI and regeneration of Cl are shown in Equations 1.15 and
1.16 with the net process shown in Equation 1.17. Approximately, 70 % of stratospheric CIOx is
thought to be present as HCl, though this is dependent on heterogeneous processes (Holloway &
Wayne, 2010).

Cl+CH, — CH, +HCI (1.15)
OH +HCl — H,0+Cl (1.16)
CH, +OH — CH, +H,0 (1.17)

1.3.2 Bromine and ozone

Bromine is, on average and on a per-atom basis, ~60 times more efficient at destroying ozone
than chlorine (Sinnhuber et al., 2009). Three factors contribute to the ozone destruction efficiency

of bromine:

1. Brominated compounds are photolysed at longer wavelengths than chlorinated analogues

giving rise to a higher proportion of free bromine.
2. Bromine reservoir species are formed inefficiently and are readily photolysed.

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

bromine for further ozone destruction.
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The coupling between BrO and ClO can proceed via three branches, two of which (Equa-
tion 1.18 and 1.19) directly produce Br and Cl atoms that can enter a catalytic cycle with ozone as
in Equations 1.21-1.23. The other branch (Equation 1.20) generates BrCl which can be further
photolysed to Br and CI.

BrO+ CIO — Br+Cl+0, (1.18)
BrO + CIO — Br+OCIO (1.19)
BrO + ClIO — BrCl + O, (1.20)
BrO +CIO — Br+Cl+0, (1.21)
Br+0, — BrO+0, (1.22)
Cl+0;, — CI0+0, (1.23)
20, — 30, (1.24)

1.3.3 Heterogeneous chemistry

The reactions described thus far in Section 1.3 are all gas phase reactions. However, heterogeneous
reactions on stratospheric particles, e.g. ice, soot, nitric acid hydrate and sulfuric acid, are all
significant for stratospheric chemistry. These heterogeneous processes are particularly important
for the re-partitioning of reservoir species. For instance, the hydrolysis of CIONO,, formed by
the route given in Equation 1.14, occurs on stratospheric particles as in Equation 1.25. Reactive
chlorine can also be liberated by the reaction of CIONO, and HCI followed by photolysis to CI as
in Equations 1.26 and 1.27. Numerous other reactions occur on stratospheric particle surfaces

involving the interconversion of reservoir species.

CIONO, + H,0 — HOCI 4+ HNO, (1.25)
CIONO, + HCl — Cl, + HNO, (1.26)
cl, s 20 (1.27)

Heterogeneous stratospheric chemistry is important in the polar stratosphere. This is especially
the case with regard to the Antarctic ozone hole. First discovered in 1985 by Farman et al. (1985),
the Antarctic ozone hole forms as total column ozone dramatically reduces in Austral spring.
A number of factors influence the chemistry of polar ozone depletion most of which are beyond the
scope of this work. However, key among them is the formation of polar stratospheric clouds (PSCs).
Low stratospheric water-vapour pressure and low polar temperatures lead to the formation of
cloud droplets composed of hydrates of sulfuric acid (H,SO,) and nitric acid (HNO;). PSCs form

below a critical temperature of —78 °C, a temperature achieved for on average 1-2 months over
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the Arctic and 5—-6 months over the Antarctic (Holloway & Wayne, 2010). Once photochemistry
is triggered by sunlight in spring, the ‘normal’ chemistry of ozone formation and destruction
is perturbed by heterogeneous reactions on the PSC particles, leading to activation of reservoir
species, and runaway ozone depletion.

The formation of PSCs is partially determined by stratospheric aerosol loading. Therefore,
the quantities of potentially aerosol-forming gases transported into the stratosphere are of interest
to the study of ozone depletion. Sulfur in the atmosphere can be converted into SO,, SO; and
H,S0O, and, hence, acts as a precursor to aerosol formation. Of the sulfur-containing gases in
the atmosphere, carbonyl sulfide (COS) and carbon disulfide (CS,) are thought to be the main
precursors to atmospheric sulfate aerosols. Due to its lifetime of 2—8 years (Table 1.1), COS is
thought to be the dominant source of sulfur to the stratospheric aerosol layer along with transport
of sulfur dioxide (SO,) to the stratosphere (Montzka & Reimann, 2011) . CS, is oxidised in the

troposphere to COS and acts as an indirect source.

1.3.4 Ozone depletion potentials (ODPs)

In order to assess the relative impact of halogenated gases on stratospheric ozone chemistry,
a standardised method of comparing the ability of halocarbons to deplete ozone has been developed.
The ozone depletion potential (ODP) is a calculated quantity used to quantify the potential of
a gas released at the Earth’s surface to destroy stratospheric ozone. The ODP of a gas is given
relative to a similar mass of CFC-11 (CCL3F). Therefore, CFC-11 is defined as having an ODP of
1.0. ODPs of compounds discussed in this work are presented in Table 1.1.

1.4 A note on atmospheric concentrations

The compounds discussed in this work are termed trace gases; defined as gases that represent
less than 1 % of the Earth’s atmospheric composition. However, the trace gases in this work
each generally make up less than 0.0000001 % of the atmosphere. One method of expressing
the amount of a substance in the atmosphere is the number of molecules of that substance
per cubic centimetre of air (units of cm™>), called the number density. This is well suited to
calculations, especially for very low abundance compounds such as radicals. However, this
method of expressing atmospheric concentrations does not give a sense of the significance of
gases in terms of their contribution to atmospheric composition. An alternative is to express the
quantity of a compound as a proportion of the atmosphere in a manner analogous to a percentage
contribution. To this end, the molar mixing ratio is more commonly used. The molar mixing
ratio is the number of moles of a substance per mole of air. Common molar mixing ratios, for
trace gases, are mol mol~!, nmol mol~'and pmol mol~!. In order to aid readability, these are
often abbreviated to ppm (parts-per-million), ppb (parts-per-billion) and ppt (parts-per-trillion)
respectively. These abbreviations are used throughout this work.
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Table 1.1: Global mean mixing ratios (MR), atmospheric lifetimes, ozone depletion potentials (ODP) and
100-year time horizon global warming potentials (GWPjq) for compounds discussed in this work. Due to
their short lifetimes and high spatial and temporal variability, short-lived compounds cannot be assigned
a single ODP or GWP. Lifetimes for long-lived compounds are global lifetimes. Those for the short-lived
compounds are local lifetimes and do not represent global lifetimes. Mixing ratios are global mean values
for 2012 from AGAGE measurements (Prinn et al., 2000) unless otherwise stated. ODPs and lifetimes have
been taken from Montzka & Reimann (2011) except where indicated.

Compound Formula MR [ppt] Lifetime [yrs] ODP GWPg
Long-lived
CFCs
CFC-12 CCLF, 527.7 100 0.82 10900
CFC-11 CCI,F 235.6 45 1.0 4750
CFC-112 C,Cl,F, 0.44 ! 511 ~0.88 -
CFC-113 C,CL,F, 74.0 85 0.85 6130
CFC-113a CCl,CF, 0.48'! 511 0.68 -
CFC-115 C,CIF; 8.4 1020 0.57 7230
HCFCs
HCFC-133a C,H,CIF, 037! 4.3 0.02! -
HCFC-141b CH,;CCLF 22.5 9.2 0.12 717
HCFC-142b CH,CIF, 21.9 17.2 0.06 2220
HCFC-22 CHCIF, 219.2 11.9 0.04 1790
HFCs
HFC-134a C,H,F, 67.7 9.7 0 1370
HFC-152a CH,CHF, 6.8 1.5 0 133
HFC-227ea CF,CHCF;  0.74 44.5 0 3580
Halons
H-1202 CBr,F, 0.027 2 2.9 1.7 -
H-1211 CBrCIF, 4.0 16 7.9 1890
H-1301 CBryF 3.3 65 15.9 7140
H-2402 C,Br,F, 0.472 20 13.0 1640
PFCs
PFC-218 C,F 0.57 2600 3 0 8830
PFC-C318 ¢-C,Fy 124 3200 0 10300
n-perfluorobutane n-C,Fy, 0.1713 2600 0 8850
n-perfluoroheptane n-C;F ¢ 0.105° ~3000 0 -
Other
Carbon tetrachloride CCl, 84.2 26 0.82 1400
Methyl bromide CH;Br 7.1 0.8 0.66 5
Methyl chloride CH,Cl 538.2 1.0 0.02 13
Methyl chloroform CH;CCl,4 52 5.0 0.16 146

Continued on next page . ..
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Table 1.1: Continued from previous page.

Compound Formula MR [ppt] Lifetime [yrs] ODP GWPno

Sulfur hexafluoride SF¢ 7.6 3200 0 22800

Trifluoromethyl sulfur SF5CF5 0.156 650-950 0 17800

pentafluoride

Carbonyl sulfide CoS 4912 2-8 - -
Short-lived

Chlorocarbons

Chloroform CHCl, 7.5 149 days - -

Dichloromethane (DCM) CH,CI, 26.0 144 days - -

Perchloroethene (PCE) C,Cly 1.2 90 days - -

Trichloroethene (TCE) C,HCl, 0.099 4.9 days - -

Bromocarbons

Bromochloromethane CH,BrClI 0.09 137 days - -

Bromodichloromethane =~ CHBrCl, 0.11 78 days - -

Bromoform CHBr; 0.50 24 days - -

Dibromochlormethane CHBr,Cl 0.11 59 days - -

Dibromomethane CH,Br, 0.86 123 days - -

Iodocarbons

Methyl iodide CH;l 0.13 7 days - -

! L aube et al. (2014), mixing ratios from late 2012. 2 Montzka & Reimann (2011), mixing ratios from 2008.
3 Metz et al. (2005). 4 Oram et al. (2012), Southern Hemispheric mixing ratios from 2010. 5 Laube et al. (2012),

Southern Hemispheric mixing ratios from 2010. © Sturges et al. (2012).

1.5 Ozone depleting substances (ODSs)

1.5.1 Chlorocarbons

Anthropogenic chlorinated ozone depleting substances (ODSs), i.e. those entirely or partially
emitted by human activity, make up approximately 83.4 % of chlorine derived from source
gases entering the stratosphere. Approximately 61.2 % of this total chlorine is derived from the
three major chlorofluorocarbons (CFCs); CFC-12, CFC-11 and CFC-113. The CFC-substitutes,
hydrochlorofluorocarbons (HCFCs) account for 7.5 % of the total. The historically most important
non-fluorinated chlorocarbons, carbon tetrachloride (CCl,) and methyl chloroform (CH;CCly)
account for 11.8 % leaving the remaining 19.5 % to minor ODSs and naturally sourced methyl
chloride (CH;CI) (Montzka & Reimann, 2011).

1.5.1.1 Chlorofluorocarbons (CFCs)

CFC-12, CFC-11 and CFC-113 are the most abundant CFCs in the atmosphere and represent
~ 61.2 % of the source gas chlorine entering the stratosphere. CFC-11 and CFC-12 each have
ODPs close to 1 (see Table 1.1) and are the most abundant ODSs in the atmosphere with mixing
ratios of ~528 and ~236 ppt respectively in 2012. Their long lifetimes (100 years for CFC-12
and 45 years for CFC-11) have limited their decline in the atmosphere.
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Due to the Montreal Protocol, production and consumption of these CFCs in developed
countries ended in 1996 and in developing countries in 2010. Consequently, CFC-11 and CFC-
113 abundances have peaked in the atmosphere and have been declining for more than a decade.
CFC-12, owing to its longer lifetime, has only shown a decrease in the past few years. Continuing
emissions from CFC-12 banks, e.g. refrigeration and air conditioning equipment, have also
contributed to this slow decline. These three compounds are expected to continue to decline
throughout this century.

A number of other lower abundance CFCs have been identified in the atmosphere. CFC-114
and CFC-115 are the next most abundant CFCs at ~16 and 8 ppt respectively, as measured
in 2008 (Montzka & Reimann, 2011). These are both decreasing in the atmosphere but with
lifetimes of 190 and 1020 years respectively, they are decreasing slowly. Other minor CFCs,
such as CFC-113a, CFC-112 and CFC-112a have recently been identified. These CFCs have low
atmospheric mixing ratios and both CFC-112 and its isomer CFC-112a are decreasing in line with
other CFCs controlled by the Montreal Protocol (Laube et al., 2014). Interestingly, and perhaps
worryingly, CFC-113a is increasing in the atmosphere though its current global mixing ratio is

low at ~0.45 ppt.

1.5.1.2 Hydrochlorofluorocarbons (HCFCs)

HCEFCs are short-term substitute gases for ODSs with higher ODPs, e.g. the CFCs. They are used
in refrigeration, insulating foam manufacture and as solvents i.e. applications for which CFCs
were primarily used. HCFCs contain hydrogen in addition to chlorine fluorine and carbon. The
hydrogen moiety makes HCFCs more vulnerable to hydrogen abstraction reactions by OH radicals.
Their tropospheric reactivity makes HCFCs 88-98 % less effective than CFC-12 in depleting
stratospheric ozone (Montzka & Reimann, 2011). The provisions of the Montreal Protocol require
the complete phaseout of HCFCs in all countries by 2030.

By far the most abundant HCFC, at approximately 10 times the atmospheric concentration
of the next most abundant, is HCFC-22. Global mean mixing ratios of HCFC-22 were 219.2 ppt
in 2012 with a growth rate, in 2007-2008, of 8.6 pptyr—!. The next most abundant are HCFC-
141b and HCFC-142b with global mean mixing ratios of 22.5, and 21.9 ppt respectively in 2012.
A number of minor HCFCs are present in the atmosphere including HCFC-133a discussed in
Section 3.6.3.2. The HCFCs are all growing in the atmosphere in line with their expected increased
usage in response to the phase out of CFCs. It is expected that future atmospheric concentrations
will decrease as HCFCs are phased out by the Montreal Protocol and are increasingly replaced by

HFCs and other proposed replacement compounds such as hydrofluoro-oelfins (HFOs).

1.5.1.3 Methyl chloride

Methyl chloride, CH;Cl, is the most abundant organic chlorocarbon in the atmosphere, at 538 ppt
in 2012, and contributes ~16 % to chlorine derived from long-lived gases in the troposphere
(Montzka & Reimann, 2011). As CH;Cl effectively forms the baseline of tropospheric and
stratospheric chlorocarbon emissions, understanding the sources and their relative strengths is
important for an accurate understanding of the effects of anthropogenic emissions.

The main sources of CH;Cl to the atmosphere are tropical vegetation (e.g. Gebhardt et al.,
2008; Saito et al., 2008; Yokouchi et al., 2002, 2007), biomass burning (e.g. Lobert et al., 1999;
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Akagi et al., 2011, and references therein), oceans (Hu et al., 2013) and salt marshes (Rhew et al.,
2000). Minor contributions come from industrial sources such as waste incineration and fossil
fuel burning (e.g. Keene et al., 1999), mangroves (Manley et al., 2007; Yokouchi et al., 2007),
fungi (Moore et al., 2005; Mead et al., 2008a) and senescent or dead plant material (Hamilton
et al., 2003). A summary of major sources and sinks is provided in Table 1.2. Xiao et al. (2010)
suggest, using a 3-D global chemistry transport model, that ~55 % of global emissions can be
accounted for by terrestrial sources. Umezawa et al. (2014) indicate that strong tropical sources
and outflow of tropical air are the main controllers of the global-scale distribution of CH;Cl in the
atmosphere. CH;Cl concentrations are relatively stable in the atmosphere due to natural sources
forming the majority of emissions. Due to the dominance of natural emissions, factors such as
climate change and human land usage may well become significant.

Methyl chloride is becoming increasingly important, in relative terms, as a supplier of chlorine
to the stratosphere as the atmospheric abundances of anthropogenic chlorocarbons such as CFCs
decrease in the atmosphere. Additionally, significant uncertainties exist in the budget with sinks
outweighing sources, as can be seen in Table 1.2. Consequently, there has been recent interest
in increasing the accuracy of CH;Cl source estimates and in identifying new sources. Biomass
burning as a source of CH;Cl has been recognised for some time. However, measurements of
fire emissions in the field can be difficult, and while laboratory studies have been undertaken to
simulate fires from different fuel-types and ecosystems, these are not always truly representative of
fires in the field. This can be due to a combination of factors such as the burning properties of the
fire and the physical transport of smoke into the free troposphere. For instance, fuel undergoing
flaming combustion produces more heat (Akagi et al., 2011) and aids transport of smoke into the
free troposphere whereas lower temperature smoldering combustion is less efficient for vertical
transport of smoke. CH;Cl is mainly produced in smoldering combustion as are most reduced
species such as non-methyl hydrocarbons (Akagi et al., 2011). The height at which a gas in a fire
plume is injected into the free troposphere, the ‘injection height’, is key to accurate modelling of
these emissions (Akagi et al., 2011). Furthermore, geopolitical factors have complicated accurate
measurements in some countries and/or ecosystems. Fire and background emissions of CH;Cl

from Brazil are discussed in Chapter 5.

1.5.1.4 Other long-lived chlorocarbons

The historically most significant non-fluorinated anthropogenic halocarbon compounds are carbon
tetrachloride (CCl,) and methyl chloroform (CH;CCl;). CCl, was present in the atmosphere at
84.2 ppt in 2012. The major use of CCl, was as a feedstock for CFCs and was phased out by
the Montreal Protocol in 2010. As a result atmospheric abundances have been in decline for
more than two decades. However, CCl, is declining less rapidly than expected. This suggests
that emissions are larger than reported or that the lifetime of CCl, is not accurately understood.
CH;CCl; is mainly used as a solvent and has shown the largest reduction in abundance of the
ODSs; approximately a factor of 10 decrease since the early 1990s (Montzka & Reimann, 2011).
This exponential decrease is a consequence of the relatively short lifetime of CH;CCl; (~5 years).
CH;CCl; has been phased out in developed countries since 1996 and is scheduled to be phased
out in developing countries in January 2015.
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Table 1.2: Estimated sources and sinks for methyl chloride (CH;Cl) based on Clerbaux & Cunnold (2007)
and references therein.

Sources Range Sinks Range
Tropical and subtropical plants 820-8200 OH reaction 3800-4100
Tropical senescent or dead leaves 30-2500 Loss to stratosphere 100-300
Biomass burning 325-1125 Cl reaction 180-550
Oceans 380-500 Soils 100-1600
Salt marshes 65440 Loss to polar oceans 93-145
Fungi 43-470

Wetlands 43

Rice paddies 2.4-49

Fossil fuel burning 5-205

Waste incineration 15-205

Industrial processes 10

Total 1743-1357 Total 4273-6695

All values are given in units of Ggyr~!

1.5.1.5 Very short-lived chlorocarbons

Short-lived compounds are defined by Law & Sturges (2007) as “...substances that have at-
mospheric lifetimes comparable to, or less than, average tropospheric transport time scales of
about 6 months.”. A number of short-lived chlorocarbons have been identified in the back-
ground atmosphere. Principal among these are dichloromethane (CH,Cl,), chloroform (CHCly),
chloroethane (C,HsCl), 1,2-dichloroethane (CH,Cl—-CH,Cl), trichloroethene (TCE, C,HCl;)
and perchloroethene (PCE, C,Cl,). All of these compounds have anthropogenic sources. Other
short-lived chlorocarbons include the mixed bromochloromethanes. These are discussed in
Section 1.5.2.3 in the context of short-lived bromocarbons.

CH,Cl, is mainly used as a paint remover and also as a solvent, degreaser, foam production
agent and fumigant. PCE and TCE are used in the textile industry, dry-cleaning applications and
as degreasing agents. Simmonds et al. (2006) indicate that 90 % of emissions of CH,Cl, and PCE
emanate from the Northern Hemisphere (NH) indicating that they are mainly anthropogenic in
origin. Current industrial inventories indicate that only 1 % of industrial emissions are present
in the Southern Hemisphere (SH) suggesting that other sources, such as biomass burning, might
be responsible (McCulloch et al., 1999). The contribution of biomass burning to global CH,Cl,
may have been overestimated (Montzka & Reimann, 2011) and it is unlikely that biomass burning
represents a large source of CH,Cl,. Biomass burning is thought to contribute <1 % to emissions
of PCE and TCE (Montzka & Reimann, 2011). Dichloromethane has been increasing in the
atmosphere since 2000 (Leedham Elvidge et al., 2014; Montzka & Reimann, 2011) at a rate of
1.8 pptyr—! during 2007-2008. PCE also increased in the global atmosphere during 2007-2008
at a slower rate of 0.01 pptyr~!. TCE may be increasing, however, due to its short lifetime of
4.9 days, averaged measurements do not give an accurate impression of atmospheric concentrations.
Global average mixing ratios of TCE in Table 1.1 should be treated as an approximation.

C,H;Cl is mostly used in the manufacture of ethyl cellulose, dyes and pharmaceuticals. 1,2-
dichloroethane is used in the production of polymers and rubbers, as a solvent and a fumigant.

Montzka & Reimann (2011) indicate that there might be a substantial non-industrial source.
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Table 1.3: Estimated sources and sinks of chloroform (CHCI5) based on McCulloch (2003).

Sources Range Sinks Range
Open oceans 270450 OH reaction 370-830
Soil processes 120-320 Soils n.y.q.
Volcanic and geological processes 9-15

Anaerobic fermentation 2-4

Pulp and paper manufacture 2642

Water treatment 8-34

Other industrial sources 9-13

Biomass burning * 2

Total 446-880 Total 370-830

All values are given in units of Ggyr~!

 Value from Lobert et al. (1999).

, n.y.q. = not yet quantified.

However, there are very few measurements of C,H5Cl and CH,CICH,Cl in the literature.
CHCl; is used in the production of HCFC-22 and fluoropolymers. It is also released as
a by-product of paper and pulp bleaching. Approximately 25-29 % of CHCl; emissions were
estimated to be from industrial sources according to Worton et al. (2006). Biomass burning
contributes <1 % to CHCl; emissions. The major natural sources of CHCIl; are oceans and soil
processes (McCulloch, 2003, and references therein). However, sources and sinks are poorly
characterised. Table 1.3 summarizes the knowns sources and sinks of CHCl;. Biomass burning

and natural sources of CHCI; are discussed further in Chapter 5.

1.5.2 Bromocarbons

As highlighted in Section 1.3.2, bromine is approximately 60 times more effective at destroying
ozone than chlorine. The increased efficacy of bromine, due to the catalytic coupling with
stratospheric chlorine, leads to high ODPs of up to 15.9 for H-1301. The halons represent
a completely anthropogenic source of bromine to the atmosphere. Methyl bromide (CH;Br) also
has an anthropogenic source from fumigation however, ~90 % of emissions in 2008 were natural

in origin.

1.5.2.1 Halons

Halons are the most destructive brominated ODSs. The majority of stratospheric bromine comes
from natural sources with approximately 42.4 % of bromine derived from brominated source gases
entering the stratosphere (Montzka & Reimann, 2011). H-1211 and H1301 constitute 34 % of
bromine in stratospheric source gases. Halons have mainly been used in fire extinguishers, fire
prevention systems and explosion protection applications due to their inertness. An additional
two halons, H-2402 and H-1202, are also present in the atmosphere at lower concentrations than
H-1301 and H1211. H-2402 was produced and used mainly in the Soviet Union. H-1202 is mainly
produced as a by-product of H-1211 manufacture (Newland et al., 2013). All of these compounds
have been banned under the Montreal Protocol since 2010 except for some users with critical
use exemptions. H-1211, H-2402 and H-1202 have either levelled off or are in decline. H-1301

continues to increase in the atmosphere probably due to release from existing fire extinguishers
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and stockpiled ‘halon banks’. Though halons are no longer being produced, halon stockpiles
are still providing a source to the atmosphere. A large proportion of banked halons are used in

military applications where alternatives are not readily available.

1.5.2.2 Methyl bromide

Peak atmospheric CH;Br was 9.2 ppt during 1996-1998 (Yvon-Lewis et al., 2009). Global mean
mixing ratios of CH;Br in 2012 were 7.1 ppt. This decline was due to the regulation of global
production and consumption of CH;Br as a fumigant (Montzka & Reimann, 2011). Based on
a pre-industrial SH mixing ratio of 5.8 ppt, Montzka & Reimann (2011) suggest that SH mixing
ratios have declined 50-60 % of the way back to pre-industrial levels. CH;Br accounts for
approximately 50 % of naturally-sourced organic bromine in the troposphere, the other 50 % is
comprised of very short-lived gases such as bromoform (CHBr3, see Section 1.5.2.3). In a similar
vein to methyl chloride (Section 1.5.1.3), decreasing anthropogenic bromocarbon emissions
increase the relative importance of methyl bromide, especially its potential response to factors
such as climate change.

Methyl bromide shares many similar sources and sinks to methyl chloride. Table 1.4 sum-
marises the best estimates for sources and sinks of CH;Br. There are significant uncertainties in
the atmospheric budget of CH;Br, with sinks outweighing sources by ~32 Ggyr~!. The major
natural source of CH;Br is oceanic (e.g. Yvon-Lewis et al., 2009) and biomass burning (e.g. Akagi
et al., 2011, and references therein) with minor contributions from peatlands (White et al., 2005),
rice paddies, (e.g. Lee-Taylor & Redeker, 2005) salt marshes, (Manley et al., 2006) rapeseed
(Mead et al., 2008b) and fungi (e.g. Mead et al., 2008a). A number of terrestrial sources have also
been identified but not well quantified (see Table 1.4).

As with methyl chloride, biomass burning emissions are not well quantified for all regions
and ecosystems. Biomass burning emissions of CH;Br are lower (10-40 Ggyr™!) than for CH;Cl
(302500 Ggyr—!). This is probably reflective of the lower concentrations of bromine in plant
tissues compared with chlorine. However, biomass burning remains an important source of CH;Br.

Fire and background emissions from Brazil are discussed in Chapter 5

1.5.2.3 Very short-lived bromocarbons (VSLB)

Chlorinated and brominated organic compounds have the potential to catalytically destroy ozone
in the stratosphere via processes involving the inorganic products of photochemical decompo-
sition. The influence of long-lived anthropogenic species such as chlorofluorocarbons (CFCs),
bromochlorofluorocarbons and bromofluorocarbons (halons) is well documented. However, short-
lived compounds with lifetimes of less than ~6 months, termed very short-lived substances
(VSLS), can also transport significant quantities of reactive halogens to the stratosphere. The
most significant biogenic brominated VSLS are bromoform (CHBr3), dibromomethane (CH,Br,),
dibromochloromethane (CHBr,Cl), bromodichloromethane (CHBrCl,) and bromochloromethane
(CH,BrCl). These very short-lived brominated compounds (VSLB) are emitted predominantly
from natural sources, namely, macroalgae in coastal regions and oceanic phytoplankton (e.g.
Leedham et al., 2013; Brinckmann et al., 2012; Carpenter et al., 2009; Montzka & Reimann,
2011). There are also minor contributions of trihalomethanes from drinking water chlorination

and power plant cooling water (Quack & Wallace, 2003).
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Table 1.4: Estimated sources and sinks of methyl bromide (CH;Br) based on Montzka & Reimann (2011)
and references therein.

Sources Range Sinks Range
Fumigation 11.7-17.1 Ocean 45-52
Ocean 34-49 OH & photolysis 63.6
Biomass burning 1040 Soils 28-33
Leaded gasoline <5.7

Temperate peatlands —-0.1-1.3

Rice paddies 0.1-1.7

Coastal salt marshes 0.6-14

Mangroves 1.2-1.3

Shrublands 0-1

Rapeseed 4.0-6.1

Fungus (litter decay) 0.5-5.2

Fungus (leaf-cutter ants) 0.5

Tropical trees n.y.q

Temperate woodlands n.y.qg.

Tropical ferns n.y.q.

Abiotic decomposition n.y.qg.

Total 69.2-142.9 Total 136.6-148.6

All values are given in units of Ggyr™!

, n.y.q. = not yet quantified.

Recent WMO reports (Law & Sturges, 2007; Montzka & Reimann, 2011) indicate that natural
halocarbon emissions are associated with significant stratospheric O; depletion. Bromine has
an ~60 times higher efficiency, on average and on a per atom basis, to destroy ozone than
chlorine (Sinnhuber et al., 2009). This, combined with the highly variable spatial and temporal
distribution of VSLS in the troposphere, indicates that even at low mixing ratios, brominated VSLS
species could contribute significantly to stratospheric ozone depletion. Hossaini et al. (2012a)
suggest that VSLS source gas injection into the stratosphere is likely to increase in response to
future climate change. Furthermore, as levels of anthropogenic halogenated source gases are
predicted to decrease (e.g. Montzka & Reimann, 2011), as a result of the Montreal Protocol,
biogenic halocarbons including bromomethanes will become proportionally more significant in
the future. Additionally, there is a relative paucity of measurements in the region of the upper
troposphere/lower stratosphere (UTLS); an important region when considering the transport of
compounds into the stratosphere.

Currently, the best estimate of the contribution of brominated VSLS to inorganic bromine
in the stratosphere, as inferred from measurements of inorganic decomposition products such
as BrO, is 6 (range 3-8) ppt (Montzka & Reimann, 2011) which represents ~27 % (13-36) of
total stratospheric bromine. Uncertainties in this estimate include the high degree of variability in
source emissions, limited understanding of transport pathways to the upper tropical tropopause,
differences in calibration scales between measurements, limited spatial and temporal data coverage
and uncertainties in kinetic parameters used to calculate decomposition rates.

Within the tropics, the region between the level of maximum convective outflow (345K
potential temperature, ~12km) and the cold point tropopause (380 K potential temperature,
~17km) is termed the tropical tropopause layer (TTL) (Law & Sturges, 2007). The TTL acts
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as a source region for the stratospheric overworld and the extra-tropical lowermost stratosphere.
Therefore, mixing ratios of halogenated compounds (including VSLB) in this region are crucial
for understanding stratospheric ozone depletion in the lower and upper stratosphere.

Although it is not as significant for upper stratospheric ozone depletion, the extra-tropical
UTLS is of interest as bidirectional transport influences the chemistry of the upper troposphere
(UT) and lower stratosphere (LS). This region is also of significance due to its strong influence on
surface climate, climate feedbacks and tropospheric weather regimes (e.g. Gettelman et al., 2011).
The chemical, radiative and dynamical properties of this region are coupled. Therefore, changes in
chemistry in the UTLS may have consequences for tropospheric chemistry (Anderson et al., 2012)
and climate (Riese et al., 2012). Additionally, it is possible that future climate change may impact
on VSLB transport into the UTLS through changes in oceanic emissions as ocean temperature
and acidity change and also through atmospheric processes such as increased convection and
large-scale vertical transport (Dessens et al., 2009) or sea surface temperature, wind speed and
marine boundary layer height (Hepach et al., 2014). These factors might increase the quantity of
VSLB transported to the UTLS and hence, impact on stratospheric ozone.

1.5.3 Iodocarbons

Iodine is important in the atmosphere in a number of ways. lodine is an essential dietary element
and the atmosphere provides a means of transport from the main oceanic source to the continents
(Whitehead, 1985). Iodine is also important in its influence on the oxidative capacity of the
atmosphere via reaction with ozone and changes to the OH radical (e.g. Chameides & Davis,
1980). Iodine has also been of interest in the formation of ultra-fine aerosol particles and in the
removal of atmospheric mercury (Saiz-Lopez et al., 2011). Though iodine’s role in tropospheric
ozone depletion is important, iodine containing trace gases are generally considered to have
a minimal role in the stratosphere. This is due to the rapid photolysis of iodinated compounds at
long wavelengths leading to their rapid breakdown and hence, very short atmospheric lifetimes
on the order of days. However, stratospheric iodine chemistry is poorly understood with sparse

measurements of active species.

1.5.3.1 Methyl iodide

Numerous iodocarbon species have been identified in the atmosphere including methyl iodide
(CH;]), ethyl iodide (C,HsI), 1- and 2-propyl iodide (C3H;I) and more reactive iodocarbons such
as bromoiodomethane (CH,Brl) and diiodomethane (CH,I,). Of these, CH;lI is generally the
most abundant and longest lived of the iodocarbons with a mean atmospheric lifetime of ~7 days.
Oceans represent the largest source of CH;1I with generally higher mixing ratios in coastal regions
(Saiz-Lopez et al., 2011). Bell (2002) gives a range of oceanic emissions, based on a number
of studies, of 140—1300 Ggyr~'. This value is greatly dependent on the time of year, latitude
and particular ocean where measurements were made. Terrestrial sources include rice paddies,
peatlands and wetlands (Bell, 2002). Biomass burning is not well quantified, with values reported
of 3.4 Ggyr~! (Blake et al., 1996) and < 10 Ggyr~' (Andreae et al., 1996) but represents a minor
source of CH;l. Significant anthropogenic emissions of CH;I have not been reported and are

probably negligible in comparison to the natural background.
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Table 1.5: Estimated sources and sinks of carbonyl sulfide (COS) based on Montzka et al. (2007).

Sources/sink Range
Sources

Oceanic —110-190
Oxidation of CS, and S(CH;), 149-330
Anthropogenic 32-96
Oxidation of anthropogenic CS, 58-170
Biomass burning 68-144
Other (wetland, soils...) 13-119
Total 210-1049
Sinks

Vegetation 730-1500
Soils 74-180
OH oxidation 2-110
COS photolysis (stratosphere) 11-21
O atom oxidation 5-16
Total 902-1827

All values are given in units of Ggyr~!.

1.5.4 Carbonyl sulfide (COS)

As alluded to in Section 1.3.3, carbonyl sulfide (COS) contributes to the formation of sulfur
aerosol in the stratosphere and, indirectly, to stratospheric ozone depletion via the formation of
polar stratospheric clouds. COS is the most abundant sulfur-containing gas in the atmosphere at
491 ppt in 2012. The major primary sources of COS are the oceans and biomass burning, with the
oxidation of other sulfur gases as a secondary source (Montzka et al., 2007). COS is also taken up
by vegetation which is its major sink. Sources and sinks are summarised in Table 1.5. Emissions
of COS are seasonally variable due to the seasonality of oceanic emissions and vegetative uptake
(Montzka et al., 2007). Other sources, such as biomass burning, are also seasonal. However,
variations in these fluxes are much lower than for oceanic and vegetative fluxes. The current
background mixing ratio is approximately 60 % higher than the pre-industrial value of ~300 ppt
(Montzka & Reimann, 2011). This is due to a combination of direct anthropogenic emissions and
oxidation of anthropogenic CS,. Anthropogenic emissions of sulfur gases are closely linked with

anthropogenic fossil fuel consumption (Montzka et al., 2007).

1.6 Greenhouse gases

All halocarbons have a warming effect on the atmosphere. This is due to strong absorption in
the infra-red region of the spectrum. The absorption bands that these compounds cover are,
coincidentally, in regions of the infra-red spectrum where CO, absorbs weakly. Therefore, they
have the potential to close the atmospheric ‘windows’ through which radiation escapes to space
and, consequently, may have a global warming contribution greater than the simple additive effect
of radiation trapped by halocarbons alone.

The heating effect that halocarbons have on the atmosphere can be described by their radiative
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forcing. Radiative forcing is defined as the rate of energy change per unit area of the globe as
measured at the top of the atmosphere (Solomon et al., 2007). For an atmospheric species, the

radiative forcing is given as Wm™2ppb~!. Greenhouse gases all have a positive radiative forcing.

1.6.1 Global warming potentials (GWPs)

The Global Warming Potential (GWP) of an atmospheric gas is used to quantify the total effect on
radiative forcing of an emission relative to that of a reference gas on a per kilogram basis. GWP
takes into account the radiative forcing of a gas and its atmospheric lifetime. A short lifetime gas
might have a strong effect on radiative forcing over a short time-horizon but a negligible effect
over a longer period. Therefore, the value of a compound GWP is dependent on the time-horizon
over which it is calculated. The most common time-horizon reported is 100 years and is usually
referenced to CO,, i.e. CO, has a GWP of 1.0.

1.6.2 Fluorocarbons and other fluorinated gases

The fluorocarbons do not pose a threat to stratospheric ozone depletion due to their lack of chlorine,
bromine or iodine atoms. However, they are significant for their effect on global climate due
to their high GWPs and lifetimes (in the case of perfluorocarbons, PFCs). Hydrofluorocarbons
(HFCs) are the current replacement compounds for the CFCs and HCFCs. Hence, they are
expected to increase in the atmosphere in the future as HCFCs are phased out under the terms of
the Montreal Protocol. Perfluorocarbons (PFCs) are use in a variety of applications such as the
electronics industry and as heat exchange fluids. Two other gases of note are the fluorinated sulfur-

containing gases sulfur hexafluoride (SF¢) and trifluoromethyl sulfur pentafluoride (SFsCF;).

1.6.2.1 Hydrofluorocarbons (HFCs)

As the preferred refrigerant in refrigeration and mobile conditioning units, e.g. vehicle air-
conditioning, HFC-134a is the most abundant HFC in the atmosphere at 67.7 ppt in 2012 (Ta-
ble 1.1). According to Montzka & Reimann (2011), due to its long lifetime and relatively high
GWP oo of 1370, HFC-134a will eventually be phased out in Europe. However, there is potential
for increased emission of HFC-134a in developing countries. The next most abundant HFC is
HFC-23, mainly as a by-product of over fluorination of chloroform during production of HCFC-22.
There are a large number of less abundant HFCs that have been identified in the atmosphere as
a consequence of the increased interest in this class of compound as a chlorocarbon replacement.
Of interest for this work are HFC-152a and HFC-227ea. HFC-152a is used as a foam-blowing
agent and as an aerosol propellant. It has the smallest GWP g of all the major HFCs and a short
lifetime of 1.5 years. The short life-time of HFC-152a and the growth rate during 2007-2008
imply large increases in emissions in recent years (Montzka & Reimann, 2011). HFC-227ea is
a low abundance HFC, with a mixing ratio of 0.74 ppt in 2012, mainly used in fire suppression but
also in metered dose inhalers, refrigeration and foam blowing. The growth rate of HFC-227ea has

been accelerating in recent years (Laube et al., 2010).
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1.6.2.2 Perfluorocarbons and other perfluorinated compounds

Perfluorocarbons (PFCs) have very high GWPs and long lifetimes. PFC-14 (CF,) is the only
PFC with a natural source from crustal out-gassing. It is also the most abundant PFC at ~77 ppt
in 2008 (Montzka & Reimann, 2011). C,F¢ is the next most abundant at ~4 ppt followed by
cyclic perfluorobutane, ¢-C,Fg. A number of sources of ¢-C,Fg have been reported including the
electronics and semi-conductor industries. However, discrepancies still remain in the atmospheric
budget. ¢-C,Fg was ~1.2 ppt in 2010 and growing at a rate of 0.03 pptyr~! (Oram et al., 2012).
A number of minor PFCs have been recently identified in the background atmosphere. n-C4F,, and
n-C,F,c were reported by Laube et al. (2012). n-C,F,, is used in refrigeration, air conditioning,
as a fire suppressant and in semiconductor manufacture. n-C;F4 is used as a solvent and heat
transfer agent. Laube et al. (2012) suggest that growth of n-C,F |, has recently slowed but not for
n-C;F,¢. Despite the slowdown in growth rate of these compounds, atmospheric levels will not
decrease notably for some time in the future due to their long atmospheric lifetimes.

Sulfur hexafluoride (SF¢) and trifluoromethyl sulfur pentafluoride (SF5CF;) are both green-
house gases because of their high radiative efficiencies and very long lifetimes (see Table 1.1).
SF, increased in the atmosphere at a rate of 0.2 pptyr—! during 2007-2008. Trace quantities of
SF¢ are produced in the Earth’s crust, however, the main sources are from the electricity sector,
magnesium production and semiconductor manufacture (Levin et al., 2010). SFsCF; was thought
to be produced from electrical arc discharge in equipment containing SF, (Huang et al., 2005),
however, Sturges et al. (2012) give evidence that SFsCF; was being used in the production of
fluorosurfactants, mainly by one company (3M). Production of fluorosurfactants using SFsCF;

has largely ceased and emissions appear to have halted.

1.7 Aims and rationale

The initial aim of this thesis was to test and refine, with assistance from the manufacturer
(SAI), a time-of-flight gas chromatography mass spectroscopy (TOF GC-MS) instrument for the
measurement of a wide range of volatile organic compounds (halocarbons, hydrocarbons etc.).
When purchased, in around 2006, the SAI TOF GC-MS was one of the first of its type. It was
bought, as something of a prototype, with the expectation that it would achieve similar detection
limits working to that achieved by the market leading Agilent MSD systems operating in selected
ion, electron ionisation mode. Chapter 3 discusses the characterisation of the TOF GC-MS. The
main purpose of this study was to determine the operational strengths and limitations of the TOF
GC-MS as an instrument for the analysis of atmospheric trace gases. The features assessed in

determining the suitability of the instrument were:

e Sensitivity: the response of the instrument to analytes and the degree to which they are

distinguishable from the background noise.
e Reproducibility: the degree of agreement between measurements of repeat samples.
e Drift: the change in response of the mass spectrometer over time.

e Linearity: the degree of linearity in the response of the GC-MS system under varying

sample size.
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Ideally, a direct comparison would have been made to an instrument under similar analysis
conditions i.e. an Agilent MSD quadrupole mass spectrometer. However, due to instrumental
issues, detailed in Chapter 3, the TOF GC-MS was not able to participate in any appropriate
fieldwork. Instead, a preliminary comparison was made on a set of samples collected during
the Clean Air for London (ClearfLo) campaign in 2012. This provided an initial look at the
suitability of the TOF GC-MS as an instrument for atmospheric analysis. The main purpose of
this comparison was to assess the TOF GC-MS, however, a cursory analysis was also made of
halocarbons during the ClearfLo campaign.

Due to numerous technical issues, upgrades and replacements, the TOF GC-MS was not
operationally reliable enough to be used during field campaigns or for most lab-based analyses.
Consequently, the majority of this work is concerned with measurements made with different
mass spectral techniques on other instruments. Chapters 4 and 5 are based on results from the
CARIBIC and SAMBBA projects.

1.7.1 The ClearfLo campaign

The main aims of the ClearfLLo campaign were to assess air quality and chemistry in an urban
centre, namely London, U.K. Measurements from ClearfLo reported in this work are focused on
atmospheric halocarbons. Very few measurements have been made of halocarbons in the U.K.
and, to my knowledge, none have been made in London. Emissions of long-lived halocarbons are
important for stratospheric ozone depletion (e.g.CFCs and HCFCs) and for their global warming
potentials as discussed in this chapter. It was not expected that elevated concentrations of CFCs,
halons and other long-lived chlorocarbons, such as Cl, and CH;CCl; would be encountered in
London as these compounds have been phased out of production and usage, by the Montreal
Protocol, in all participating developed and developing countries. However, HCFCs, the short-term
replacement compounds for CFCs, have yet to be fully phased out. Levels of HCFCs and their
long-term replacement compounds, the HFCs, might be expected to be higher than background
levels depending on their usage. As these compounds are frequently used in refrigeration and
air-conditioning applications, London is likely to be a source of these compounds. Additionally,
some perfluorinated compounds might also be present at elevated levels due to their usage in
a variety of applications.

Short-lived chlorocarbons in London might be of anthropogenic origin, such as CH,Cl, and
other short-lived chlorocarbons, or natural origin, such as CHBr;. Short-lived chlorocarbons
might be important as a source of reactive chlorine in the urban environment. Reactive chlorine
can initiate ozone formation by reaction with hydrocarbons (e.g. Tanaka et al., 2003). CH,Cl,
and CHCl; are long-lived enough, with average lifetimes of ~144 and ~149 days respectively, to
be distributed throughout the atmosphere and impact air quality at a remove from their sources.
Short-lived bromocarbons, are mainly marine sourced but might impact air quality in London
via the formation of aerosol particulates (e.g. Saiz-Lopez et al., 2011) and ozone destruction (e.g.
Read et al., 2008). They are also potential tracers of marine air and its influence on urban air

quality.
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1.7.2 The CARIBIC project

The CARIBIC project (Containerised Aircraft for the Regular Investigation of the atmosphere
Based on an Instrument Container) has made measurements with a fully automated container-based
atmospheric laboratory on board a Lufthansa Airline A340-600 aircraft since 1997. Further details
can be found in Chapter 4. This work is concerned with measurements of the very short-lived
bromomethanes, CHBr;, CH,Br,, CHBr,Cl, CHBrCl, and CH,BrCl. There is a discrepancy
between stratospheric inorganic bromine (Bry), calculated from measurements of BrO, and
the total bromine available from halons and methyl bromide (Dorf et al., 2006, 2008). This
discrepancy is assumed to be due to short-lived brominated species. The best candidates are the
bromomethanes. As mentioned in Section 1.5.2.3, the best estimate of the contribution of VSLB
is 6 (3-8) ppt, ~27 % of total stratospheric bromine. These compounds are highly variable, both
spatially and temporally, due to their biological sources and short lifetimes. Measurements of
these compounds in the upper troposphere, especially in the tropics where air is rapidly transported
to the TTL, is key to understanding and better quantifying the contribution of these compounds to
stratospheric bromine. Additionally, measurements at the interface between the stratosphere and
troposphere in the mid-latitudes, the UTLS, are rare especially for VSLB.

The purpose of this study was to better quantify the VSLB in the tropical upper troposphere
and mid-latitudinal UTLS and to gain insight into the horizontal and vertical distributions of
these compounds. Source regions are difficult to pinpoint at the altitudes of the CARIBIC aircraft
(typically 10-12 km). However, it was hoped that emissions from presumed strong source regions,
such as the western Pacific (e.g. Aschmann et al., 2009; Fueglistaler et al., 2009), would be
detectable at these altitudes.

1.7.3 The SAMBBA project

The South American Biomass Burning Analysis (SAMBBA) was an airborne field experiment to
quantify biomass burning and background emissions over the Brazilian rainforest and savannah
during summer 2012. Analysis of results from this campaign are presented in Chapter 5. Both
biomass burning and natural emissions of halocarbons and carbonyl sulfide are important in
this region. The tropics are a key source region for transport into the TTL and, hence, the
stratosphere. Biomass burning has been known to be a source of halogenated species for over two
decades (e.g. Crutzen et al., 1979). The methyl halides (CH;Cl, CH;Br and CH;]I) are the major
halogenated species emitted. However, uncertainties remain in emissions of other halocarbons
such as CHBr; and PCE (C,Cl,). COS is also known to be emitted from biomass burning but
is not well reported in some regions. Differences in emissions are known to exist for biomass
burning of different vegetation types in different ecological biomes and there have not been a large
number of measurements made of emissions from biomass burning over the Amazon rainforest
and Cerrado savannah regions. This has lead to a high degree of uncertainty in emission estimates
of fire-emitted species. One of the aims of SAMBBA was to make repeat measurements of smoke
plumes close to source in order to better quantify the emission of trace gases. Halocarbons such
as CH;Cl, CH;Br and CHCIj; are also thought to have terrestrial sources. For instance, CH;Cl
has recently been identified as having a source in tropical vegetation (Yokouchi et al., 2007) and
CHCl; has a source from soil processes (Hoekstra et al., 2001).

The purpose of the study presented in this work was to better quantify the emissions of
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halocarbons and carbonyl sulfide from biomass burning in Brazil and to provide a regional
estimate of emissions. Additionally, terrestrial sources were to be assessed and potential local

sources identified.

1.7.4 Summary of aims

To summarise, Chapter 3 is mainly concerned with the characterisation and assessment of the
TOF GC-MS instrument for atmospheric analysis. An additional, brief analysis is made of
anthropogenic and natural, long- and short-lived halocarbon levels in London as part of the
ClearfLo project. Very short-lived bromomethanes in the mid-latitudinal upper troposphere/lower
stratosphere and the tropical troposphere are discussed in Chapter 4. Chapter 5 is concerned with
halocarbon and carbonyl sulfide emissions, both biomass burning and natural background, made
over the Brazilian rainforest and savannah during the SAMBBA project. Chapter 2 provides an
overview of the analytical techniques applied in this work and Chapter 6 presents a summary of
the results from these analyses. The following is a chapter-by-chapter breakdown of the aims of
this thesis.

Chapter 3

® Assess the performance of the TOF GC-MS.

¢ Analyse atmospheric levels and possible sources of halocarbons in London.

Chapter 4

® Analyse the atmospheric levels of VSLB in the upper troposphere over potential

tropical source regions.

¢ Elucidate the vertical structure of VSLB in the mid-latitudinal UTLS and tropical
troposphere.

Chapter 5

¢ Quantify emissions of methyl halides and carbonyl sulfide in Brazilian biomass
burning.

e Compare emissions between rainforest and savannah fires.

Provide regional and global biomass burning emission estimates for rainforest and

savannabh fires.

® Assess natural background emissions of halocarbons from the Amazon rainforest and

identify potential sources.



Chapter

Experimental Theory & Methods

2.1 Gas chromatography

Gas chromatography (GC) was first introduced as an analytical technique by James & Martin in
1952. The basic operating principle of gas chromatography involves volatilisation of a sample via
heating (except in the case of volatile gases or atmospheric trace substances), injection onto an
appropriately prepared column, separation of the components of the mixture by interaction with
the column, and detection of each component by a detector. Analytes are delivered through the
system in a stream of carrier gas such as hydrogen or helium. The column or column packing
contains a stationary phase. Interactions with the stationary phase and distribution between it and
the mobile phase (carrier gas) determine the separation of components. For instance, a component

that spends little time, or interacts weakly, with the stationary phase will elute quickly.

2.1.1 Chromatographic theory

The theoretical plate concept of chromatography assumes that a chromatographic column can be
approximated as a series of separate layers called ‘theoretical plates’. Analytes move through
the column by equilibrated transfer of mobile phase from one plate to the other. Equilibration
is assumed to be infinitely fast. This model allows the measurement of efficiency by calculation
of the number of plates in a column, N, as in Equation 2.1, where t is the retention time of an
analyte, #( is the column dead volume and W), is the full-width-at-half-maximum of the analyte
peak, Hiibschmann (2009).

_ 5.54-(tr—1o)
= W

An alternative measure of efficiency is the height equivalent to a theoretical plate, 2 which is

N 2.1

related to N (see Equation 2.2, where L is the column length). A larger value of N or a smaller
value of 4 indicate a greater efficiency.
L
h=— 2.2
N 2.2
An alternative model, which more realistically represents the processes occurring in the

column, is given by the van Deemter equation (Equation 2.3). A simplified form of the van
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Deemter equation is given in Equation 2.3, below:

h=A+B/u+C-u (2.3)

where u is the average velocity of the mobile phase. A, B and C are factors which contribute to

band broadening.

A: Eddy diffusion. This term quantifies the the broadening of the solute band due to the variation
in random path lengths as molecules pass through a packed stationary phase. For non-packed

columns, i.e. capillary columns, this is zero.

B: Longitudinal diffusion. This term represents the peak broadening arising from diffusion of
the analyte from the centre of the band to the edges, due to the analyte concentration being

higher in the centre. This is reduced with increasing velocity of the mobile phase.

C: Resistance to mass transfer As the analyte takes a finite time to equilibrate between the
stationary and mobile phases, the analyte in mobile phase can move ahead of the analyte
in the stationary phase, broadening the band. Higher mobile phase velocities increase

broadening.

The expanded version of the van Deemter equation given in Equation 2.3 can be used to
derive the optimal flow velocity of a mobile phase and can inform the choice of carrier gas for

a particular application.

2.1.2 Carrier gases

For atmospheric trace gas analysis, and especially in gas chromatography mass spectroscopy
(GC-MS) techniques, helium is the most common carrier gas. Hydrogen is used less commonly
due to the safety concerns of using a flammable gas. The linear velocity of the gas through
the system is an important factor with regard to choice of carrier gas and optimal set-up of
chromatographic parameters. For most applications it is necessary to balance the efficiency
and speed of separation. This is dependent on the number and similarity of the components of
interest. However, for each carrier gas there is an optimal flow rate where speed and efficiency of
separation are balanced as determined by the solution of the full van Deemter equation, of which
Equation 2.3 is a simplification, over a range of flow rates. Figure 2.1 shows the application of
the van Deemter equation (Equation 2.3) to different carrier gases. As can be seen, each carrier
gas has a different optimal gas velocity where 4 is minimised. For He, the optimal gas velocity

1

is ~25 cms~!. In practise, a gas velocity of 30 cms ™! is used to compensate for lower starting

temperatures in a GC temperature program.

2.1.3 GC columns

Gas chromatography columns can be classified into two broad categories: packed columns and
capillary columns. Packed columns consist of a metal or glass tubing packed with an inert support
material coated in a liquid stationary phase. The efficiency of a packed column is limited by
band broadening processes e.g. term A in Equation 2.3. To a large extent capillary columns have
replaced packed columns, especially in the analysis of atmospheric trace gases at sub-ppb mixing

ratios.
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Figure 2.1: van Deemter curves for nitrogen, helium and hydrogen carrier gases. The values given are
based on a 250 pm x 30 m column with a film thickness of 0.25 um. Adapted from Hiibschmann (2009).

Capillary columns consist of a long narrow piece of tubing usually made of fused silica coated
externally with polyimide to increase flexibility and strength, though occasionally made of steel.
The tubing has an internal coating; either a liquid such as a silicone-based polymer (termed a wall
coated open tubular, WCOT, column), or a solid such as alumina or molecular sieve (termed
a porous layer open tubular, PLOT, column). Typically, capillary columns are 20-100 m long
with internal diameters 100-320 um. Capillary columns have the advantage of giving a higher
resolution in a shorter time than a packed column. However, distortions caused by overloading

capillary columns limit the quantity of sample that can be injected.

2.1.4 Detectors

A number of detectors can be utilised in conjunction with gas chromatography. These include
the electron capture detector (ECD) which is one of the most sensitive detectors available and is
particularly sensitive to electronegative compounds such as chlorinated, brominated and iodinated
species. Other detectors widely used include the flame ionisation detector (FID), used for
hydrocarbon analysis, and the flame photometric detector (FPD), used for sulfur-containing
compounds. One of the main limitations of these detection techniques is that they cannot positively
identify a compound i.e. they rely on the retention time as the main means of identification. This
is subject to interferences especially in a situation where there are a large number of potentially
unidentified compounds e.g. a polluted atmosphere. The technique of gas chromatograph-mass
spectroscopy (GC-MS) combines the separation of compounds, by gas chromatography, with the
means to identify chemical species. As a result, this technique is less susceptible to interferences

and they are easier to identify when they do occur.
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2.2 Mass spectrometry

2.2.1 Quadrupole mass analyser

Commercial development of the quadrupole mass analyser (also known as the quadrupole mass
filter, QMF) began in the 1960s. QMFs have become popular in GC applications, and arguably
are the current standard mass spectrometric technique in atmospheric science. QMFs offer the
advantages of low cost, simple operation, durability, ease of maintenance and transportability.

A QMF analyser consists of four parallel rods, ideally with a hyperbolic cross-section. Direct
current (DC) and radio frequency (RF) electrical potentials are applied to the rods to induce
a fluctuating field within the central space. Ions extracted from an ion source are accelerated into
the central space along the longitudinal axis of the quadrupole. The magnitude and frequency
of the electric fields can be varied to selectively allow passage of ions of a specific m/z value to
pass through the central space and reach the detector; all other ions collide with the quadrupole

surfaces. This is illustrated in Figure 2.2.
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Figure 2.2: Schematic of a quadrupole mass filter, showing ion trajectories. Only ions of one m/z value
have a stable enough trajectory to reach the detector. Courtesy of Watson & Sparkman (2007).

QMFs are commonly operated in one of two modes: scan mode and single ion monitoring
(SIM) mode. Scan mode is often used for preliminary identification of compounds or for com-
pounds at high concentration. The QMF scans across a range of m/z values in each window of
time. Sensitivity in QMF is proportional to the time spent acquiring ion counts on each ion. As the
time taken for each scan is dependent on the number of ions required for analysis, scan mode has
a large trade-off between sensitivity and rate of acquisition (i.e. the number of spectra captured
per second).

The alternative mode of operation, SIM mode, is frequently used when the number of
components requiring analysis is small or when components are at low concentrations. In
SIM a small number of ions are filtered by the QMF in any window of time. In order to maintain
a useful rate of acquisition over the course of a single analysis, this is commonly on the order of
<10 ions depending on the number of GC peaks requiring analysis within that time window. As
the number of ions is small, sensitivity is greatly increased compared to scan mode. However,
the main trade-off with SIM is that increased sensitivity comes at the cost of a smaller number of
analysable compounds. Additionally, in most cases SIM requires a larger amount of pre-analysis

preparation in order to correctly identify compounds of interest and set-up the appropriate selection
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ion windows and ions to ensure reliable peak capture and sensitivity.

2.2.2 Time of flight mass spectrometry (TOF MS)

The concept of time-of-flight (TOF) for separation of ions in mass spectroscopy was first re-
ported in the 1930s (Smythe & Mattauch, 1932). However, it was not until the publication of
a seminal paper (Wiley & McLaren, 1955) on ion focusing in TOF mass spectroscopy (TOF
MS) that time-of-flight instrument development took off. By 1962 it was estimated that a third
of all mass spectrometers in use in the United States were TOF instruments. Since then, the
universal popularity of TOF MS has waned mainly due to the commercialisation of transmission
quadrupole mass spectrometers in the mid-1960s (Watson & Sparkman, 2007, and references
therein). However, TOF MS still remains popular for some applications e.g. matrix-assisted laser
desorption/ionisation (MALDI) (e.g. Mlynski & Guilhaus, 1996) and mass spectroscopy/mass
spectroscopy (MS/MS) techniques (Campbell et al., 1998), and is rapidly gaining wider popularity
with recent improvements in nano- and pico-second timing electronics and resulting increases in
sensitivity.

The principle of TOF MS involves measuring the time required for an ion to travel from an
ion source to a detector over a known distance (Figure 2.3). If all ions receive the same kinetic
energy during instantaneous acceleration from the source they will, due to their different mass
to charge ratios (m/z), have different velocities. In linear TOF MS instruments (i.e. Figure 2.3)
the region between the source and the detector has no accelerating potential i.e. it is ‘field free’.
Therefore, as ions move through the region between source and detector, they will separate into
packets according to their velocity, which is a function of m/z. As a consequence, ions of all m/z
values can, theoretically, be detected in the initial ion packet without the need to scan across a

range of ions.
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Figure 2.3: Schematic representation of a linear time-of-flight mass spectrometer.

The kinetic energy gained by an ion in the accelerating section of the TOF MS is equal to the

potential energy gained between the accelerator plates:

1
zeV = Emv2 2.4

where z is the charge on the ion, e the elementary charge, V the accelerating potential, m the mass

of the ion and v the velocity of the ion. Solving for v and substituting for v = L - tof (where tof is
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the time-of-flight from source to detector separated by distance L gives:

tof = Ly / %zev (2.5)

Therefore, in principle, there is no upper limit to the m/z that can be separated (it is only
dependent on how long the ions take to reach the detector). This is the main reason why TOF
MS has found favour in some applications, such as matrix-assisted laser desorption/ionisation
(MALDI), where higher m/z species are of interest. Another major advantage of TOF MS
over other techniques, such as quadrupole MS, is the ability of TOF MS to follow high speed
chromatography. This is especially the case if it is desirable to analyse a large m/z range e.g.
for compound identification. Quadrupole MS and other scanning techniques are limited by the
transit time for ions through the mass analyser. Narrow chromatographic peaks require a higher
number of scans across that peak in order to ensure accurate peak shape and integration. In
practice, this requires that the observation time at a specific m/z diminishes to near or below
the transit time of ions through the mass spectrometer (Guilhaus et al., 1997). As this limit was
reached or exceeded, the performance of the mass spectrometer would be expected to rapidly
deteriorate. This limit is easily reached when a large m/z range and a high scan rate are required
for compound identification and good peak shape during high speed chromatography. TOF MS
sidesteps this issue as ions are detected near simultaneously giving full mass spectra on the
microsecond timescale.

Similarly, TOF MS also avoids the issue of spectral skewing in transmission quadrupole
MS (TQ-MS) and other scanning MS techniques (Dalliige et al., 2002). Skewing in TQ-MS
results when the partial pressure of the analyte in the ion source changes on the timescale of
a mass spectral scan. Figure 2.4 shows an exaggerated example of spectral skewing. Spectra
taken on the leading and tailing edges of the chromatographic peak (Scan #1 and Scan #3) show
significant distortion in the relative intensities of ions as compared to the hypothetical mass
spectrum. This can lead to difficulties in pattern recognition when using mass spectral library
databases. Averaging over the width of a peak can reconstruct a near-ideal spectrum. However,
this requires chromatographic peaks to be relatively symmetrical and to represent only a single
compound. Additionally, a slow scan rate relative to elution time will not provide enough data
points across a chromatographic peak to reconstruct the chromatographic profile. TOF analysers
acquire spectra from pulsed ion packets which are then combined to form a mass spectrum. As
each ion packet is formed discretely, the partial pressure of components does not change during
each acquisition. Therefore, each packet’s ion distribution is representative of the ‘true’ ion
distribution.

Linear TOF instruments produce ion packets by pulsing or gating of the ion source. However,
the limitations that this imposes on ion sampling efficiency led to the development of orthogonal

sampling from a continuous ion beam (Guilhaus et al., 2000).

2.2.2.1 Orthogonal time-of-flight analysers (oa-TOF)

In orthogonal time-of-flight (0oa-TOF) instruments ion packets are pushed out of a continuous,
collimated ion beam perpendicular to the axis of the flight path (Figure 2.5). Because the original
ion beam is collimated, and some collision cooling can take place within the ion beam, there is
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Figure 2.4: An illustration of spectral skewing due to dynamic changes in analyte partial pressure in an
instrument that scans across an m/z range, from low to high masses, during GC elution (distortion has
been exaggerated for clarity). During the leading and trailing portions of the peak, where the concentration
of the eluent is rapidly changing, the mass spectrum is distorted (Scans #1 and #3). For instance, during
a spectral acquisition on the leading edge of the peak, higher masses are recorded at slightly higher eluent
concentration than the lower masses, skewing the mass spectrum towards higher m/z. The equivalent
occurs on the trailing edge but with mass spectra skewed towards lower m/z. Adapted from Watson &
Sparkman (2007).

reduced radial energy dispersion of ions. This translates into an improved resolving power and
sensitivity of the instrument over that of a linear TOF or purely reflecting TOF instrument (see
Section 2.2.2.2).

The formation of the continuous ion beam is an important factor in optimising the performance
of 0a-TOF instruments (Guilhaus et al., 2000). A nearly parallel ion beam will minimise the
spread of magnitudes of the velocity component in the ‘drift’ direction and a narrow beam will
minimise the spatial spread of ions. Therefore, the design of the ion optics controlling the ion
beam is an important factor in oa-TOF design.

Individual ion packet ‘shots’, pushed out of the ion beam, are summed together over a set
time interval to produce a mass spectrum. For instance, in an instrument operating with a 30 kHz
push signal producing two spectra per second, each spectrum will be the sum of 15000 shots.
The frequency of the push signal can be varied so that more shots are summed together in the
same time period to give greater sensitivity. For instance, a 100 kHz push signal would give
50000 shots per spectrum for two spectra per second, theoretically giving a three times sensitivity
enhancement. However, this is at the cost of a reduced detectable mass range; a consequence
of the time between individual shots approaching the flight time of higher m/z ions in the drift
region of the TOF analyser. This leads to the lowest m/z ions from one packet overlapping with
the highest m/z ions of the preceding packet thereby reducing the range over which the timing
of the push voltage and the detection of ions are correlated. Additionally, if a greater number of
spectra are required over the width of a chromatographic peak, the number of shots summed per
spectra will be reduced, leading to reduced sensitivity.

Though the ions in 0oa-TOF do not have a significant spread of velocities in the drift direction,
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Figure 2.5: Schematic of an orthogonal TOF mass spectrometer with reflectron. Ion packets are cut out of
a continuous, collimated ion beam before ion separation.

they do have a significant velocity spread orthogonal to the drift direction. This acts to disperse the
ions over the detector plane but is insignificant as long as the detector is large enough to intercept
most of the ions as“it matters when the ions hit the detector but it does not matter where they hit it”
(Guilhaus et al., 2000). The detector in the TOF MS used in this work is a discrete-dynode electron
multiplier (SGE Analytical Science, Trajan Scientific, Australia). A dynode is an electrode in
a vacuum that amplifies the signal from an impacting ion (in the case of MS), electron or neutral
particle. When an incoming particle impacts a dynode surface, a number of secondary electrons
are released. The number of electrons depends on the incident particle, its angle of impact, energy
and the characteristics of the surface. A typical discrete dynode electron multiplier has between
12 and 24 individual dynodes arranged in series to provide an operating gain of between 103 and

10® depending on the application.

2.2.2.2 Reflectron time-of-flight analysers (re-TOF)

Along with orthogonal sampling of the ion beam, the reflectron represents an important innovation
in TOF analysers. The reflectron is an ion mirror with an electric field that opposes and is of
greater magnitude than the electric field of the ion acceleration region, and replaces the field free
region of linear TOF. In non-orthogonally accelerating instruments, the mirror is positioned at an
angle of less than 180° to avoid reflection of ions directly back into the source (Figure 2.6). In
0a-TOF instruments, the reflectron can be mounted at 180° as the residual velocity component of
the ion beam prevents direct reflection back into the push/pull region (Figure 2.5). The reflectron
serves two purposes: to reduce the dimensions of the instrument and to improve the resolving
power of the TOF MS. This is achieved by adjusting, within an ion ‘packet’ of of the same m/z,
the length of the flight path of individual ions in proportion to their kinetic energy. This provides
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Figure 2.6: Schematic of a reflectron ion mirror. Ions retain their original velocity (high, normal or low)
but are detected at the same time because of the difference in residence time in the reflectron.

an additional temporal focus for the ions within a packet.

Improvements in resolving power are a result of the reflectrons ability to focus ions with the
same m/z but which differ slightly in initial kinetic energy. As in Figure 2.6, a discrete ‘packet’
of ions of the same m/z but differing kinetic energies enter the opposing field of the reflectron
and they penetrate to different extents depending on their kinetic energies; the ions with highest
kinetic energies penetrating the furthest. The ions decelerate until their kinetic energies reach
zero, at which point they are accelerated by the electric field in the opposite direction. As ions
with the highest initial kinetic energy penetrated the deepest, they will gain more kinetic energy
during re-acceleration. Therefore, though the ions leave the reflectron with the same distribution
of kinetic energies, the lengths of their flight paths have been altered in proportion to their initial
kinetic energies. Hence, ions with a distribution of initial kinetic energies will be focused at the
detector with respect to arrival time (they will be temporally focused) as in Figure 2.6. This only
applies to ions with the same m/z; ions with different m/z values will still arrive at the detector
after different flight times. However, mass spectral peaks will be sharper as a result of the reduced
spread of flight times within an m/z ‘packet’.

2.2.2.3 Applications of TOF to Atmospheric Science

The recent innovations in TOF instrument design, especially in the design of high speed electronics,
have attracted interest from the atmospheric sciences. It is hoped that GC-TOF instrumentation
will be able to overcome some of the shortcomings of current techniques especially TQ-MS
(transmission quadrupole mass spectrometry, see Section 2.2.1), the most widely used GC-MS
technique in atmospheric science. The main benefit of GC-TOF is in being able to assess the

full range of ions during an analysis whilst maintaining sensitivity. This potentially allows for
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immediate identification of known compounds, de-convolution of co-eluting compounds and
minimizes the steps required to identify unknown compounds. In theory, TOF MS could also
make redundant the need for multiple individually optimised GC-MS instruments for analysis of
the full spectrum of atmospheric compounds. In practise, however, TOF instrumentation may not
yet be sensitive enough to replace some of these techniques e.g. chemical ionisation TQ-MS for
the analysis of sub-ppt mixing ratio halocarbons.

The effectiveness of GC-TOF in the analysis of hydrocarbons in gasoline has been highlighted
by Hamilton et al. (2004). GC-TOF was found to be especially useful for high speed analysis
of a mixed hydrocarbon standard due to the fast scan rate. Hamilton et al. also speculated that
combining GC-TOF with comprehensive gas chromatography (GCxGC), in which the sample
undergoes two independent separations before analysis, would be a very powerful technique for
atmospheric analysis. This technique has since been used for atmospheric studies, especially
component analysis of organic aerosol (e.g. Hamilton et al., 2004; Kallio et al., 2006; Laitinen
et al., 2010; Ozel et al., 2010; Vogt et al., 2007). There is great scope for GC-TOF measurements

especially direct measurement of trace gases in the atmosphere.

2.2.3 Ionisation techniques
2.2.3.1 Electron ionisation (EI)

The ionisation technique used in mass spectrometry depends on the type of sample and the results
required of the analysis. The most common method is electron ionisation (EI). In the EI source,
analyte molecules are ionised by a beam of high energy electrons produced by thermoelectric
emission from a heated metal filament (usually made of tungsten). The electrons are accelerated
by a potential difference commonly set to 70eV (electron volts). The electrons enter the source
through a small slit into the ionisation chamber.

When an electron in the source collides with a neutral molecule (M), another electron may be
ejected from the molecule giving a positively charged radical ion as in Equation 2.6. The M*- ion
is referred to as the molecular ion. Removal of one electron from an organic molecule requires
about 10eV. If the energy of the impacting ion is greater than this, the molecular ion may be
left with enough excess energy to fragment into lower mass ions. The pattern of fragmentation
and number of ions produced are dependent on the energy of the impacting electrons. Provided
that the ionisation energy is known, the fragmentation pattern of a compound should be similar

between instruments using an electron ionisation technique.

M+e — M +2e” (2.6)

As an example, Equations 2.7-2.9 show possible ions resulting from fragmentation of the

molecular ion formed from electron ionisation of CH;Br.

CH;Br+e~ — CH;Br™" +2e” 2.7)
CH;Br"" — CHJ +Br (2.8)
CH;Brt" — CHj +Br* (2.9)



2.2 Mass spectrometry 33

100 T T T T T T T T

o
o
I
]

Relative intensity
N
o
I
]

20 — —

oleal | 1 [ P 1 1 L, il
80 90

10 20 30 40 50 60 70
m/z

Figure 2.7: Typical mass spectrum for methyl bromide, CH;Br. Intensities are given relative to the most
intense ion in this case m/z 79. Based on data from the NIST Chemistry WebBook (Lindstrom & Mallard,
2014).

As bromine (Br) has two stable isotopes, mass 79 and 81, the molecular ion (Equation 2.7)
would give ion peaks at mass 94 and 96. Loss of Br’ (Equation 2.8) would give a peak at mass 15
due to the CHJ ion. Similarly, peaks at mass 79 and 81 would be expected due to the Br* ion. An
example of the resultant mass spectrum is shown in Figure 2.7. The intensities of mass spectral
peaks are governed by a combination of the efficiency of ionisation and fragmentation processes,

coupled with the stability of the resultant ion.

2.2.3.2 Negative ion chemical ionisation (NICI)

Although electron ionisation is the most common form of ionisation technique, fragmentation
can result in loss of information about the molecular ion. An alternative technique is chemical
ionisation (CI) where analyte molecules are ionised by an ion transfer process or by dissociative
electron capture.

Negative ion chemical ionisation, NICI (sometimes referred to as electron capture ionisation,
ECI), is used for compounds with high electron affinity. The source in NICI is designed to
accommodate a relatively high pressure (20-50 times higher than the surrounding vacuum) of
a reagent gas e.g. methane or argon. High energy primary electrons (~ 230 eV) are thermo-
ionically emitted from a heated filament. These electrons are decelerated by interaction with
the reagent gas to form low energy electrons (< 15eV) and positively charged radical ions
(Equation 2.10). The high pressure of reagent gas serves two purposes: ensuring a sufficient
number of collisions during the dwell time of reactants in the source, and shielding the analyte
molecules from the high energy primary electrons and, therefore reducing competing EI reactions
and fragmentation (Watson & Sparkman, 2007). The primary electrons are necessarily of higher

energy (~ 230 eV) than standard EI (commonly 70 eV) in order to effectively penetrate the reagent
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gas. Methane is the most common reagent gas, however, argon can be used and has the advantages
of reducing the frequency of source cleaning compared to methane and being a non-flammable

gas.

CH,+e (230eV) — CH; +2e” (< 15¢eV) (2.10)

RX+e (<15eV) — X" +R" (R=Cl,BrorlI) (2.11)

RONO, +e~ — NO; +R°
—— NO; +RO’ (2.12)
—— RO™ +NO;

The lower energy electrons created in NICI can be captured by a variety of species, especially
those with electron affinity e.g. halocarbons. Fragmentation is reduced due to the low energy of
captured electrons leading to higher sensitivity during detection. Halocarbons and alkyl nitrates
produce anions during NICI (Equations 2.11 and 2.12). Alkyl nitrates produce three anions during
NICI (Reaction 2.12). Halocarbon gases give the corresponding halogen anion (Reation 2.11). In
the case of multiply halogenated molecules, the anion formed is usually, though not exclusively,
that of the halogen with highest electron affinity (Worton et al., 2008). Table 2.1 shows the
typical sensitivity enhancement in NICI when compared to EI, for a number of trace atmospheric
compounds. For halocarbons, the sensitivity enhancement of NICI is dependent on the halogen
atom present, with sensitivity increasing with increasing atomic number i.e. C1<Br<I. This is
illustrated by the three methyl halides, MeCl, MeBr and Mel in Table 2.1. NICI sensitivity is also
dependent on the number of each halogen atom in the molecule with increasing sensitivity to
more highly halogenated molecules though the relationship is not always simplistic e.g. MeBr,
CH,Br, and CHBr;.

2.2.4 Summary of time-of-flight vs. quadrupole mass spectrometry

One of main advantage of time-of-flight mass spectrometry as compared to quadrupole MS is that
a large range of ions can be analysed simultaneously without loss of sensitivity. This allows for
positive identification of compounds during analysis. This is in addition to routine identification
based on previous identification of key (usually two) ions and the retention time of a compound.
Being able to identify compounds during analysis and data work-up is especially beneficial in
polluted atmospheres where compound mixing ratios might vary over a large range and have
many co-elutants. This also allows for the simultaneous analysis of a larger number of compounds
than in quadrupole MS. This is especially advantageous when analysing for low abundance
compounds where quadrupole dwell times would have to be increased to improve sensitivity and,
hence, decrease the number of ions simultaneously analysable. A related feature of TOF MS, in
atmospheric analysis, is that the large number of ions measured and recorded allows for easier
reanalysis of the data e.g. for previously unidentified compounds.

TOF MS also has the advantage of higher ‘scan’ rates compared to quadrupole MS. The
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Table 2.1: Comparison of the limit-of-detection (LOD) for similar analyses made with negative ion
chemical ionisation (NICI) and electron ionisation (EI) sources. The sensitivity enhancement is given as
the ratio of LODs from the two techniques (NICI/EI). Compounds have been grouped to highlight the
effects of functional group e.g. Cl, Br, I or ONO,, and in the case of halocarbons, the number of halogen
atoms in the molecule. Based on data from Worton et al. (2008).

LOD [ppt]
Species NICI ElI NICI/EI
MeCl 50 2.0 0.04
CHCl, 0.01 0.07 6
CH;CCl,4 0.03 0.2 6
ccCly 0.01 0.05 3
MeBr 2 0.2 0.1
CH,Br, 0.001 0.02 20
CHBr; 0.001 0.02 10
CHB1(Cl, 0.0008 0.2 300
CHBr,Cl 0.001 0.1 100
CCLF, 0.07 0.1 2
CCLF 0.05 0.2 3
CBrCIF, 0.003 0.3 100
C,Br,F, 0.001 0.02 20
Mel 0.002 0.3 100
MeONO, 0.002 0.3 100
EtONO, 0.0008 0.05 60
i—PrONO, 0.003 0.2 40

number of spectra per second that a quadrupole MS instrument can record is limited by the
number of ions and dwell times required for the analysis. As TOF MS sum averages a number of
high frequency shots into one ’scan’, the number of spectra per second can be varied as required.
For standard capillary GC, a scan frequency of approximately 2 spectra per second is necessary
to provide an appropriate number of points across a chromatographic peak for accurate peak
integration. For applications, such GCx GC, peak widths are much narrower than in standard GC
and might require scan rates of 50-100 spectra per second. This is not achievable on a quadrupole
MS instrument when analysing for a large number of compounds.

The major disadvantages of TOF mass spectrometry are that, until recently, the power supply
units and high frequency electronics have not been readily available. Large power supplies have
limited the portability of TOF instruments for many field applications. The availability of high fre-
quency electronics, required for the nanosecond timing of ion-packet pulses in TOF, has impeded
the necessary sensitivity, reliability and reproducible behaviour of TOF MS. Quadrupole mass
spectrometers have found favour in atmospheric chemistry partly due their robust, portable and
stable nature. Current developments in TOF electronics are likely to overcome these limitations in

the near future.
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2.3 General calibration processes

The process used for assigning compound mixing ratios in samples analysed at UEA is based
on individual compound response factors determined by comparison to a working standard
with known mixing ratios. The working standard varies between campaigns and sampling runs
depending on availability. The mixing ratios of compounds in the working standard are determined
by repeat comparison to calibrated gas standards. The calibrated gas standards used at UEA are
supplied by the Global Monitoring Division of NOAA ESRL in 34 L electropolished stainless
steel or Aculite-treated aluminium canisters (Essex Cryogenics, St. Louis, MO, US). Mixing
ratios of a number of compounds in these standards are determined, at the Central Comparison
Laboratory of the Global Monitoring Division of NOAA ESRL, by comparison to a set of primary
standards that are prepared using pure vapour or pure liquid of the compound (NOAA: ESRL,
2008). For compounds that are not calibrated for by NOAA, a similar process of comparison to
a pure-liquid/vapour-derived standard is followed at UEA. Not all compounds are stable with
time when stored in canisters. For some working standards, e.g. those in aluminium tanks,
time-correction based on a number of inter-comparisons is necessary in order to correct for drift.
For instance, drift correction was applied to working standard mixing ratios of bromocarbons
analysed as part of the CARIBIC campaign (Chapter 4).

As a general note, units for mixing ratios for compounds measured at UEA are-dry air mole
fractions e.g. nmol mol~'and pmol mol~!. For the sake of readability, these have been abbreviated
to ppb (parts per billion) for nmol mol~! (dry air) and ppt (parts per trillion) for pmol mol~! (dry
air). For supporting data analysed by a gas chromatography technique (e.g. GC-MS or GC-FID) it
is usually the case that air had been dried prior to analysis. Therefore, units of ppt and ppb indicate
dry-air mole fractions for these measurements. For some measurements of gaseous species (such
as O5 in Chapter 4 or CO in Chapter 5) the air is not dried prior to analysis. In this case ppb and
ppt refer to wet-air mole fractions. In practice the difference between wet- and dry-air fractions is

minimal.

2.4 GC-MS technique usage

GC-MS techniques have been used throughout this work in the analysis of atmospheric trace
gases. Quadrupole GC-MS was used for analysis of samples during the ClearfLo, CARIBIC
and SAMMBA campaigns (Chapters 3, 4 and 5 respectively). A TOF GC-MS in EI mode was
characterised and compared to a quadrupole mass spectrometer in Chapter 3. The following
summarises the techniques used in each chapter. Within each chapter, a more detailed description

of the experimental methods and techniques used during the specific analysis has been given.

Chapter 3:
The initial aim this thesis was to characterise a new TOF GC-MS instrument and use it for
analysis on a number of field and lab-based projects. Ultimately, instrumental problems
led the TOF GC-MS not being used for the projects discussed in this work excepting
a comparison to a dual electron ionisation/negative ion chemical ionisation (EI/NICI)

GC-MS using data from the Clearfl.o campaign.

Chapter 4:
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Due the high sensitivity to halogens especially bromine and iodine (Section 2.2.3.2), NICI
GC-MS was used to study short-lived bromo- and chloro-methanes in the upper tropo-
sphere/lower stratosphere (UTLS) as part of the CARIBIC campaign. These compounds
are present at sub part-per-trillion (sub-ppt) levels and are generally close to or below the
detection limit of standard quadrupole EI GC-MS techniques.

Chapter 5:

Though NICI GC-MS has an increased sensitivity to halogenated compounds, this enhance-
ment is also proportional to the number of halogen atoms in a molecule. The main aim
of the analysis for the SAMBBA campaign, described in Chapter 5, was to characterise
emissions of methyl halides from biomass burning in the Amazon rainforest. NICI GC-MS
has comparatively poor sensitivity, compared to EI GC-MS, for methyl chloride and methyl
bromide (see Table 2.1). Additionally, a number of species are not well characterised in the
NICI GC-MS instrument. Therefore, EI GC-MS was used in the analysis of samples from
the SAMBBA campaign.






Chapter

A GC Time of Flight Mass Spectrometer

for Atmospheric Measurements

The time-of-flight gas chromatography-mass spectrometer (TOF GC-MS) system described in
this chapter was provided by Scientific Analysis Instruments Ltd. (SAL http://www.saiman.
co.uk/). As provided, the instrument consisted of an SAI Kronus™ TOF MS combined with
a rebuilt Perichrom (now Alpha MOS, http://www.alpha-mos.com/) PR 2100 GC combined
in a single case (see Figure 3.1) with a proprietary trapping system. The provided inlet was
rapidly determined to be insufficient for atmospheric analysis and was replaced with a manual
system (Section 3.1). The GC unit had a number of problems and was bypassed eventually with
a replacement Agilent GC system and transfer line (Section 3.2). The TOF GC-MS, though
still somewhat unreliable, was used to analyse bottle samples of real air from a London-based
campaign where in situ measurements were made of a number of halocarbons. The resolution of
technical problems with the TOF GC-MS was hindered by the limited technical support provided
by the suppliers.

3.1 Inlet system

In order to use the GC-TOF system for the analysis of air samples, a suitable inlet system had
to be built. The original specifications of the system were for an automated system ready for
sampling air and other gases. To this end, an air-sampling system was provided but was rapidly
determined to be insufficient for the quantitative and reproducible trapping required for trace-gas
sampling from real-air samples.

In order to provide the best possible measurement reproducibility, a manual inlet system
was built. This manual inlet system was based on a commonly used layout for air sampling
incorporating a 6-port sampling valve (Figure 3.2).

Samples are dried prior to trapping with a magnesium perchlorate (MPC) drier to remove
water vapour. Samples are pre-concentrated before injection onto the GC column by cryogenic
trapping of the compounds of interest with subsequent separation from the majority gases in an
air sample (mainly N,, O, and Ar). Cryogenic trapping is performed using a ! /g inch stainless
steel tubing sample loop packed with Haysep D, 80 /190 mesh (Valco) at —72°C by immersion
in an ethanol/dry-ice mixture. Samples are trapped at ~100 mlmin~' regulated with a needle
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Figure 3.1: Photograph of the time-of-flight gas chromatography mass spectrometer (GC-TOF) provided by
SAI (Scientific Analysis Instruments) Ltd. The left-hand panel houses the time-of-flight mass spectrometer
(TOF), the central panel houses the gas chromatograph (GC) and the right-hand panel houses the GC
control panel with a void that can be utilised for housing a controlling computer workstation.

valve between the sample and sampling loop. Sample volume and sampling rate are controlled
by monitoring the pressure change on a 6 L reference volume with an eBaratron™ capacitance
manometer (MKS Instruments, Massachusetts, USA) labelled “vacuum gauge” in Figure 3.2.
After pre-concentration, the sample loop and reference volume are isolated from the sample flow
and the pressure allowed to equilibrate prior to thermal desorption from the loop at 100°C with
boiling water and injection onto the analytical column. Injection is performed via switching of the
6-port injection valve heated to 100 °C (see Figure 3.2). Gases eluted from the sample loop are
transferred to the head of the GC column via ~30 cm of neutral polarity unfunctionalised fused
silica capillary (320 pum ID) heated to 100°C.

3.2 GC system

3.2.1 GCxGC capability

The original instrument design specification included a comprehensive two-dimensional gas
chromatography (GCxGC) capability. This would have been achieved via a dual jet cryojet
modulator utilising liquid N,. TOF-MS systems are ideally suited to this GC technique; due to
the re-focusing of analytes and high speed conditions of the secondary column, very sharp peaks
are obtained with base widths of typically 200 us (e.g. Hiibschmann, 2009). However, as the two
dimensional (2D) GC setup provided with the instrument was found to be unsuitable for routine
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Figure 3.2: Diagrammatic representation of the inlet system used for the GC-TOF. The MPC drier is
a glass tube packed with magnesium perchlorate.

use in GC-TOF analysis, the GCx GC unit was not tested.

3.2.2 Agilent™ GC system

The as-delivered GC-TOF system included a PR2100 from Perichrom (now Alpha MOS, Toulouse,
France) rebuilt for the GC-TOF case (see Figure 3.1). A notable disadvantage of the as-delivered
GC-TOF system was the unreliable nature of the GC system. Several problems were encountered

including the following:

e Sticking of the oven ventilation flaps that help the oven maintain temperature and cool
rapidly between GC runs, causing overheating of the heating filament and subsequent
shorting on the casing of the oven. This was successfully fixed, however, if the GC software
crashed and reset, as was frequently the case, the ventilation flaps had to be manually

checked to ensure the controlling stepper motor had reset to the default position.

® Crashing of the GC control software built into the oven. No reproducible cause could be

determined for this fault.

e Poor maintenance of flow conditions by the electronic pressure control (EPC) unit and/or
poor thermo-regulation of the GC oven, causing baseline oscillations in the resulting
chromatogram. An example of the baseline oscillations can be found in Figure 3.3. It was
not possible to determine the exact cause of these oscillations but it is likely that they were

caused by temperature and/or pressure fluctuations. Air-leaks were eliminated as a cause.
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Figure 3.3: Screen-shot of the software output for selected ions acquired at constant temperature showing
oscillations in the baseline. These oscillations are assumed to have been caused by pressure fluctuations
due to either poor thermo-regulation in the GC oven or poor pressure regulation form the GC electronic
pressure control.

The problems encountered in using the existing GC system were considered of a fundamental
nature and not worth pursuing further with the manufacturers. As a consequence the existing
GC system was bypassed and an Agilent 6890N gas chromatograph (Agilent Technologies) was
inserted into the carrier gas flow between the inlet and the mass spectrometer. A heated transfer
line ~45 cm long was used between the GC and the TOF inlet. The transfer line consists of
a length of neutral polarity unfunctionalised fused silica capillary (320 um ID) heated to 180 °C
with a rope heater and temperature controller. The last ~15 cm of capillary are heated by the TOF
GC-MS transfer line heater to 150°C, the maximum temperature attainable. The Agilent 6890N
provides the advantages of stability (both in terms of thermo-/pressure-regulation and computer
control), more comprehensive programmability, the option of a constant flow pressure regime and
of being a better understood and well-used system within the group of potential users. Baseline
oscillations were eliminated with the Agilent GC system and usability was improved. However,
the instrument was too large to be of practical use in fieldwork. Removal of the original GC
system from the TOF, i.e. using the TOF as a standalone instrument, would bring the system back
to a field-usable state however, this was beyond the scope and time-constraints of the development

of this instrument and will be carried out in the future.

3.3 Time-of-flight (TOF) mass spectrometer

The TOF mass spectrometer is an orthogonal time-of-flight (0aTOF) mass analyser with a reflec-
tron ion mirror as outlined in Sections 2.2.2.1 and 2.2.2.2 and similar in layout to the diagram in
Figure 2.5. Figure 3.4 shows the layout of the mass spectrometer with key components highlighted.
The TOF instrument was designed with a number of considerations relevant for use in analysis of

atmospheric trace gases. These considerations will be further discussed in Section 3.7.2. However,
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Figure 3.4: Internal layout of the TOF MS showing the location of key elements.

an important factor in the instrument design was portability for fieldwork. Hence, it should be
noted that there is no separate power source for the mass spectrometer and that the MS footprint
is similar to a conventional quadrupole instrument. The internal layout of the TOF MS is shown

in Figure 3.4.

3.3.1 MS alterations and upgrades

After receipt of the GC-TOF system, a number of alterations were made to the instrument by
supporting engineers. These improvements were made as an attempt to increase the sensitivity
of the instrument in order to better match the original specification of a sensitivity similar to
that of a quadrupole mass spectrometer (roughly better than a limit-of-detection of 0.1 ppt).
Additionally, some of the capability of the instrument, namely the 100 kHz sampling mode, was
of an experimental design and not proven for use in routine analysis. The main alterations and

untested features added to the GC-TOF system are discussed here.
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3.3.1.1 30kHz and 100 kHz sampling modes

The time-of-flight mass spectrometer is capable of operating at different ‘shot’ sampling rates
(see Section 2.2.2.1). Two sampling frequencies were provided with the instrument for use
with atmospheric samples: 30kHz and an experimental 100 kHz mode. A 10kHz mode is
also provided but does not have any advantages over the other sampling frequencies for the
intended application of the instrument. As mentioned in Section 2.2.2.1, when individual ‘shots’
are averaged to the same number of spectra per second, the 100 kHz mode offers a theoretical
three-fold increase in sensitivity over the 30 kHz mode. Additionally, the 100 kHz mode would
provide increased sensitivity and sampling across chromatographic peaks when working with
GCxGC chromatography where the chromatographic peak widths are on the order of 200 s (see
Section 3.2.1).

The 100kHz mode was found to provide approximately double the sensitivity, based on
peak area, than the 30 kHz mode. However, the pay-off of m/z range coverage, discussed in
Section 2.2.2.1, limits the 100 kHz mode to an m/z range of 14—150 compared to the 30 kHz
mode range of 14—460. Unfortunately, this limited range reduces the number of atmospheric trace
gases analysable and can complicate positive identification of some compounds. For instance,
bromoform (CHBr;) would be difficult to identify due to the three most abundant ions being
m/z 173, 171 and 175. Additionally, at the typical sub-part-per-trillion mixing ratios of CHBr;,
analysis based on less abundant ions would be impractical. During initial testing, the experimental
100 kHz mode was found to be too unstable for routine use due to factors such as distorted mass
spectral peaks, unusual spiking in chromatograms and software issues. Due to these issues, it was
considered that the sensitivity increase was not large enough to be worth pursuing further and the

instrument was run in 30 kHz mode for all further usage.

3.3.1.2 High-voltage accel-decel Einzel lens assembly

In order to provide a focused packet of ions for acceleration in to the ‘drift’ section of the
time-of-flight mass spectrometer, it is necessary to create a narrow, collimated ion beam (see
Section 2.2.2.1 and Figure 2.5). Beam focusing is achieved with an ion lens arrangement between
the extraction plate and the push/pull shot slicer. It is possible, with different arrangements of this
ion lens, to affect the sensitivity of the instrument.

The lens arrangement provided with the TOF instrument was an ‘Einzel’ lens in decel-accel
mode with the lens focus in the direction of the extraction plate (see Liebl, 2008, for a detailed
description). The lens consists of three apertured electrodes with the first and third electrode at
the same potential (in this case grounded) and the second plate at a tunable voltage similar to that
of the source. An alternative Einzel lens arrangement is to have a much larger voltage on the
second plate with opposite polarity to that of the source. This provides the potential advantage of
a narrower ion beam than in the decel-accel mode.

SAI engineers found that it was possible to rearrange the original Einzel lens arrangement from
a decel-accel mode to an accel-decel lens. With the provision of a separate, high-voltage power
supply (see Figure 3.4), the instrument could be operated in either lens mode. When running with
the high-voltage (accel-decel) lens, mass spectral responses were found to be enhanced by a factor
of ~3x. However, mass spectral peaks were broader with the high-voltage lens arrangement.

Mass spectral m/z values are output as the sum average of peak intensity over an m/z range of
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0.5 either side of the peak centroid. The broader peaks, produced with the high-voltage lens, led
to individual m/z peaks overlapping with the integration range of neighbouring peaks especially
when high-intensity ions were detected. This led to sharp spikes in the signal of many ions.
Therefore, at the engineer’s recommendation, the high-voltage lens was abandoned in favour of

the more stable, though less sensitive, decel-accel lens arrangement.

3.3.1.3 Other alterations and repairs

In addition to the major upgrades and experimental modes of operation mentioned in Sec-
tions 3.3.1.1 and 3.3.1.2, faults were identified with the detector and push/pull signal board.
These faults were corrected with a modification to the detector and a replacement push/pull circuit
board to replace the original prototype. No improvement was made to sensitivity etc., as a result
of these changes and the instrument was considered operationally normal.

Additionally, a number of replacements and repairs had to be undertaken including the
installation of a new source housing, replacement source cartridge heaters, source parts, several
filaments including new filament designs, ceramic spacers, re-soldering of joints and replacement
of wiring inside the mass spectrometer. Several software upgrades were also applied in response
to software bugs and usability issues. These replacements, upgrades and repairs all delayed the

development of the GC-TOF instrument for use in routine measurements.

3.4 Instrument characterisation

3.4.1 Manual analysis method

Routine analysis of whole-air samples on the GC-TOF system was carried out using the manual
inlet system described in Section 3.1. The following method represents a typical analysis.
Deviations from the method are noted where necessary. Accurately measured samples (~750 mL)
were dried with a magnesium perchlorate (MPC) moisture trap at a flow rate of 100mLmin~! prior
to pre-concentration on an 1/8 inch HayeSep D, 80/100 mesh (Valco) at —72 °C and thermally
desorbed at 100°C for 15 min using boiling water. Chromatographic separation was achieved
using an Agilent J&W GS-GasPro column (60 m x 320 um OD) using research grade helium
(> 99.9995 % purity) as the carrier gas and by temperature programmed gas chromatography
(—10°C hold for 2 min, 15°Cmin~"' to 200°C hold 9 min, 120°Cmin~"' to 230°C hold for 8 min)
at a constant flow rate of 1.5 mLmin~!. The column eluent was subjected to electron impact
ionisation prior to detection by the time-of-flight (TOF) mass spectrometer. Mass spectra were
acquired at a rate of 30 kHz averaged to 2 spectra s !.

In order to assign mixing ratios and uncertainties to analytes, air samples were run against
a working standard of known composition. Samples were bracketed between repeat runs of
standards with a maximum of three samples between repeats. Two standards were run at the
beginning of an analysis set to account for the rapid drift in sensitivity that occurs after the
instrument had been powered on (see Section 3.4.5). Analytical uncertainties, unless otherwise
stated, are calculated on a per run basis and are the 1o standard deviation of the working
standard, corrected for drift by linear interpolation of the nearest two standards, on the respective

measurement day.
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3.4.2 Compound identification

The main advantage of the time-of-flight instrument, from the perspective of routine atmospheric
trace gas measurements, is the ability to simultaneously measure multiple compounds without the
accompanying loss in sensitivity usually encountered in quadrupole instruments. For instance,
in a quadrupole instrument, analysis of halocarbons would usually entail the exclusion of most
hydrocarbons due to the limitations of ion-window selection in single ion mode (SIM) or reduced
sensitivity in scan mode. The large range of masses measured allows many co-eluting compounds
to be identified and deconvolved from each other in order to be quantified. The number of
identifiable and quantifiable compounds can be greatly improved by the use of a GCxGC system
(e.g. Hamilton, 2010).

Table 3.1 shows a list of compounds identified in a GC-TOF chromatogram. The list is not
exhaustive, as many compounds, such as long-chain hydrocarbons with a large number of isomers,
are difficult to identify based on fragmentation pattern and retention time alone. Furthermore,
in order to positively identify these compounds it is necessary to compare chromatograms with
known standards or pure compounds. However, this table of compounds gives an indication of the
range of compounds identifiable, and potentially quantifiable, with a GC-TOF system. Figure 3.5
shows an example chromatogram with some of the compounds identified in Table 3.1. Note that
traces for individual masses extend across the whole chromatogram rather than being limited to
individual ion windows. Figure 3.6 shows example spectra for CFC-115 and H-1211 produced by
the TOF GC-MS.

All retention times in Table 3.1 are derived from the method given in Section 3.4.1. The
sample was ~750 ml of real-air, collected from the roof of the School of Environmental Studies
building at the University of East Anglia. The full mass range of the GC-TOF system is m/z
14-460 however, masses up to m/z ~45 are gated off to protect the detector from high mixing
ratio air components such as N, and CO,. Therefore, the most intense ion detected by the TOF
MS is not always the most intense ion found in the equivalent EI chromatogram. For example,
a large number hydrocarbons have significant ions at m/z < 50 which may not be as intense in the
GC-TOF spectrum. Coupled with the possibility that co-eluting or closely eluting compounds may
have similar ion fragments, the primary ion used for quantification of a compound is frequently
not the most intense ion. For most compounds, the best ion for quantification is determined by
a balance of best reproducibility and interferences from compounds that are chromatographically
close to the analyte. Therefore, after identification of compounds using the full range of ions
detected by the TOF detector, one or two ions were selected for quantification of each compound,

following the criteria given.

3.4.3 Reproducibility

The reproducibility is an important component in the characterisation of a system and the precision
of a measurement. The reproducibility of the GC-TOF was assessed using a real-air stainless steel
bottle sample collected from the roof of the School of Environmental Sciences, University of East
Anglia filled to a pressure of ~60 bar. The reproducibility is &= 1 o standard deviation from the
mean of a drift-corrected run of 12 standards during one day of analysis. The first two samples of
the run were rejected due to exponential drift at the beginning of the run as discussed further in

Section 3.4.5. All samples were analysed using the manual inlet system described in Section 3.1
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Figure 3.5: A typical gas chromatogram from the TOF GC-MS highlighting a number of identified
compounds (also see Table 3.1). (a) shows some of the compounds with higher responses, (b) shows an
expanded view of the chromatogram highlighting some of the lower response compounds.
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Figure 3.6: Example mass spectra for CFC-115 (top )and H-1211 (bottom). Signal intensity is given in ion
counts.

and the analysis method in Section 3.4.1. Manual inlet systems tend to give better reproducibilities
than commercially available automated trapping methods, such as the UNITY2™" and Online Air
Server (Markes International Ltd.). These techniques rely on mass flow controllers to regulate
flow and trapping volume, and are difficult to calibrate. Therefore, it is preferable to use a manual
inlet system for system characterisation as this minimises potential effects on reproducibility
from the inlet system. Best reproducibilities (dependent on the ion analysed) for compounds with
a known mixing ratio in the standard are shown in Table 3.1. The mean reproducibility, across
all of the compounds with given reproducibilities in Table 3.1, is 3.9 %. It is possible that this
represents the upper limit achievable with the TOF GC-MS. Time constraints limit the number of
manual samples analysable in a day. Hence, sensitivity has not had time to settle in to a minimal
drift regime where reproducibility would ideally be measured.

In order to more thoroughly characterise the performance of the TOF with respect to re-
producibility, a number of compounds were assessed over a range of m/z values. Figure 3.7a

shows the distribution of m/z values across the range of retention times analysed. Using the



3.4 Instrument characterisation 49

reproducibility data for these compounds, the TOF system was assessed for the mass dependency,

retention time dependency and signal-to-noise ratio dependency of system reproducibility.

3.4.4 Mass dependency

Some aspects of the TOF system, especially the detector and the push/pull slicing voltages, might
introduce a mass dependent non-linearity to the mass spectrometer. It has been observed, though
not verified, that very low masses, i.e. m/z <30, show a greater response than would be expected.
This is especially evident when minimizing the response of m/z 18 and 28 relative to m/z 69
in the internal MS PFTBA (Perfluorotributylamine) standard during leak checking. A standard
quadrupole instrument will give a relative response on m/z 18 of ~1 % when leak tight. However,
the TOF system gives a minimum response of ~ 50 % relative to m/z 69 of PFTBA. It is uncertain
whether this is a genuine characteristic of the instrument or an issue with contamination giving
interferences with masses such as m/z 18 and 28. Assessing the reproducibility across a range
of m/z values, as shown in Figure 3.7b, shows no obvious trend in reproducibility with m/z.
A least squares linear fit gives a gradient close to zero and an R? of 0.013 indicating a poor fit to
the data. Therefore, over the range of masses measured (limited to > 50 by the gating of lower
masses as described in Section 3.4.2) there does not appear to be a mass dependent effect on
reproducibility. In addition, as masses are unevenly distributed across the range of retention times
(Figure 3.7a), it might be expected that reproducibility would have a trend with retention time.
However, Figure 3.8a shows that reproducibility shows no trend or pattern of reproducibility with

retention time.

3.4.4.1 Signal-to-noise dependency

The reproducibility of the system would be expected to improve (i.e. decrease in value) with
increasing signal-to-noise ratio. Figure 3.7c shows a negative trend with increasing root-mean-
square signal-to-noise ratio (RMS-S/N) and supports the expected behaviour. The masses in
Figure 3.7c have been grouped into low (m/z 40-70), medium (m/z 71-100) and high (m/z 101-
180) mass ranges. Each group of masses shows a similar trend with increasing RMS S/N. This
supports the assertion that there is no mass-dependent effect on reproducibility (Section 3.4.4).
Reproducibility would be expected to have a negative trend with compound mixing ratio.
This is due to mixing ratio, in general, indicating the response in an EI GC-MS system. This is,
of course, dependent on a number of factors such as fragmentation pattern. Figure 3.8b shows
that the TOF reproducibilities have a decreasing trend with increasing mixing ratio. In order
to incorporate the RMS S/N with the influence of mixing ratio, reproducibility can be plotted
against the limit-of-detection (LOD) of a compound. LOD is the limit at which a compound
gas chromatogram peak can be distinguished from baseline noise. This is commonly defined
as three times the noise in the region of the peak. LODs in this study were calculated as in
Equation 3.1 where MR is the mixing ratio and RMS is the root-mean-square signal-to-noise ratio

of the compound.

MR
RMS

Figure 3.8c shows reproducibility plotted against the compound dependent limit-of-detection

LOD =3 x 3.1)
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Figure 3.7: (a) Mass-to-charge ratio (m/z) plotted against retention time, (b) compound dependent
reproducibilities plotted against the mass-to-charge ratio (7m/z) of the ion used for integration and a linear
least squares fit to the data and (c) compound dependent reproducibilities plotted against the root-mean-
square (RMS) signal-to-noise ratio of the compound analysed (separated in to low, medium and high m/z
groups.)
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Figure 3.8: Compound dependent reproducibilities for the GC-TOF system plotted against (a) the retention
time of the compound analysed and (b) the mixing ratio of compounds with known mixing ratio, with data
points separated into low, medium and high m/z groups. (c) Shows compound dependent reproducibilities
plotted against the limit-of-detection (LOD) coloured by mixing ratio.



Table 3.1: List of compounds identified using the GC-TOF system, retention times (R.T.), the major ions used for identification. Reproducibilities and limits-of-detection (LODs) for
selected compounds are also given (see Section 3.4.3). The listed ions are the primary (1°) ion used for quantification and the secondary (2°) and tertiary (3°) ions used for validating
identification. It should be noted that, for identification of most trace gases, all other ions are potentially available due to the nature of TOF MS analysis.

(4

Major lons

Compound Formula R.T. [min] Reproducibility [%] LOD [ppt] 1° 2° 3°
Carbonyl sulfide COS 9.73 1.8 0.056 60 62 -
Halon 1301 CBrF; 9.92 2.6 0.42 69 129 131
HFC-32 CH,F, 10.05 - - 51 52 -
CFC-115 C,CIF; 10.87 2.7 0.24 135 119 85
HFC-125 C,HF; 11.48 4.0 0.21 51 101 69
HFC-143a CH;CF; 11.28 4.5 0.13 65 69 51
CFC-12 CClL,F, 11.58 1.7 0.02 85 87 101
HCFC-22 CHCIF, 11.63 2.5 0.21 51 67 69
i-Butane CH,CH(CH;), 12.36 - - 57 58 -
Methyl chloride CH;Cl 12.60 2.1 0.38 50 52 -
n-Butane C,H,, 12.69 - - 58 57 -
HFC-134a CH,FCF; 12.36 8.5 21.5 83 69 51
Chloroethene C,H;Cl1 12.80 - - 62 64 -
Halon 1211 CF,BrCl 13.04 6.8 0.97 79 85 129
Carbon disulfide CS, 13.19 - - 76 78 -
HFC-227ea CF;CHFCF; 13.45 - - 151 82 69
CFC-114 C,CLE, 13.63 3.2 0.034 135 137 85
HCFC-142b CH;CCIF, 13.72 - - 65 85 87

Continued on next page . ..
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Table 3.1: Continued from previous page.

Major lons
Compound Formula R.T. [min] Reproducibility [%] LOD [ppt] 1° 2° 3°
Methyl bromide CH;Br 13.67 32 0.094 94 96 79
HFC-152a CH;CHF, 13.71 5.6 0.4 65 51 47
CFC-11 CCLF 14.36 22 0.021 101 103 105
HCFC-133a CH,CICF; 14.82 - - 118 120 99
Methyl iodide CH;l 15.14 - - 142 127 -
Dichloromethane CH,(Cl, 15.43 2.0 0.12 84 86 49
HCFC-141b CH;CLF 15.92 8.7 0.039 81 61 101
Isoprene CH,C(CH;)CHCH, 16.37 - - 67 68 53
CFC-113 C,Cl3F; 16.21 4.3 0.13 151 153 101
Chloroform CHCl,4 16.79 3.1 0.11 83 85 87
Carbon tetrachloride CCl, 17.05 3.7 0.19 117 119 82
Ethyl iodide C,H,l 17.64 - - 156 127 -
Trichloroethene (TCE) C,HCl, 17.68 - - 130 132 95
Methylchloroform CH;CCl; 18.37 - - 99 97 61
1,2-Dichloroethane CH,CICH,Cl 19.11 - - 62 64 -
Benzene CeH 19.18 - - 78 7 51
Perchloroethene (PCE) C,Cly, 19.30 3.9 0.12 166 164 129
Bromoform CHBry 22.88 6.1 0.31 173 171 175
Toluene C,Hg 23.29 - - 91 92 -
Chlorobenzene C¢H;Cl 23.67 - - 112 114 77
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coloured by the mixing ratio of the analyte. There is no distinct trend in reproducibility with
LOD though reproducibility would be expected to improve (i.e. decrease) at lower detection
limits. There is a large degree of scatter in the data due to the large range of mixing ratios of
analysed compounds. However, if the two high values at an LOD of <0.05 ppt are removed,
reproducibilities increase with higher LOD as expected. These two data points are for halon 1211
and carbonyl sulfide (COS). These two compounds are among the earliest eluting compounds
on the Gas-Pro column. This implies that the higher than expected reproducibilities of these
compounds is likely due to chromatography. It is possible that CO, is affecting these early eluting
compounds as they are chromatographically close to CO,. This might indicate that ionisation
processes are affected by high concentrations of some compounds. LOD calculations are limited
to the compounds with known mixing ratios in the standard. A larger number of calibrated

compounds would improve interpretation of the system reproducibility.

3.4.5 Sensitivity drift

The sensitivity of the GC-TOF system drifts over the course of a day of measurements. Figure 3.9
shows examples of the drift in sensitivity of six compounds from repeat measurements of ~1L
real-air samples from a stainless steel high pressure canister following the method outlined in
Section 3.4.1. In general, for compounds with peak areas on the order of 10° counts e.g. CFC-12
and CFC-11 (Figures 3.9a and 3.9b), sensitivity drops rapidly over the first two samples then
steadily improves over the course of a day of sampling. For compounds with smaller peak areas,
approximately 103 counts, the pattern is more variable. However, there is an overall improvement
in sensitivity throughout the day as shown in Figures 3.9c to 3.9f. This is typical of the instrument
drift, and is unusual, compared to quadrupole and sector instruments used in atmospheric analysis,
which tend to decrease in sensitivity throughout the day. It is likely that decreasing sensitivity
would also be the case for the TOF GC-MS if analysis runs were longer.

As the first two samples have an exponential drop in sensitivity for some compounds, the first
two standards of a run are discarded so that sampling is only undertaken during a period of less
rapidly changing sensitivity where drift corrections can be applied. This behaviour is frequently
seen in EI mass spectrometers and discarding the first one or two standards is a common practice.

Due to the manual nature of the pre-concentration and sample injection processes, it is not
possible to run the instrument for an extended continuous period. Therefore, the long-term
sensitivity drift of the instrument has not been assessed in this study. However, the TOF-MS tune
parameters, i.e. source voltage, extraction voltage, steering voltages etc., appear to be stable over
periods of weeks to months with manual retuning providing no improvement to sensitivity over
these time-scales. This implies that sensitivity is stable over relatively long periods assuming no

component wear or failure.

3.4.6 Linearity

Ideally a GC-MS system would have a linear response to injected sample mixing ratio. A number
of factors may introduce non-linearities into the MS system. In general, at the higher concentration
end of a calibration line, ‘deviations’ from linearity arise from the effect of sample molecules no
longer acting independently from each other. For instance, a space charge effect related to the

absolute number of ions in an ion source can act to decrease the expected signal. Additionally, in



3.4 Instrument characterisation 55

(a) ll||||||||||||||||||||||| (b) 5.0|||||||||||||||||||||||
CFC-12 o CFC-11
%) §2) o0
IS Lo _ c L _
% 10 3 4.5 o
e o0 o ©
© , 0]
2 o = P
X 9 | e} _ 40 I o —
- o] =~ o]
8 o e @
o o
© Q g e o ©
§ sk o _ S 35 —
o © o
7|I|I|||I|I|||I|I|||I|I| 3.0'I'I'I'I'I'I'I'I'I'I'I'
09:00 12:00 15:00 18:00  21:00 09:00 12:00 15:00 1800 2100
Time-of-day Time-of-day
(C) LI L L L N L L LB L IO (d) 85|||||||||||||||||||||||
440 — CFC-1137 C,Cl,
80 — —
@ 420 — @ o
3 = 75 ©
2 L _
o} (=) L o} _
% 3801 - o 70 P
= © =
o 360 -0 — S 65 4 _
o d @ © °
§ 34000 P — % 60 —
o g o)
320 I} — 55 |- _
300 [T O AN NN O N N B A A Y 50 L Lita it it atatalatity
09:00  12:00 1500 18:00 2100 09:00 12:00 1500 18:00  21:00
Time-of-day Time-of-day
(e) LI L L L N L L L L IO (f) 8.0I|||||I|I|I|I|I|I|I|I|I
340 |- CHCl,] CH,Br
0w 75 o o
2 320 — £ ©
S e 3 o]
(o]
o 300 — © 70r —
mo o) “"D
% 280 F o © - B d
i o] e ~ 6509 @ —
§ 260 . 8
< o0 © 6.0 — (0] @ 2 —
§ 2401 ° — E
o ° ° o 55| ° -
220 — —
200|I|I|||I|I|||I|I|||I|I| 5.0|I|I|||I|I|||I|I|||I|I|
09:00 12:00 15:00 18:00 21:00 09:00 12:00 15:00 18:00 21:00
Time-of-day Time-of-day

Figure 3.9: Peak area responses plotted against time for repeat standards analysed over one day for (a)
CFC-12, (b) CFC-11, (c) CFC-113, (d) C,Cl, (PCE), (e) CHCl; and (f) CH;Br.

absorption-based sample pre-concentration systems, commonly utilised in GC-MS systems and
the GC-TOF system, trapping may not be quantitative for high mixing ratio compounds and some
compounds may not be quantitatively desorbed from the pre-concentration trap.

At the lower end of a calibration line, deviations are usually attributed to unspecified sample
losses. These loses are usually assumed to occur in the GC column or the inlet system. Losses

could occur on mass spectrometer components, however, as these parts usually involve ions
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under vacuum, far removed from active adsorption sites, losses are usually limited to the sample
introduction and ionisation source components.

In order to assess the linearity of response of the TOF instrument, it was necessary to create
a calibration curve covering a range of sample quantities. For this study a volume series of real air
samples, from a stainless steel high pressure canister, was analysed using the method described in
Section 3.4.1. Two separate analyses were run approximately one month apart (see Figure 3.10).
The first analysis (run #1 in Figure 3.10) consisted of accurately measured volumes at 66, 83, 100,
117, 133 and 150 % of a 750 mL sample. The second analysis (run #2 in Figure 3.10) consisted of
accurately measured volumes at 33, 67, 100, 133 and 167 % of a 750 mL sample. The volume
series was interspersed with ‘standard’ samples of ~750 mL for the purposes of drift correction.
A volume of 750 mL had been previously determined, on other GC-MS systems with a similar
manual HayeSep D injection set-up, to be an appropriate balance between increased sensitivity
and CO, trapping (J. Laube, personal communication). Analytical errors for the first analysis
were determined as the precision of the ‘standard’ samples. In order to better assess the effect of
precision at low sample volumes, where precision would be assumed to be worse than at higher
volumes, a repeat of the smallest (33 %) sample was performed during the second run. Therefore,
analytical errors for the second run were determined as the root-mean-square sum of the ‘standard’
precision and the 10 standard deviation of the mean of a repeat of the smallest (33 %) sample.

Peak area responses for selected compounds in the volume series and the ‘standard’ were
ratioed to the volume injected to provide the response per mL for each compound. In theory,
for a linear system, the response per unit volume should be invariant with sample volume or
concentration. These ‘volume-corrected’” responses were then ratioed to a linear interpolation of
the response per mL for the ‘standard’ samples. This gives the drift-corrected, and normalised
relative response to the standard for volume series samples as presented in Figure 3.10. A number
of compounds were analysed for linearity i.e. those with reproducibility and LOD data in Table 3.1.
The compounds in Figure 3.10 have been selected to span a range of mixing ratios in the analysed
air sample: CFC-12 (529 ppt), CFC-11 (241 ppt), CFC-113 (77 ppt), CHCI; (49 ppt), PCE (9.5 ppt)
and CH;Br (2.0 ppt).

In an idealised linear system the normalised fractional responses should all lie on the y =1
line in Figure 3.10. Of the species shown in Figure 3.10, CFC-113 and CHCI; show a behaviour
during run #1 that could be considered linear within the errors. However, the repeat run #2
does not reproduce this. For most compounds, the lowest volume samples analysed, at 33-67 %
(~250-500 mL), have a negative deviation from the y = 1 line. Figure 3.10 also shows that there
is a large degree of scatter in the data e.g. CFC-113, CHCl; and CH;Br. Across the majority of
compounds, deviation from the ideal response is within ~10 %.

A negative deviation from the idealised y = 1 line is usually attributed to loss of compound
on surfaces in the inlet, GC or MS system and would suggest that sample volumes should be no
less than ~750 mL. However, it is not clear, given the large degree of scatter, whether trapping
of high mixing ratio components, such as CO, or H,O, is affecting linearity at higher trapping
volumes. It is not clear, from Figure 3.10, whether analyte mixing ratio alone is affecting linearity,
or if the non-linearities in the system arise from a combination of factors. CFC-12 (Figure 3.10a)
has the highest mixing ratio of compounds in Figure 3.10. PCE has a mixing ratio approximately

1/50 of CFC-12 and shows a similar pattern of normalised relative response with sample volume.
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Figure 3.10: Normalised relative responses plotted against normalised sample volumes for two volume
series analysed ~1 month apart for (a) CFC-12, (b) CFC-11, (c) CFC-113, (e) C,Cl, (PCE), (d) CHCl,4
and (f) CH;Br. Error bars represent the analytical uncertainties.
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However, CFC-113, CHCl; and CH;Br do not show a similar pattern despite the range of mixing
ratios these compounds cover. As discussed above, high concentration components can introduce
space charge effects in the ion source. Additionally, compounds such as CO, can effect the
ionisation patterns of compounds in the ion source. Further investigation is required in order
to fully assess the linearity of the TOF MS system. For instance, analysis of a dilution series
alongside the volume series would aid the disentanglement of concentration and sample volume
effects. A dilution series normally consists of a real air sample accurately diluted to a number
of dilutions with a pure gas e.g. research grade nitrogen. A dilution series was not available for
analysis on the TOF MS during the period of instrument characterisation. As the linearity tests
indicate that the largest deviations occur at low sample volumes, a preliminary comparison was
made between the TOF MS and quadrupole MS instruments using ~750 mL samples on the TOF
GC-MS.

3.5 Preliminary comparison

In order to assess the performance of an instrument under realistic atmospheric analysis conditions
it is common practice to make a comparison to an existing and well characterised instrument. In
the case of the TOF MS, the most suitable comparison would be to a quadrupole MS analyser
as this is the type of ‘workhorse’ instrument that the TOF was intended to replace. Ideally, for
an in-the-field instrument, a comparison would be made between in situ measurements made at
the same time with separate instruments. Alternatively, a comparison can be made on a set of
bottle samples collected at the same time as in situ analysis by the comparison instrument. This
method of comparison is not ideal as it does not compare instruments under comparable sampling
conditions.

Due to the poor reliability of the TOF MS instrument, it was not possible to make in situ
measurements during a field campaign. A comparison on the same set of bottle samples was not
possible as suitable comparison instruments were not available for the analysis. Therefore, the
TOF MS was used to analyse bottle samples collected during the ClearfLo campaign in London,
UK during 2012. These results were compared to in situ measurements made with a dual negative
ion chemical ionisation/electron ionisation gas chromatography-mass spectrometry (NICI/EI
GC-MS) technique.

3.5.1 The ClearfLo Project

The ClearfLLo (Clean Air for London) Project was a collaborative scientific project to investigate
boundary layer pollution across London. The project consisted of measurements made at sites
within central London and at three rural sites (Figure 3.11). Long-term measurements were made
across several sites within London (Marylebone Road, BT Tower, KCL Strand, RGS, NGT, NTT
and NDT in Figure 3.11) and the three rural sites from January 2010. Two intensive observation
periods (IOPs) were carried out during winter 6hJ anuary to 11t February) and summer (21
July to 23™ August) 2012. Extra instrumentation was deployed within London at Sion Manning
School, Marylebone Road and the BT Tower. The main aims of ClearfLLo were to assess particulate
and gaseous chemistry and their interaction with surface meteorology such as boundary layer

effects and sea breezes in the urban environment.
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Figure 3.11: Locations of ClearfLo measurement sites. Urban observations were made at several locations
in central London (main map). Measurements were also undertaken at three rural locations (see inset).
UEA measurements were undertaken at the Sion Manning school site at the middle left of the main map.
Image courtesy of Bohnenstengel et al. (2014).

Measurements were made by the University of East Anglia (UEA) during both the winter and
summer IOPs at the Sion Manning school site in North Kensington, London (Figure 3.11).

3.5.2 Analysis and supporting measurements

In situ measurements were made with a dual mass spectrometer system with two quadrupole
MS analysers running negative chemical ionisation (NICI) and EI in parallel. The GC-dual MS
(Agilent Technologies GC 6890/MS 5973N/MS 5973N) was coupled to a thermal desorption
pre-concentrator (UNITY2TM and Online Air Server; Markes International Ltd.) similar to that
described in Worton et al. (2008) and Chapter 4, Section 4.2. The dual MS system has the
advantages that NICI provides an improved response to compounds containing bromine and
iodine atoms and to the alkyl nitrates. This is combined with the detection in EI of species that
NIClI is insensitive to or that have not been identified in NICI.

3.5.2.1 Dual MS analysis method

Dual MS measurements were made by Dr G. Mills, UEA following the method given below. The
dual MS is a relatively new instrument which was itself being assessed for performance in the
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field. Accurately measured samples (~ 1200 mL, flow rate ~ 40 mLmin~!) were sampled from
an ! /g inch PFA (perfluoroalkoxy alkane) sample line from a 3/g inch PFA main air line at contin-
uous flow (15-20 standard Lmin~') with an inlet ~3 m above the ground. Samples were dried
with a counterflow nafion drier (PermapureTM, 100 mLmin~"! counterflow of dry nitrogen) prior
to pre-concentration on a packed capillary cold trap at —10 °C and thermally desorbed at a rate
> 60 °Cs~! to a maximum of 250 °C for 10 min. Chromatographic separation was achieved using
an RTX-502.2 capillary column (105m x 320 um OD, 1.8 pum film, Restek Corporation) using
research grade helium (> 99.9995 % purity) as the carrier gas and by temperature-programmed gas
chromatography (35 °C hold 6 min, 12 °Cmin~! to 160 °C hold 5 min, 14 °Cmin~', to 260 °C
hold 15 min) with a carrier gas pressure ramp of 31 psi hold 6 min, 1.8 psimin~' to 41 psi. The
column eluent was split into two streams and fed into two mass spectral detectors. The column
eluent was subjected, in parallel, to negative ion chemical ionisation in the presence of argon gas
(research grade, > 99.9995 %) prior to detection by a quadrupole mass selective detector operating
in selective ion mode (SIM) monitoring the CI™ ion (m/z 35) for chlorinated compounds, the
Br™ ion (m/z 79, 81) for brominated compounds, the I" ion (m/z 127) for iodinated compounds
and the NO; ion (m/z 46) for alkyl nitrates. Simultaneously, the column eluent was subjected to
electron ionisation (EI) prior to detect by a quadrupole mass selective detector operating in single
ion mode and monitoring a selection of ions (see Table 3.2).

Mixing ratios were determined by comparison to a real air working standard with known
mixing ratios. The working standard was a 34 L electro-polished stainless steel canister filled
~3bar with ambient air at UEA. Mixing ratios of the working standard were determined by
comparison to a UEA standard (named “Dave”) with mixing ratios determined by repeat com-
parison to calibrated gas standards supplied by the Global Monitoring Division of NOAA-ESRL
in 34 L electro-polished stainless steel canisters (Essex Cryogenics, St. Louis, MO, US). Gases
not calibrated for by NOAA-ESRL are determined by comparison to primary standards made by
dilution of pure vapour or liquid with research grade nitrogen. Mixing ratios in these standards are
known to be stable over a period of years for many halocarbons (e.g. Hall et al., 2014; Butler et al.,
2007, supplemental). These comparisons are performed periodically and allow an assessment of
any potential changes in the absolute mixing ratio of halocarbons in our working standard over
time. During the field analysis, samples from the standard were analysed after every seven sam-
ples. Additionally a carrier gas blank was run once every 24 hours. Analytical uncertainties were
calculated as the 1 o standard deviation of four standards, drift-corrected by linear interpolation
of the surrounding standards, during a prolonged period of measurement (continuous running of
the instrument was occasionally interrupted for maintenance etc.). Estimated limits of detection
in parts per trillion (ppt), average compound-dependent analytical precisions, the mixing ratios of
the working standard at which the measurements were made and the method (EI or NICI) used

for analysis are shown in Table 3.2.

3.5.2.2 TOF analysis method

A number of bottle samples were also collected on site during the summer IOP. Bottle samples
were collected in Silcosteel ™-coated or electro-polished stainless steel 3 L bottles pressurised to
~3 bar. Bottle samples were analysed at UEA on the TOF-GC system ~18 months after collection.

The long period between sampling and analysis was due to a number of problems with the TOF
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GC-MS which did not allow analysis any earlier than this. Samples were analysed using the
method in Section 3.4.1. Mixing ratios were determined by comparison to a working standard
with known composition. The working standard was a 34 L electro-polished stainless steel
canister (SX706077, Essex Cryogenics, St. Louis MO, US). Long- and short-lived halocarbons
are known to be stable in these canisters over a period of years (e.g. Hall et al., 2014; Butler
et al., 2007, supplemental). Analytical uncertainties were calculated on a per-run basis and are
the root-mean-square sum of the 1 o standard deviation of duplicate samples, drift-corrected to
a linear interpolation of the standard, and the 1 o standard deviation of the drift-corrected working
standard on the respective run day. Estimated limits of detection (LODs) in parts per trillion (ppt),
average compound-dependent analytical precisions and the mixing ratios of the working standard

are shown in Table 3.2.

3.5.2.3 Supporting measurements

A number of additional measurements were made at the North Kensington site by UEA and partner
institutions. These included OH, HO,, RO,, formaldehyde, peroxide, peroxyacetylnitrate (PAN),
NO,, non-methane hydrocarbons (NMHCs), oxygenated volatile organic compounds (0VOCs),
numerous particulate measurements and meteorological measurements. See Bohnenstengel et al.
(2014) for more details of instrumentation and measurements. Additionally, in order to determine
the origin of air arriving at London during the IOP periods, the Met Office Numerical Atmospheric-
dispersion Modelling Environment (NAME) model (Jones et al., 2007; Bohnenstengel et al., 2014)
was used to track the pathways of air to the ClearfLo sites. A separate set of 12 bottle samples,
in addition to those run on the TOF GC-MS, were analysed for a suite of halocarbons by Dr.
J. Laube at UEA. The samples were analysed within ~7 months of collection during the ClearfL.o
summer IOP by GC-MS with a high sensitivity tri-sector mass spectrometer described in detail in
Laube et al. (2010).

3.5.3 Comparison to the ClearfLo in situ data

The comparison of TOF MS analysed bottle samples and in situ NICI/EI GC-MS data is limited to
a small subset of compounds that are stable over long periods in steel bottles and are calibrated for
in both the TOF working standard and the ClearfLo standard. Most long-lived halocarbons, such
as CFCs, halons, some chlorocarbons and HCFCs are stable over long periods in steel canisters.
Comparisons for CFC-11, CFC-113 and HCFC-141b are shown in Figures 3.12a, 3.12b and
3.12c respectively. Comparisons for CCl,, halon 1211 and CH,Cl, are shown in Figures 3.13a,
3.13b and 3.13c respectively Unfortunately, only a subset of bottle samples collected during
the campaign were available for analysis and therefore do not span the entire in situ analysis
period. Additionally, there are gaps in the in situ data where instrument failure or maintenance
required the dual system to be off-line. It should be noted that the fill time for bottle samples is
~2 min whereas the dual MS sampling time is ~30 min. Therefore, the bottle samples represent
a spot measurement and the dual MS samples are a time-averaged measurement over the 30 min
sampling period.

Values derived from TOF-analysed bottle samples agree well with the in situ data within
the errors of both measurements. Table 3.3 shows the mean mixing ratios of the compounds

given in Figures 3.12 and 3.13. Mean mixing ratios for the TOF GC-MS analysis are calculated
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Figure 3.12: Comparison of ClearfLo data from bottle samples analysed by TOF GC-MS and in situ dual
GC-MS for (a) CFC-11, (b) CFC-113 and (c) HCFC-141b analysed by EI. Analytical errors for the TOF
GC-MS data are indicated by error bars. Errors in the in situ data are indicated by the shaded band.
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Figure 3.13: Comparison of ClearfLo data from bottle samples analysed by TOF GC-MS and in situ dual
GC-MS for (a) CCly, (b) halon 1211 and (c) CH,Cl,. CCl, was analysed by EI. Halon 1211 and CH,Cl,
were analysed by NICI. Analytical errors for the TOF GC-MS data are indicated by error bars. Errors in
the in situ data are indicated by the shaded band.



Table 3.2: List of compounds analysed during ClearfLo for the in situ dual EI/NICI GC-MS system and bottle measurements made with the TOF GC-MS. Included are
the limit-of-detection (LOD) in parts-per-trillions (ppt), the compound dependent percentage precisions, the mixing ratio (M.R.) in the working standard and the m/z
of the ion used for quantification.

Compound Formula LOD [ppt] Precision [%] M.R. [ppt] m/z
NICI GC-MS

Long-lived chloro-carbons

Carbon tetrachloride CCl, 0.026 0.48 93.1 35
CFC-11 CCLF 0.026 0.81 521 35
CFC-113 C,CIF; 0.058 1.7 64.8 35
Methylchloroform CH;CCl, 0.058 1.4 591 35
Long-lived bromo-carbons

Halon 1202 CBr,F, 0.0034 7.4 0.0314 79
Halon 1211 CBrCIF, 0.011 7.5 491 79
Halon 2402 C,Br,F, 0.0045 1.4 0.453 79
Short-lived chloro-carbons

Chloroform CHCl,4 0.072 1.2 9.91 35
Dichloromethane CH,Cl, 15 3.4 309 35
Perchloroethene (PCE) C,Cl, 0.016 12 2.80 35
Trichloroethene (TCE) C,HCl,4 - 11 - 35
Short-lived bromo-carbons

Bromochloromethane CH,BrCl 0.0077 4.1 0.139 79
Bromodichloromethane CHBrCl, 0.0024 1.7 0.269 79

Continued on next page . ..
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Table 3.2: Continued from previous page.

Compound Formula LOD [ppt] Precision [%] M.R. [ppt] m/z
Bromoform CHBry 0.0082 1.7 1.59 79

Dibromochloromethane CHBr,Cl 0.0025 24 0.191 79

Dibromomethane CH,Br, 0.0022 0.64 0.889 79

n-Propylbromide C;H,Br - 20 - 79

Short-lived iodo-carbons

Bromoiodomethane CH,Brl - 8.7 - 127
Ethyl iodide C,H,l 0.0077 4.6 0.043 127
Methyl iodide CH;l 0.0092 15 1.4 127
i-Propyl iodide CH;CH,(I)CH; - 4.2 - 127
n-Propyl iodide C;H,1 - 21 - 127
Alkyl nitrates

2-Butyl nitrate CH;CH(ONO,)CH,CH; 0.026 3.1 4.81 46

n-Butyl nitrate C,HyONO; 0.045 3.5 1.48 46

Ethyl nitrate C,H;0ONO, 0.0045 54 2.45 46

2-Methyl-3-buty] nitrate (CH;3),(CH),(ONO,)CH; 0.068 3.1 1.49 46

Methyl nitrate CH;0NO, 0.0028 13 1.95 46

2/3-Pentyl nitrate CsH,,ONO, 1.83 5.1 3.96 46

i-Propyl nitrate CH;C(ONO,)CH; 0.0098 4.9 4.82 46

n-Propy nitrate C;H,0NO, 0.0052 3.7 0.698 46

Continued on next page . ..
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Table 3.2: Continued from previous page.

Compound Formula LOD [ppt] Precision [%] M.R. [ppt] m/z
EI GC-MS

Long-lived chloro-carbons

Carbon tetrachloride CCl, 0.22 1.8 93.1 117
CFC-11 CCLF 0.68 7.9 262 101
HCFC-141b CH;CCIF, 0.49 12 26.3 81
HCFC-22 CHCIF, 22 6.8 310 67
CFC-113 C,CLF, 1.2 11 76.7 151
Short-lived chloro-carbons

Chlorobenzene CgH;Cl - 16 - 112
TOF GC-MS

Long-lived chloro-carbons

Carbon tetrachloride CCl, 0.055 3.0 91.1 117
CFC-11 CCLF 0.017 1.7 244.5 101
CFC-113 C,CL3F; 0.055 4.6 78.1 151
CFC-12 CCL,F, 0.014 3.0 535.1 85
HCFC-141b CH;CCIF, 0.13 6.0 21.5 81
HCFC-22 CHCIF, 0.11 6.9 206 51
HFC-134 C,H,F, 0.19 4.4 54 83
HFC-152a CH;CHF, 0.23 8.2 8.4 65
Methyl chloride CH;Cl1 0.47 53 639 50

Continued on next page . ..
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Table 3.2: Continued from previous page.

Compound Formula LOD [ppt] Precision [%] M.R. [ppt] m/z
Methyl chloroform CH;CCl, 0.13 3.6 10.3 99

Long-lived bromo-carbons

Halon 1211 CBrCIF, 1.3 6.2 4.3 79

Halon 1301 CBr;F 0.18 10 3.1 129
Methyl bromide CH;Br 0.11 3.5 8.4 94

Short-lived chloro-carbons

Dichloromethane CH,(Cl, 0.16 4.0 62.3 84

Chloroform CHCl, 0.075 12 11.6 83

Perchloroethene C,Cl, 0.060 4.2 3.7 166
Short-lived bromo-carbons

Bromoform CHBrj; 0.10 7.30 0.68 173
Short-lived iodo-carbons

Methyl iodide CH;l 0.0086 15 0.18 142
Hydrocarbons

Benzene CgHg - 4.2 - 78

Isoprene CH,C(CH;)CHCH, - 6.9 - 67

Other

Carbonyl sulfide COS 0.66 9.1 551 60

uosiredwod Lreuripad §°€

L9



68 A GC Time of Flight Mass Spectrometer for Atmospheric Measurements

from the bottle samples where there is in situ data close to the fill time. In situ means are
calculated as a linear interpolation of the two nearest samples either side of the selected bottle
sample. Variabilities are given in Table 3.3 as =10 standard deviations of the mean. Within
the variabilities, means values agree well for CFC-11, CFC-113, HCFC-141b and CCl,. The
TOF analysis overestimates halon 1211 and CH,Cl,. CFC-11, CFC-113, HCFC-141b, CCl, and
halon 1211 are all long-lived compounds with lifetimes of 9.2—85 years (Montzka & Reimann,
2011) and would be expected to be relatively stable in bottle samples over the 18 months between
sampling and analysis. CH,Cl, is a short-lived compound with a lifetime of 144 days (Montzka
& Reimann, 2011) and would be expected to be less stable in steel bottles. Overestimation of
halon 1211 mixing ratios might indicate a calibration issue. Halon 1211 mixing ratios are close to
the LOD of the TOF system (LOD of 1.3 ppt, Table 3.2).

Figure 3.13c shows that the TOF instrument can capture, to some extent, the variability in
CH,Cl, e.g. the peak during 7™ August. However, there is some deviation from the in situ data
for instance, at the beginning of the in situ sampling period. This might be explained by variation
due to the ~18 month period between collection and analysis of bottle samples. Variations in
analysed compounds are discussed further in Section 3.6.

There is good agreement between the in situ NICI/EI GC-MS and the TOF GC-MS bottle
measurements for selected long-lived species. However, the large time-scale between collection
and analysis of the bottle samples as well as the limited coverage of bottle samples during the
campaign, means that the TOF GC-MS results are not suitable for further data analysis. Further
discussion of results from the ClearfLLo campaign will be based on in situ measurements and
the 12 bottle samples (separate from those analysed on the TOF GC-MS) analysed on a high
sensitivity sector GC-MS (see Section 3.5.2.3).

3.6 ClearfLo Results

The following is a cursory analysis of halocarbon measurements during the summer IOP of
ClearfLo. This analysis includes results from the on-site dual MS and bottle measurements made
on a high-sensitivity sector instrument by Dr. J. Laube at UEA. As this is a preliminary analysis,
comparison to other on-site measurements and measurements made during the winter IOP have
not been made. Due to the issues encountered with the TOF GC-MS, it was decided that the
main focus for analysis would be the CARIBIC and SAMBBA projects (Chapters 4 and 5). The
ClearfLo results and bottle samples were revisited in order to assess the performance of the TOF
instrument. This is the main reason for the long gap between sample collection and analysis on
the TOF GC-MS. The IOP site was not ideal nor intended for halocarbon sampling, especially for
compounds such as HCFCs and HFCs. Possible on-site pollution issues are discussed further in
Section 3.6.3.

One of the features of the TOF instrument that made it attractive for analysis of air samples
in a polluted environment, such as London, was the possibility of monitoring a large number of
compounds simultaneously as a consequence of the large range of ions captured by the TOF. This
was not possible at the time of the campaign due to the instrumental problems already discussed.
Additionally, measurements of a large range of volatile organic compounds (VOCs), such as

hydrocarbons and halocarbons, on the TOF is not as simple as expected. Separating out known
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Table 3.3: Table of mean values of ClearfLo bottle samples analysed by TOF GC-MS and in situ data
analysed by NICI/EI GC-MS. In situ data are based on a linear interpolation between the two closest
samples to the bottle sample. Variabilities are given as =10 standard deviation of the mean. Halon 1211
and CH,Cl, in situ values are from the NICI channel of the dual GC-MS.

Compound Bottle samples [ppt] In situ [ppt]
CFC-11 238+6.1 267+18
CFC-113 75+2.4 77+5.7
Halon 1211 f 4.4+0.33 3.4£0.37
HCFC-141b 32+4.8 32432
CCl, 85+2.7 87+2.7
CH,CI, T 131+£85 56+9.3

compounds from the large number of pollutants in the urban atmosphere and the high background
in chromatograms would probably require a GCx GC solution.

There are several reasons to be interested in halocarbons in London. Wide-spread use of
CFCs, Halons and some long-lived compounds has been phased out in Europe due to the Montreal
Protocol. However, replacement compounds for CFCs, HCFCs and HFCs, are still in use and
continue to provide a threat, albeit reduced, to stratospheric ozone depletion and, in the case of
HFCs, to global warming. Short-lived chlorocarbons, such as CH,Cl, and PCE (C,Cl,), though
not regulated by the Montreal Protocol, are still long-lived enough to be distributed through the
global atmosphere. These compounds are used in a wide variety of applications as solvents.
CH,Cl, has recently been reported as growing in the atmosphere (Leedham et al., 2013). It
is important, from the point of view of governmental policy-makers, to assess whether urban
centres, such as London, are a source of these compounds. The ClearfLo project is a significant
contribution to the sparse measurements made of halocarbons in the U.K. and is a rare opportunity
to investigate the atmospheric composition of halocarbons and other compounds in London.

Very short-lived bromocabons (VSLB), such as bromoform (CHBrj3), and iodocarbons, such
as methyl iodide (CH;I), are unlikely to have much direct impact on air quality in London, nor do
they represent a large anthropogenic source. Brominated and iodinated compounds can play a role
in particulate formation in the troposphere (e.g. Mikela et al., 2002; Saiz-Lopez et al., 2011),
and tropospheric ozone destruction (e.g Read et al., 2008). With regard to stratospheric ozone
destruction, the tropics are more important for production of VSLB e.g. see Chapter 4 on the
CARIBIC project. However, concentrations measured during ClearfLo are frequently higher than
those encountered during campaigns in the tropics, for instance Sala et al. (2014). As discussed
in Section 3.6.4.2, these emissions might be linked to seaweed farming in Normandy, France.
Tropical VSLB emissions, especially CHBr; have been linked to tropical seaweed farming with
planned increases in seaweed production likely to have greater future impact. VSLB were also of

interest in London as potential tracers of marine air and its impact on air quality.

3.6.1 Air mass influences at the summer IOP site

The Sion Manning IOP site was chosen as a background urban location away from busy roads.
The site was located away from major roads in an area surrounded by 2-3 storey buildings. This
means that wind speed and direction measurements made on site approximately 10 m above the

ground are not an accurate representation of the flow over London during the campaign. Therefore,
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the results of an atmospheric dispersion model were used to estimate likely influences on air
arriving at the site.

In order to identify some of the influences on air quality and composition in London, it is
useful to understand the proportional influence and origins of air masses arriving at the Sion
Manning site. To this end, the NAME dispersion model was used to indicate the regional-scale
influences at the Sion Manning site. Model runs were performed by Zoe Fleming, University of
Leicester. The NAME model was run in backwards mode, 1-day backwards in time at 3 hourly
intervals. Inert tracer particles were released from the site location close to ground level (25 m).
All instances where the particles were near to the ground (10-100 m) were recorded to indicate
surface emissions from different marine and terrestrial geographical regions. The regions used for

the 1-day backwards runs are shown in Figure 3.14.

Ireland

= Benelux / Northern Europe
P

France / Central Europe

Figure 3.14: Diagrammatic map of the areas used for determining the potential source region contributions
at the Sion Manning school site using the NAME 1-day model.

The NAME output represents the 10,000 inert tracer particles released during each 3 hour
period. The output is an integration of the number of particles that have passed over a grid cell
over the 1-day period. The distribution of tracer particles that pass over each, arbitrarily chosen,
geographical region can be shown as a percentage of the total number of particles in the domain
from each 3 hourly release period (see Fleming et al. (2012) and Jones et al. (2007) for further
details of the NAME model and the method of representing source regions).

Figure 3.15 shows the 1-day contributions from the regions indicated in Figure 3.14. Percent-
age contributions can sum to >100 % as particles can re-enter a region and be counted multiple
times. During the summer IOP period, the Sion Manning site was mainly influenced by air
originating near the surface in London and the surrounding area (i.e. South East and South West
UK regions). However, there were periods where marine source regions, i.e. Atlantic, Channel,
North Sea, have an impact on air arriving in London e.g. 1% to 6™ August and continental Europe
contributed to a large portion air arriving in London.
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3.6.2 Summer IOP averages

Averages (means and medians) across the whole summer IOP for halocarbons measured on the
dual NICI/EI GC-MS are shown in Table 3.4. Long-lived halocarbons, i.e. the CFCs, HCFCs,
halons, CH;CCl; and CCl,, show a high degree of variability over the campaign. As these
compounds are well mixed in the atmosphere, due to their long lifetimes, such a large range of
values would not be expected unless close to source. There are three periods where there are
substantial peaks in some long-lived halocarbons. Peaks can be seen on 25% July, 27™ July and
10™ August in CFC-11, CFC-113, HCFC-141b and H-1211 (see Figures 3.12 and 3.12a and
3.12c¢). Peaks can also be seen in CH;CCl;, HCFC-22 and halon 1301. There is also a substantial
peak for HCFC-141b on 13™ August. Mixing ratios for these periods exceed, in the case of
CFC-11, 1 ppb.

The two periods in July coincide with periods of slack air and high temperatures where
the site was heavily influenced by the local area. Instrumental error is unlikely in these cases.
Measurements of CFC-11 made in both EI and NICI MS show similar peaks. Furthermore, the
limited range of compounds with large peaks, each analysed on different ions, indicates that this
is not an MS error or trapping error. The most likely explanation is venting air-conditioning units
and other refrigeration units on site. Very low wind speeds and high temperatures probably created
a build-up of refrigerants (i.e. CFCs and HCFCs) in the ‘urban canyon’ formed by the surrounding
buildings. This would suggest that some of the air-conditioning units require maintenance and
replacement of old refrigerant. Simultaneous peaks in H-1211 might possibly be explained by
fire-extinguishers, a number of which would have been present on site. It should be noted that
these peak concentrations might not accurately represent emissions from London.

High variability in the short-lived halocarbons is expected as these are not evenly distributed
in the atmosphere. All four chlorocarbons in Table 3.4, CH,Cl,, CHCl;, TCE (C,HCl;) and
PCE (C,Cl,), have anthropogenic sources. The majority of anthropogenic emissions of these
compounds is found in the Northern Hemisphere, so higher mixing ratios and variability might be
expected. The short-lived bromo- and iodo-carbons measured in this study are almost exclusively
natural and marine in origin with a small anthropogenic source of CHBr; identified from water
purification and power plant cooling (Quack & Wallace, 2003). These compounds are highly
temporally and spatially variable and this is reflected in the summer IOP averages.

As the periods of high halocarbon concentrations mentioned above are likely to be due to
on-site contamination, further analysis of the long-lived halocarbons has been constrained to the
315 July to 8™ August. This also coincides with a set of bottle samples that were analysed on

a high sensitivity sector GC-MS instrument by Johannes Laube at UEA.

3.6.3 Long-lived halocarbons

For the following discussion of long- and short-lived halocarbons during ClearfLo the period
315 July to 8™ August is used for calculation of means from ClearfLo and baseline data from an
AGAGE monitoring station at Mace Head, Ireland (Prinn et al., 2000). This period was chosen as
one of relatively stable wind direction from the south west. Additionally, the choice of period was
constrained by the dates of the samples analysed on the sector GC-MS instrument.

It should be noted that UEA results are calibrated on the NOAA calibration scale, as described

in Section 3.5.2.1, whereas the Mace Head results are based on an independent AGAGE calibration
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Table 3.4: Means £ 1 o standard deviations and medians with ranges in parentheses for dual NICI/EI
GC-MS compounds measured during the summer IOP of ClearflLo at Sion Manning school in North

Kensington. Errors on the mean represent variability.

Compound Mean +10 Median (range)
Long-lived

CFCs

CFEC-11 T 272163 264 (220-1098)
CFC-113 F 78+6.6 77 (70-140)
HCFCs

HCFC-141b * 33+17 31 (21-231)
Other

CH;CCl, 6.3+1.1 6.1 (4.7-19)
CCl, 92+4.3 91 (81-107)
Halons

Halon-1211 45+2.8 4.0 (2.7-52)
Halon-1202 0.0254+0.012 0.024 (0.018-0.25)
Halon-2402 0.394+0.02 0.39 (0.34-0.46)
Short-lived

Chlorocarbons

CH,(Cl, 76 £46 59 (27-437)
CHCl, 13+£34 12 (8.2-30)
C,HCl, 1.4+0.61 1.3 (0.56-7.2)
C,Cl, 31+£35 18 (3.4-312)
Bromocarbons

CH,BrCl 0.18£0.058 0.17 (0.11-0.59)
CHBCl, 1.14+0.69 0.93 (0.39-5.3)
CH,Br, 1.2+0.38 1.2 (0.60-3.0)
CHBr,Cl 0.72+0.41 0.62 (0.19-2.8)
CHBr; 44427 3.9 (0.70-17)
Iodocarbons

CH;I 1.6£0.83 1.4 (0.42-5.9)

T Measured in EIL All other compounds were measured in NICL.

scale. Differences are known to exist between the scales, however, they are likely to be small.

3.6.3.1 Chlorofluorocarbons (CFCs)

The chlorofluorocarbons (CFCs) are the most abundant anthropogenic chlorinated gases. The
three most abundant CFCs (CFC-12, CFC-11 and CFC-113) contribute ~61.4 % to the total sum
chlorine from stratospheric source gases (Montzka & Reimann, 2011). A small number of CFCs
were measured on site during ClearfLo. Emissions of CFC-12, CFC-11 and CFC-113 peaked
in the 1990s. All three of these compounds are now decreasing in the atmosphere. It was not
expected that CFCs would show large mixing ratios over Northern Hemispheric (NH) baseline
values measured in London. In situ measurements of the three major CFCs (CFC-12, CFC-11 and
CFC-113) show good agreement, within the variability, with baseline mixing ratios measured by
the AGAGE network (Table 3.5).
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A selection of minor CFCs were measured in bottle samples (CFC-112, CFC113a and CFC-
115). The in situ instrument does not have the requisite sensitivity to detect these compounds
on the most suitable ions. Furthermore, chromatography has to be optimised for some of these
minor CFCs e.g. CFC-113a (CCl;CF;), which elutes close to its isomer CFC-113 (CCl,FCCIF,).
CFC-115 agrees well with the baseline measurements made at Mace Head. Montzka & Reimann
(2011) indicate that global mixing ratios of CFC-115 did not change appreciably from 2000
to 2008 and gave a global mean mixing ratio of 8.4 ppt. This is similar to ClearfLo and Mace
Head values and suggests that levels have not changed substantially since 2008. Laube et al.
(2014) report Southern Hemispheric (SH) mixing ratios from late 2012 of 0.48 ppt for CFC-113a
and 0.44 ppt for CFC-112. Mean values from ClearfLo bottle samples are 0.11 ppt higher for
CFC-113a. Values for CFC-112 are similar to Laube et al. (2014). Laube et al. (2014) indicate
a dominantly NH source for these compounds. Additionally, they infer, from firn air collected in
Greenland, that CFC-113a has been growing in abundance from the 1960s to 2012 with a sharp
acceleration in emissions in the past few years. Therefore, higher NH mixing ratios might be
expected for CFC-113a. Laube et al. (2014) indicate that CFC-113a is used as an intermediate in
the production of pesticides and as an intermediate in the production of HFCs. However, Laube
et al. also suggest that that emissions, either as a feedstock chemical or direct emission, might
have been under reported as the Montreal Protocol does not require the separate reporting of

isomeric compounds.

3.6.3.2 Hydrochlorofluorocarbons (HCFCs)

Hydrochlorofluorocarbons (HCFCs) were introduced as a short-term replacement for CFCs due to
their shorter lifetimes (years compared to 10s to 100s of years for CFCs). This is due to a number
of hydrogen atoms in the molecule (usually 1-3). The presence of hydrogen atoms reduces the
lifetime relative to hydroxyl (OH) radical ( Ton) by allowing hydrogen abstraction reactions to take
place. Therefore, the proportion of HCFCs reaching the stratosphere is reduced by up to 80-90 %
(Montzka & Reimann, 2011) due to greater tropospheric processing. However, by definition,
HCEFC:s still contain chlorine atoms and, in spite of their shorter tropospheric lifetimes, they have
a significant impact on stratospheric chlorine loading and hence, stratospheric ozone depletion. In
2008 HCFCs contributed ~7.5 % to stratospheric chlorinated source gases (Montzka & Reimann,
2011).

Four HCFCs were measured during ClearfLo; HCFC-22, HCFC-133a, HCFC-141b and
HCFC-142b The most abundant HCFC in the atmosphere is HCFC-22 with a NH baseline mixing
ratio at Mace Head of 230 ppt. ClearfLo HCFC-22 is 29 ppt higher than this value at 259 ppt
(Table 3.5). HCFC-141b and HCFC-142b are both slightly higher (~6 ppt ) than the Mace
Head values. However, the variability in ClearfLo measurements is high at =36 ppt,, £3.2 and
=+ 8.9 ppt for HCFC-22, HCFC-141b and HCFC-142b respectively. Unlike, the CFCs which
were phased out in developed and developing countries by 2010, gradual phaseout of HCFCs
in developed and developing countries is still under way and will be completed in 2030. It is
likely that the high variability in ClearfLo measurements reflects the continued use of these
substances in London. It should be noted that variability in the in situ measurements could also be
dependent on measurement precision. Sector GC-MS measurements reported in Table 3.5 have an

average precision of <2 %. Therefore, the variability of, for instance, HCFC-142b is probably



3.6 ClearfLo Results 75

Table 3.5: Comparison of ClearfLo in situ NICI/EI GC-MS, a set of nine bottle samples analysed on the
sector GC-MS at UEA by Johannes Laube and AGAGE baseline measurements from Mace Head, Ireland
(Prinn et al., 2000; Fraser et al., 1996; Cunnold et al., 1997; O’Doherty et al., 2001, 2004). AGAGE means
are for the period 31 July to 8™ August except where data was unavailable in which case AGAGE global
baseline means for August 2012 have been used (indicated by curly brackets). This period during the
summer [OP was chosen to allow best comparison between the in situ and bottle measurements. Errors
represent the root mean square sum of variability and analytical errors. Compounds where there is a notable
enhancement compared to Mace Head values are highlighted.

ClearfLo AGAGE
Compound In situ [ppt] Bottles [ppt] Mace Head [ppt]
Long-lived
CFCs
CFC-11 260+22 7 239+2.5 {235 +0.30}
CFC-12 - 524 +4.5 {527+0.17}
CFC-112 - 0.44 +0.0058 -
CFC-113 74+777F 78 £0.45 74 4+0.11
CFC-113a - 0.55+0.010 -
CFC-115 - 8.9+0.11 8.4 1+0.047
HCFCs
HCFC-22 - 259 +36 230+ 0.67
HCFC-133a - 0.52+0.014 -
HCFC-141b 30+3.2° - 24 +0.088
HCFC-142b - 29+8.9 23 +0.08
HFCs
HFC-134a - 140 £ 35 74 +0.34
HFC-227ea - 1.6+1.7 0.81 +£0.014
Other chlorinated
CH;CCl,4 6.0+0427 - 5.2+0.088
CCly, 93+5.5 88 +0.66 {84 +0.38}
Halons
Halon-1301 - 3.2+0.084 3.34+0.037
Halon-1211 3.5+0.33 - 4.0+0.019
Halon-1202 0.024 +0.0026 - -
Halon-2402 0.38 +£0.016 - -
PFCs
C;F; - 0.61 £0.015 0.58 +0.0097
c-C,Fq - 1.44+0.014 -
n-C,4Fyo - 0.21 +£0.016 -
n-C;F ¢ - 0.71 +£0.33 -
Other perfluorinated
SFq - 7.9+0.29 7.8 +0.027
SF;CF; - 0.16£0.011 -
Short-lived
Chlorocarbons
CH,Cl, 64 + 47 - 34.8 +0.59
CHCl,4 11+1.7 - 114+0.49
C,HCl; (TCE) 1.3£+0.59 - {0.063 +0.015}
C,Cl, (PCE) 23+32 - 1.54+0.044

T Measured in EI on the dual GC-MS. Otherwise measured on the CI channel.
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an accurate reflection of the atmospheric variability at the site. It is likely that measurements of
HCFC-22, HCFC-141b and HCFC-142b are influenced by local sources e.g. refrigeration and
air conditioning. Most instruments at the ClearfLo site were housed in shipping containers, each
equipped with an air conditioning unit. Therefore, elevated measurements at the ClearfLo site
might have been influenced somewhat by out-gassing from these units.

Laube et al. (2014) report SH mixing ratios for HCFC-133a of 0.37 ppt, in late 2012, which is
0.15 ppt lower than ClearfL.o mean value. Similarly to CFC-113a, HCFC-133a has a dominantly
NH source and has been rapidly increasing in the atmosphere in recent years and is used in the
production of HFCs. Laube et al. also suggest that HCFC-133a may have been under-reported and
it is unclear as to whether current atmospheric abundances are due to emissions as feedstocks and
intermediates or unsanctioned production. Laube et al. (2014) also point out that, as HCFC-133a
appeared in the atmosphere before widespread replacement of CFCs with HCFCs, it is likely that
HCFC-133a has sources unrelated to CFC replacement.

3.6.3.3 Other chlorocarbons

Two other long-lived chlorocarbons were measured during ClearfLo; methyl chloroform (CH;CCl5)
and carbon tetrachloride (CCl,). Methyl chloroform is decreasing in the atmosphere at a near-
constant exponential rate (Montzka & Reimann, 2011). Clerbaux & Cunnold (2007) reported that,
in 2004, the AGAGE Mace Head, Ireland site was no longer experiencing elevated concentrations
of CH;CCl; during pollution events. ClearfLo CH;CClj; is ~0.8 ppt higher than the Mace Head
baseline concentration. However, the difference between ClearfLo and Mace Head measurements
is as little as 0.29 ppt when variability in the measurements is taken into account. Calibration
differences may also account for this difference and it is unlikely to indicate a source of CH;CCl;
in the region.

CCl, was originally mainly used as a feedstock for CFCs. As CFC production was reduced in
the 1990s as a result of the Montreal Protocol, atmospheric levels of CCl, have also decreased
and continue to decline. However, it is not declining as quickly as expected (Montzka & Reimann,
2011). ClearfLo results are in good agreement with Mace Head baseline values within the

variabilities.

3.6.3.4 Hydrofluorocarbons (HFCs)

Hydrofluorocarbons (HFCs) are used as a long term substitute for CFCs and HCFCs. As HFCs do
not contain chlorine, bromine or iodine they do not contribute to stratospheric ozone depletion
and are not regulated by the Montreal Protocol. However, HFCs (and all other halocarbons) are
radiatively active and contribute to anthropogenic climate change. HFCs are regulated by the
Kyoto protocol which seeks to control emission of key gases linked to climate change. HFCs are
expected to grow substantially in the future as demand for their use as a substitute grows. The
warming effects of HFCs can be minimised by selecting HFCs with low global warming potentials
(GWPs, see Section 1.6.1).

Two HFCs were measured during ClearfL.o; HFC-134a and HFC-227ea (Table 3.5). HFC-
134a is ~66 ppt and HFC-227ea is ~0.79 ppt higher than Mace Head baseline mixing ratios for
the period. Both HFCs are used as replacements for CFCs and HCFCs in aerosol, refrigeration,

and air-conditioning applications (e.g. Laube et al., 2010; Montzka et al., 1996). HFC-134a is
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the preferred refrigerant used in refrigeration and vehicle air-conditioning (Montzka & Reimann,
2011). HFC-227ea is also widely used in fire protection systems. Therefore, similarly to HCFCs,
higher mixing ratios of HFCs during ClearfLo are likely to be due to local sources from, for
example, refrigeration and air-conditioning. As noted in the discussion of HCFCs (Section 3.6.3.2),

it is possible that these measurements are influenced by on-site emissions.

3.6.3.5 PFCs

Perfluorocarbons (PFCs) are completely fluorinated hydrocarbons with very long atmospheric
lifetimes and high GWPs (Forster et al. (2007), also see Section 1.6.1 and Table 1.1). PFC
sources are industrial except for CF, which has a source from crustal degassing and a pre-
industrial background of 39 ppt (Montzka & Reimann, 2011). PFCs sources include aluminium
manufacture, fire protection and solvent applications (e.g. Bennett et al., 2005; Miihle et al., 2010).

Four PFCs were measured during the ClearfLo campaign; C5Fg, c-C,Fg, n-C,F, and n-C;F .
C;Fy agrees well with baseline measurements from Mace Head (Table 3.5). Oram et al. (2012)
report a mean NH mixing ratio for c-C4Fg of ~1.2 ppt from samples collected at 10-12km as
part of the CARIBIC project in 2010 (see Chapter 4 for more details on CARIBIC). ¢-C,Fg
measurements made during ClearfLo give a mixing ratio of 1.4 ppt, ~0.2 ppt higher than Oram
et al. (2012). Oram et al. give a growth rate, based on archived air from Cape Grim, Tasmania
as well as CARIBIC flights, of 0.03 pptyr~'. Assuming that this growth rate has not changed
since 2010, this would give an expected concentration of ~1.26 ppt at 10-12km. ClearfLo
measurements are 0.14 ppt greater than this which might indicate either that emissions have
increased since 2010 or that there is a local source of c-C4Fg. However, as Oram et al. (2012)
values are from aircraft measurements made at 10—12 km, it it not possible to draw definitive
conclusions from comparison with these measurements.

Mixing ratios for n-C,F,, and n-C;F ¢, based on Cape Grim archived air in 2010 were
0.178 £ 0.002 ppt and 0.103 = 0.005 ppt for n-C4F,, and n-C;F ¢ respectively (Laube et al., 2012,
supplementary material). NH mixing ratios of n-C,F, reported by Laube et al. (2012), were
up to ~0.18 ppt in March 2011 at 10-12km. ClearfLo values for n-C,F,, are only slightly
higher (0.03 ppt) than NH values given by Laube et al. (2012). It is unlikely that this represents
a significant difference. Laube et al. (2012) measured tropical mixing ratios of n-C;H, 4 of ~0.23—
0.24 ppt. No Northern Hemispheric values are available for C;F 4. ClearfLo values for n-C;F ¢
are higher by ~0.45-0.6 ppt higher than those from Laube et al. (2012). It is likely that the higher
values encountered during ClearfLo are due to a Northern Hemispheric source, possibly close to
London. Laube et al. (2012) give the main usage of n-C,F,¢ as a heat transfer fluid with additional

usage as a solvent.

3.6.3.6 Other fluorinated compounds

SF¢ and SF5CF; are perfluorinated compounds with long atmospheric lifetimes and high radiative
forcing. This leads to very high 100-year GWPs of 22,800 for SF¢ and 17,700 for SF5CF; (Forster
et al., 2007). SF¢ has a small background emission from production in the Earth’s crust, however,
emissions are dominated by usage in high voltage insulation as well as additional contributions

from magnesium production and semiconductor manufacture (Levin et al., 2010, and references
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therein). ClearfLo measurements of SF¢ (Table 3.5) are similar to the baseline measurements
from Mace Head. It is unlikely that there are any strong sources in London.

SF5CF; has been used in the production of fluorosurfactants in the manufacture of foams
and stain-resist coatings (Sturges et al., 2012). Sturges et al. indicate that significant emissions
of SF5CF; have ceased and that the mixing ratio has equilibrated throughout the atmosphere at
~0.15 ppt. This figure is in good agreement with ClearfLo values. Sturges et al. (2012) give
evidence that the cessation of emissions is largely due to the change in production methods of
one major manufacturer of fluorosurfactants. According to Sturges et al. (2012), a number of
companies worldwide continue to manufacture similar fluorosurfactants but they do not appear to

be contributing substantial emissions of SFsCFj.

3.6.3.7 Halons

Halons are long-lived halocarbons that contain bromine and fluorine. They may also contain
chlorine atoms. As bromine has an approximately 60 times higher, on a per atom basis, ozone
destruction efficiency (Montzka & Reimann, 2011), halons have high ozone destruction potentials
(ODPs, Section 1.3.4). Halon emissions are thought to be accounted for by leakage from stockpiles
or banks. However, they are also used in small quantities as chemical feedstocks and fire
suppressant applications (Montzka & Reimann, 2011).

ClearfLo measurements were made of halons 1301, 1211, 1202 and 2402 (abbreviated here
to H-1301, H-1211, H-1202 and H-2402). ClearfLo values for H-1301 agree well with baseline
measurements from Mace Head (Table 3.5). H-1301 was increasing in the atmosphere at a rate of
0.03-0.04 ppt, yr—! during 2007-2008 (Montzka & Reimann, 2011) but there do not appear to be
local emissions in London. ClearfLo measurements of H-1211 are ~0.5 ppt lower than baseline
Mace Head measurements. This might be explained by a calibration offset between Mace Head
and ClearfLo measurements.

Newland et al. (2013) report mean mixing ratios, from archived air at Cape Grim, Tasmania
during 2011, of 0.020 £ 0.001 and 0.39 £ 0.01 for H-1202 and H-2402. ClearfLo results match
these SH values well. H-1202 and H-2402 are both decreasing in the atmosphere at rates of
—2.6+0.2and —3.3+2.5ppqyr~" (parts per quadrillion i.e. fmol~!mol~!) respectively during
2005-2011 (Newland et al., 2013). Newland et al. state that H-2402 emissions are largely limited
to countries that use ex-Soviet military equipment. Past emissions were as a consequence of
direct production and as a by-product from over-bromination during H-1211 manufacture. H-1202
emissions have also been linked to H-1211 production. However, Newland et al. (2013) point out
that current emissions are likely to be linked to either banked H-1202 or to contaminated H-1211

in, for instance, halon-charged fire extinguishers.

3.6.4 Short-lived halocarbons
3.6.4.1 Short-lived chlorocarbons

CH,Cl, is primarily used as a paint remover with other uses as a solvent, degreaser and foam-
blowing agent. TCE and PCE are used in dry-cleaning applications and degreasing. CHClj; is
primarily used in the production of HCFC-22 and fluoropolymers, and is released as a by-product

of bleaching in the paper and pulp industry (Montzka & Reimann, 2011). The anthropogenic
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fraction (industrial plus biomass burning emissions) of these compounds has been estimated from
modelling studies as 25 % for CHCl;, 90 % for CH,Cl, and 100 % for TCE and PCE (Montzka &
Reimann, 2011). However, the majority of anthropogenic emissions of all four compounds are
found in the Northern Hemisphere. The majority of natural sources of CHCl; are the open ocean
and soil processes with small contributions from geological and anaerobic processes (McCulloch,
2003). CH,Cl, also has a small but poorly quantified oceanic source.

Four short-lived chlorocarbons were measured at Sion Manning school; perchloroethene
(PCE, C,Cl), trichloroethene (TCE, C,HCl,), chloroform (CHCl;) and dichloromethane (DCM,
CH,Cl,). A number of short-lived halocarbons are measured at the AGAGE (Advanced Global
Atmospheric Gases Experiment) monitoring station at Mace Head, Ireland. Mean mixing ratios
+10 standard deviation for 23™ July to 19" August of AGAGE data under baseline conditions
are 1.4 £+ 0.45ppt, 0.2 &, 31 & 10 ppt and 3.3 ppt respectively for PCE, CH,Cl, and CHCl; (Prinn
et al., 2000; O’Doherty et al., 2001). AGAGE measurements of TCE are not available for the
ClearfLo summer IOP. ClearfLo measurements of these three very short-lived (VSL) compounds
are elevated above this background level throughout the campaign excepting CH,Cl, which has
a minimum value of 27 ppt. However, this is encountered in only one sample. PCE, TCE, CH,Cl,
follow a similar pattern of high mixing ratio peaks reflecting the similar anthropogenic source
of these compounds. A striking feature of these compounds during the IOP is the intense peak
in PCE, TCE and CH,Cl, mixing ratios on 7" August with CH,Cl, mixing ratios approaching
0.5 ppb. During this peak, NAME 1-day air mass footprints indicate possible source influence
from the south coast of Ireland, the Bristol Channel and Southwest UK (e.g. Figure 3.19¢).
However, considering the sharpness of the peak and the high mixing ratios encountered, this is

likely to be due to a local source.

3.6.4.2 Very short-lived bromo-and iodo-methanes

Bromoform (CHBr5) during the summer IOP is shown in Figure 3.17a. Bromoform is mainly
marine in origin and has sources identified in coastal macroalgae (seaweeds) and oceanic phyto-
plankton (e.g. Leedham et al., 2013; Brinckmann et al., 2012; Carpenter et al., 2009; Montzka &
Reimann, 2011). Minor anthropogenic sources have been identified from drinking water chlorina-
tion and power plant cooling water (Quack & Wallace, 2003). For further details on VSLB see
Section 1.5.2.3 and Chapter 4.

Bromoform reaches a minimum of ~1 ppt over the summer IOP period peaking at up to
~17 ppt with a median value (and range) of 4.6 (0.70-17) ppt. Median global marine boundary
layer (MBL) mixing ratios are 1.6 (0.5-2.4) ppt (Montzka & Reimann, 2011). Carpenter et al.
(2005) observed CHBr; mixing ratios of up to 25 ppt at Mace Head, Ireland during August and
attribute this to macroalgae production and indicate that high levels of CHBr; are dependent on
light levels and macroalgal coverage which are both higher in spring and summer. The large
peaks of up to ~16 ppt CHBr; in ClearfLo results indicate that London is relatively close to
a source of CHBr5. Enhanced mixing ratios of CHBr; are associated with regional influences that
indicates a greater marine influence on air arriving at the site. This is especially clear during the
period between 31 July to 7™ August (Figure 3.17b). Typically, higher mixing ratios during
this period have a 1-day NAME foot print that indicates that air is close to the surface in the

region of Brittany and Lower Normandy, France (Figure 3.19a). Higher mixing ratios between
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Figure 3.16: Short-lived chlorocarbon species measured during the ClearfLLo campaign summer IOP at
Sion Manning school in North Kensington. Mixing ratios are plotted against time for (a) C,Cl, (PCE), (b)

C,HCl; (TCE), (c) CH,Cl, and (d) CHCl;.
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Figure 3.17: Measurements of CHBr; made during the ClearfLo campaign summer IOP at Sion Manning
school in North Kensington. Data for the whole campaign are shown in (a) with bands surrounding the data
indicating analytical uncertainties. Bromoform mixing ratios against time are plotted along with the air
mass footprints described in Section 3.6.1 for (b) 30t July to 7t August and (c) 10™ to the 17t August.
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10™ and 17™ August are less clearly associated with marine influences. NAME 1-day footprints
show that higher mixing ratios are associated with air coming from the coastal regions of Belgium
and the Netherlands as in Figure 3.19b. The other four VSLB measured (CH,Br,, CHBr,Cl,
CHBrCl, and CH,BrCl) all follow a similar pattern though with less intense peaks (Figure 3.18).
Medians and ranges for CH,Br,, CHBr,Cl, CHBrCl, and CH,BrCl are 1.24 (0.60-3.0) ppt, 0.69
(0.19-2.83) ppt, 1.07 (0.39-5.3) ppt and 0.17 (0.11-.059) ppt respectively. These are close to
global MBL values given in Montzka & Reimann (2011) with the exception of CHBrCl, which is
higher than the value given by Montzka & Reimann (2011) of 0.3 (0.1-0.9) ppt.

Methyl iodide (CH;l) has large peaks during the first period of strong marine influence
(Figure 3.18e) but less intense peaks during the second period. The median over the IOP period
was 1.6 (0.42-5.9) ppt which is higher than the Montzka & Reimann (2011) value of 0.80
(0.1-0.9) ppt. Though marine in origin with sources from marine algae and phytoplankton (e.g.
Smythe-Wright et al., 2006), CH;I also has a non-biological photochemical marine source (e.g
Yokouchi et al., 2008). The peaks in CH;I do not follow the same pattern as for the VSLB with
the largest peaks occurring at different times to those of the VSLB indicating a different source.

Likely sources in the region that might explain the higher mixing ratios of CHBr; are seaweeds
and power plant cooling water. There are extensive seaweed beds off the coast of Brittany and
Normandy. A large proportion of France’s seaweed farming takes place at sites around this area
(Mesnildrey et al., 2012). It is possible that these seaweeds are the source of bromoform during
the 31 July to 7! August period. It is possible that this also provides an explanation for the
high mixing ratios encountered later in the campaign. Alternatively, high mixing ratios might be
due to power station cooling water from coastal nuclear power stations. Quack & Wallace (2003)
estimate a global emission of bromoform-derived bromine of 34 Mmolyr~! from coastal power
plants. The french Flamanville nuclear plant is located on the Lower Normandy coast within the
air mass foot print in Figure 3.19a. The UK Dungeness B nuclear plant is located on the Kent
coast within the air mass foot print in Figure 3.19b. Additionally, the Sizewell nuclear plant is
located just outside of the footprint on the Suffolk coast. All of these plants appear to use sea
water cooling from the limited information available (Turnpenny et al., 2010; Pacey et al., 2011).
Both periods are associated with elevated bromoform. Interestingly, the peak bromoform (and
other VSLB) mixing ratios all occur during the night which might indicate that this is not related
to biological production, as peak production from seaweeds or phytoplankton would be expected

to occur during the day.

3.7 Summary

3.7.1 ClearfLo results

Measurements were made of a range of long- and short-lived halocarbon trace gases during
summer 2012 within London, U.K. It would not be expected for London to be a source of CFCs,
halons, CH;CCl; or CCl, as these compounds have been phased out under the terms of the
Montreal Protocol in both developed and developing countries. Results from ClearfLo indicate
that this is the case. Northern Hemispheric data for the minor CFCs, CFC-112 and CFC-113a, is
not available for comparison. However, comparison to Southern Hemispheric data from Laube

et al. (2014) indicate that there is, at least, no local source of these compounds. However, there
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Figure 3.18: Measurements of selected very short-lived biogenic halocarbons made at Sion Manning
school during the ClearfLo summer IOP for (a) CH,Br,, (b) CHBr,Cl, (c) CHBrCl,, (d) CH,BrCl and (e)
CH;1. Bands around the data indicate the analytical errors.
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Figure 3.19: NAME 1-day footprints (see Section 3.6.1) for (a) 5 th August 00:00 (UTC), (b) 11t August
00:00 (UTC) and (c) 7t August 06:00 (UTC). Colours indicate the concentration of inert tracer particles.



3.7 Summary 85

appear to be extant reservoirs of some of these long-lived species, within the U.K., as indicated by
the high concentrations presumably from air-conditioning units and fire extinguishers on site (see
Section 3.6.2).

In contrast, the HCFCs and HFCs generally appear to be enhanced compared to baseline
measurements made at Mace Head. HCFCs were the first stage replacements for the CFCs.
HFCs are the subsequent replacement compounds for the HCFCs. HCFC-22, HCFC-141b and
HCFC-142b show higher mixing ratios (~29, ~6 and ~6 ppt greater respectively) than Mace
Head measurements. These compounds also show a large degree of variability which probably
reflects their usage on a local as well as a regional scale. The minor HCFC-133a is also 0.37 ppt
higher than Southern Hemispheric measurements, indicating that there is a Northern Hemispheric
source. HFC-134a and HFC-227ea are both nearly double their respective baseline values at
Mace Head. This indicates a strong source within London. As mentioned, HFC-134a is the
preferred refrigerant for mobile air conditioning i.e. vehicular ‘air-con’. HFC-227ea is used
predominantly in fire protection systems and is the most dominant HFC used in fire protection in
the U.K. (DEFRA, 2012). Emissions of these compounds are likely to increase in the future as the
HCFCs are phased out and HFCs are used as replacements.

London does not appear to be a strong source of perfluorinated species. There are Mace Head
baseline measurements from the period of only two of the perfluorinated species measured during
ClearfLo (C;Fg and SF). These two species do not have notably higher mixing ratios than the
background measurements. ClearfLo values for ¢-C,Fg and n-C;H ¢ are in line with a Northern
Hemispheric source. However, with little data from the region to compare to, it is not possible to
draw a conclusion about London sources. It is unlikely that there are any significant sources of
C;F; as ClearfLo measurements closely match those at Mace Head. ClearfLo values for SF5CF;
are in line with expected values and indicate no local or Northern Hemispheric emissions.

ClearfLo measurements of CH,Cl,, TCE and PCE indicate strong sources in London, the
South West of England or Ireland. Considering the large number of applications for these
compounds, it is not surprising that these compounds have higher mixing ratios in London. These
compounds are short-lived (see Table 1.1 for atmospheric lifetimes) and as such, are not controlled
by the Montreal Protocol. However, CH,Cl, has a long enough lifetime to become distributed
throughout the atmosphere. CH,Cl, is growing in the atmosphere (Leedham Elvidge et al., 2014)
and may be of significance in the future.

The very short-lived bromocarbons measured during ClearfLLo indicate a source close to
London. It is likely that this is due either to coastal seaweed beds in the region of Normandy or to
sea water cooled, coastal power plants in either France or the U.K. Seaweeds have been implicated
as VSLB sources in the tropics. Yokouchi et al. (2005) encountered up to 40 ppt of CHBr; off
the coast of tropical islands. However, airborne measurements of VSLB, e.g. CARIBIC (see
Chapter 4) or SHIVA (Sala et al., 2014), have not found especially high concentrations of these
compounds in the troposphere. ClearfLo measurements add to the evidence that seaweeds are
a strong source of these compounds. Alternatively, the ClearfLo measurements might corroborate
power plant cooling as a source of VSLB. These emissions are unlikely to be of significance for
stratospheric ozone depletion due to the short lifetimes of the compounds. However, they do

highlight the significance of marine emissions on air quality in London.
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3.7.2 TOF GC-MS

When purchased in around 2006, the SAI TOF GC-MS instrument was one of the first of its type.
It was bought as something of a prototype, particularly for atmospheric measurements, with the
expectation that it would achieve similar detection limits, working in the equivalent of full scan
mode, to that achieved by the market leading Agilent MSD systems operating in selected ion,
electron ionisation mode. The initial aim of this thesis was to test and refine the instrument, with
assistance from the manufacturer, and to develop a fully automated system for the measurement
of a wide and diverse range of VOCs (halocarbons, hydrocarbons, etc.) in ambient air.

The time-of-flight GC-MS system was assessed for suitability in atmospheric measurement.
Instrument sensitivity is not as high as hoped for in an instrument intended to replace a quadrupole
mass spectrometer (LODs are, at best, ~0.1 ppt). Trends with reproducibility show expected
behaviours for most compounds with no apparent mass dependent effects. Long-term sensitivity
drift could not be assessed due to the nature of the manual inlet setup. However, drift over the
course of one day shows a consistent behaviour for compounds with low LODs. Daily sensitivity
changes indicate that there is an exponential drop in sensitivity over the first two samples followed
by an approximately linear increase in sensitivity. Although, long-term sensitivity drift could not
be assessed, the stability of the instrument tune parameters indicates that there is little long-term
drift. Linearity with sample size indicates non-linear behaviour volumes below ~750 mL. For
most compounds, non-linearities are of the order of <10 %. A preliminary comparison with a dual
quadrupole MS system indicates good agreement. Further work is required in order to assess the
linearity and sensitivity stability of the system.

The TOF GC-MS does not meet the original specifications for a GC-MS intended as a re-
placement for quadrupole GC-MS instruments used for atmospheric measurements. The ability to
record a large range of ions without losing sensitivity is the main advantage of this instrument.
However, instrument sensitivity is often not good enough to positively identify some of the lower
mixing ratio compounds of current interest e.g. newer HFCs and PFCs. Additions and upgrades
to the TOF MS, e.g. the HV Einzel lens assembly and the 100 kHz sampling mode, were not
sufficient to improve the sensitivity. These modifications had additional issues that led to their
their deactivation. Further work is required in order to fully characterise the sensitivity stability
and linearity of the system. Improvements to the usability will likely involve the proper integration
of a standalone GC unit and further work with SAI engineers to improve stability, sensitivity and
general instrument performance.

The main advantage of this instrument, in its current state, is the large number of ions recorded
simultaneously without loss of sensitivity. This could be advantageous for simultaneous analysis
of several classes of compounds, e.g. halocarbons and hydrocarbons. The only limitation on this
analysis scheme is the ability to calibrate for a large range of compounds. Ideally, a GC x GC
system would be used for such an analysis to improve separation and identification of compounds.

The main limitation on the usability of the TOF instrument is reliability. Instrument software
and hardware issues do not provide a stable platform for analysis. As the intended use of this
instrument is for automated measurements, particularly in the field, instrument stability is a key
factor in usability. Furthermore, the current instrument setup is not practically usable as a field
instrument due to the addition of a separate GC unit which makes the instrument footprint larger

than practically useful for in-the-field applications. Due to the limitations of the instrument it was
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decided that analyses of campaign samples for the CARIBIC and SAMBBA projects (Chapters 4
and 5) would be performed on existing quadrupole instruments.






Chapter

Very short-lived bromocarbons in
CARIBIC

This chapter is based on the paper (Wisher et al., 2014) of which I was the first author. Co-author
contributions included the supporting measurements and modelling (acknowledged in the text) as
well as discussion on the content.

The main purpose of this study is to provide a minimum estimate of VSLB at the base of
the tropical tropopause layer (TTL) in order to better constrain the quantity of bromine entering
the stratosphere and the proportional influence of biogenic and anthropogenic emissions on
stratospheric bromine levels. As described in Sections 1.5.2.3 and 1.7.2, a discrepancy exists
between stratospheric inorganic bromine (Bry) and the total bromine available from halons and
methyl bromide (Dorf et al., 2006, 2008). This Br, ‘gap’ is presumed to be due to very short-
lived bromomethanes (VSLB). Additionally, it was hoped that it would be possible to identify
broad tropical source regions for the VSLB, such as the western Pacific, an expected source
region for VSLB (e.g. Aschmann et al., 2009; Fueglistaler et al., 2009). Furthermore, due to
the short-lived nature of bromomethanes, VSLB can be used to elucidate structure within the
transition layer between the extra-tropical troposphere and the lowermost stratosphere, the upper

troposphere/lower stratosphere (UTLS).

4.1 The CARIBIC project

The CARIBIC project (Containerised Aircraft for the Regular Investigation of the atmosphere
Based on an Instrument Container, www . caribic-atmospheric. com) has, since 2005, made reg-
ular deployments of a fully automated container-based atmospheric laboratory aboard a Lufthansa
Airlines Airbus A340-600 (Brenninkmeijer et al., 2007). Flights originate in Frankfurt (Germany)
with routes to North America, Asia, Africa and South America. At cruising altitudes (approxi-
mately 10-12 km), the aircraft typically intersects air masses representative of the free troposphere
in the tropics, and both the upper troposphere and lowermost stratosphere (UT/LMS) at mid- to
high latitudes. The UT/LMS is of particular interest as this is a complex region of the atmosphere
with a limited number of measurements made within it. During each flight, real-time trace-gas
and aerosol measurements are made alongside the collection of whole-air samples. A subset of
whole-air samples have been analysed for five VSLB; CHBr;, CH,Br,, CHBr,Cl, CHBrCl, and
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CH,BrCl (Sect. 4.2).

4.2 Methods

The CARIBIC container instrumentation carries out a number of in situ measurements during
each flight (Brenninkmeijer et al., 2007). In addition, whole-air samples are collected for later
laboratory analysis. A detailed description of CARIBIC sample collection can be found in Baker
et al. (2011b). The whole-air sampler unit consists of a pumping unit and two TRAC (Triggered
Retrospective Air Collector) sampling units. Each TRAC contains 14 2.7 L glass sampling flasks
with a normal flight consisting of 14 samples taken on the outbound and 14 on the return flight,
making a total of 28 samples per round-trip flight. Samples are collected along the flight route
at predetermined, evenly spaced sampling intervals of ~ 35 min, or ~ 480 km between samples.
Filling times are on average 45 s (30-90 s) corresponding to a spatial coverage of 7-21 km. TRACs
are routinely analysed after the flight at different laboratories for non-methane hydrocarbons
(Baker et al., 2010), non-halogenated and halogenated greenhouse gases, e.g. N,O, CH,, SFq and
CO, (Schuck et al., 2010) and a variety of short- and long-lived halocarbons at the University of
East Anglia (e.g. Laube et al., 2010, 2012; Baker et al., 2011a; Lai et al., 2011; Oram et al., 2012;
Sturges et al., 2012).

Between June 2009 and May 2011 the container was installed on flights between Frankfurt,
Germany (FRA) and Caracas, Venezuela (CCS); between Frankfurt and Bogotd, Columbia
(BOG), and between Frankfurt and Cape Town, South Africa (CPT). During November and
December 2012 and February 2013 the container was installed on flights between Frankfurt and
Bangkok, Thailand (BKK) and between Bangkok and Kuala Lumpur, Malaysia (KUL). Figure 4.1
shows the sampling locations for all Central American flights (FRA-CCS/BOG), South African
flights (FRA-CPT) and Southeast Asian flights (FRA-BKK and BKK-KUL). CARIBIC flights are
at civil aircraft cruising altitudes and those included in this study were between 6.9 and 12 km and
on average at ~ 11 km (~ 220 hPa).

Routine analysis of whole-air samples for halocarbons is normally carried out by conventional
gas chromatography mass spectrometry (GC-MS) in electron ionisation mode (EI-GCMS). How-
ever, the analysis of VSLB reported here was performed on a subset of CARIBIC samples using
a quadrupole GC-MS running in negative ion chemical ionisation (NICI) mode. NICI has been
shown to give much improved response for organic compounds containing bromine and iodine
atoms (Worton et al., 2008). The GC-MS (Agilent Technologies GC 6890/MS 5973N) was coupled
to a thermal desorption pre-concentrator (UNITY2TM and Online Air Server; Markes International
Ltd.) as described in Worton et al. (2008). Accurately measured air samples (~ 500 mL, flow
rate ~ 40 mLmin~') were dried with a counterflow nafion drier (PermapureTM, 100 mLmin~!
counterflow of dry nitrogen) prior to pre-concentration on a packed capillary cold trap at —30 °C
and thermally desorbed at a rate > 60 °Cs~! to a maximum of 310 °C for 6 min. Chromatographic
separation was achieved using an RTX-502.2 capillary column (105 m x 320 um OD, 1.8 um
film, Restek Corporation) using research grade helium (> 99.9995 % purity) as the carrier gas
and by temperature-programmed gas chromatography (30 °C hold 2 min, 8 °Cmin~! to 150 °C
hold 16 min, 20 °Cmin~!, to 220 °C hold 5 min). The column eluent was subjected to negative

ion chemical ionisation in the presence of methane reagent gas (research grade, > 99.9995 %)
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Figure 4.1: Collection locations of whole air samples for CARIBIC flight routes FRA-CCS/BOG, FRA-
CPT and FRA-BKK-KUL. For the latter, air sample collection north of approximately 30° N were not
analysed at UEA.

Table 4.1: Estimated limits of detection (LOD), compound dependant analytical precisions and mixing
ratios at which the precision measurement was made for short-lived bromomethane species considered in
this study (see Sect. 4.2.1 for further discussion of the working standard).

Species Estimated Limit of Mean Analytical Mixing
Detection (LOD) [ppt] Precision [%] Ratio [ppt]
Bromoform 0.001* 53 1.57-2.23
Dibromomethane 0.001* 5.1 1.23
Dibromochloromethane 0.001* 4.3 1.17
Bromodichloromethane 0.0008* 4.3 1.60
Bromochloromethane 0.005 6.1 0.29

All LODs given in parts per trillion (ppt) rounded to one significant figure.

* Values from Worton et al. (2008).

prior to detection by a quadrupole mass selective detector operating in selective ion mode (SIM)
and monitoring the Br ion (m/z 79, 81) for brominated compounds. CARIBIC measurements of
VSLB are reported as dry-air mole fractions, pmolmol~! (dry air), abbreviated here to ppt (parts
per trillion).

Analytical uncertainties were calculated on a per-run basis and are the 1 ¢ standard deviation
of the working standard on the respective measurement day. Estimated limits of detection in parts
per trillion (ppt), average compound-dependent analytical precisions and the mixing ratios of the
working standard at which the measurements where made for the compounds in this study are
shown in Table 4.1. For more details on the working standard see Sect. 4.2.1.

A number of trace gases are continuously measured through the same inlet line as used for
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collection of TRAC samples. For each TRAC sample, values for continuously measured trace
gases are determined by integration over the sampling period. Ozone (O3) measurements used
in this study were measured using a custom-made dual-beam UV-photometer, developed and
maintained by the Institute for Meteorology and Climate Research, Karlsruhe, Germany with
a time resolution of 4 s and a precision of 0.5 ppb or 0.5 % (whichever is the larger) and a total
uncertainty of 1.5 % (Brenninkmeijer et al., 2007; Zahn et al., 2012). Ozone mixing ratios are
reported in this study as wet-air mole fractions, nmolmol~' (air), abbreviated here to ppb (parts
per billion).

Meteorological analyses and backward trajectory calculations are performed along the flight
track using the TRAJKS model, of the Royal Netherlands Meteorological Institute (KNMI; Scheele
et al. (1996), see also http://www.knmi.nl/samenw/campaign_support/CARIBIC/). The
trajectory model uses as input 6 hourly wind fields at 1° x 1° resolution derived from archived
analysis fields from the European Centre for Medium range Weather Forecasting (ECMWF).
5 day back trajectories are calculated along the flight track at 3 min intervals. Additionally, at 6 s
time steps, 8 day back trajectories are calculated during the sampling interval of each whole air
sample. Additional meteorological parameters, such as potential vorticity (PV), were interpolated
along the flight tracks at time intervals of 1 min by linear interpolation in space and time from the
archived ECMWF analyses.

4.2.1 Calibration of short-lived halocarbons

Mixing-ratios of short-lived halocarbons are known to drift when stored for long periods in certain
types of metal container (e.g. Laube et al., 2008; Hall et al., 2014; Butler et al., 2007, supplemental).
Regular comparisons to known standards are necessary to ensure a consistent dataset. Calibration
of the bromocarbons is based on individual compound response factors determined by comparison
to a working standard with known mixing ratios. The working standard was an aluminium cylinder
containing dry ambient air at high pressure. The mixing ratios of halocarbons in the working
standard were determined by repeat comparison to calibrated gas standards supplied by the Global
Monitoring Division of NOAA-ESRL in 34 L electropolished stainless steel canisters (Essex
Cryogenics, St. Louis, MO, US). Mixing ratios in these standards are known to be stable over
a period of years (e.g. Hall et al., 2014; Butler et al., 2007, supplemental). These comparisons are
performed periodically and allow an assessment of any potential changes in the absolute mixing
ratio of halocarbons in our working standard over time.

From comparisons with 3 separate NOAA standards: SX-3546 (comparison performed in
2008); SX-3570 (2010); and SX-3568 (twice in 2012) we estimate that the mixing ratio of CHBr5
in the working standard has declined by 38 % over the period October 2008—September 2012,
whilst that of CH,Br, has remained unchanged (1.23 £0.07 ppt, or 5.6 %, 1 0). NOAA calibration
data for the 3 mixed bromochloromethanes were only available for the 2010 and 2012 comparisons
and our analysis shows that the concentrations of CH,BrCl and CHBr,Cl in the working standard
have remained approximately constant (0.28 &=0.004 ppt, or 1.5 %; and 1.18 £0.04 ppt, 3.4 %
respectively) whilst that of CHBrCl, may have increased by 16 %. Calibration factors applied
to the CARIBIC data for CHBr; have been time-corrected using a quadratic fit to the inter-
comparison values. A calibration factor was applied to CH,Br, based on mean values from
2008-2012 comparisons. Calibration factors for CHBr,Cl, CHBrCl, and CH,BrCl are based on
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the mean values of the 2010 and 2012 comparison. Again, note that the differences in calibration
scales for these compounds limit this comparison.

The mixing ratios reported here are therefore based on the latest NOAA-ESRL scales for
CH,Br, (2004) and CHBr; (2003), and on a preliminary NOAA scale for CHBr,Cl, CHBrCl, and
CH,BrCl (Brad Hall, personal communication). The accuracy of the absolute mixing ratio in the
working standard, based on combined uncertainties associated with the standard comparisons and
NOAA’s stated uncertainties was 6.0 % for CHBr;, £7.8 % for CH,Br,, £6.7 % for CHBr,Cl,
£9.9 % for CHBrCl, and =+ 9.0 % for CH,BrCl.

4.3 Results and discussion

Samples for the following analysis were categorised into tropospheric samples and those with
stratospheric influence. Samples with stratospheric influences were defined as having an Oy
mixing ratio exceeding the seasonally-dependent ozone threshold value determined by Eq. (4.1)
(Zahn & Brenninkmeijer (2003), confirmed by Thouret et al., 2006). This excludes the influence
of stratospheric air on samples and is independent of seasonal variations in the thermal tropopause
(see Sect. 4.3.1.3).

27 (Day of Year — 30)
365

O; =97 +sin < ) (in ppb) 4.1

4.3.1 Central American flights
4.3.1.1 Latitudinal distribution and averages

Back trajectories from a typical Central American flight are shown in Fig. 4.2. On this route
(FRA-CCS/BOG), the CARIBIC aircraft samples air mainly originating from the west with some
air uplifted from the surface at the northern and southern ends of the flight track.

Figure 4.3 shows the latitudinal distributions of VSLB during the Central American flights.
There is little latitudinal variation over the range covered with larger mixing ratios in only a small
number of samples in the tropics compared to higher latitudes. Notably, there are two samples
with higher mixing ratios of CHBr,Cl, CHBrCl, and CH,BrCl at 10-20° N with no enhancement
in CHBr; and negligible enhancement in CH,Br, (see Sect. 4.3.4). CHBr3, and to a lesser extent
CHBr,Cl, have lower mean mixing ratios in the region of 20—40° N though this is not significant
within the uncertainties. CHBr; and CHBr,Cl have the shortest local lifetimes of the five VSLB
(24 days and 59 days, respectively, Montzka & Reimann, 2011). This indicates that there has been
a higher degree of photochemical processing and mixing in these air-masses due to longer range
transport from high altitudes in these regions as in the example flight in Fig. 4.2. It is possible that
source emission variations could also contribute to lower mixing ratios in this region.

The CARIBIC data can be compared to other recent aircraft studies in the region including
CR-AVE, Costa Rica AVE (e.g. Kroon et al., 2008; Aschmann et al., 2009; Hossaini et al., 2010;
Ashfold et al., 2012) and HIPPO-1, HIAPER Pole-to-Pole Observations (Wofsy, 2011; Hossaini
et al., 2012b, 2013). CR-AVE took place January and February 2006 over the Eastern Pacific
and HIPPO-1 took place during January 2009 with some measurements in the region of Central

America. HIPPO-1 mixing ratios are on the NOAA scale and are directly comparable to CARIBIC.
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Figure 4.2: 5day back trajectories for the routes sampled in this study (see http://www.knmi.nl/
samenw/campaign_support/CARIBIC/). An example of the air masses sampled along the FRA-CCS

route (top); back trajectories for all samples along FRA-CPT (middle) and back trajectories for all samples
along FRA-BKK-KUL (bottom).
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Figure 4.3: Northern-hemispheric latitudinal distributions in Central American flights of VSLB and total
VSLB-derived bromine (VSLB X Br,,) for tropospheric samples, samples classified as having some
stratospheric influence (following the definition in Sect. 4.3) and 5° latitudinal means of tropospheric
samples above 10 km altitude with 1 o error bars representing variability. Error bars on individual samples
represent analytical uncertainties. All VSLB values on the vertical axes are given in ppt.
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HIPPO values are based on a regionally relevant subset of all measurements made during the
campaign available from the HIPPO data archive (Wofsy et al., 2012). The calibration scale used
in CR-AVE has mixing ratios that are ~ 10 % higher for CHBr; and ~ 20 % higher for CH,Br,
than the NOAA-ESRL scale (Elliot Atlas, personal communication). Additionally, CARIBIC
results can be compared to WMO 2010 (Montzka & Reimann, 2011). WMO 2010 values referred
to in this study are 10—12 km upper tropospheric values from Tables 1-7 of WMO 2010. These
values are mean values of DC-8 observations made during the TC4, PEM-West A and PEM-West
B campaigns (Toon et al., 2010; Hoell et al., 1999, 1997; Schauffler et al., 1999). The minimum
and maximum values given in WMO 2010 are based on the smallest mean minus one standard
deviation and the largest mean plus one standard deviation respectively, across all campaigns.
Again, note that the differences in calibration scales for these compounds limit this comparison.

A summary of the tropical and extra-tropical 10-12.3 km means and medians for the Central
American flights with comparison to literature values is shown in Table 4.2. Mean values for the
tropical region show good agreement with WMO 2010. CHBrCl, has a larger mean and range in
CARIBIC than in WMO 2010.

HIPPO-1 mean mixing ratios agree within the uncertainties given. However, CH,Br, is notably
higher (0.88 ppt) than in CARIBIC (0.72 ppt) and total VSLB-derived organic bromine (VSLB X
Br,,,) is similar to CARIBIC (3.2 ppt for HIPPO-1 compared to 3.7 ppt for CARIBIC) without
the addition of CHBrCl, and CH,BrCl, both of which were unavailable for HIPPO-1. HIPPO-1
samples used in this study were collected further west than the CARIBIC Central American flights
which may account for some of the differences in mean mixing ratios. Additionally, his might
reflect some seasonality in VSLB, especially CH,Br,, as HIPPO-1 took place in January whereas
CARIBIC Central American flights took place during March—September.

Seasonality has been observed for CHBr; in the boundary layer (e.g. Carpenter et al., 2005).
However, it is uncertain as to whether a seasonal cycle in CHBrj3, or other VSLB, would be present
in the upper troposphere or the regions sampled in this study. Due to the limited temporal coverage
of CARIBIC, seasonal cycles cannot be identified or ruled out. Transport processes and the high
degree of variability in source emissions of VSLB could also account for these differences.

CR-AVE mean mixing ratios for CHBr; (0.69 ppt) and CH,Br, (0.96 ppt) are higher than in
CARIBIC. However, when differences in calibration scales are taken into account, the CR-AVE
means are more similar, i.e. ~0.62 ppt and ~ 0.77 ppt for CHBr; and CH,Br, respectively. CR-
AVE measurements were made further west than CARIBIC and may be more influenced by Pacific
and Gulf of Mexico. Significant differences between standards and calibration methodologies
for these compounds are known (e.g. Jones et al., 2011) therefore caution should be exercised
when drawing conclusions based on these inter-campaign comparisons. This also applies to South
African and Southeast Asian routes (see Sects. 4.3.2 and 4.3.3).

4.3.1.2 Potential temperature

The tropical tropopause layer (TTL) (between 345 K and 380 K potential temperature, approx-
imately 12—17 km altitude) acts as a source region for the stratospheric overworld and for the
extra-tropical lowermost stratosphere (Law & Sturges, 2007). Figure 4.4 shows plots of bromo-
carbons vs. potential temperature (®). Also plotted are 5 K binned means +1 ¢ vs. @. In the

tropics, the five VSLB show little change in mean mixing ratio, within the natural variability, with
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increasing ©. VSLB X Bry, has a maximum mean mixing ratio of 3.74 ppt at 340-345 K. From
340K to 355 K (disregarding the points at lower ® as the means are based on only one or two
points), the tropical means are higher than in the extra-tropics. This is a possible indication that
vertical transport mechanisms in the tropics are a significant factor in supplying VSLB to the
stratosphere although this difference is not significant or very small when the natural variability is
taken into account. Back trajectory analysis indicates that enhanced mixing ratios in the tropics
associated with uplift from the Gulf of Mexico or Eastern Pacific region. The CARIBIC aircraft
has a maximum altitude of ~ 12 km and reaches potential temperatures of ~ 360K, i.e. just at
the entrance to the TTL. Therefore, mixing ratios obtained from CARIBIC in the tropics do not
directly represent the quantity of VSLB available for transport from within the TTL into the
tropical stratosphere. Rather, they represent an upper limit on organic bromine derived from
VSLB available for transport into the stratospheric overworld with the proviso that further pho-
tochemical processing and physical transport processes will reduce mixing ratios entering the
tropical stratosphere.

In the extra-tropics, there is a seasonal variation in the height of the thermal tropopause
(e.g. Gettelman et al., 2011). Therefore, binned means £ 1 ¢ in Fig. 4.4 are separated, for the
extra-tropics, into the two seasonal periods covered by the Central American flights analysed in
this study; March, April, May (MAM) and June, July, August and September (JJAS). All five
VSLB show an overall decrease in extra-tropical mean mixing ratio during MAM with increasing
©; VSLB X Bry decreases from ~ 3.7 ppt at 320-325K to ~ 1.5 ppt at 340-345 K. No data
for MAM are available above 345 K. During JJAS, mean mixing ratios are constant, within the
uncertainties, up to 340-345 K after which there is a decrease to 355-360 K beyond which there
is no data available. VSLB X Br,,; decreases from ~ 3.2 ppt to ~ 0.8 ppt over this range of ©.
This decrease in mixing ratios above ~ 345 K corresponds to the extra-tropical tropopause layer
(EXTL). There are a number of samples with enhanced mixing ratios in the extra-tropics. However,

back trajectories do not indicate a consistent origin for the air in these samples.

4.3.1.3 Ozone and height above the tropopause

O; is measured in situ on CARIBIC flights and provides an alternative tracer when considering
UTLS structure and chemistry. Figure 4.5 shows plots of the five VSLB and VSLB X Br,,,, against
O; for all FRA-CCS/BOG samples. Data are coloured to show samples with a degree of strato-
spheric influence. As stated in Sect. 4.2, tropospheric and stratospherically-influenced samples
have been segregated based on a seasonally dependent O5-threshold. This ‘chemical tropopause’
(CT) lies ~ 800 m below the thermal tropopause (Bethan et al., 1996) and approximates to a CT
at 100 ppb O5 and an upper limit to the mixed EXTL of ~ 500 ppb O5. Therefore, between the CT
and thermal tropopause there is significant impact from stratospheric air. All five VSLB show
a sharp decrease in mixing ratio around 100-200 ppb O5 corresponding to the transition from the
troposphere to the ExXTL. Above 200 ppb O; mixing ratios do not decrease greatly indicating
that this layer is still showing some degree of mixing with the troposphere or the influence of
quasi-horizontal transport from the tropics. All tropical samples are below the CT due to the
restricted altitude range of the aircraft.

An alternate method of viewing the chemical structure within the EXTL is to define a vertical

height above the tropopause based on simultaneously measured O; mixing ratios. O; mixing
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Figure 4.4: Plots of VSLB and total VSLB-derived bromine (VSLB X Br,,) for Central American flights
against potential temperature (®) with 5 K means. 5 K means with 1 ¢ error bars representing variability
are separated into extra-tropical from March, April and May (MAM); extra-tropical from June, July,
August and September (JJAS) and tropical samples from all months. Where fewer than three data points
were available for averaging, error bars have not been added. Error bars on sample data points represent
analytical uncertainties. All VSLB values on the horizontal axes are given in ppt.
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American flights against O; with 100 ppb binned means & 1 ¢ error bars representing variability. Error
bars on sample data points represent analytical uncertainties. Data points have been separated by colour

into tropospheric samples and those with stratospheric influence (see Sect. 4.3). All VSLB values on the
horizontal axes are given in ppt.



Table 4.2: Summary of tropospheric tropical and extra-tropical 10-12.3 km mid-upper tropospheric means and medians for the bromomethanes and total VSLB-derived organic
bromine (VSLB X Bry,,) in Central American, South African and Southeast Asian CARIBIC flights (FRA-CCS/BOG, FRA-CPT, FRA-BKK and BKK-KUL) with comparison to
literature values. Tropical is defined as between 24.4378° S and 24.4378° N. Values are means with £10, medians in curly brackets and minimum/maximum values in parentheses
except for WMO 2010 where medians are not given. Values in square brackets are the number of samples included in the average. All values are given in parts per trillion (ppt).

Campaign CHBr; CH,Br, CHBr,Cl CHBrCl, CH,BrCl  VSLB X Br,,,
CARIBIC ! Central America Extra-tropical 0.52+£0.27 0.71£0.11 0.15+£0.05 0.23+£0.05 0.12£0.02 3.6£1.1
[58] {0.45} {0.70} {0.15} {0.22} {0.11} {3.4}
(0.14-1.4)  (0.42-0.98) (0.08-0.27) (0.15-0.38) (0.01-0.15) (1.7-7.2)
Tropical 0.52+£0.26 0.72+0.14 0.17+0.16 0.27£0.32 0.11+£0.03 37£1.5
[36] {0.49} {0.71} {0.14} {0.21} {0.10} {3.5}
(0.02-1.1)  (0.38-1.1)  (0.04-1.1)  (0.12-2.1)  (0.0-0.24) (1.4-9.7)
South Africa Tropical 0484054 0.68+£0.14 0.14£0.10 0.24+0.10 0.10£0.02 34£21
[26] {0.35} {0.69} {0.12} {0.22} {0.10} {2.9}
(0.03-2.8) (0.40-0.87) (0.05-0.55) (0.10-0.56) (0.04-0.14) (1.4-12)
Southeast Asia ~ Tropical > 15°N 028 £0.19 0.764+0.14 0.10£0.04 0.17£0.03 0.1040.01 2.8+0.93
(FRA-BKK) [18] {0.25} {0.79} {0.10} {0.16} {0.10} {2.8}
(0.05-0.58) (0.49-0.95) (0.04-0.16) (0.11-0.22) (0.09-0.12) (1.6-4.2)
Souheast Asia Tropical 0-15°N  0.56+0.12 0.92+£0.08 0.16+0.02 0.214+0.03 0.12+0.01 42+0.56
(BKK-KUL) [39] {0.56} {0.93} {0.16} {0.21} {0.12} {4.1}
(0.15-0.81)  (0.74-1.0)  (0.08-0.19) (0.16-0.31) (0.09-0.14) (2.4-5.2)
HIPPO-1 2 Central America Tropical 0.44+£0.07 0.884£0.02 0.13+0.03 3.2+0.33
(8] {0.44} {0.88} {0.14} N/A N/A {3.2}
(0.34-0.58) (0.85-0.92) (0.09-0.15) (2.8-3.9)

Continued on next page . ..
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Table 4.2: Continued from previous page.

Campaign CHBr; CH,Br, CHBr,Cl CHB(Cl, CH,BrCl  VSLB X Br,,,
HIPPO-4 2 Southeast Asia  Tropical > 15°N 0.254+0.11 0.69+0.07 0.07 +0.02 2.240.42
[10] {0.27} {0.68} {0.08} N/A N/A {2.3}
(0.00-0.42) (0.60-0.83) (0.04-0.09) (1.26-2.6)
Tropical 0-15°N  0.80+0.24 0.95£0.09 0.164+0.06 4.4+0.87
[7] {0.72} {0.95} {0.16} N/A N/A {44}
(0.51-1.2)  (0.83-1.1) (0.10-0.21) (3.2-5.9)
CR-AVE 3 East Pacific Tropical 0.69+032 0.96+0.11 0.114+0.02 42412
[24] {0.59} {0.96} {0.11} N/A N/A {3.8}
(0.32-1.5)  (0.80-1.2) (0.07-0.14) (2.7-1.0)
SHIVA * Southeast Asia ~ Tropical 0.61+0.11 090+£0.12 0.19+0.04 0.25+0.04 0.09£0.02 4.35+0.71
(0.28-1.01) (0.71-1.22) (0.12-0.27) (0.19-0.35) (0.06-0.26)  (2.75-6.62)
WMO 2010 ° Tropical 0.50 0.86 0.11 0.11 0.09 35
(0.12-1.21) (0.63-1.21) (0.01-0.36) (0.02-0.28) (0.03-0.16) (1.7-7.4)

! 10-12.3 km mid-upper tropospheric means +1¢ and ranges.
2 Wofsy et al. (2012). Averages at 9-12 km altitude. VSLB X Br,,, does not include CHBrCl, and CH,BrCl.
3 VSLB £ Br,,, derived from CHBr3;, CH,Br, and CHBr,Cl only.
410-13 km means +106 and 2.5-97.5 % ranges from Sala et al. (2014) Table 7.

> 10-12 km. Montzka & Reimann (2011)
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Figure 4.6: Plots of VSLB and VSLB-derived total bromine (VSLB X Br,,) for Central American flights
with O5-derived height above the thermal tropopause (zO5) as defined by Zahn & Brenninkmeijer (2003).
Error bars represent analytical uncertainties. The tropopause is defined as zO;= 0 (see Sect. 4.3.1.3). All
VSLB values on the horizontal axes are given in ppt.

ratios can be translated into vertical distance above the thermal tropopause (zO5) by comparison
to monthly mean O; sonde-based profiles (Sprung & Zahn, 2010). Being a relatively long-lived
tracer, O; follows the vertical movement of the tropopause. Therefore, zO; removes vertical
variations in the thermal tropopause from trace gas profiles as shown in Sprung & Zahn (2010).
Figure 4.6 shows plots for all FRA-CCS/BOG samples of the five VSLB and VSLB X Br,,,
with the height above the thermal tropopause as calculated for CARIBIC following the definition
given in Zahn & Brenninkmeijer (2003). Due to the limited cruising altitude range of the aircraft,
height above the thermal tropopause is only available for extra-tropical samples. There is a high
degree of variation within 0.5 km of the tropopause with a lesser degree of variation above
0.5km. VSLB X Br,,, decreases from a mean value of 2.3 ppt at 0-0.5 km above the tropopause
to < 0.5 ppt above 3 km although this number is based on only two samples. This level is at the
upper extent of the mixed ExXTL layer and puts an upper limit on the quantity of organic-derived
bromine entering the lower extra-tropical stratosphere. This, of course, does not give an indication
of the quantity of product gases (derived from photochemical processing of VSLB) transported

into this region.

4.3.2 South African flights

The South African (FRA-CPT) CARIBIC route partly samples air masses with similar origins to
the Central American route (Fig. 4.2 and Sect. 4.3.1). However, there is also greater latitudinal
range over FRA-CPT providing the opportunity to samples air masses from both hemispheres as
well as air masses from the African continent and further east.

Analyses for three flights were available for CARIBIC route FRA-CPT (one return flight and
one out-bound flight). Latitudinal profiles for these flights are shown in Fig. 4.7 with 10° latitudinal

means of tropospheric data above 10 km altitude. When all the data is binned latitudinally, there
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is some degree of latitudinal gradient in all VSLB with higher values in the northern mid-latitudes
declining towards the southern mid-latitudes (see Fig. 4.7). For example, mean CHBr; drops
from 0.73 ppt to 0.16 ppt and CH,Br, from 0.80 ppt to 0.48 ppt. These two compounds are the
main contributors to VSLB X Br,,,, which drops from 4.5 ppt to 1.8 ppt. However, higher mixing
ratios in the northern mid-latitudes derive from one FRA-CPT flight leg in February 2011 (the
other return flight was in October 2009). Five and eight-day back trajectories shows that air in
the northern mid-latitudes originated, on this flight leg, from further south within the Central
American tropics rather than from the North American continent and North West Atlantic as in the
return flight. Elevated mixing ratios of CHBr,Cl, CHBrCl, and CH,BrCl at 25-35° S are from
the return flight and show a possible influence from the east coast of South America. It is likely
that the inter-hemispheric gradient in Fig. 4.7 is a product of regional influences and the limited
temporal range of the data rather than representing a larger-scale gradient. For comparison, over
all HIPPO campaigns (HIPPO-1 and —4 are summarised in Table 4.2, see also Sects. 4.3.1.1 and
4.3.3) there is no comparable inter-hemispheric gradient over a similar latitudinal and altitudinal
range.

If the February 2011 flight leg is excluded from the dataset (as in Fig. 4.7), there is no
discernible inter-hemispheric latitudinal gradient. However, there is a possible increase in mixing
ratios in all except CH,BrCl in the tropics, e.g. CHBr; is enhanced by up to ~ 0.4 ppt. This
increase is small when variability is taken into account with limited sampling. Therefore, these
results should be taken as suggesting the possibility of a tropical enhancement over Africa rather
than being definitive. This is perhaps present in the latitudinal averages across all data but
obscured by the apparent latitudinal gradient. The HIPPO campaigns show increased mixing
ratios around the equator compared to the extra-tropics (e.g. CHBr; increases from ~ 0.2 ppt
at 50° N to ~ 0.6 ppt in the tropics); a similar enhancement to the CARIBIC data. It should be
noted that the HIPPO campaign was exclusively in the Pacific region. Therefore, it is not directly
comparable to the CARIBIC FRA-CPT route except in discussing global patterns. The source of
this tropical enhancement is not clearly given by five-day back trajectories (Fig. 4.2). There is
an indication in the back trajectories of strong uplift from the east coast and continental Africa
around the equator. One sample in this region shows high levels of CHBr; (2.85 ppt), CHBr,Cl
(0.55 ppt) and CHBrCl, (0.56 ppt). Back trajectory analysis for this sample indicates possible
influence from the east coast of Africa in the region of Somalia and/or the Arabian Sea. This
samples is from the February 2011 flight leg but is representative, from back trajectory analysis,
of air around the equator.

Mean mixing ratios for the tropical mid-troposphere at 10-12.3 km are presented in Table 4.2.
Values for the extra-tropical region are not given due to limited data coverage. The values given
in Table 4.2 for CHBr;, CHBr,Cl, CHBrCl, and CH,BrCl agree well, within the uncertainties,
with tropical troposphere values for the Central American flights and, therefore, with WMO 2010;
CH,Br, is ~ 0.2 ppt lower. Ranges for CHBr,Cl, CHBrCl, and CH,BrCl are similar to WMO
2010 however, the maximum value for CHBr; in CARIBIC is ~ 1.6 ppt higher than in WMO
2010 and maximum CH,Br, is ~ 0.4 ppt lower.
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4.3.3 South-East Asia flights

The tropical West Pacific is considered a potentially important region for transport of VSLB
into the stratosphere (e.g. Aschmann et al., 2009). Frequent and intense convection provides an
efficient pathway for boundary layer air to be transported to the TTL (e.g. Fueglistaler et al., 2009).
Additionally, emissions in the region are poorly sampled, including those of farmed macroalgae
species. These could impact on future VSLB emissions due to interest in increasing seaweed
aquaculture in the region (Leedham et al., 2013).

Flights between FRA and KUL consist of two legs; FRA-BKK and BKK-KUL (collectively
FRA-BKK-KUL). As bottle samples are only collected at cruising altitude and not during take-off
or landing, there is a discontinuity in data coverage in the region of Bangkok. This route intersects
air masses, over the FRA-BKK leg, with a range of origins (Fig. 4.2). The BKK-KUL leg samples
a less diverse range of air masses mainly originating over Indonesia and the South China Sea.

A total of three return flights were analysed along the FRA-BKK-KUL route providing good
coverage in a region of the tropics that is considered important for VSLB emissions (e.g. Ashfold
et al., 2013). Latitudinal profiles for these flights are shown in Fig. 4.7 with 5° latitudinal means
of tropospheric samples above 10 km altitude. All five compounds show distinctly higher mixing
ratios within 15° N of the equator than at higher latitudes with CHBr5 at ~ 0.6 ppt below 15° N
compared to ~ 0.3 ppt at 15-30° N. This partly reflects the origins of air masses in this region;
back trajectories indicate that most air masses on the BKK-KUL leg of the flight have been
uplifted from the South China Sea and Western Pacific Ocean. In contrast, the FRA-BKK leg is
dominated by long-range, higher altitude transport from over the Atlantic and North American,
European, Asian and African continents with a small number of samples near Bangkok uplifted
from Indonesia (see Fig. 4.2). Additionally, as the VSLB are mainly marine sourced, the FRA-
BKK leg of the route, which passes over Europe and Asia, might be expected to show relatively
lower mixing ratios.

Samples from 0-5° N are from below 10 km altitude and are not included in the latitudinal
means however, two of the samples show slightly higher mixing ratios than 5-15° N for CHB13,
CHBr,Cl and CHBrCl,. Back trajectories indicate that the air masses originated off the coast of
Malaysia in one case and west of Sumatra in the other.

Average values for the tropical troposphere for the FRA-BKK leg and for the BKK-KUL
leg are included in Table 4.2. Values for the extra-tropical region are not given due to limited
data coverage. Means over the FRA-BKK leg for CHBr,Cl, CHBrCl, and CH,BrClI agree well
with the Central American and South African flights. CH,Br, (0.76 ppt) is 0.08-0.11 ppt higher
and CHBr; (0.28 ppt) is ~ 0.2 ppt lower than Central American and South African flights. This
reflects the mix of long and short-scale transport from various regions covered on this leg of the
flight and is not representative of emissions and vertical transport from tropical regions.

Mean mixing ratios for CHBr; (0.56 ppt), CHBr,Cl (0.16 ppt), CHBrCl, (0.21 ppt) and
CH,BrCl (0.12 ppt) for the BKK-KUL leg are similar to the South African and Central American
CARIBIC routes and agree well within the errors. However, CH,Br, (0.92 ppt) is 0.24-0.27 ppt
higher than in the South African and Central American flights. This indicates that there is a greater
emission of CH,Br, in the Southeast Asian Pacific tropics than in either the Western Atlantic
or African tropics. Emissions of the other VSLB are more similar. Caveats relating to data

limitations, including seasonality, are the same as those discussed in Sect. 4.3.1.1.
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The HIPPO-4, HIAPER Pole-to-Pole Observations (Wofsy, 2011; Hossaini et al., 2013) took
place in June and July 2011. HIPPO-4 mixing ratios are on the NOAA scale and are directly
comparable to CARIBIC. HIPPO values are based on a subset of all measurements made during
the campaign available from the HIPPO data archive (Wofsy et al., 2012). Part of the campaign
took place in the region of Indonesia and the Philippines, further east than the CARIBIC BKK-
KUL leg. Average mixing ratios for this campaign are shown in Table 4.2. All mixing ratios
are on the NOAA scale. 0-15° N means for CH,Br,, CHBr,Cl and VSLB X Br,,, agree well
with BKK-KUL. CHBrj is higher in HIPPO-4 (0.80 ppt) than in BKK-KUL (0.56 ppt) but this is
within the variability. Sala et al. (2014) made airborne measurements in the region of Malaysia
during November and December 2011 as part of the SHIVA campaign. Mean values at 10-13 km
altitude are given in Table 4.2. These values agree very well with CARIBIC BKK-KUL means
and indicate that CARIBIC values are representative of this region.

We suggest that there are two possible reasons for this enhancement in tropical CH,Br,
between BKK-KUL and Central America or South African flights.

1. The CHBr;/CH,Br, emission ratio might differ between the regions. The enhancement
in CH,Br, in BKK-KUL is not accompanied by a similar enhancement in CHBr; and
might indicate a lower CHBr; emission ratio, relative to CH,Br,, in Southeast Asia. This
is not the case in the literature where CHBr, /CH,Br, emission ratios have been reported
as broadly consistent over a range of tropical regions (e.g. Brinckmann et al. 2012; Yok-
ouchi et al. 2005; O’Brien et al. 2009). Additionally, CHBr,Cl is similar across the tropical
regions sampled, indicating that the Southeast Asian emission ratio is lower for CHBr,Cl.
The CHBr,Cl/CH,Br, emission ratio is known to vary regionally, e.g. Brinckmann et al.,
O’Brien et al. and Yokouchi et al. report varying emission ratios relative to CH,Br, (0.35,
0.46 and 0.7 respectively). Verification of the emission ratios relative to CH,Br, in this
study is not possible as measurements were too far removed from source to provide a reli-
able estimate. This hypothesis is based on the assumption that there is no effect, in our data,

of seasonality or inter-annual variability.

2. The local lifetime of CH,Br, might be longer in Southeast Asia. Montzka and Reimann (2011)
give the local lifetime (Tjoca) of CH,Br, as 120days. This lifetime is dominated by
reaction with hydroxyl (OH) radical (Toy = 123days, Tphotwlysis = 5000days). CHBr;
(Tiocal = 24 days) is more influenced by photolysis (Tog = 76 days, Tynotolysis = 36 days).
Therefore, it could be expected that, within the troposphere, a region of low OH mixing
ratios would lead, after significant photochemical processing, to an enhancement in CH,Br,
without a significant, concomitant depletion of CHBr;. The mixed halomethanes could be
expected to show a similar behaviour, however, the magnitude of this effect would be too
small to discern from the analytical uncertainties. Rex et al. (2014) have identified an “OH
minimum area” in the West Pacific through a combination of O; measurements, modelled
OH mixing ratios and some limited OH measurements. Modelling studies of this “OH
minimum area”, made by Rex et al. (2014), indicate that the local lifetime of CH,Br, could
be increased by up to a factor of three compared to other tropical regions and suggest that
this would have a significant effect on the efficiency of transport of CH,Br, from the region

into the stratosphere.
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4.3.4 Enhancements in the mixed bromochloromethanes

We have observed on a few occasions, enhanced mixing ratios of mixed bromochloromethanes
(CHBr,Cl, CHBrCl, and CH,BrCl) without significant enhancements of CHBr; or CH,Br,, e.g.
between 10 and 20° N in the Central American flights and 30-40° S in the South African flights.
These samples also show enhancements in chloroform (CHCl,), toluene and benzene. This hints
at a possible anthropogenic source of trihalomethanes although a biogenic source cannot be ruled
out. Disinfection of seawater, freshwater and wastewater is a known anthropogenic source of
halomethanes (Quack & Wallace, 2003, and references therein). However, it would be expected
that CHBr; would show an enhancement if this was the case. Due to the altitude of the CARIBIC
aircraft and the limitations of following a commercial flight-path, it is not possible to attribute
these elevated samples to a distinct source. However, we believe that there is some indication of

a source of mixed bromochloromethanes that is independent of CHBr; and CH,Br,.

4.4 Summary and conclusions

We report the mixing ratios of five brominated VSLS in samples collected on three routes of the
CARIBIC aircraft during 2009-2013. Across the three routes analysed, mean tropical mid-UT
mixing ratios were: CHBr;, 0.43 ppt; CH,Br,, 0.74 ppt; CHBr,Cl, 0.14 ppt; CHBrCl,, 0.23 ppt
and CH,BrCl, 0.11 ppt. Total bromine across all routes in the tropical mid-UT was 3.4 4= 1.5 ppt.
These values agree well with values reported in the 2010 WMO O; assessment (Montzka &
Reimann, 2011). Using a 2008 value of 15.2 £ 0.2 ppt for bromine from Halons and methyl
bromide (Montzka & Reimann, 2011), VSLB across all routes accounts for ~ 19 % of total
bromine. As the anthropogenic contribution to atmospheric bromine (mainly halons and methyl
bromide) is expected to decrease, coupled with the potential changes in emissions due to climate
change (e.g. increases in wind speeds, ocean temperatures etc.), emissions of VSLB are likely to
become proportionally more significant in the future.

For each of the tropical regions covered in this study, mid-UT VSLB X Br,,, was 3.7 ppt for
FRA-CCS/BOG, 3.4 ppt for the FRA-CPT and 4.2 ppt for BKK-KUL. Mixing ratios of CHB13,
CHBr,Cl, CHBrCl, and CH,BrCl were similar between these three routes: CH,Br, was relatively
enhanced in the Southeast Asian flights and is the main contributor to the 0.5-0.8 ppt enhancement
of total organic bromine compared to Central American and South African tropical mixing ratios.

The percentage contribution of the three minor VSLB (CHBr1,Cl, CHBrCl, and CH,BrCl) to
total organic bromine derived from the species analysed across all routes in the tropical mid-UT
was 18 £4.8 % (range 11-46); CHBr; and CH,Br, together contributed 82 4-4.8 % (54-89).
Individual contributions were 34 £ 13 % (4.7-71) for CHBr3, 48 &= 12 % (14-73) for CH,Br,,
7.8£2.0% (2.8-22) for CHBr,Cl, 6.9 £ 3.0 % (3.8-25) for CHBrCl, and 3.6 £ 1.3 % (0.0-7.2)
for CH,BrCl.

Considering that these measurements were made at 10—12 km, below the tropical tropopause
layer (TTL) (~ 12-17 km), further decomposition will occur during ascent in to the stratospheric
overworld. This implies that these values constrain the contribution of VSLB to stratospheric
bromine to the lower end of 6 (3—8) ppt of stratospheric BrO required by WMO 2010 to balance
the stratospheric bromine budget. Though this study is limited latitudinally, altitudinally and
temporally, the large range and number of regular flights means that the CARIBIC passenger
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aircraft will continue to be an important source of UTLS and free tropospheric data in the future.



Chapter

Biomass burning and background
emissions in SAMBBA

5.1 The SAMBBA campaign

The South American Biomass Burning Analysis (SAMBBA) field experiment took place during
September-October 2012 over Brazil. The main aims of SAMBBA were to quantify and better
understand South American burning emissions and the chemical and physical processes associated
with burning, to assess the impacts of biomass burning and to evaluate/validate models and
remote sensing observations related to biomass burning. These broad aims were mainly focused
around processes influencing aerosols in biomass burning. However, a large number of supporting

measurements were made during the campaign.

5.2 Analysis and supporting measurements

The main analysis platform utilised in SAMBBA was the Facility for Airborne Measurements
(FAAM), modified BAe 146-301 research aircraft as part of the National Center for Atmospheric
Science (NCAS) in association with the Met Office™ and the Natural Environmental Research
Council (NERC).

A number of atmospheric measurements were made on board the aircraft including CO, CO,,
CH,4, O;, NO,, PAN, volatile organic compounds (VOCs) and a suite of aerosol measurements.
In addition, whole air samples were collected in 128 Silcosteel ™-coated, 3 L bottles for analysis
after the campaign. These were filled to ~3 bar with a fill time of ~10-20s. Analysis at UEA

was performed within 4—7 months of collection.

5.2.1 Instrumental set-up and methods

Bottle samples were analysed at UEA using a gas chromatograph-electron ionisation mass
spectrometer (GC-EI-MS) with an Entech™ 7100A Pre-concentrator inlet system. Accurately
measured samples (~ 500 mL, flow rate ~ 100 mL min~—') were dried with a magnesium perchlo-
rate (Mg(ClO,),) drier prior to pre-concentration. Chromatographic separation was achieved

using a GC-GasPro™ capillary column (30 m x 320 um, Agilent Technologies) using research
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Table 5.1: Compound dependent limits of detection (LOD), mean analytical precisions, mixing ratio in the
standard used for calculations of compounds analysed in SAMBBA samples and ion mass-to-charge ratio
(m/z) used for quantification. Precisions are the 10 standard deviation of duplicate samples.

Species Formula LOD [ppt] Precision [%] Mixing Ratio [ppt] m/z
Methylchloride CH;Cl 0.29 2.3 639 52
Methylbromide CH;Br 0.037 2.5 8.3 96
Methyliodide CH;l 0.018 10 0.21 142
Dichloromethane CH,Cl, 0.073 3.2 63.9 84
Dibromomethane CH,Br, 0.042 4.7 0.99 174
Chloroform CHCl,4 0.19 4.1 11.7 83
Bromoform CHBr; 0.021 5.7 0.75 173
Carbon tetrachloride CCly 0.10 3.5 90.9 117
CFC-12 CCL,F, 0.030 2.4 535.1 85
PCE C,Cl, 0.020 53 3.74 166
Chlorobenzene* Ce¢H5Cl - 4.4 N/A 112
Carbonylsulfide COS 0.063 2.8 555 60

* Chlorobenzene is not calibrated in the standard. Therefore, values for LOD, blank and
standard mixing ratio have not been reported.

grade helium (> 99.9995 % purity) as the carrier gas and by temperature-programmed gas chro-
matography (—10 °C hold 2 min, 10 °Cmin~! to 145 °C, 20 °Cmin~! to 200 °C hold 2 min).
The column eluent was subjected to electron ionisation prior to detection by a quadrupole mass
selective detector operating in single ion mode. SAMBBA bottle measurements are reported here
as dry-air mole fractions, pmol mol~! (dry air), abbreviated here to ppt (parts per trillion).

Mixing ratios were determined by comparison with a working standard with known mixing
ratios. The working standard was a 34 L electro-polished stainless steel canister (SX706070, Essex
Cryogenics, St. Louis MO, US). Analytical uncertainties were calculated on a per-run basis and are
the 10 standard deviation of duplicate samples on the respective day of measurement (see below).
Estimated limits of detection (LODs) in parts per trillion (ppt), average compound-dependent
analytical precisions and the mixing ratios of the working standard are shown in Table 5.1.

Due to the nature of the Entech™ pre-concentration system it is not possible to trap a sample
of carrier gas without passing the gas through the inlet system. This makes attribution of a blank
impurity to the carrier gas or the trapping system impractical. A system blank was assessed by
accurately sampling 1L research grade N, (> 99.9995 % purity) through the system using the
same inlet and sampling methodology as for air samples with comparison to a 1 L sample of the
working standard. Blanks assessed in this manner were typically <0.8 % for compounds reported
in this study. As blank contamination cannot be attributed to the N, gas or the system, they have

not been applied to calculation of precision values or to correction of sample mixing ratios.

5.2.2 Carbon monoxide measurements

During the campaign CO data was collected using a high time resolution Aerolaser instrument by
FAAM. High-frequency measurements were subsequently averaged to the bottle-filling period for
each bottle sample collected (James Lee, UoY). CO measurements were repeated at the University

of East Anglia on a subset of bottle samples collected during the campaign ~6—7 months after
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Figure 5.1: Comparison of CO data derived from time- averaged in situ high-frequency measurements and
bottle measurements. Error bars on the bottle data represent precision and are +1c. Included is a 3™ order
polynomial orthogonal distance regression (ODR) fit to the data. 95% confidence and prediction bands are
shown as well as the equation of the fit line. Errors in the fit are +-10. The labelled outlier was excluded
from the fit.

collection. The bottles chosen for analysis included those used for sampling biomass burning plus
a small subset of background samples. CO bottle measurements were performed using a modified
commercial Reduction Gas Analyser (RGA3, Trace Analytical, Inc., California, USA) which
includes gas chromatography followed by reduction of mercuric oxide and detection of mercury
vapour by UV absorption. Further details including calibration, non-linearity characterisation and
further instrumental details can be found in Forster et al. (2012).

Plotting time-averaged and bottle measurements against each other should closely fit an
idealised 1:1 line. However, as can be seen in Figure 5.1, time-averaged CO data underestimates
bottle CO at mixing ratios above ~ 1000 ppb. Also shown in Figure 5.1 is a 3" order polynomial
orthogonal distance regression (ODR) fit to the data that closely approximates this trend. Addi-
tionally, there is one significant outlier in the time-averaged CO data that is not present in the
bottle CO. This is probably due to an error in averaging the high-frequency CO data.

Bottle sampling often takes place over a longer time-scale (~ 20 s) than the transit time of the
aircraft across the burning plume (plumes were on the order of ~10 s across). Therefore, time-
averaged and bottle CO data can be a mixture of background air and plume air. Hypothetically,

and particularly during higher CO mixing ratios, a small discrepancy between the averaging period
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and the actual sampling period could lead to a discrepancy between measurements. Taking this in
to account it is possible that the in situ CO data were averaged over a shorter period than bottle
sample collection, leading to an underestimation of higher mixing ratios of CO. However, high-
frequency CO data show that a number of plume shapes were sampled during the bottle-filling
period. This makes inappropriate assignment of the time-averaging period an unlikely explanation
for the discrepancy as it would be expected that this would be dependent on the plume shape
sampled.

It is also possible that non-linearities in either the high-frequency measurements or the bottle
measurements could have lead to the discrepancy. This is unlikely in the bottle data as linearity has
been quantified and instrument calibration is performed using a range of six CO standards. Four
standards are on the NOAA2004 range for CO (61.8 ppb, 105.2 ppb, 192.9 ppb and 201.7 ppb)
with two high range standards (1400 ppb and 5005 ppb) determined using an aerolaser instrument
via linear extrapolation of the NOAA2004 range (further details can be found in Forster et al.,
2012). Additionally, non-linearities in the high-frequency instrument are considered unlikely.

A further possibility is production or loss of CO in the bottles during storage which would
cause a discrepancy during inter-comparison. The comparison in Figure 5.1 indicates that growth
in the bottles is a possibility. This cannot be ruled out as bottle CO measurements were made over
a period of 2 days and we were unable to perform repeat measurements to assess growth in the
bottles due to time restrictions. However, at higher mixing ratios, growth in the bottles would
have to account for ~1 ppm of CO. This is a large quantity of CO and seems unlikely to be the
sole cause of the discrepancy. Furthermore, there is no evidence for CO growth in samples below
1 ppm CO, where there is close to linear agreement between the two datasets (see Figure 5.1).

Due to the relatively small temporal scale of the fire plumes encountered, any discrepancies
in the timestamps recorded for the high-frequency data and bottle filling period could have
a significant effect on comparability of mixing ratios. Similarly, differences in the time-lag
between air entering the aircraft inlet and reaching the instrument or bottle-pack and internal
time-lags within the instrument could be significant.

Finally, it is likely that bottles do not fill evenly throughout the filling period. As bottles are
evacuated prior to use, filling is probably faster earlier in the filling period than later when the
pressure in the bottles exceeds atmospheric pressure. However, as mentioned in regard to the
time-averaging period, a number of peak shapes were sampled. No pattern can be observed that
would match the expected rate of filling of bottles e.g. a larger discrepancy when the highest
mixing ratios were sampled at the beginning of the bottle filling. The rate of filling of bottle
samples was not quantified in this study but this might be useful in future studies.

In conclusion, a number of factors may be responsible for the disagreement in bottle and
time-averaged high-frequency CO measurements. This highlights the limitations of aircraft-based
bottle measurements of narrow plumes. Future studies should take account of the difficulties in
utilising these measurements. Further investigation of CO stability in bottles would be useful
in ruling out growth of CO. Additionally, similar aircraft-based studies would be improved by
utilising bottle measurements of all reference species of interest (i.e. CO, CO, CH,) instead of
relying on in situ time-averaged data.

In this study bottle-derived CO has been used in the calculation of normalised emission ratios

(NEMRs) to eliminate errors arising from comparison of high-frequency and bottle data. However,
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for calculations of emission factors and modified combustion efficiencies, time-averaged CO,
CO, and CH, data have been utilised. This has been done to minimise factors arising from
inter-comparison of high-frequency and bottle data. A comparison of NEMRs derived from
time-averaged and bottle measurements can be found in Table 5.2 and is discussed further in
Section 5.4.2.2.

5.3 Emission ratios and emission factors

Reporting absolute mixing ratios of a species in a fire- plume does not give an accurate impression
of the strength of fire emissions due to mixing of background air into the plume and variation in the
burning phase of the fire i.e. smouldering and flaming combustion. To account for this variation,
emission ratios are utilised to quantify emissions from fires. Emission ratios (ERs) are the ratio of
a substance of interest to a reference species (e.g. CO or CO,). This only represents the ‘true’
emission from a fire at the source and is not usually practical to measure in the field (Akagi et al.,
2011). To this end, fire emission information is commonly represented using normalised emission
ratios (NEMR, see Section 5.3.1) and emission factors (EF, Section 5.3.2). These metrics of
fire emission remove the influence of mixing by referencing a co-emitted gas (in the case of
NEMR) or the quantity of fuel burned (in the case of EF). In practice, EFs based exclusively on
atmospheric observations are usually derived from NEMRs.

There is a degree of disagreement in the literature about the appropriate term for emission
ratio. To clarify, in this work, emission ratio (ER) refers to the uncorrected ratio of species usually
only used for measurements at source, and normalised emission ratio (NEMR) is used for the

ratio of excess mixing ratios of two species.

5.3.1 Normalised emission ratio (NEMR)

Normalised emission ratios (NEMRSs) can be obtained by two methods:

1. By taking the ratio of the fire-plume enhancement in a species of interest to the enhancement

in a simultaneously measured reference gas (e.g. CO or CO,).

2. By determining the gradient of a linear regression line of the enhancements in the species

of interest and the reference gas.

Enhancements, also termed excess mixing ratios, are calculated by subtracting a background
value from the measured value of the species and often denoted ‘AX’. These values represent the
degree of plume dilution (Yokelson et al., 1999). For example the emission ratio of compound X
relative to CO is given by Equation 5.1 (e.g. Andreae & Merlet, 2001).

AX [X ] plume — [X ] ambient

ERX = -
ACO  [COlptume — [COJambient

6D

Commonly, NEMRs are reported relative to CO for compounds emitted in the smouldering
phase of a fire, and relative to CO, for compounds emitted during the burning phase. The
smouldering phase of a fire is oxidatively poor and would be expected to be the source of more
reduced compounds such as halocarbons and hydrocarbons (e.g. Andreae & Merlet, 2001). CO is

also dominantly released during smouldering combustion and is therefore suitable as a reference
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gas for other gases emitted in this phase. Correlations of smouldering-derived gases with CO,
are relatively poor compared to correlations with CO (Lobert et al., 1999). This is due to the
variability in the proportion of flaming combustion between and within fires resulting in variable
smouldering- derived trace gas to CO, ratios. The burning phase of a source fire can be quantified
by defining a combustion efficiency (see Section 5.3.3).

As the majority of biomass carbon is released in the form of CO,, the NEMR of a gas to CO,
can be utilised to estimate the emission of trace gas from fires based on the amount of biomass
burned. This is possibly the most suitable parameter for regional and global emission estimates.
Smouldering species are often related to CO, for this purpose either by calculating an NEMR
from the regression slope for the species relative to CO, (assuming a strong correlation exists) or
by deriving NEMRs relative to CO and multiplying that with the average CO/CO, NEMR for the
fire e.g. Equation 5.2 (Andreae & Merlet, 2001).

AX AX ACO

ERy = -
X=ACO, ~ ACO " ACO,

(5.2)

During airborne observations, NEMRs derived on an individual sample basis are only sensible
when the sampling time is less than or similar to the transit time across a plume. Practically, this
is only possible with high frequency instruments as transit times across a plume in aircraft studies
can be on the order of seconds. Furthermore, determination of a suitable background mixing ratio
for the species of interest and the reference species is necessary. When sampling time exceeds the
plume transit time or when it is not possible to determine representative background levels (e.g.
when distant from source), NEMRs can be determined from the gradient of a linear regression
slope between the mixing ratio of the species versus the reference gas (Andreae et al., 1996; Ferek
et al., 1998).

Regression calculations should use the least orthogonal distance regression (ODR) method as
there are errors in both the dependent and independent variables (Cantrell, 2008). Regression-
derived NEMRs are usually calculated from enhancements in the species of interest and enhance-
ments of a relatively non-reactive reference species where background measurements are available.

Enhancements are used to account for mixing with background air during plume evolution.

5.3.2 Emission factor (EF)

In theory and in laboratory conditions, EF is the ratio of grams of carbon in species X emitted

from a fire to grams of carbon in the fuel.

[Clx
[C] fuel

Concentrations given in Equation 5.3 are mass concentrations. In the field, it is not usually

EFy =

(5.3)

feasible to know the carbon content of the fuel being burned. Therefore, for field campaigns, the
EF is normally calculated by taking the ratio of carbon in species X to the carbon in all measured
species and multiplying that by a factor approximating the carbon content of woody fuels as in
Equation 5.4 (Ferek et al., 1998; Yokelson et al., 1999).

X]
[Clco, + [Clco + [Clen, + [Clnmuc + [Clpc -

EFy = F¢- (5.4)
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Where F¢ is the fraction of carbon in the fuel. [X] is the mass concentration of species X.
[Clco, +[Cl]co +[Clcn, --- is the sum of the mass concentrations of all measured carbon-containing
species. EFs are normally expressed either in units of grams of X emitted per kilogram carbon
burned e.g. g/kgC or grams of carbon in X per kilogram of carbon burned e.g. g(C)/kg(C). The
expressions for EF when using molar mixing ratios and NEMRs are given in Equations 5.5 and
5.6 (Simpson et al., 2011).

g MX CX
EF =F~ —= .2 5.5
X (kg) ¢ MC CT ( )
where
Cx ﬁgé

—— = (5.6)
C n AC
LD D (”CY ' ﬁ)
Where ACx /ACO is the NEMR of species X to CO. nCy is the number of carbon atoms in
compound Y and the sum is over all carbon- containing species as in Equation 5.4 (Simpson et al.,

2011). Equation 5.6 assumes that NEMRs have been calculated relative to CO, however, CO, or

another species could be used.

5.3.3 Modified combustion efficiency (MCE)

Combustion efficiency (CE) is the molar ratio of fuel carbon emitted as CO, from a fire to total

excess carbon (Equation 5.7, Sinha, 2003).

ACCQ2

CE =
ACco, +ACco + ACch, + ACnmuc + ACpc

5.7

It is difficult to measure all the species required for CE in the field. Therefore, modified
combustion efficiency (MCE, Equation 5.8) is often used as an indicator of the stage of a fire’s
combustion. MCE ranges from near 0.8 for smoldering combustion to 0.99 for 100 % flaming
combustion. Since CH,, NMHC and PM are emitted in relatively small quantities compared to
CO, and CO, the difference between CE and MCE is only a few percent (Sinha, 2003).

ACO,

MCE=-——2
ACO, +ACO

(5.8)

5.4 Results and discussion

5.4.1 Flight classification

Bottle samples were collected on eight flights mainly in the region of Porto Velho, Brazil where
the aircraft was based. These included flights to sample regional haze, forest fire burning
emissions, background emissions (including one flight from Porto Velho to Manaus) and cerrado
fire emissions (one local flight in the region of Palmas). These flights fall into four categories

(bottle sample locations are shown in Figure 5.2).
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Figure 5.2: Locations of bottle samples (a) grouped by flight number and (b) grouped into the four
categories described in Section 5.4.1.

Forest fires
Consisting of one flight where a forest fire plume was sampled multiple times close to
source, flight 737 (see Figures 5.2 and 5.3a).

Cerrado fires
Consisting of one flight where a number of cerrado savannah fires were sampled close to
source, flight 742 (see Figures 5.2 and 5.3b).

Regional haze/smoke
Consisting of four flights in the region of Porto Velho where smoke from forest fires, either
as regional haze or from identified fires, was present but was not sampled close to source
(see Figure 5.2).
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(a) (b)

L

Figure 5.3: Photographs taken from the FAAM aircraft of (a) the forest fire sampled during flight 737
(courtesy of Jim McQuaid) and (b) cerrado savannah fires sampled during flight 742 (courtesy of Alex
Wellpot).

Background flights
Consisting of two flights in the region between Porto Velho and Manaus over forest where

no fires were observed (see Figure 5.2).

5.4.2 Biomass burning

Positive trends with increasing CO in biomass burning samples were observed for the methyl
halides (CH;Cl, CH;Br and CH,]I), carbonyl sulfide (COS) and chlorobenzene. These are dis-
cussed further in Sections 5.4.2.2, 5.4.2.5 and 5.4.2.4 respectively.

Of the species measured in bottle samples (see Table 5.1 and Figure 5.4) the other halocarbons
of interest do not show a positive trend with CO. It is not surprising that CFCs and HCFCs are not
emitted from biomass burning; Yokelson et al. (2008) reported an emission factor of 2.8 mgkg !
for CFC-12 without any further comment and Simpson et al. (2011) reported a small plume
enhancement of HCFC-141b but could not find any evidence that fire-induced convention was
a contributing factor. To my knowledge, no other studies have found evidence for biomass burning
emissions of CFCs or HCFCs. However, this data confirms that CHCl;, CH,Cl, and naturally
occurring short-lived bromocarbons, i.e. CHBr;, CH,Br,, CHBr,Cl, CHBrCl, and CH,BrCl, are
not emitted from biomass burning at least in the Amazon basin and cerrado savannah regions
of Brazil. CHCI, has been previously reported as having a minor source from biomass burning
(Keene et al., 1999; Lobert et al., 1999). Similarly, CH,Cl, was reported as having biomass
burning sources (e.g. Simmonds et al., 2006). However, as suggested by Simpson et al. (2011), it
is likely that CHCl; and CH,Cl, are not emitted from biomass burning.

In the following discussion, calculations of NEMRs used bottle CO mixing ratios. EFs and
MCEs used CO mixing ratios derived from time-averaged 1 Hz data (as discussed in Section 5.2.2).

Bottle CH4 and CO, values were derived from time-averaged 1 Hz in situ measurements.

5.4.2.1 Halomethane background mixing ratios

Background mixing ratios were derived from samples collected during background emission
flights (see Figure 5.2). These samples had consistently low CO mixing ratios (130-180 ppb),
although this mixing ratio range is higher than the monthly mean, in the region of the background
flights, for September 2012 of ~80 ppb (NASA Earth Observations (NEO), 2012). It is possible



118 Biomass burning and background emissions in SAMBBA

@ 25 I I I

CHCl5 / ppt
=
o
|
4
%
&
ot
v
ol
]
\
L %

I
o
I
|

CH,ClI, / ppt
N
o
[ 1
&y
% <&
<>
&
&
&
<
¢
<&
<&
<
%
I Sl

0 1000 2000 3000 4000

(b) 1

= 0
o
o <&
| s
= 06 %%8%&%% 2 Yo o ¢ o® &
Lr)\lo.
OO

§ I I I
3 —

bt Ly o o K .

T T

5 600
Q.

$ I
TR Lo
|

| |
0 1000 2000 3000 4000

CO/ ppb

T

i

Figure 5.4: Plots against CO for (a) CHCl;, CH,Cl,, CHBr; and CH,Br, and (b) PCE (C,Cl,), CCl, and
CFC-12 (CF,Cl,). Error bars represent analytical uncertainties.
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that these background samples were somewhat influenced by regional biomass burning emissions.
However, there is no indication, in bottle samples, of elevated levels of burning or anthropogenic
tracers such as hydrocarbons (see Section 5.4.3.1 for further details). It is possible that there
is some photochemical production of CO from biogenic emissions, such as isoprene. This is
discussed further in Section 5.4.3.1. Baseline CO mixing ratios close to biomass burning plumes
were similar to background sample CO.

MeCl, MeBr and Mel background mixing ratios were ~620-720 ppt, ~7—10 ppt and ~0.5—
1.5 ppt respectively. Background mixing ratios are defined here as the mean of background
samples. This gives values for CO, MeCl, MeBr and Mel of 150 ppb, 670 ppt, 8.3 ppt and 0.88 ppt
respectively, rounded to two significant figures.

5.4.2.2 Halomethane normalised emission ratios (NEMRs)

Over the range of CO mixing ratios sampled (~130—4000 ppb) MeCl increases from ~645 to
~1400 ppt, MeBr ~7.8-27 ppt and Mel ~0.6-7.2 ppt.

Normalised emission ratios (NEMRs) have been calculated by taking the gradient of a linear
fit to the enhancement of the species of interest (AMeX) versus the enhancement of CO (ACO) in
fire plume samples. Fits are orthogonal distance regressions (ODRs) weighted by the analytical
errors of the data. Orthogonal distance regression analysis minimizes the orthogonal distance of
residuals rather than the square of residuals and is more suited to datasets where there are errors in
both variables (Cantrell, 2008). ODR fits were performed using the inbuilt function in Igor Pro™.
There are a number of different options for the application of a linear fit to the data.

1. Linear fit to the data weighted by data errors without further constraints.

2. Linear fit to the data weighted by data errors with the y-intercept forced through the origin.
As only enhancements over background mixing ratios are considered in NEMR estimates,
AMeX would be expected to be 0 at ACO = 0. This relies on a well-defined background.

3. Linear fit to the data weighted by data errors including negative values of AMeX and ACO.
As AMeX could not be practically determined on a flight-by-flight basis, it is possible that
background AMeX (determined from a set of background flights) are not representative
for biomass burning flights. Using negative values eliminates errors arising from poor

background estimation. This is equivalent to a linear fit to MeX vs CO.

4. Linear fit combining negative values of AMeX with the y-intercept forced through the origin

i.e. a combination of the two methods given above.

A comparison of methyl halide NEMRs of forest fires, derived from the linear fit methods
outlined above and from averaging of individual sample AMeX/ACO is shown in Table 5.2.
Means of individual sample AX/ACO are given as ‘Mean’ in Table 5.2. Errors in the fit method
are £10 of the fit line. Errors in the mean values are =10 and represent the variability of
AMeX/ACO. The averaging method overestimates NEMRco compared to the linear fit method.
Additionally, the errors are larger for the averaging method. A large range of individual sample
NEMRs were sampled over the course of the forest fire flight (flight 737). This is reflective of the
variability of emission of these compounds as a function of the burning state of the fire (discussed

below). Given the limitations of aircraft-based plume sampling (see Section 5.3.1), I consider the
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Table 5.2: Comparison of NEMRcq calculation methods and available CO datasets for forest fire samples
(flight 737). Linear regression values are calculated as the gradient of an least orthogonal distance regression
fits to enhancements in CO and MeX weighted by the errors in the data (see Section 5.3.1). Fits were
repeated with the fit forced through the origin (a = 0), with negative values of AMeX and ACO (neg. A)
and with both constraints (@ = 0,neg.A). For these values errors are the 10 standard deviation of the fit.
Mean values are the mean of individual sample AX/ACO +10. All values are given to 2 significant figures.

NEMRco/ x 107°

CO dataset Method CH;Cl CH;Br CH;1

Bottle CO Lin. reg. 180+5.1 5.0£0.10 1.440.042
a=0 180£5.0 5.3+£0.091 1.4+£0.036
neg. A 180+5.2 5.0+0.010 1.5+0.038
a=0,neg. A 180£5.0 5.3+0.091 1.3£0.035
Mean 210£170 14429 1.7£0.48

Time-av. CO Lin.reg. 240+ 11 6.5+0.22 1.7+0.069
a=0 230+£8.3 6.8+£0.20 1.7+£0.057
neg. A 240+10 6.5+0.22 1.9£0.068
a=0,neg. A 220+8.2 6.8+£0.20 1.7£0.057
Mean 19073 12+17 1.9£0.53

linear regression method of deriving NEMRs, a = 0 (Table 5.2) where a well-defined background
measurement is available, more appropriate for this study.

Given the discussion in Section 5.2.2, both methods for deriving NEMRs have been repeated
using bottle-derived CO measurements and time-averaged, in situ 1 Hz CO data (see Table 5.2).
NEMRs derived from time-averaged CO data are higher than those from bottle-derived CO.
This is to be expected from the comparison in Figure 5.1. As NEMRs are derived from plume
enhancements, lower CO values, where there is little to no discrepancy, are selectively removed.
At higher CO mixing ratios, CO is underestimated in time-averaged data leading to a higher ratio
of methyl halide to CO. Errors for fits to time-averaged data are higher than those for bottle CO,
indicating that time-averaged measurements are less reliable than bottle measurements.

Figure 5.5 shows the results of ODR fits for AMeCl, AMeBr and AMel against ACO for forest
fire, cerrado fire and regional haze/smoke. For each fit line in Figure 5.5, 95 % confidence intervals
are shown. This is plotted to give an indication of the statistical significance of the fit lines and is
the complement of a significance level of 0.05 i.e. non-overlapping confidence intervals imply
a statistically significant difference between fit lines. It should be noted that samples of regional
haze/smoke cover a smaller range of CO values than samples collected near the source of a fire.
Linear regressions for AMeCl indicate that cerrado and forest fires sampled have significantly
different NEMRs (300 x 10~ for cerrado fires and 180 x 10~° for forest fires). NEMRs for MeBr
indicate that there is also a significant difference in NEMRs between forest NEMR = 5.3 x 10~%)
and cerrado fires (NEMR = 4.1 x 10~°). However, in contrast with MeCl, forest fires have
stronger emissions than cerrado fires. Methyl iodide shows no significant difference between
forest and cerrado fires. However, the data for this compound are more scattered. This is probably
as a result of the comparatively short lifetime of methyl iodide.

Normalised emissions ratios for regional haze/smoke samples are not significantly different

from cerrado fires, in the case of MeCl, or from forest fires, in the case of MeBr. The difference
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between fit lines for MeBr in cerrado and regional haze/smoke is small enough to not be apprecia-
bly different given the limited number of samples. For Mel haze/smoke samples, the NEMR is
lower than cerrado or forest fires by 0.54—0.64x107°,

There have been a limited number of studies of Brazilian biomass burning in the literature.
Table 5.3 summarises literature values for NEMR with comparison to values derived in this
study. Values from Blake et al. (1996) are from 800 km NNE of Brasilia mainly over cerrado
savannah vegetation. Additionally, the boundary layer is described as being “...affected by
a
grassland and rainforest fires and, though somewhat unclear, it appears that the given NEMRs
are derived from samples from all of these vegetation types. SAMBBA NEMRco for MeCl in
forest fires is lower at 180 x 10~° compared to 529 x 107% in Ferek et al. (1998). SAMBBA
MeBr (5.3 x 107%) and Mel (1.4 x 1079) are also lower than Ferek et al. (1998) (10 x 10—6
and 5 x 107° respectively). This could reflect the mixture of sources sampled in Ferek et al.
(1998). MeCl NEMRco for SAMBBA cerrado savannah fire is lower by 550 x 10~° than the
value given in Blake et al. (1996). MeBr is 6.5 x 10~° lower and Mel 1.3 x 1079 lower. This
is possibly due to sampling of haze over the cerrado rather than direct emissions or the lack of
defined background values for CO or the species of interest. Andreae & Merlet (2001) do not
report NEMRco. Comparison of cerrado emissions is complicated by the variability of vegetation
in this region. Ward et al. (1992) describes cerrado vegetation as “...a continuum along a soil
fertility and fire gradient from open tropical grassland ... to forest...”. Furthermore, emission
ratios of halogenated compounds are affected by the halogen content of biomass fuel (e.g. Lobert
et al., 1999). It should be noted that differences in calibration scales, methods of sample collection
and analysis limit inter-comparison with literature values.

Methyl halides are thought to be mainly emitted during smoldering phase of a fire (e.g. Ferek
et al., 1998). To probe this, the modified combustion efficiency (MCE) can be used as an indicator
of the degree of smoldering/flaming combustion (see Section 5.3.3). Lower values are indicative
of smoldering combustion whereas higher values indicate flaming combustion. Figure 5.6 shows
plots of AMeX (X = Cl, Br or I) against MCE for samples from forest fires. All three methyl
halides show a negative trend in plume enhancements with decreasing MCE. This confirms that
methyl halides, in the case of Amazonian forest fires, are emitted more strongly from smoldering
fires. Cerrado savannah fire samples were all taken in plumes with a high MCE (0.92-0.95) with
higher plume enhancements than forest fires. However, the trend with MCE for cerrado fires is

uncertain as only three samples had CO, data available to calculate MCEs from.

5.4.2.3 Halomethane emission factors (EFs)

Emission factors for this study are based on the mass balance method outlined in Section 5.3.2.
A number of species were measured in the bottled samples, including non-methane hydrocarbons
(NMHCs), and particulates. However, limited data availability requires that EFs are reported
relative to total carbon derived from CO, CO, and CH, only. This is known to be accurate to
within a few percent of the total carbon emitted in all carbon-containing species (e.g. Simpson
etal., 2011; Akagi et al., 2013).

Emission factors for the methyl halides are given in Table 5.3 in units of milligrams emitted of

the species of interest per kilogram of dry matter burned (mgkg~'). This requires knowledge of



Table 5.3: Emission ratios relative to CO and CO, (NEMRco and NEMRco X respectively), emission factors (EF) and modified combustion efficiencies (MCE) from the literature.

NEMRs for this study include are derived from a linear orthogonal distance regression (ODR) fit with y-intercept forced through the origin of ACH;X (X = Cl,Br or I) against
ACO (derived from bottle measurements). EFs are in units of milligrams species per kilogram dry matter burned (mgkg~') and use CO, CO, and CH, derived from time-averaged
high-frequency measurements (see Section 5.2.2 for discussion of bottle and high-frequency measurements). EFs for methyl halides are the mean of all plume samples with ranges in

parentheses as they show a strong trend with MCE (see text).

Compound NEMRco x 1076 NEMRco, x 107° EF/mgkg~! MCE Source Comments
CH;Cl 180+5.0 - 61 (25-98) 0.76-0.98 This study Forest fire
300+3.3 - 60 (44-71) 0.92-0.95 Cerrado fire
200+ 11 - - - Regional haze/smoke
5204170 - ~110* - Ferek et al. (1998) Brazil
- - 20-180 - Andreae & Merlet (2001) Tropical forest
- - 53 - Akagi et al. (2011) Tropical Forest
850+60 27+4 - - Blake et al. (1996) Brazil (Cerrado/haze)
- - 75+£29 - Andreae & Merlet (2001) Savannah & grassland
- - 55 - Akagi et al. (2011) Savannah
980440 21+2 - - Andreae et al. (1996) Southern Africa
1040+ 130 5343 - -
10104+ 60 1448 - -
CH;Br 5.340.091 - 1.8 (0.35-2.7) 0.76-0.98 This study Forest fire
4.1+0.076 - 0.87 (0.52-1.1) 0.92-0.95 Cerrado fire
5.04+0.23 - - - Regional haze/smoke
10+£3 - ~85* - Ferek et al. (1998) Brazil
- - 7.8+3.5 - Andreae & Merlet (2001) Tropical forest

Continued on next page . ..

(44!

VIGIAVS Ul SUOISSIUW punoidyoeq pue Suning sseworg



Table 5.3: Continued from previous page.

Compound NEMRco x 107° NEMRco, x 10°° EF/mg kg_1 MCE Source Comments
- - 2.83 - Akagi et al. (2011) Tropical Forest
10.6+0.8 0.37+0.04 - - Blake et al. (1996) Brazil (Cerrado/haze)
- - 2.1+1.0 - Andreae & Merlet (2001) Savannah & grassland
- - 0.853 - Akagi et al. (2011) Savannah
8.3+£04 0.11£0.04 - - Andreae et al. (1996) Southern Africa
CH;1 1.4+0.036 - 0.59 (0.24-0.97) 0.76-0.98 This study Forest fire
1.34+0.032 - 0.31 (0.19-0.43) 0.92-0.95 Cerrado fire
0.76 £0.026 - - - Regional haze/smoke
5+£2 - ~8* - Ferek et al. (1998) Brazil
- - 6.8 - Andreae & Merlet (2001) Tropical forest
- - 2.50 - Akagi et al. (2011) Tropical Forest
1.2+0.2 0.03740.010 - - Blake et al. (1996) Brazil (Cerrado/haze)
- - 0.5+0.2 - Andreae & Merlet (2001) Savannah & grassland
- - 0.506 - Akagi et al. (2011) Savannah
2.6+0.3 0.09£0.05 - - Andreae et al. (1996) Southern Africa
COS 150+4.3 - 15+3.1 0.76-0.98 This study Forest fire
62+0.41 - 24+7.9 0.92-0.95 Cerrado fire
220+9.1 - - - Regional haze/smoke
- - 25 - Akagi et al. (2011) Tropical Forest

* Approximate values taken from a figure.
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the proportion of carbon in the fuel in order to convert from grams of emitted species per kilogram
emitted carbon, i.e. [MeX]/[Cco] + [Cco,] + [Ccn,], to grams of emitted species per kilogram dry
vegetative matter. As this was not possible to determine in the field, a carbon content of 450 g/kg
biomass was applied. This is representative to within a few percent (e.g. Yokelson et al., 2008).

EFs for CH,Cl are broadly similar to the literature e.g. 61 mgkg~! for forest fires compared
to 20-180 mgkg~! in Andreae & Merlet (2001) and 53 mgkg~' in Akagi et al. (2011). EFs
for CH;Br are lower than Andreae & Merlet (2001) by ~ 5 mgkg~!. However, there is good
agreement with Akagi et al. (2011). Akagi et al. (2011) is based in part in the same datasets as
Andreae & Merlet (2001) and on Sinha (2004) which reports EFs for fires in African miombo
woodland ecosystems. Miombo woodland is described in Sinha (2004) as a wooded savannah
ecosystem. Hence, EFs reported in Akagi et al. (2011) for CH;Br and CH;1 in forest fires might
be misleading and not be suitable for direct comparison with SAMBBA data. SAMBBA data for
all three methyl halides show no substantial difference in EF between forest fires and cerrado
savannah fires. However, for cerrado fires, fewer samples were available with the supporting data
necessary for EF calculations. Additionally, cerrado fire samples were exclusively from flaming
fires (MCE 0.92-0.95) whereas forest fire samples cover a range of combustion phases (MCE
0.76-0.98).

Emission factors of methyl halides are expected to show a negative trend with MCE i.e.
increasing plume enhancement with decreasing MCE . This is due to the preferential emission of
these compounds from smoldering combustion in which a higher proportion of CO is emitted (e.g.
Ferek et al., 1998). Figure 5.7 shows plots of methyl halides against MCE for samples of forest
fires. All three methyl halides show a negative linear trend in EF. This implies that knowledge of
the CO emission field or detail of the fire behaviour across different vegetation types and regions is
necessary for accurate estimation of large scale emissions of these compounds. This also indicates
that, in some cases, broad vegetation type definitions, such as ‘tropical forest’ or ‘savannah’ may

not reflect the variability of fire emissions accurately enough.

5.4.2.4 Chlorobenzene burning emissions

Chlorobenzene increases from ~3.8—-160 % of the working standard (Figure 5.8). As this was
uncalibrated in the standard, absolute mixing ratios cannot be assigned to this compound and
NEMRs and EFs cannot be calculated. The methods and equipment required to create a gas
standard of this relatively high boiling-point gas (132°C; Lindstrom & Mallard, 2015) were not
available for this analysis.

To my knowledge there is only one report of chlorobenzene in biomass burning plumes.
Evtyugina et al. (2013) sampled Portugese prescribed wildfires 10-200 m downwind and reported
average plume mixing ratios of 400 ppt (maximum 3000 pt) compared to a background of 25 ppt.
However, no further comment is given on this result and details given on calibrations indicate that
these mixing ratios may only be a rough estimate.

The tropospheric lifetime of chlorobenzene is approximately 2 weeks (Atkinson et al., 1985)
and is, therefore, termed a very short-lived substance (VSLS). VSLS may be significant for
stratospheric ozone depletion in regions that act as sources for the tropical tropopause layer
(TTL) and hence, the stratospheric overworld (see Sections 1.5.2.3 and Chapter 4 for more detail).

Chlorobenzene is unlikely to have a large impact on the stratospheric chlorine loading. However,
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Figure 5.5: Comparison of NEMRs from forest fire, cerrado fire and regional haze/smoke samples for (a)
MeCl, (b) MeBr and (c) Mel. Error bars represent analytical uncertainties. Fit lines are orthogonal distance
regression fits, weighted by sample errors and forced through the origin. Also shown are 95 % confidence
intervals for the fit lines.

as the tropics are the main source region for VSLS to the TTL, it is possible that this compound
might have some impact on chlorine in this region of the atmosphere. Further work is needed to

quantify this compound and its fire emissions.

5.4.2.5 Carbonyl sulfidle NEMRs and EFs

Carbonyl sulfide (COS) shows a positive linear trend with CO, with COS increasing from ~380-
1000 ppt over ~130—4000 ppb CO. Figure 5.9 shows linear fits to ACOS versus ACO for samples
from forest fires, cerrado savannah fires and regional haze/smoke. As for NEMR calculations
in Section 5.4.2.2, fit lines are ODR linear fits to the data weighted by analytical errors in the
data. However, as can be seen in Figure 5.9, ACOS is offset from zero by up to ~200 ppt when
ACO is close to zero. Unlike NEMR calculations for the halomethanes, forcing the y-intercept
through the origin would not give a reasonable estimate of the gradient. Therefore, the linear fits
applied in Figure 5.9 are not forced through origin. The offset of ACOS and range of values at
low ACO could indicate non-biomass burning source of COS or that, during biomass burning
flights, background air entrained into the plume was not truly representative of background air in

the region i.e. there was some other less localised burning impacting the region.
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Figure 5.6: Enhancements in methyl halides plotted against modified combustion efficiency (MCE) defined
as ACO,/ACO, + ACO. (a) AMeCl, (b) AMeBr and (c) AMel. Lower values of MCE indicate smoldering
combustion, higher values indicate flaming combustion.

Background mixing ratios were derived samples collected during background emission flights
(see Figure 5.2). COS varied between 350—470 ppt over the range of CO encountered (~130—
180 ppb) with a mean +10 of 410+ 26 ppt rounded to two significant figures. Figure 5.10 shows
COS collected during background flights plotted against latitude. Variation in background COS
cannot account for the large offset in ACOS. The main source of COS is oceanic and the main
sink is uptake by vegetation (Montzka et al., 2007). COS also has a seasonal cycle primarily
driven by seasonality in oceanic emissions and vegetative uptake. Seasonal variation in the
southern hemisphere clean background air ranges between ~460-510 ppt with a minimum in
July-September and maximum during Jan-Mar. Additional sources include biomass burning,
soil processes and wetlands. Mean background mixing ratios are 81 ppt lower than the southern
hemispheric surface mean of 491 ppt (200-2005) and 74 ppt lower than the Cape Grim mean
for 2000-2005 (Montzka et al., 2007). The lower mixing ratios encountered over the Brazilian
rainforest suggest that, during background flights, COS mixing ratios are strongly influenced by
vegetative uptake which is the largest sink for COS (see Table 1.5).

Elevated COS seen at low CO during biomass burning flights could either be due to dif-
fuse burning emissions with highly variable COS emission ratios, or to variations in biogenic
emission/uptake. It is unlikely that burning emissions have highly variable emission ratios as

shown by the strong linear relationships shown in Figure 5.9. Low COS enhancements (e.g.
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Figure 5.8: Chlorobenzene,as a fraction relative to standard (f.o.s.) plotted against CO for all bottle
samples collected during the campaign.
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ACOS <200 ppt) were encountered at 300-2500 m altitude. However, sampling coverage over
the altitude range is not sufficient to discern a clear altitudinal gradient and, hence, evidence of
increased production or reduced uptake. NEMRs and EFs for COS are given in Table 5.3. EFs
for cerrado fires are 9 mgkg~! higher than for forest fire samples. 95 % confidence bands shown
in Figure 5.9 indicate that the fit lines are significantly different. EFs for COS agree well with
Akagi et al. (2011). The value for COS in Akagi et al. (2011) is derived from measurements of
a planned fire reported in Yokelson et al. (2007) The higher COS emission factor for cerrado fires
implies that these savannah regions are potentially more significant for COS fire emissions than
has previously been accounted for.

As shown in Figure 5.9, COS shows a strong trend with CO in biomass burning plumes. COS
also shows a strong trend with CO, (not shown here). However, as shown in Figure 5.11, there is
no distinct trend with MCE.

5.4.2.6 Regional and global biomass burning emission estimates

As suggested in Section 5.4.2.3, accurate and fine-grained regional and global emissions require
detailed information on the burning state and/or CO field in addition to the burned area of fires.
However, reasonable ‘first-guess’ estimates of annual biomass burning emissions, i.e. a mass
quantity per year, can be made by multiplying the mean emission factor for a compound by
the quantity of biomass consumed. Fire emissions are dependant on the vegetation type burned
(see Section 5.4.2). Therefore, estimates of the quantity of biomass burned annually have to be
either regionally specific or based on globally distinct vegetation types. Table 5.4 shows regional
emission estimates based on South American savannah and forest burning figures given in Bond
(2004). Biomass burning estimates in Bond (2004) give consumption figures of 808 Tg and 585 Tg
dry matter per year for South American savannah and forest respectively. Errors on these estimates
of biomass burning are not quantified but can be assumed to be large. As the biomass burning

figures are based on data from the mid-1990s, these aren’t truly representative of biomass burned
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Table 5.4: Regional estimates of biomass burning emissions from South America and the contribution to
global biomass burning emissions. Emissions estimates are based on biomass consumption figures given in
Bond (2004) and emission factors given in Table 5.3. Ranges given for halomethanes reflect variability in
emissions with the burning phase of a fire (see Section 5.4.2.3). Values are means +10 for COS. Emissions
estimates are given in units of Ggyr~'. The contribution to global biomass burning emissions is also given
as a percentage (Contribution / %).

South America

Compound Forest/ Ggyr~!  Savannah/ Ggyr~'  Contribution / %

CH,CI 36 (15-57) 48 (36-57) 629!
CH,Br 1.1 (0.20-1.6) 0.70 (0.42-0.89) 3.7-19 !
CH,1 0.35(0.14-0.57)  0.25(0.15-0.35) 432
COoS 8.8 19 102

! Based on global emissions summarised in Gebhardt et al. (2008) and references therein.

2 Based on global emissions estimates given in Andreae & Merlet (2001).

in the year of the SAMBBA campaign (2012). However, if forest and savannah burning remain
constant on average, this provides a reasonable estimate. Emissions given in Table 5.4 are based
on the average emission factors given in Table 5.3. As emission factors for methyl halides are
dependent on the MCE of the fire (see Section 5.4.2.3), a range of emission estimates has been
given for the range of MCE values given in Table 5.4. COS is not dependant on MCE in the same
way so a range has not been given for regional estimates.

Also shown in Table 5.4 is the percentage of global biomass burning emissions represented
by South American fires i.e. the sum of regional emissions from forest and savannah fires.
Global biomass burning figures are taken, in the case of CH;Cl and CH;Br, from Gebhardt et al.
(2008) which summarises source estimates from Clerbaux & Cunnold (2007) and Montzka &
Fraser (2003). There are large uncertainties associated with global biomass burning estimates.
Gebhardt et al. (2008) gives a range of emissions of 325-1125 Ggyr~! for CH;Cl and 10—
40 Ggyr~! for CH;Br. This is reflected in a range of percentage contributions of 6-29 % for
CH;ClI and 3.7-19 % for CH;Br with median values of ~ 17 % and ~ 11 %. These contributions
of CH;Cl and CH;Br represent a considerable proportion of biomass burning emissions of these
two stratospherically significant compounds. Additionally, South America biomass burning
emissions represent approximately 0.6-5 % of global CH;ClI emissions and 0.6-2.3 % of total
global CH;Br emissions based on global estimates given in Gebhardt et al. (2008). Global biomass
burning figures for CH;I and COS are taken from Andreae & Merlet (2001). South American
biomass burning represents ~ 4 % of global biomass burning CH;I emissions based on a value
of 14 Ggyr~! from Andreae & Merlet (2001). However, global emissions might be as little as
3 Ggyr~! (Andreae et al., 1996) and are not well quantified. South American COS emissions
contribute 10 % to global biomass burning emissions based on Andreae & Merlet’s value for global
biomass burning emissions of 270 Ggyr~!. It should be noted that error or variability estimates
have not been included in Table 5.4 as there are large and difficult to quantify uncertainties in the
estimation of the quantity of biomass burning consumed. Future refinements may be possible
based on satellite measurements of fires.

Global biomass burning emissions can be estimated using an analogous process to that used

for regional estimates. As there are a limited number of biomass burning emissions measurements
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Table 5.5: Global emission estimates of biomass burning from tropical forests and savannah based on
biomass consumption estimates from Akagi et al. (2011). Estimates are derived from the mean emission
factors given in Table 5.3.

Source type CH;C1 CH;Br CHiI COS

Tropical forest This study 81 2.4 0.78 20
Andreae & Merlet (2001) 100 10 9.0 50
Akagi et al. (2011) 70 3.8 33 33

Savannah This study 200 29 1.0 81
Andreae & Merlet (2001) 240 6 1.6 50
Akagi et al. (2011) 190 29 1.7 -

All values given in units of Ggyr—!.

of halomethanes and COS, scaling up of regionally limited measurements is frequently the best
estimate available. However, due to the influence of vegetations types and the type of burning on
emissions of these compounds, it is more reasonable to limit global estimates to global terrestrial
biomes similar to those where the measurements were made. In the case of this study, this means
scaling up burning emissions from the Amazonian rainforest to global tropical forest and Cerrado
savannah emissions to global savannah. Table 5.5 shows global biomass burning estimates for
tropical forest and savannah emissions. These estimates are based on the emission factors given in
Table 5.3 and global biomass consumption estimates from Akagi et al. (2011). Akagi et al. (2011)
biomass consumption estimates are based on the average of values from Andreae & Merlet (2001)
and Bond (2004) in the case of savannah, and Andreae & Merlet (2001) in the case of tropical
forest.

Global biomass burning emission estimates for tropical forest (81 Ggyr~') and savannah
(200 Ggyr~!) for CH;Cl show good agreement with the literature values given in Table 5.5.
CH;Br (2.4Ggyr~! and 2.9 Ggyr~! for tropical forest and savannah respectively) also shows
good agreement with literature values especially with Akagi et al. (2011). The SAMBBA emission
estimate for CH;I from tropical forest fires (0.78 Ggyr) is lower than literature values by 2.52—
8.22 Ggyr~!. Savannah fire emissions of CH;I (1.0 Ggyr~') have a better agreement with the
literature values of 1.6 and 1.7 Ggyr~'. As mentioned in Section 5.4.2, Akagi et al. (2011)
tropical forest values may not be comparable to Amazonian rainforest. Emissions factors for
CH;Cl and CH;Br are more similar between tropical forest and savannah environments than for
CH;I (see Table 5.3). Therefore, the differences in emission estimates for CH;I may be explained
by the inclusion of African savannah woodland in tropical forest emission estimates from Akagi
et al. (2011). COS values, derived from SAMBBA, are lower than the literature by 13-30 Ggyr~!
for tropical forest but is higher than Andreae & Merlet (2001) by 31 Ggyr~! for savannah fires.
Akagi et al. (2011) does not provide a value for savannah emissions. In summary, global biomass
burning emission estimates based on SAMBBA data agree well with the most recent summaries
of biomass burning emissions with the exception of tropical forest emissions of CH,;I and COS.
However, given the large uncertainties in annual quantities of biomass burned, it is possible that

the observed agreements between this study and literature values are coincidental.
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5.4.3 Background measurements

In addition to burning emissions, tropical forests are potential sources of a range of trace gases that
may be of significance in atmospheric composition. Of the compounds discussed in this section
MeCl, MeBr and CHCI; have been previously reported as having terrestrial sources. CHBr;
and CH,Br, are mainly marine in origin with the only reported terrestrial source being from
rice paddies. Though mostly anthropogenic in origin, with 90 % of emissions in the northern
hemisphere, Montzka & Reimann (2011) indicate that PCE and CH,Cl, might have an unidentified
natural source in the southern hemisphere. Mel is also mainly marine in origin with a few poorly
quantified terrestrial sources, e.g. rice paddies, peatlands etc. (see Section 1.5.3.1).

Background measurements are based on two flights (735 and 749, see Section 5.4.1). Flight
749 consisted of 53 samples collected between ~130 km north to ~320 km NNW of Porto Velho.
Flight 735 consisted of 11 samples collected on route between Porto Velho and Manaus, and an
additional three samples collected between ~50—140 km north of Manaus (see Figure 5.2a). All
samples were collected over the Amazonian forest. Background mean mixing ratios and ranges

for the compounds discussed in this section are summarised in Table 5.6.

Table 5.6: Mean mixing ratios from background flight measurements made during SAMBBA. SAMBBA
values are means +10 standard deviation with minimum and maximum values in parentheses beneath.
Monthly means for September 2012 (£10) of baseline data from three AGAGE (Advanced Global
Atmospheric Gases Experiment) sites are given for comparison as well as the AGAGE global monthly
mean (Prinn et al., 2000; O’Doherty et al., 2001; Cox et al., 2003; Simmonds et al., 2004; Prinn et al.,
2014). All values are molar mixing ratios in parts per trillion (ppt).

CH;Cl CH;Br CH;l CH,Cl,
Mace Head, Ireland 492+ 13 8.71+0.27 - 324+1.2
(53°N, 10°W)
Ragged Point, Barbados 523 +7.5 7.24+0.14 - 254+3.1
(13°N, 59°W)
SAMBBA 669 +26 8.3+0.41 0.88+0.33 224+3.8
(1-9°S, 59-67°W) (626-734) (7.4-9.7) (0.37-2.1) (17-45)

Cape Grim, Tasmania 5294+29 6.3£0.093 - -
(40.68°S, 144.69°E)

Global Monthly Mean 526+ 11 7.0£0.45 - 22+£5.5
CHCl, CH,Br, CHBr; PCE

Mace Head, Ireland 10+0.75 - - 1.54+0.098
(53°N, 10°W)

Ragged Point, Barbados 6.5 £0.66 - - 0.74+0.17
(13°N, 59°W)

SAMBBA 10£22 0.794+0.059 0.53£0.13 0.49+0.036
(1-9°S, 59-67°W) (7.6-17)  (0.67-0.95) (0.13-1.1)  (0.40-0.59)
Cape Grim, Tasmania - - - 0.58 £0.021

(40.68°S, 144.69°E)
Global Monthly Mean 7.68+1.4 - - 0.87+£0.25
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Figure 5.12: Isoprene and carbon monoxide (CO) plotted against latitude for background flights (735 and
749). Error bars represent analytical uncertainties. CO data are derived from time-averaged high-frequency
measurements due to greater data coverage on these flights. At low CO mixing ratios, these measurements
agree well with bottle measurements (See Section 5.2.2 for further details).

5.4.3.1 Carbon monoxide

Carbon monoxide measurements during the background flights were in the range of 140-180 ppb.
Within this range CO shows an enhancement, in some samples during flight 749, of ~20 ppb.
Furthermore, there is a positive trend with increasing latitude over the samples from flight 735
(see Figure 5.12).

A clean background might be expected to have a CO mixing ratio of ~60 ppb but this would
only be expected in the remote marine atmosphere. Satellite measurements indicate that monthly
mean CO for September 2012, in the region of the background flights, was ~80 ppb at an altitude
of ~365m (NASA Earth Observations (NEO), 2012). It is unlikely that SAMBBA background
measurements are influenced by biomass burning. No enhancement in hydrocarbons indicative
of biomass burning, such as alkanes, benzene and toluene, were enhanced in the background
flight bottle samples analysed by the University of York. Additionally, there were no noticeable
enhancements in the methyl halides that were otherwise found to be associated with biomass
burning in this region (Section 5.4.2.2).

The enhancements in CO might be explained by direct or indirect biogenic emissions. Isoprene
measurements made on bottle samples by the University of York, along with time-averaged high
frequency CO measurements, are shown in Figure 5.12. Mixing ratios of up to 6 ppb of isoprene
can be seen in some samples. Additionally, these enhancements follow a similar pattern with
latitude as CO in flight 735. Isoprene has a strong diurnal response to temperature thought to be
a protective response to heat stress (e.g. Kansal, 2009; Sharkey et al., 2008). Figure 5.13 shows the

bottle isoprene measurements plotted against local time-of-day. Flight 735 (Figure 5.13a) shows
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Figure 5.13: Plots of (a) isoprene and CO for flight 735 and (b) isoprene and CO for flight 749 against
local time-of-day. Error bars represent analytical uncertainties. CO data are derived from time-averaged
high-frequency measurements due to greater data coverage on these flights. At low CO mixing ratios, these
measurements agree well with bottle measurements (See Section 5.2.2 for further details).

an increase in of ~3 ppb isoprene, following a similar pattern to the CO increase of ~20 ppb.
However, Flight 749 does not show a similar pattern between isoprene and CO (Figure 5.13b), with
the highest CO (~175 ppb) measured when isoprene was at the lowest mixing ratio during the flight
(~1 ppb). Andreae et al. (2012) indicate that biogenic sources (direct emissions and photochemical
degradation of volatile organic species) could account for ~10 ppb of CO in the planetary boundary
layer (PBL). This might explain the enhancements in background measurements during SAMBBA.
However, there are additional factors such as entrainment from the free troposphere with changes
in the boundary layer, or advection from upwind sources which cannot be further examined with

the data available and are beyond the scope of this study.

5.4.3.2 Methyl chloride

Methyl chloride is the most abundant chlorine-containing gas in the atmosphere and contributes
16 % of the chlorine from long-lived gases in the troposphere (Montzka & Reimann, 2011). Due
to the predominantly natural source of MeCl , mixing ratios might be expected to be higher near

to source in the productive tropical regions. Umezawa et al. (2014) indicate that strong tropical
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Figure 5.14: MeCl, MeBr, Mel and CO plotted against latitude for samples of background emissions
(see Figure 5.2a). Error bars represent analytical uncertainties. CO data are derived from time-averaged
high-frequency measurements due to greater data coverage on these flights. At low CO mixing ratios, these
measurements agree well with bottle measurements (See Section 5.2.2 for further details).

sources and outflow of air to the extra-tropics is the main controller of the global-scale distribution
of MeCl in the atmosphere. Recently, evidence has been growing for a significant source from
tropical plants (e.g. Gebhardt et al., 2008; Yokouchi et al., 2007; Saito et al., 2008). Smaller
tropical contributions have been identified from mangroves (Manley et al., 2007; Yokouchi et al.,
2007), fungus (Moore et al., 2005; Mead et al., 2008a) and abiotic production from dead or
senescent plant material (Hamilton et al., 2003). Xiao et al. (2010) estimate global emissions
for 2000-2004 of 4.10 & 0.47 Tgyr~! using a 3-D global chemistry transport model. They
also estimate that tropical terrestrial sources account for 2.3 +0.3 Tgyr—! or ~ 55 % of global
emissions.

The mean mixing ratio of CH;Cl in the background flights was 669 + 26 ppt, 146 ppt more
than the background mean for September 2012 (526.0 ppt) measured at Ragged Point, Barbados
(Table 5.6), the nearest monitoring station to the SAMBBA sampling region. A latitudinal plot of
CH;Cl can be found in Figure 5.14. Our observations support terrestrial vegetation in this region

as a source of CH;Cl.
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5.4.3.3 Methyl bromide

The main sources of CH;Br are the ocean and biomass burning (42 and 29 Ggyr~! respec-
tively) with smaller anthropogenic contributions from fumigation and leaded gasoline (14.3 and
<5.7 Ggyr~!). Numerous other biogenic sources, totalling 17.1 Ggyr~', have been identified, of
which some terrestrial sources remain unquantified (Montzka & Reimann, 2011).

CH;Br has an inter-hemispheric gradient with an annual mean hemispheric difference of
1.2 ppt in 2008 (Montzka & Reimann, 2011). This is also reflected in the AGAGE monthly means
for September 2012 given in Table 5.6 with a monthly mean baseline value of 8.7 ppt in the
northern hemisphere (Mace Head) and 6.3 ppt in the southern hemisphere (Cape Grim). The
inter-hemispheric gradient is due to the use of CH;Br as a fumigant with larger emissions in the
northern hemisphere. Declining production, as a result of the Montreal Protocol (Yvon-Lewis
et al., 2009), has decreased the inter-hemispheric gradient. Southern hemispheric mixing ratios
have been reduced to 60-70 % of pre-industrial levels in 2008 from a peak of 8 ppt (Montzka &
Reimann, 2011).

Mean SAMBBA CH;Br (8.3 ppt) is 1.1 ppt above the mean monthly baseline mixing ratio
measured at Ragged Point, Barbados. This ~15 % enhancement could indicate a potential biogenic
source over the Brazilian rainforest. This enhancement is unlikely to be due to biomass burning
as no enhancement is observed in CH;Cl, CH;1I or CO as was seen in known biomass burning
samples (see Section 5.4.2.2). It is possible that this enhancement could have a similar source
to that of CHCl; discussed further in Section 5.4.3.5. However, it is also possible that CH;Br is
being used as a fumigant in agricultural land clearance. The highest mixing ratio samples observed
during background flights (~9.5 ppt, see Figure 5.14) coincide with areas of forest clearance (see
Figure 5.18). Depending on the usage of the land in the region, it is possible that these emissions

are anthropogenic in origin if CH;Br is used to sterilise soils for crops or crops themselves.

5.4.3.4 Methyl iodide

The dominant source of CH;I to the atmosphere is from the ocean. Butler et al. (2007) estimate
equal fluxes from the open ocean (270 Gglyr~') and coastal regions (280 GgIyr—!). Photo-
chemical processes in the surface ocean are thought to be the main oceanic source (e.g. Happell
& Wallace, 1996). Additional marine sources have been identified in picoplankton production
(Smythe-Wright et al., 2006) and an abiotic process (Williams et al., 2007). Sive et al. (2007)
identified fluxes from terrestrial sources in mid-latitudes of 33 Ggyr—'.

CH;I in SAMBBA varies over the range ~0.6-2.1 ppt with elevated values occurring at
6-8°S. CH;I has a relatively short local lifetime of 7 days (Montzka & Reimann, 2011) and high
spatial and temporal variability (Montzka & Reimann, 2011). Therefore, a range of background
mixing ratios is expected. If the analytical errors are taken into account, variability is small (see
Figure 5.14). CH;1 is not routinely monitored at a site close to the SAMBBA sampling region.
Montzka & Reimann (2011) give global marine boundary layer (MBL) mixing ratios of 0.80 ppt
(range 0.3—1.9) with the dominate source from the ocean. Therefore, our measurements are in line
with the expected background of CH;l, and do not indicate a terrestrial source from the South

American rainforest.
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5.4.3.5 Chloroform

Figure 5.15a shows the latitudinal distribution of CHCl; during background flights. Mean CHCl,4
during these flights was 10+ 2.2 ppt. However, at 4-6°S the majority of samples have mixing
ratios of ~8—10ppt. 6 samples at 4-6°S show enhancements of ~3-6 ppt. Samples at 0-4°S show
similar enhancements of ~3—6 ppt. Figure 5.15b shows the location of samples collected during
background emission flights coloured by CHCl; mixing ratio. Gebhardt et al. (2008) reported
mean mixing ratios for CHCIl; of 8.2 ppt (range 6.6—11.2) in the boundary layer (given as up to
1400 m) in bottle samples collected over the rainforest of Suriname on the north-eastern coast of
South America. The maximum mixing ratio encountered in SAMBBA background flights was
16.6 ppt, which is ~6 ppt higher than the maximum reported by Gebhardt et al. (2008). Samples
collected during SAMBBA were collected below 1600 m altitude with only one sample above
1000 m and were all collected within the boundary layer. Mean CHCIl; during the SAMBBA
background flights was 10.2 2.2 ppt which is in good agreement with Gebhardt et al. (2008)
within the variability of the measurement.

Northern hemispheric mean monthly baseline CHCl; for September 2012 was 10 ppt (Ta-
ble 5.6). Northern hemispheric mixing ratios are higher than for the southern hemisphere due
to anthropogenic emissions from the production of HCFC-22, fluoropolymers, paper and pulp
bleaching and water chlorination (Montzka & Reimann, 2011). Mean monthly baseline CHCl; for
September at Ragged Point, Barbados was 6.5 ppt (Table 5.6), ~3.5 ppt lower than the SAMBBA
mean. Southern hemispheric measurements made at Cape Grim (1998-2000) give a background
mixing ratio of CHCI; of 6.3 0.2 ppt with annual cycle of amplitude 1.1 ppt (Cox et al., 2003).
This suggests that SAMBBA measurements over the Brazilian rainforest are close to a source of
CHCl,.

Bottle samples along the two background flights, 735 and 749, were collected on 191" Septem-
ber between 13:00—15:30 UTC (09:00—11:30 local time) and on 3™ October 2012 between
14:30-22:00 UTC (10:30-18:00 local time) respectively. Figure 5.16 shows CHCI; plotted
against time-of-day (local time) for flights 735 and 749. CHCl; enhancements in both flights
are clustered between ~10:00 and 12:00. This could be indicative of a possible diurnal cycle in
CHCl, emissions. However, this study incompletely covered only two diurnal cycles. Therefore,
this is not conclusive and may be heavily influenced by factors such as wind direction, altitude
and sampling location.

Flight 735, from Porto Velho to Manaus, shows increasing mixing ratios of CHCl; along the
route towards Manaus. Maximum mixing ratios were encountered north of Manaus reaching
16.6 ppt at 140 km north of Manaus. Figure 5.17 shows the location of samples taken during
flight 735. Also shown are 3-day back trajectories calculated using the HY SPLIT online back-
trajectory model for each group of samples collected (Draxler & Rolph, 2013). Back-trajectories
are 1° x 1° matrices centred on each cluster of samples. All samples on flight 735 were collected
at 250-350 m altitude. Over the course of the flight, regional scale flow is from approximately
the same north-easterly direction. Due to the north-easterly flow, it is unlikely that pollution
from Manaus is impacting the mixing ratios of CHCl; over the course of flight 735. Additionally,
samples with the highest CHCI; mixing ratios were collected 50-140 km north of Manaus making
it unlikely that flight 735 was sampling anthropogenic emissions of CHCl;. A lack of significant

enhancements in dichloromethane (CH,Cl,) and perchloroethene (C,Cl,) also suggest no great
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Figure 5.17: HYSPLIT matrix 3-day back-trajectories for samples collected during flight 735.

local anthropogenic influence.

Figure 5.18 shows the samples north of Manaus which contained the highest CHCl; mixing
ratios superimposed on a satellite image of the region (courtesy of Google Maps™). Several
features are visible in the satellite image: the Rio Negro runs from the left of the image to Manaus
at the bottom-centre where it becomes the Rio Amazonas; a major road runs roughly north from
Manaus with large areas of cleared forest and/or agricultural land either side; in the top-right
of the image is the Balbina reservoir with the Balbina dam at its south-eastern extreme. Given
the regional flow indicated in Figure 5.17, and the local features indicated in the satellite image,

a number of possible hypotheses for the elevated mixing ratios encountered along flight 735 are
possible.

A Upwind burning. It is possible that burning upwind of the sampling location has enhanced

CHCl; mixing ratios. No burning was observed in the region of the samples. NO, and CO
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Figure 5.18: Map showing location of samples collected north of Manaus. The body of water in the top
right is the Balbina reservoir. The river running from the middle-left to Manaus is the Rio Negro which
forms, in part, the Rio Amazonas beyond Manaus. Map courtesy of Google Maps™.

measurements made during the flight do not indicate a strong influence of biomass burning
in bottle samples. CO is in the range 140-180 ppb, which is greater than an expected clean
background of ~ 60 ppb. This implies some possible influence from regional haze. However,
results from biomass burning flights in this study do not indicate that CHCl; is emitted from
burning of vegetation in the region (see Section 5.4.2 and Figure 5.4b). Therefore, it is unlikely

that burning is responsible for elevated CHCl; in background flights.

B The Amazon delta. The open ocean is the largest source of CHCI; (270450 Ggyr—!). Pulp
and paper manufacture, water treatment and other industrial sources account for 43-89 Ggyr~!
(Gebhardt et al., 2008). Given the regional north-easterly flow during flight 735, it is possible
that elevated CHCl; could be associated with natural or anthropogenic emissions from the

delta region of the Rio Amazonas, or emissions from the Atlantic Ocean.

C The Balbina dam. The Balbina reservoir (directly north-east of the highest CHCl; mixing
ratios, Figure 5.18) is the largest hydroelectric reservoir in the Amazon. It was formed by
impounding the Uatama river in 1987 and has an average flooded area of 1770 km? and
a generating capacity of 250 MW (Fearnside, 1989; Kemenes et al., 2007). The Balbina dam
has a relatively low energy return of ~0.14 Wm~2 (Fearnside, 1989) and generates a large
quantity of greenhouse gases (e.g. Kemenes et al., 2007, 2011). Total annual CO, equivalent
greenhouse emissions (CO, and CH,) have been estimated at 3 Tg(C) /yr or approximately

the equivalent global warming potential as 54 % of the fossil fuel consumption of Sao Paulo
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(Kemenes et al., 2011). The large area and shallow depth (average 7 m, Kemenes et al., 2007)
of the reservoir means that wetland soil processes could be expected to be important this
region. CHCl; emissions have been linked to soil processes and are thought to mainly arise as
a by-product of chlorination of humic material by hypochlorous acid. This acid is generated by
the chloroperoxidase enzyme which is thought to be fungal in origin (McCulloch, 2003, and
references therein). Given the quantity of deadwood in the reservoir (e.g. Abril et al., 2013) and
the wetland conditions, this is a potentially strong source. Abril et al. (2013) indicate that most
greenhouse gases are emitted during the first 510 years of dam operation. Therefore, as the
Balbina reservoir was flooded 25 years before the SAMBBA campaign, chloroform emissions
may have been higher shortly after flooding than at the time of the SAMBBA campaign if
similar physical and biological processes are responsible. Therefore, it is possible that flooded
regions of tropical forest. i.e. projects similar to the Balbina reservoir, represent a source of
CHCl; to the atmosphere.

D Forest clearance and agriculture. Soil processes are the second largest source of CHCl,
after open oceans, accounting for 120-320Ggyr~! (Gebhardt et al., 2008). CHCI; emissions
from soils have been found, in temperate forests, to be dependent on the humic content of soils
with higher concentrations associated with a soil covering of wood chips or humic material
(Hoekstra et al., 2001). Additionally, Hoekstra et al. indicate that high concentrations of
CHCl; can be found in deeper soil layers and hypothesise that this is due to transport of CHCl,
precursors and subsequent formation of CHCl; in these layers. I hypothesise that, if similar
soil processes are present in the Amazonian basin (Hoekstra et al. are careful to point out that
this may not be the case due to the limitations of the study), soil disturbance by logging or
agricultural work (such as ploughing) might lead to increased production of CHCl;. This could
either be as a result of increased input of humic material (in the form of wood-chips, discarded
brush and logs), or by the disturbance of deep soil layers and the exposure of buried humic

material to the soil surface.

Hypothesis A is unlikely due to the lack of evidence from burning in other species measured.
Furthermore, no evidence for CHCl; from the burning of natural vegetation was found during
this study. The regional flow implied from back-trajectories indicates that all bottle samples
collected along flight 735 have a similar upwind source. Mixing ratios of CHCl; decrease from
16 to 8 ppt between samples north of Manaus and those collected at the south-western extreme
of the flight. This makes Hypothesis B unlikely unless a strong anthropogenic source in the
Amazon delta region is invoked. Emissions from the Balbina dam (Hypothesis C) would be
expected to coincide with elevated levels of CH, as the dam has been shown to be a source of
methane (Abril et al., 2013; Kemenes et al., 2011, 2007). However, there is no consistent pattern
in CH, that could explain elevated CHCl; (see Figure 5.19a). Emissions associated with soil
disturbance would be expected to coincide with those of other species emitted from soils for
instance NOx (i.e. NO, +NO). Figure 5.19b shows high frequency NOx data plotted with bottle
CHCI; against local time-of-day. Enhancements of NOx ~50 ppt above the local background
appear to coincide with CHCl; measurements. Additionally CH;Br is enhanced by ~1 ppt above
the mean for background flights for the most northerly samples (Figure 5.14). As mentioned
in Section 5.4.3.3, this could be linked to agricultural soil fumigation and could strengthen the

argument for soil emissions linked with either the Balbina dam or forest clearance/agriculture.
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Figure 5.19: CHCI; in bottle samples and high frequency, in situ measurements plotted against local
time-of-day for (a) CH, and (a) NOx. Error bars on CHCI, data represent analytical uncertainties.

However, without CHCl; measurements in background NOx conditions, a correlation cannot be
implied. Further work would be needed in order to attribute the source of CHCl; enhancements in
this region. Non-methane hydrocarbons measured during background flights, by the University
of York, do not show any enhancements that would indicate biomass burning or anthropogenic

sources.

5.4.3.6 Dichloromethane

CH,Cl, is mainly anthropogenic in origin (~ 90 %, Montzka & Reimann, 2011) with a strong
inter-hemispheric gradient e.g. baseline means for 1998-2004 give 30.8 ppt in the northern
hemisphere and 8.74 ppt in the southern hemisphere (Simmonds et al., 2006). The tropical MBL
mixing ratio given in Montzka & Reimann (2011) is 17.5 ppt as a mean over several campaigns
spanning 1994-2001. Leedham Elvidge et al. (2014) report an increase in northern hemispheric
CH,Cl,, between 1998 and 2012, of 38-69 % (equating to 7-9 ppt in background regions and
12-15 ppt in regions of stronger emission). This increase in CH,Cl, might be attributable to an
increase in the use of CH,Cl, as a feedstock for HFC-32 (CH,F,) which is used in a 50%/50%
mixture with HFC-125 (C,HFs) named R-410a as a replacement for HFC-22 (CHCIF,).

Mean baseline mixing ratios for September 2012, as measured by AGAGE, were 32 ppt and
25 ppt for the northern hemisphere and tropics respectively (Table 5.6). The global mean for
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Figure 5.20: CH,Cl,, CH,Br,, CHBr; and PCE plotted against latitude for background flights (see
Figure 5.2b). Error bars represent analytical uncertainties.

the period was 22 ppt. Mean CH,Cl, from background emission flights in this study was 22 ppt
with little latitudinal variation (see Figure 5.20). This is ~3 ppt lower than the AGAGE tropical
measurements at Ragged Point, Barbados. Therefore, it is unlikely that there is a terrestrial source

of CH,Cl, from Amazonian rainforest.

5.4.3.7 Dibromomethane and bromoform

CH,Br, and CHBr; are mainly marine in origin with a small contribution from drinking water
purification and power plant cooling water (Montzka & Reimann, 2011). Rice paddies (e.g. Law
& Sturges, 2007) and peatlands (Carpenter et al., 2005) have also been indicated as terrestrial
sources of bromoform. To my knowledge, measurements of CH,Br, and CHBr; have not been
made or reported over tropical forests before. Montzka & Reimann (2011) give MBL mixing
ratios of 0.5-2.4 and 0.7-1.5 ppt. Measurements from this study are at the lower end of this range,

suggesting that the South American tropical forest is not a source of these compounds.
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5.4.3.8 Perchloroethene, PCE

Perchloroethene (PCE) is thought to be predominantly anthropogenic in origin with 90 % of
emissions in the northern hemisphere. As industrial inventories indicate that only 1 % of emissions
are in the southern hemisphere, Montzka & Reimann (2011) indicate that there may be other
sources such as biomass burning. Mean mixing ratios are ~ 0.26 ppt lower than Simmonds et al.
(2006) measured at Cape Grim 2000-2004. Therefore it is unlikely that South American forest is
a source of PCE. Additionally, measurements of biomass burning plumes (Figure 5.4b) do not

indicate a biomass burning source in this region either.

5.5 Summary

Fire emissions for fires in Brazilian forest and cerrado savannah were evaluated for a range of
halocarbons and carbonyl sulfide (COS). Of the compounds analysed, CH;CIl, CH;Br, CH;1
and COS were found in fire plumes from both forest and cerrado fires. Normalised emission
ratios (NEMRs) relative to CO, emission factors (EFs) and modified combustion efficiencies were
calculated for these compounds.

The EF for CH;Cl in forest fires was found to agree well with the latest summary of emission
factors in Akagi et al. (2011). EFs for CH;Br, CH;I and COS were found to be lower than those
given by Akagi et al. (2011). The forest fire smoke plume was sampled close to the source. This
suggests that EFs calculated here accurately represent forest fire emissions from South American
rainforest.

In addition to the forest fire plume, emissions from a number of cerrado savannah fires were
sampled close to source. EFs for CH;Cl CH;Br and CH;I agree well with values from Akagi et al.
(2011) for savannah fires. EFs for COS in cerrado fires have not been, to the author’s knowledge,
reported before in the literature. SAMBBA data indicate that cerrado fires are a stronger source of
COS than Brazilian forest fires by ~60 %.

Regional emission estimates indicate that South American biomass burning contributes
a significant quantity of halomethanes and COS to global emissions. Scaling up regional emission
to global scale tropical forest and savannah has inherently large uncertainties. However, bearing
in mind that these are rough estimates with large uncertainties, there is good agreement between
global emission estimates based on SAMBBA data and estimates in Akagi et al. (2011) and
Andreae & Merlet (2001), the exception being CH;1, with lower emissions than suggested in the
literature. There have been limited measurements of halomethanes and COS biomass burning
fire emissions in the literature. The measurements in this study represent a significant addition to
knowledge of biomass burning emissions. It should be noted that calculations of NEMRs, EFs and
emission estimates are based on a small number of samples, especially in the case of cerrado fires.

Background measurements of halomethanes over the South American rainforest indicate
terrestrial sources of CH;Cl, CH;Br and CHCl;. Terrestrial sources have been identified in the
literature for all three of these compounds. However, higher mixing ratios in CHCl; encountered
during background flights indicate a localised source and a number of hypotheses were given for
this enhancement. These included upwind burning, anthropogenic emissions, emissions from the
Balbina reservoir and forest clearance/agriculture. Unfortunately, due to the nature of airborne

sampling, it was not possible to rule out any of these hypotheses. However, it is more likely that
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these emissions are linked to the Balbina reservoir or local agriculture and forest clearance.






Chapter

Conclusions and future research

6.1 Outline of major research findings

6.1.1 TOF GC-MS

e The TOF GC-MS instrument is suitable, in terms of performance, for measurements of
atmospheric trace gases under certain conditions i.e. high mixing ratio, low precision

analysis.

o LODs are at best ~0.1 ppt. This a factor 10-100 times less sensitive than expected.
o Mean reproducibility is ~4 %. Ideally this would be <1 %.

o Daily sensitivity drift is within expectations and requires discarding the first two

samples of a daily run.
o The TOF GC-MS shows a linear response, within a few percent, to sample volume.

o A preliminary comparison to in situ measurements made on a quadrupole instrument

in London indicates good initial agreement.

¢ In its current state, the TOF GC-MS is most suited to measurements in polluted atmospheres.

¢ The main limitation on usability of the TOF GC-MS is instrument reliability.

6.1.2 Halocarbons in London

® [ ong-lived halocarbons currently banned under the terms of the Montreal Protocol, such as
CFCs and halons, do not have significant sources from London or the surrounding region

(e.g. continental Europe).

® The measured short- and long-term replacement compounds, the HCFCs and HFCs respec-

tively, are present at higher concentrations in London in background air.

o HCFC-22, HCFC-141b and HCFC-142b are all higher than the expected background.
HCFC-133a also appears to be elevated.

o HFC-134a and HFC-227ea are almost double their Northern Hemispheric baseline
values. This is attributable to refrigeration, air-conditioning and fire-suppression
applications. These enhancements might have sources in continental Europe as well

as from London.
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6.1.3

6.1.4

o Emission banks exist in the U.K. for CFCs and halons as well as for HCFCs as
evidenced by on site contamination presumably from air-conditioning units and fire-

extinguishers.
The PFCs and other perfluorinated compounds do not show notable enhancements over
background values.
Strong sources of CH,Cl,, TCE and PCE are indicated in London.

Air arriving in London shows the influence of strong sources of very short-lived bro-
momethanes. These are likely to be linked to either seaweed beds off the coast of Normandy,

France or to nuclear power plant cooling water from power plants in the U.K. or Europe.

Very short-lived bromocarbons in the upper troposphere
Total mid-upper tropospheric tropical bromine available from the five VSLB analysed is at
the lower end of the range required to balance the stratospheric bromine budget.

Tropical CHBr;, CHBr1,Cl, CHBrCl, and CH,BrClI show little variation at 10—12 km in the

tropics.
The region of Southeast Asia and the Western Pacific show higher concentrations of CH,Br,

relative to other tropical regions.

© Two possibilities are proposed for this Southeast Asian enhancement in CH,Br,:
regional variation in CHBr;/CH,Br, emission ratio or, an increase in the local lifetime

of CH,Br, in the region of Southeast Asia.

An anthropogenic source of trihalomethanes, independent of CHBr; or CH,Br,, has been

tentatively identified.

VSLB in the mid-latitude UTLS might provide a tool for probing the structure of this region
of the atmosphere.

Biomass burning and background emissions over Brazil

6.1.4.1 Biomass burning

Brazilian forest fire emission estimates for CH;Cl agree well with measurements from the
literature. Forest fire emissions of CH;Br, CH;I and COS were found to be lower than the

current best estimate (Akagi et al., 2011) by approximately 36, 76 and 40 % respectively.

Brazilian savannah fire emission estimates for methyl halides are similar to those previously
reported in the literature. Savannah fire emissions of COS were found to be higher, by

~60 %, than forest fire emissions.

Regional annual emission estimates indicate that South America biomass burning con-
tributes approximately 17 %, 11 %, 4 % and 10 % of global biomass burning emissions of
CH;Cl, CH;Br, CH;I and COS respectively. These estimate are subject to large uncertain-
ties.
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® Global annual emission estimates of tropical forest fire and savannahs show a good agree-
ment with the literature for CH;Cl and CH;Br. Estimates for CH;I are considerably lower
than the literature for forest fires but are in better agreement for savannah fires. These

estimates are subject to large uncertainties.

¢ Global COS biomass burning emission estimates are lower than the literature for tropical for-
est fires by 13-30 Ggyr~' but higher than the literature for savannah fires by ~31 Ggyr~!.

COS for Brazilian Cerrado have not, to the author’s knowledge, bee reported before.

6.1.4.2 Background rainforest emissions

® Background measurements over the South American rainforest confirm terrestrial sources
of CH;Cl, CH;Br and CHCl;.

© Emissions from a localised source of CHCl; were identified in background measure-
ments. Proposed hypotheses for emissions source were upwind burning, anthropogenic
emissions, emissions from the Balbina reservoir and forest clearance/agriculture.
Though it was not possible to rule out any of these possibilities or positively identify
the source, it is most likely that these emission are linked to the Balbina reservoir

and/or local agriculture and forest clearance.

6.2 Discussion and future work

6.2.1 TOF-GC MS

The TOF GC-MS did not meet the expectations, when purchased, of an instrument with similar or
better performance to that of the industry leading quadrupole MS. However, the performance is
such that it could still be used for atmospheric measurements, if current reliability issues can be
resolved. The TOF GC-MS might find use in polluted atmospheres where the large number of
ions recorded would allow for easier deconvolution of overlapping signals and identification of
compound interferences. Certain analyses might not currently be possible, such as for low mixing
ratio compounds in clean atmospheric environments.

Improvements to reproducibility and, to a lesser extent, sensitivity, are required to make the
TOF a serviceable instrument. Reproducibility might be improved by refinement of the existing
inlet system and GC-to-MS transfer line. Sensitivity improvements will require further alterations
or upgrades in collaboration with the manufacturers. A replacement detector might improve the
sensitivity in the short term as it is possible that the current detector is reaching the end of its
operational lifetime, where detector gain can be reduced. These changes might also improve
the linearity of the system at low sample volumes and concentrations by reducing losses to the
inlet and GC parts of the instrument. Additionally, linearity would be better characterised by
analysis of a static dilution series. This would give a better indication of whether the possible non-
linearities observed with a volume series (see Section 3.4.6) are the result of analyte concentration
or sample size. A further comparison, preferably in a realistic field situation or, at least, between
measurements made on the same bottle samples would provide a better indication of the limitations
of the TOF GC-MS.
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The main advantage of the TOF GC-MS remains the large number of ions analysed without
decreasing sensitivity. However, positive identification of compounds, through the analysis of
fragmentation patterns, can still be difficult in practise. This is especially the case in polluted
environments where a large number of compounds with overlapping ions might be present.
Two routes of improvement might provide solutions: a software solution for mass spectral
deconvolution or the implementation of GCxGC. Both methods have associated advantages
and disadvantages. For instance deconvolution software can be inefficient for large numbers of
compounds and may not be able to separate all compounds of interest. Similarly, the GCxGC
technique available for the TOF GC-MS, dual jet cryojet modulation, uses liquid N, and would
not be suitable for field deployment.

The future application of the GC-TOF is not certain at the time of writing. However, a number
of uses can be envisaged for the instrument. As discussed previously, the GC-TOF would be
particularly well suited to atmospheric analysis in polluted environments, such as urban centres,
due to the large number of simultaneously detectable compounds, each with full mass spectra
to aid identification. This would be most pertinent if the range of compounds of interest was
expanded beyond halocarbons to include species such as hydrocarbons. Perhaps more interesting
is the potential to make measurements of more exotic species, such as minor halocarbons, sulfur-
containing compounds, or previously unidentified atmospheric trace gases. The advantages of
GC-TOF would also make it suitable for analysis of biological emissions, e.g. direct emissions
from plants, phytoplankton etc., where mixing ratios are much higher than in the atmosphere.
The GC-TOF instrument could also be used as a detector in parallel with a quadrupole MS e.g.
an NICI quadrupole GC-MS in a setup similar to that used in Chapter 3 for in situ analysis
during the ClearfLo campaign. NICI GC-MS increases the sensitivity towards high electron
affinity compounds such as halocarbons (see Section 2.2.3.2). However, NICI is a ‘soft’ ionisation
technique, with little or no ion fragmentation, and requires that a quadrupole instrument be run in
single ion monitoring (SIM) with a limited number of ions to maximise sensitivity. The increased
sensitivity comes with a necessary decrease in the mass spectral information acquired i.e. the
ability to identify compounds from ion fragments. A parallel TOF detector with its high m/z
range might aid positive identification of compounds while the NICI detector provides the higher
sensitivities required for low abundance species. There would be an additional benefit, in a parallel
TOF detector, of being able to analyse a large number of low electron affinity compounds in
addition to those analysed by NICI. There is also the possibility of converting the GC-TOF into
an NICI instrument by using an alternate ion source. This would provide a higher sensitivity
analysis for electronegative compounds whilst giving more information on ion fragmentation to
aid positive identification and co-elutants/interferences.

Alternately, the GC-TOF could find a role in preparatory work such as that undertaken for
compound identification, analytical method development and calibration. Recently, for instance,
as-yet unpublished work was undertaken at UEA to develop methods of analysing, identifying and
calibrating a number of isoprene nitrates (e.g. CH,=CH—-C(CH;)(ONO,)—CH,OH, Lockwood
et al. (2010)). Numerous preparatory tests and calibrations involving synthesised isoprene nitrates
with analysis on a quadrupole GC-MS were required due to the high reactivity of these compounds.
A TOF MS would have simplified positive identification of compounds and contaminants and

would also have allowed for a better and faster assessment of the consequences of methodology
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changes e.g. break-down products.

The TOF is mainly limited in its application by the unreliability of hardware and software. An
additional limitation is the low sensitivity of the instrument which effectively rules out a number
of atmospheric analyses, such as upper tropospheric or stratospheric measurements where a large
number of compounds of interest are present at low mixing ratios. It is doubtful that sensitivity
will be improved with further work. In spite of these shortcomings, the GC-TOF is currently
usable under laboratory conditions, i.e. not for fieldwork. Better integration with a GC and an
alternate, preferably automated, inlet system would be required for useful analysis. Furthermore,
software updates may aid usability, stability and control of the instrument and some hardware
replacements, such as a new detector, might aid instrument performance. At the time of writing,
the next step in restoring the TOF is to separate it from the provided GC and use it as a standalone

MS with a known GC system before using it in one of the applications mentioned above.

6.2.2 Halocarbons in London

Preliminary analysis of measurements made for the ClearfLo campaign indicate that London is
largely adherent to the terms of the Montreal Protocol. The higher concentrations of HCFCs
and HFCs measured indicate, not unexpectedly, that these compounds are being heavily used
in London. The HCFCs will be phased out of production and usage by 2030, however, these
results highlight the importance of continued and regular monitoring of these compounds in
the atmosphere for the purposes of future regulation and policy-making. Perhaps the more
significant of the two, for future regulation, are the HFCs. It might be envisaged that London, and
presumably the rest of the U.K., will continue to adhere to the terms of the Montreal Protocol
and reduce the consumption of HCFCs. The long-term replacement compounds, the HFCs, are
likely to be produced and used in ever larger quantities. Though the effects of stratospheric
ozone depletion will be diminished by this switch-over, the high GWPs of HFCs will have an
increasing impact on global warming. Similarly, PFCs and other perfluorinated compounds
require continued monitoring for the purposes of feeding into appropriate legislation lest they
become a more significant threat to future global warming. Though current atmospheric levels
of these compounds are currently small, their very long lifetimes and high GWPs imply that
caution should be exercised to limit the growth of these compounds as their emissions effectively
represent a permanent change to the atmosphere on human time-scales.

Short-lived chlorinated compounds in London indicate strong sources, likely to be a com-
bination of local and regional emissions from continental Europe. These results highlight that
short-lived chlorocarbons should be closely monitored in the future, especially as levels of CH,Cl,
are increasing in the atmosphere. The short-lived bromomethanes and iodomethanes measured
in London show that there are strong marine influences on air quality in London. Emissions of
bromomethanes, especially bromoform, are likely to be sourced from seaweed beds off the coast
of Normandy, France or from nuclear power plant cooling water.

A more detailed analysis is necessary in order to determine the proportional influence of
emissions from London or continental Europe on levels of anthropogenic halocarbons. It will not
be possible to derive an accurate emission inventory due to the lack of reliable upwind background
measurements for comparison. A more detailed back trajectory analysis might provide information

on likely sources of short-lived chlorocarbons, and comparison to measurements made during
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winter might further elucidate those sources. Future measurements of halocarbons in London, or
other urban centres, should include upwind baseline measurements and a downwind site might be
preferable for capturing emissions. The ClearfLo results indicate that urban emissions, especially
for short-lived compounds, might be important for future halocarbon inventory monitoring and

source apportionment.

6.2.3 VSLB in the mid-upper troposphere

Results from the CARIBIC project show that total bromine, derived from the five most significant
naturally sourced bromocarbons, is on average ~3.4 ppt in the tropical mid-upper troposphere
(10-12 km altitude). This value lies at the lower end of the assumed inorganic bromine (Bry)
derived from VSLS in the stratosphere, 6 (3—8) ppt. As measurements were not made at the
lower bound of the ~12-17 km range of the TTL, the VSLB are likely to be degraded further
before they reach the stratosphere. This implies that the contribution of VSLB to stratospheric
Bry has been overestimated in the past. Further refinements in the methods used to model Br,
from stratospheric BrO observations are expected to lower the required contribution of VSLB
to stratospheric bromine (e.g. Kreycy et al., 2013). Closure of this Br, gap is likely to come
from a combination of improved modelling and further measurements over the full range of the
troposphere from surface to TTL.

Of the five VSLB measured, only CH,Br, showed a notable variation in mixing ratio between
the tropical areas that the CARIBIC aircraft overflew. Measurements over Southeast Asia and the
Western Pacific showed higher concentrations of CH,Br,. Two possible explanations were offered:
a higher CHBr;/CH,Br, emission ratio or locally low hydroxyl radical (OH) concentrations. Of
the two explanations, lower OH mixing ratios over the Western Pacific appears more likely in
light of evidence from Rex et al. (2014). Lower OH concentrations would lead to longer local
lifetimes for compounds dominate by OH reactions and hence, to reduced tropospheric removal
rates. Therefore, a larger proportion of these compounds could be transported to the TTL and
from there into the stratosphere. If there is an ‘OH hole’ over Southeast Asia the implications
for transport into the stratosphere would be similar for other halocarbons, such as the HCFCs.
Hydroxyl radical concentrations can be probed by analysis of the reaction kinetics of hydrocarbon
pairs with similar well-defined sources and constant emissions ratios but differing OH reaction
rates (e.g. Jobson et al., 1999). Assuming that the emission ratios of CHBr; and CH,Br, are
relatively constant in the tropics, an analogous process might be possible for pairs of VSLB.
This would be complicated by the competing and sometimes dominant, as is the case for CHBr3,
photolysis reaction and this would require calculation of photolysis rates during the passage of air
from the surface to the aircraft. The well-defined back-trajectories, and relatively short transport
times from the surface of air collected over Southeast Asia might help to constrain the photolysis
rate somewhat. Assuming a co-located source, a comparison could be made to hydrocarbon pair
results.

Further measurements of VSLB, and other halocarbons, over Southeast Asia are necessary
in the future to gain a better understanding of emissions and processing of VSLB in this region.
This would also help to identify possible anthropogenic sources of trihalomethanes. Current
instrumental set-up does not allow for the accurate measurement of all bromocarbons, especially

the halons. Future CARIBIC measurements will aim to create a complete bromine budget in the
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mid- to upper-troposphere including all halons as well as short-lived bromocarbons. Another
key factor for measurement improvement that requires frequent reassessment, is the comparison
of calibration scales between laboratories. Measurement comparisons are limited, to some
extent, by the potential offsets of differing calibration scales. This is the case for all measurement
comparisons made in this work. Short-lived compounds, due to their instability in some containers,
are also affected by concentration drift and require routine reanalysis in order to provide accurate

mixing ratios.

6.2.4 Brazilian biomass burning and background emissions

Measurements of biomass burning emissions made during the SAMBBA campaign show that
current estimates for tropical fire emissions are representative for CH;Cl in Brazil. However,
tropical forest fire emissions of CH;Br, CH;I and COS in Brazil are overestimated by the most
up-to-date and commonly referred to summary of compounds emitted from biomass burning i.e.
Akagi et al. (2011). Savannah emissions of CH;Cl and CH;I agree well with the literature and
CH;Br is slightly lower than literature values. Measurements of COS from Cerrado savannah
fires have not been reported before in literature to the author’s knowledge. Cerrado fire emissions
were found to be higher, per kilogram of dry matter burned, than Brazilian forest fires. These
results highlight that burning emissions are not always accurately represented by averaging over
broad ecological environments such as tropical forest or savannah. Emissions are dependent on
the specific ecological environment, the biome, and largely controlled by the type and density of
vegetation. Some compounds might be more variable between similar biomes than others, i.e.
CH;Cl appears to be more accurately represented in global means than CH;Br and CH;l. This is
probably dependent on factors such as the halogen content of the vegetation and the variability
of burning characteristics, e.g. smoldering and flaming combustion. Future global estimates for
burning emissions of methyl halides, and other halocarbons, need to take this variability into
account and integrate accurate representations of fire distribution and type. There do not appear,
in SAMBBA results, to be fire emissions of other major halocarbons, long- or short-lived, in
contrast to some reports in the literature. Further investigation of these compounds from a range
of environments is needed to confirm this.

Regional annual emission estimates indicate that South America is an important contributor
to global biomass burning emissions. Crucially, fire emissions from this region are located
where trace-gases can be rapidly convected into the TTL and, consequently, have an impact on
stratospheric mixing ratios. Fire emissions in South America are heavily influenced by human
activities such as slash-and-burn forest clearance and might be considered to be anthropogenic
and natural in origin. Depending on whether human forest clearance increases or decreases in the
future, fire emissions and the effects on stratospheric halocarbon levels might be of increasing
importance. As such, monitoring and better quantifying emissions from this region will be of
continuing importance. SAMBBA measurements indicate that the cerrado savannah, and perhaps
other savannah biomes, are an important source of COS that requires further investigation to better
quantify emission estimates.

Background forest emissions from the Brazilian rainforest confirm a terrestrial source of
CH;Cl, CH;Br and CHCI;. A localised source of CHCl; was identified as possibly being linked

to soil processes in wetlands or agricultural soil disturbance. Though short-lived, these CHCl;
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emissions are, similarly to the burning emissions discussed above, in a location of rapid transport
to the TTL. This adds to the impact of anthropogenic activity in the Amazon rainforest provided
the source is from agricultural soil disturbance. If the source is from the wetland habitat created
by the Balbina reservoir, this has ramifications for future hydroelectric power generation in Brazil.
The Balbina dam was a controversial hydroelectric project, from ecological, power generation and
human perspectives. Construction is currently under way on a similarly controversial hydroelectric
plant on the Rio Xingu in Pard, Brazil; the Belo Monte Dam and its flow-regulating dam the
Altamira/Babaquara Dam. Together, these dams will flood 6580 km? of Amazon rainforest,
a flooded area more than 3.5 times larger than that of the Balbina reservoir, as well as displacing
a large number of indigenous people and greatly affecting the local ecosystem (Fearnside, 2006;
Kemenes et al., 2007). Emissions from soil systems and wetland habitats need to be further
investigated and quantified to derive an accurate emission inventory for CHCl;. A more in-depth
investigation of emissions and fluxes from large-scale, man-made wetlands, such as the Balbina
and Belo Monte reservoir systems would further the understanding and impacts of these structures
and inform the decision-making processes for similar future projects. This would also apply to

gases other than the halocarbons such as greenhouse gases (e.g. CH,, CO, and N,0).
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