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Abstract

The tropospheric composition of organohalogens and alkyl nitrates have been investigated

from tropical and temperate environments. Ground based measurements and aircraft data

are presented from the Oxidant and Particle Photochemical Processes (OP3) project, con-

ducted in Borneo, 2008. Controlled experiments of temperate vegetation were also con-

ducted to assess the emission of methyl halides from crop plants. Methyl halide results

from OP3 contradict current assumptions of a strong source from tropical vegetation.

High mixing ratios of methyl chloride and chloroform were observed in the boundary

layer over oil palm plantations. OP3 aircraft data suggests that the oil palm plantations

facilitate the formation of C2 to C4 alkyl nitrates. There was evidence that the southeast

coast of Sabah is a source region for the bromocarbons measured. The short lived bro-

mocarbons contribute to a bromine budget of 4- 6 ppt; this corroborates recent modelling

estimates of their contribution to the stratospheric burden.

In controlled experiments it was confirmed that the gene responsible for the emission

of methyl halides is the HOL (HARMLESS TO THE OZONE LAYER) gene. The cur-

rent WMO estimate for rapeseed contribution to the natural methyl bromide budget was

shown to be an overestimate, based on the varieties studied in this thesis. Methyl iodide

emissions from rice plants grown in soils were observed to be significantly lower than re-

ported from rice paddies in the literature, suggesting that the growth conditions contribute

to the production of methyl iodide.
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I almost wish I hadn’t gone down that rabbit-hole - and yet - and yet - it’s rather curious,

you know, this sort of life!

Alice, from Alice in Wonderland

Lewis Carroll, 1865
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Chapter 1

Introduction

In this thesis the atmospheric composition of organohalogens and alkyl nitrates are pre-

sented from field work conducted in the tropics and further organohalogen data is pre-

sented from laboratory and field experiments conducted in the UK.

The tropical measurements in this thesis were collected during 2008 in Sabah, Borneo,

Southeast Asia. The atmospheric composition in and above the rainforest, oil palm plan-

tations and coastal seas of Sabah, were the focus of this study in the NERC funded project,

Oxidant and Particle Photochemical Processes (OP3). The aims of the OP3 project are

outlined in Section 1.5 and a description of the measurement sites can be found in Chapter

2. The experimental technique used to analyse the OP3 data has the capability of mea-

suring both the organohalogens and alkyl nitrates (see Chapter 2 for a full description of

the sampling system and analytical setup), this is the primary reason for including both

groups of compounds in this thesis as their sources and atmospheric fate generally differ

from one another. The organohalogens are ozone depleting compounds predominantly

of biogenic origin (Section 1.3), whereas the alkyl nitrates are formed from their par-

ent hydrocarbons which can be both anthropogenic or natural (Section 1.4). When the

alkyl nitrates degrade they release nitrogen oxides back into the atmosphere which can

then contribute to tropospheric ozone formation (Section 1.2.1). The chemical species

measured and presented in this thesis are influential with ozone chemistry both in the

troposphere and stratosphere.

Methyl emissions from crop plants were the subject of a collaborative project between
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the University of East Anglia (UEA) and the John Innes Centre (JIC) at Norwich Research

Park. Their emission was studied in the model plant Arabadopsis thaliana to confirm the

gene responsible for their emission, then crop plants from the same plant family were

studied. Rapeseed and rice were two of the crop plants used and both are included in the

natural sources of methyl halides in the WMO scientific ozone assessment (2011): from

the emission data collected in this study, global emission estimates were made for these

two crops and compared to the WMO (2011) values (Chapter 5).

This introductory chapter will now provide the reader with and overview of the at-

mospheric processes, sources of compounds and atmospheric fate of those compounds

relevant to the work presented in this thesis.

1.1 Structure of the atmosphere

The Earth’s atmosphere reaches to approximately 600 km from the Earth’s surface, pres-

sure and temperature define its structure. The pressure declines exponentially with in-

creasing altitude, such that 75% of the total mass of the atmosphere is contained withing

the lowest region, the troposphere. The temperature-altitude profile of the atmosphere,

shown in Figure 1.1, consists of transitions from negative to positive temperature gra-

dients with altitude. These transitions lead to the layering of the atmosphere into the

troposphere, stratosphere, mesosphere and thermosphere.

Nearly all atmospheric water vapour or moisture is found in the troposphere and re-

sults in almost all weather occurring in this region of the atmosphere. The troposphere is

heated by energy radiated from the Earth’s surface, causing the temperature to decrease

with altitude from the Earth’s surface. As a result of this negative lapse rate in temperature

the troposphere is characterised turbulent mixing from the convective instability, as de-

scribed below. The lowest section of the troposphere is known as the ’planetary boundary

layer’ or ’boundary layer’. The boundary layer consists of inversion layers that restrict the

vertical mixing of air in the boundary layer with air in the ’free troposphere’ above. The

upper boundary of the troposphere, the ’tropopause’, is the point where the air ceases to

cool with altitude and contains very little moisture. The World Meterological Organiza-
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tion defines the tropopause as the lowest level at which the lapse rate decreases to 2oC/km

or less.

The troposphere extends from the Earth’s surface to approximately 10-18 km. Its

height varies with latitude and season, being highest at the tropics and lowest at the poles

during winter. The variation in boundary layer height with latitude is initially a function of

the incoming solar radiation and the subsequent heating of the Earth’s surface releasing

heat back into the atmosphere (Holton, 2004). The change in temperature of a body,

such as the Earth’s surface, that has not changed phase is termed ’sensible heat’. The

sensible heat radiated from the Earth’s surface contributes to the vertical convection in

the boundary layer: this vertical mixing dictates the height of the boundary layer. As

equatorial regions receive more solar radiation than the poles (due to the curvature of the

Earth) the boundary layer will extend to a higher altitude near the equator than is possible

at the poles.

The boundary layer exhibits a diurnal profile also controlled by the heat energy avail-

able. As shown in Figure 1.2, when the sun rises the solar heating causes thermal plumes

to rise starting the convective system. Drier air from the free troposphere can penetrate

down replacing the rising air parcels: the portion between the highest plume tops and

the sinking air from the free troposphere is called the entrainment zone. The degree of

turbulence from this convective air motion results in a mixed layer which is defined by

approximately constant potential temperature and humidity with height (Garratt, 1994).

As the sun sets and the atmosphere cools the boundary layer collapses, becoming the noc-

turnal boundary layer. The nocturnal boundary layer commonly has a stable layer formed

through radiative cooling and surface friction. Above the stable layer, the remnants of the

convective boundary layer for a residual layer. The nocturnal layer may also be convective

if cold air advects over a warm surface (Piironen, 1994).

Above the tropopause is the stratosphere which reaches to an altitude of approximately

50 km. It is in the stratosphere that the majority of atmospheric ozone (≈ 90%) resides

in what is popularly known as the ’ozone layer’. The ozone layer shields life on Earth

from harmful ultraviolet (UV) radiation: without it the increase in UV radiation would
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Figure 1.1: Temperature-altitude profile of the atmosphere from Finlayson-Pitts and Pitts
(2000)
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Figure 1.2: This schematic is based on a figure from Piironen (1994) which is designed
to show an idealised evolution of the boundary layer throughout the day.

result in an increased incidence of severe sunburn leading to skin cancer (Abarca et al.,

2002) and eye cataracts (McMichael et al., 2003), as well as having detrimental effects

on plant tissues and oceanic plankton (Smith et al., 1992; Cullen and Neale, 1994). In

the mid-1970s it was proposed by Molina and Rowland (1974) that man made substances

containing halogens were destroying ozone in the stratosphere, and that these man made

substances were exhibiting increasing trends. Farman et al. (1985) provided evidence

of a seasonal large ozone losses in Antarctica, supporting the hypothesis of Molina and

Rowland (1974). This seasonal ozone depletion event in the southern hemisphere has

become commonly known as the ozone ’hole’, Manney et al. (2011) described unprece-

dented stratospheric ozone loss in the Arctic, comparable with that seen in the Antarctic.

The mechanism for stratospheric ozone depletion will be discussed in Section 1.2.2 of

this Chapter. Beyond the stratosphere, the stratopause separates the stratosphere and the

mesosphere.
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1.1.1 Atmospheric transport

The Earth is constantly irradiated by short wave ultraviolet radiation from the sun. The

distribution of this incoming radiation is not uniform: in the tropics the adsorbed solar

radiation exceeds the outgoing infrared radiation while the opposite is true of polar re-

gions. Dynamic transport of heat within the atmosphere and oceans compensates for this

latitudinal imbalance in the radiation budget. As a result the Earth’s atmosphere is in a

constant state of motion in order to redistribute heat: this facilitates the transportation of

trace chemical constituents (Finlayson-Pitts and Pitts, 2000).

The general circulation of the atmosphere can be organised into three cells per hemi-

sphere; the Polar Cell, the Ferrel Cell and the Hadley Cell (Figure 1.3). In the tropics of

the Hadley cell, hot air rises at the equator and is forced towards the cooler poles due to

the higher pressures inherent in higher temperature regions. The Coriolis effect is caused

by the rotation of the Earth and the inertia of its mass experiencing that effect. As such

the Coriolis effect acts to conserve angular momentum and thus restricts the span of the

Hadley Cell stopping it from encompassing an entire hemisphere (Figure 1.3). The air

descends in the subtropics and converges again at the equator in the Intertropical Conver-

gence Zone (ITCZ).

The ITCZ is a narrow band along the equator that is characterised by strong vertical

motion and heavy rainfall. The intense solar radiation at the equator heats the atmosphere

and increases the humidity making the air bouyant. The trade winds of the northern and

southern hemisphere come together at the ITCZ and facilitate the bouyant to rise. As

the air rises, it cools and expands and the water vapour condenses and is rained our in

frequent tropical storms. The ITCZ experiences a seasonal shift in latitude moving north

from January to July. Changes in the location of the ITCZ result in wet and dry seasons

for many equatorial countries.

Fischer et al. (2003) observed the ’injection’ of boundary layer air into the lowermost

stratosphere during a strong convective event. Tropical storms are typical in the ITCZ sys-

tems and provide excellent mechanisms to penetrate the lower stratosphere with boundary

layer air (Fischer et al., 2003). Such systems are of particular interest to the work in this
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Figure 1.3: The general circulation of the Earth’s atmosphere. Illustrating the three circu-
lation cells with each hemisphere (Wayne, 1996).

thesis as they provide a pathway mechanism to transport short lived ozone depleting com-

pounds up into the stratosphere where most of the atmosphere’s ozone resides. Once in

the stratosphere they can contribute to ozone destruction. This process is important for

very short lived compounds that do not have atmospheric residence times long enough to

be mixed up into the stratosphere. Figure 1.4 show the average mixing times within the

layers of the atmosphere. On average it takes approximately one month for air to mix

vertically from the Earth’s surface to the tropopause, at around an average altitude of 10

km. Chemical species with lifetimes of approximately one month tend to be well mixed

vertically in the troposphere, while species with lifetimes that are shorter than this can

show large vertical variations (Jacob, 1999).

1.2 Ozone and climate

1.2.1 Tropospheric ozone

The ability of the atmosphere to cleanse itself of pollutants is often referred to as its

oxidizing capacity. There is a direct relationship between tropospheric ozone levels and

oxidizing capacity (Lelieveld et al., 2008; Read et al., 2008). Mixing ratios of ozone in the
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Figure 1.4: Schematic showing mixing times for different atmospheric layers, from Jacob
(1999).

troposphere are not uniform and ozone is largely considered a pollutant due to its ability to

damage living tissue and degrade certain materials. Tropospheric ozone is present due to

in situ photochemistry involving the oxides of nitrogen (NOx and through transport from

the stratosphere. The only known pathway to tropospheric ozone formation is shown in

Equations 1 - 3. Initially, nitrogen dioxide (NO2) is photolysed generating ground state

atomic oxygen (O3P). O3P can then combine with molecular oxygen to generate ozone.

The nitrogen monoxide (NO) generated in Equation 1 can be oxidised back to NO2 by

ozone. This cyclical process is known as the ’photostationary state’ leading to no net gain

of ozone.

NO2 + hv(λ ≤ 400nm)→ NO +O(3P ) (1)

O(3P ) +O2 +M → O3 +M (2)

Where ’M’ = O2, N2.

NO +O3 → NO2 +O2 (3)

There is more ozone in the troposphere than the above reactions can account for. To

achieve a net gain in ozone production NO needs to be oxidised back to NO2 by a peroxy

radical such as RO2 or HO2. Equation 4 shows how organic peroxy radicals are formed

through reaction with VOCs.

OH + V OC(+O2)→ RO2 (4)
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The peroxy radical can then react with NO, NO2 or other peroxy radicals as shown in

Figure 1.5. If the peroxy radical reacts with NO its can form an alkyl nitrate (Equation

5 which will ultimately degrade to release NO2 back into the atmosphere (Equation 6).

The NO2 can then be photolysed forming O, that can then react with O2 to form O3, as in

Equations 1 and 2.

RO2 +NO → RONO2 (5)

RONO2 → RO +NO2 (6)

As NOx is required for the formation of tropospheric ozone, the fate and lifetime of NOx

is important to the global distribution of ozone and understanding its precursors Shepson

(2007).

1.2.2 Stratospheric ozone depletion

Stratospheric ozone is generated by the ’Chapman cycle’ reactions in Equations 7 to 10

below:

O2 + hv → 2O (7)

O +O2 → O3 (8)

O +O3 → 2O2 (9)

O3 + hv → O +O2 (10)

Stratospheric ozone is vital to protecting life on Earth. The majority of atmospheric ozone

(about 90%) is situated in the stratosphere (WMO, 2010). Situated at high altitudes of 30

to 40 km above the Earth’s surface the ozone layer screens harmful ultraviolet radia-

tion (UV) from the Earths surface. The 1985 discovery by Farman et al. (1985) that the

’ozone hole’ was a real phenomenon confirmed the propositions of Molina and Rowland

(1974) concerning the damaging impact of anthropogenic halogens on the Earth’s protec-

tive ozone layer. The ozone hole develops in springtime Antarctic when winds effectively

isolate the polar stratosphere and temperatures drop forming ice clouds containing nitric

acid (Crutzen and Arnold, 1986). Global atmospheric column ozone amounts decreased

over the decades from the 1970s to the 1990s, with a decrease amounting to 3.5% between
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Figure 1.5: Generalised reaction pathway for biogenic VOCs from Atkinson and Arey
(2003)

average 1964 to 1980 and 2002 to 2005 values. Springtime Antarctic ozone levels slowly

decreased in the 1970s and exhibited rapid decreases in the 1980s and early 1990s. In the

Antarctic stratosphere, where most of the ozone resides, virtually all of the ozone is now

destroyed every year in the late August to early October period (WMO, 2006).

Crutzen and Arnold (1986) suggest a mechanism for ozone destruction where odd ni-

trogen is temporarily tied up in reservoir species, resulting in catalytic methane oxidation

forming high concentrations of the hydroxyl radical (OH). OH reacts readily with chlorine

and bromine containing species producing chlorine monoxide (ClO), bromine monoxide

(BrO): ClO, BrO and chlorine and bromine atoms (Cl and Br) are the most reactive ozone

depleting gases. Over the course of two to three months, approximately 50% of the total

column amount of ozone in the atmosphere disappears. At some levels, the losses ap-

proach 90% (WMO, 2007). In spring, temperatures begin to rise, the ice evaporates, and

the ozone layer starts to recover (Finlayson-Pitts and Pitts, 2000).

To cause ozone depletion firstly, the halogen containing compound is broken down,

then the halogen can engage in catalytic ozone destruction cycles as suggested by Ci-
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cerone et al. (1974) for atomic chlorine. Cicerone et al. (1974) hypothesised that if there

were sources of atomic chlorine in the stratosphere then the following reactions could

occur:

Cl +O3 → ClO +O2 (11)

ClO +O → Cl +O2 (12)

Net : O3 +O → O2 (13)

BrO is formed in the same way as above for ClO (Equation 11. The Cl generated in

Equation 12 can feed back into Equation 11, as such, one chlorine atom participates in

numerous cycles, destroying many ozone molecules (WMO, 2010). A single Cl atom

can destroy hundreds of ozone molecules before it reacts with another gas breaking the

catalytic cycle, and up to tens of thousands of ozone molecules during its residence time

in the stratosphere (Fahey and Hegglin, 2011).

Due to the relatively low abundance of atomic oxygen which limits the rate of ozone

loss in Equations 11 and 12, cycles beginning with the self reaction of ClO (Equations

14 to 17) or ClO with BrO (Equations 18 to 22) dominate ozone loss mechanisms. Both

cycles involve the destruction of two ozone molecules and the creation of three oxygen

molecules.

ClO + ClO → (ClO)2 (14)

(ClO)2 + hv → ClOO + Cl (15)

ClOO → Cl +O2 (16)

2(Cl +O3 → ClO +O2) (17)

The cycle involving the reaction of ClO with BrO has two possible pathways: either

Equations 18, 21 and 22, or Equations 19 to 22.

ClO +BrO → Cl +Br +O2 (18)

Or:

ClO +BrO → BrCl +O2 (19)
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and:

BrCl + hv → Cl +Br (20)

Cl +O3 → ClO +O2 (21)

Br +O3 → BrO +O2 (22)

The magnitude of ozone depletion is reduced by conversion of Cl and ClO into reser-

voir species ClONO2 and HCl, until these reservoir species react with OH and return to

the active species again (O’Doherty, 2007). The reservoir species for bromine compounds

are HBr and BrONO2. These species are more readily photolysed than the chlorine reser-

voir species and hence bromine has a higher potential to destroy ozone than chlorine by a

factor of 45-60.

Solomon et al. (1994) suggest that rapid transport via convective clouds could provide

a mechanism for very short lived species such as iodine compounds to be injected into the

stratosphere and participate in ozone destruction. They propose that iodine would interact

with the ClO cycle in much the same way as BrO. Solomon et al. (1994) also expect

BrO-IO cross interactions leading to ozone destruction. They suggest that if 1 pptv of

iodine was present in the stratosphere below ≈20 Km, then iodine could make a major

contribution to ozone destruction.

1.3 Sources of atmospheric organohalogens

The suite of organohalogens presented here in this thesis comprises the methyl halides

(CH3Cl, CH3Br and CH3I), bromoform (CHBr3), dibromomethane (CH2Br2), bromochlor

-omethane (CH2BrCl), dibromochloromethane (CHBr2Cl), dichlorobromomethane

(CHCl2Br), methylchloroform (CH3CCl3) and chloroform (CHCl3). In Table 1.1 a sum-

mary of key attributes of these organohalogens are presented.
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Table 1.1: Summary of available observations of VSLS source gases, where MBL =

marine boundary layer. Data for the MBL is taken from Law et al. (2007) the remaining

data is deemed representative of the troposphere and is from Schauffler et al. (1999) and

Montzka et al. (2010).

Compound Formula atmospheric lifetime, τ average mixing

(y= years, d=days) ratio (pptv)

Methyl chloride CH3Cl 1.0 y 550

Methyl bromide CH3Br 0.7 y 7.6

Methyl iodide CH3I 0.02 y (3- 7 d) 0.1 - 0.8 (MBL)

Bromoform CHBr3 0.07 y (24 d) 0.5 - 2.4 (MBL)

Dibromomethane CH2Br2 0.3 y (120 d) 0.7 - 1.5 (MBL)

Bromochloromethane CH2BrCl 137 d 0.4 - 0.6 (MBL)

Dibromochloromethane CHBr2Cl 59 d 0.1 - 0.8 (MBL)

Dichlorobromomethane CHBrCl2 78 d 0.1 - 0.9 (MBL)

Chloroform CHCl3 149 d 5.2 - 13.1 (MBL)

Methylchloroform CH3CCl3 5.0 y 10.7 - 11.7

Methyl chloride (CH3Cl) contributes 16% to total chlorine in the troposphere (Montzka

et al., 2010). Biomass burning, oceans, and anthropogenic activities are major sources of

atmospheric CH3Cl, as shown in Figure1.6. It is also produced by vascular plants (Rhew

et al., 2010; Saito et al., 2008; Yokouchi et al., 2002, 2007), abiotic release from decaying

plant material (Hamilton et al., 2003), coastal salt marshes (Rhew et al., 2000) and emis-

sions from tropical wood-rot (Moore et al., 2005). Currenty the known sinks of methyl

chloride outweigh the known sources. Recently, Moore (2008) reported a mechanism to

produce CH3Cl through the photochemical reaction of dissolved organic matter in saline

waters.

Methyl bromide is a well characterised ozone depleting compound with significant

natural and anthropogenic sources. It was used intensively as a fumigant but as its capacity

to destroy ozone was understood, its use was phased out. Current estimates of the sources
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and sinks of methyl bromide are presented in Table 1.2. Methyl bromide is the single

largest carrier of bromine to the stratosphere and like methyl chloride its atmospheric

budget suggests that there are missing sources of methyl bromide.

Methyl iodide (CH3I) is the dominant gaseous organic iodine species in the tropo-

sphere. It is predominantly emitted from the ocean, both coastal and open ocean. CH3I is

released by marine macroalgae (Gribble, 2000; Manley and Dastoor, 1988; Peters et al.,

2005; Zhou et al., 2005): the study of Manley and Cuesta (1997) observed emission of

CH3I from phytoplankton, and Laturnus et al. (1998) and Schall et al. (1994) noted emis-

sion of CH3I from ice algae. CH3I also has terrestrial sources including rice paddies

(Redeker et al., 2000), natural wetland (Dimmer et al., 2001)and biomass burning (Bell

et al., 2002). Bell et al. (2002) estimated the terrestrial source of CH3I to account for 30%

of the total budget.

Excluding methyl bromide the bromocarbons of interest in this work are known to be

predominantly from oceanic/marine origin. Bromoform and dibromomethane are fairly

well characterised in the atmosphere and are observed to correlate well (Yokouchi et al.,

2005). Bromoform is the second most abundant ’reactive’ organic bromocarbon in the

background troposphere (Sturges, 2000), as such it is a potentially significant contributor

to reactive bromine in the upper troposphere lower stratosphere as it carries three bromine

atoms.

McCulloch (2003) state that 90% of atmospheric chloroform is emitted from natural

sources. It has been reported by Khalil et al. (1983, 1999) that the open ocean source pre-

dominates, however O’Doherty et al. (2001) questioned these estimates in their modelling

study, finding soils to be a larger source and oceans accounting for ony 20% of total emis-

sions. McCulloch (2003) infer that human influence and resultant changes in agriculture

have lead to increased chloroform emission from soils. Pulp and paper manufacture are

another anthropogenic source of chloroform (Keene et al., 1999). Northern hemisphere

mixing ratios of chloroform are approximately a factor of two higher than those in the

southern hemisphere (O’Doherty, 2007; O’Doherty et al., 2001) and global average mix-

ing ratios range from 10 to 20 pptv (Khalil et al., 1983) and 5 to 13 pptv reported in the
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Figure 1.6: Estimated sources and sinks (Gg/yr) of methyl chloride from Clerbaux et al.
(2007)
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Table 1.2: Sourced from Montzka et al. (2010): summary of the estimated source and
sink strengths (Gg/yr) or methyl bromide for the periods 1996 - 1998 and 2008. n.q. =
not quantified. The total burden of methyl bromide is shown as the sinks subtracted from
the sources.

1996 - 1998 Range 2008 Range
SOURCES
Fumigation-
dispersive (soils) 41.5 (28.1 to 55.6) 6.7 (4.6 to 9.0)
Fumigation-
quarantine/ pre-shipment 7.9 (7.4 to 8.5) 7.6 (7.1 to 8.1)
Ocean 42 (34 to 49) 42 (34 to 49)
Biomass burning 29 (10 to 40) 29 (10 to 40)
Leaded gasoline 5.7 (4.0 to 7.4) 5.7
Temperate peatlands 0.6 (-0.1 to 1.3) 0.6 (-0.1 to 1.3)
Rice paddies 0.7 (0.1 to 1.7) 0.7 (0.1 to 1.7)
Coastal salt marshes 7 (0.6 to 14) 7 (0.6 to 14)
Mangroves 1.3 (1.2 to 1.3) 1.3 (1.2 to 1.3)
Shrublands 0.2 (0 to 1) 0.2 (0 to 1)
Rapeseed 4.9 (3.8 to 5.8) 5.1 (4.0 to 6.1)
Fungus (litter decay) 1.7 (0.5 to 5.2) 1.7 (0.5 to 5.2)
Fungus (leaf-cutter ants) 0.5 0.5
Potential terrestrial
sources:
Tropical trees n.q. n.q.
Temperate woodlands n.q. n.q.
Tropical ferns n.q. n.q.
Abiotic decomposition n.q. n.q.
Subtotal (sources) 143 111.5
SINKS
Ocean 56 (49 to 64) 49 (45 to 52)
OH and photolysis 77 63.6
Soils 40 (23 to 56) 32 (19 to 44)
Subtotal (sinks) 177 147.6
Total (sources - sinks -34 -36.1
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marine boundary layer (Law et al., 2007).

Methylchloroform is used primarily as a cleaner (O’Doherty, 2007), it is a restricted

substance under Article 5 of the Montreal Protocol. Production of methylchloroform

dropped from 270 Gg/yr in the 1980s to 126 Gg/yr in 1993 (Midgley and McCulloch,

1995) and has continued to decrease WMO. Methylchloroform contributed 13.5 pptv

(more than half) of the overall decline observed for total tropospheric Cl in 2003-2004.

Globally averaged surface mixing ratios were 22.6 ppt in 2004 versus 46.4 ppt in 2000

(Clerbaux et al., 2007). Montzka et al. (2010) report that by mid-2008 the global surface

mean mixing ratio had decreased to about 11 pptv. This decline represents more than a

factor of 10 decrease in global surface mixing ratios of methylchloroform since the early

1990s. As its mixing ratios have declined in response to reduced emissions, hemispheric

differences have also diminished.

1.3.1 Direct and indirect effects of organohalogens

As previously stated the halogens are ozone depleting compounds. Methods of assessing

the environmental effects of halocarbons in the atmosphere have been developed. The two

most widely used tools for describing a compounds environmental impact are (i) Ozone

Depleting Potential and (ii) Global Warming Potential. The term Ozone Depleting Poten-

tials (ODP) expresses the amount of ozone destroyed by the species of interest relative

to the amount of ozone destroyed by the equivalent amount of CFC-11 (CFCl3). Global

Warming Potential (GWP) is the ratio of the warming caused by a substance to the warm-

ing caused by an equivalent mass of carbon dioxide (CO2) hence the GWP of CO2 is 1.

However, this index is of limited use when applied to the short-lived species discussed

here, as these species are not uniformly distributed in the troposphere (O’Doherty, 2007).

Iodine has an even greater efficiency at destroying ozone molecules than bromine,

however it is usually present in compounds that have short lifetimes and therefore cannot

be successfully transported into the stratosphere by atmospheric mixing alone. It is pos-

sible to transport very short lived species (VSLS) such as CH3I from the surface in the

Tropics to the tropical tropopause layer (TTL): for short-lived VSLS (lifetimes of only
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hours to days) this is possible if they are emitted directly into the active cell of tropical

deep convection (Law et al., 2007; Solomon et al., 1994). Gettelman et al. (2009) pre-

dicted higher VSLS concentrations in the TTL in northern hemisphere (NH) winter due

to a combination of higher convective cloud tops and higher vertical velocities within

the TTL. Some studies have suggested that the northward shift of the deepest convection

with the Indian summer monsoon linked with the anticyclonic circulation in the upper

troposphere/lower stratosphere (UTLS) could lead to more efficient transport of surface

emissions to the TTL in some locations such as the Bay of Bengal and Sea of China

(such as James et al. (2008); Randel et al. (2010)). Donner et al. (2007) simulated an

enhancement in CH3I mixing ratios over the Tibetan plateau and the Himalaya during

NH summer in the free troposphere showing that short-lived species can be injected into

the upper TTL. Ricaud et al. (2007) observed the effect of this pathway noting elevated

mixing ratios of methyl iodide in the TTL and stratosphere.

Figure 1.7 shows that 3-7 ppt of bromine are yet to be accounted for in our atmosphere

and are expected to be present from VSLS. As mentioned above the tropics provide the

ideal meteorological conditions for transport of VSLS from the surface to the UTLS. The

brominated VSLS measured in the atmosphere over Borneo in this work could contribute

to this missing stratospheric bromine.

1.4 Alkyl nitrates

As described in Section 1.2.1 tropospheric ozone is formed by the oxidation of volatile

organic compounds, such as hydrocarbons (RH), in the presence of nitrogen monoxide

(NO). Alkyl nitrates are also formed through this process and represent a link between

the atmospheric carbon and nitrogen cycles (Equations 4 to 5). When hydrocarbons are

oxidised by the hydroxyl radical (OH) alkyl radicals are formed (R) and they can quickly

react with O2 to form alkyl peroxy radicals (RO2). These then react with nitric oxide

(NO) producing either an alkoxy radical (RO) and nitrogen dioxide (NO2) or an alkyl

nitrate (RONO2). Formation of alkyl nitrates therefore competes with ozone production.

Alternative oceanic sources of the shorter chain alkyl nitrates have been proposed by Atlas
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Figure 1.7: Changes in stratospheric Bry from balloon measurements (squares). An-
nual mean mixing ratios were calculated from ground-based UV-visible measurements of
stratospheric BrO (triangles). Trends of Br at the Earth’s surface are shown with thin lines,
the trends include an additional constant amounts of Bry as labelled. The thick blue line
represents global tropospheric mixing ratios of bromine from methyl bromide measured
in ambient air and firn air with no correction for tropospheric loss of methyl bromide. The
purple line represents the global tropospheric bromine from the sum of methyl bromide
and the halons. Sourced from Montzka et al., (2011).
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et al. (1993); Dahl et al. (2003). Blake et al. (1999); Chuck et al. (2002) and Dahl and

Saltzman (2008) support the study of Atlas et al. (1993) observing methyl nitrate to have

an oceanic source.

Once nitrogen oxides (NOx) are tied up in an alkyl nitrates they can be transported

much further from source, than as NO or NO2, since the alkyl nitrates have longer atmo-

spheric lifetimes ranging from days to weeks. The alkyl nitrates are removed from the

reaction through either reaction with OH of via photolysis, degrading to RO and NO2.

Hence, alkyl nitrates play an important role in the redistribution of NOx and the global

distribution of ozone.

Alkyl nitrates can comprise a significant fraction of odd nitrogen (NOy) (Reeves et al.,

2007), with their greatest contributions to NOy in air remote from sources (Blake et al.,

2003b; Day et al., 2003; Flocke et al., 1991; Shepson et al., 1993). NOy is the collective

term for the reactive atmospheric nitrogen species: peroxyacetyl nitrate, peroxynitric acid,

dinitrogen pentoxide, nitrogen oxides, alkyl nitrate, chlorine nitrate, nitric acid, nitrous

acid and aerosol nitrate.

Rainforests are a source of large quantities of biogenic VOCs (Guenther, 1997, 2008;

Zimmerman et al., 1988) providing large abundances of peroxy radical which, as dis-

cussed above, could react following the pathway that produces alkyl nitrates.

1.5 Aims and objectives

In this Chapter the composition of the background atmosphere was described, the struc-

ture of the atmosphere and the general circulation patterns that govern atmospheric trans-

port. The organohalogens and alkyl nitrates were introduced in relation to their atmo-

spheric importance. The methods employed in this work to sample and analyse atmo-

spheric organohalogens and alkyl nitrates are detailed in Chapter 2. Chapters 3 and 4

present and discuss measurements made in a tropical environment as part of the Oxidant

and Particle Photochemical Processes (OP3) project in 2008. The aforementioned results

chapters discuss ground based and aircraft measurements and provide the major body of

this thesis. The aims of the OP3 project are now outlined:
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The OP3 project set out to (i) understand how emissions of reactive trace gases from a

tropical rain forest mediate the production and processing of oxidants and particles in the

troposphere, and (ii) to better understand the impact of these processes on local, regional

and global scale atmospheric composition, chemistry and climate. The rationale of the

OP3 project is founded on current estimates that equatorial and other tropical forests are

estimated to account for almost half of all biogenic reactive volatile organic compound

(VOC) emissions into the atmosphere: Guenther (1995) estimate a global total of 1150

Tg C y−1 from forests and they estimate ≈500 Tg C y−1 from tropical forests. Tropical

forests account for 1.8 billion ha (over half) of the World’s forests and are a major con-

tributer of carbon and energy to the troposphere (Hewitt et al., 2010). The study region

for the OP3 project was the tropical rain forest of Sabah, in Malaysian Borneo.

The OP3 project aimed to address 5 key questions:

1. What are the rates of transfer and the speciation of organic compounds emitted from

this tropical forest region?

2. How are these biogenic reactive compounds chemically processed in the near and in-

termediate field?

3. How do these emissions contribute to the formation of longer-lived intermediate prod-

ucts?

4. To what extent does the regional biogenic emission control the secondary aerosol bud-

get and its hygroscopic and radiative properties?

5. What are the effects of these biogenic emissions on global chemistry and climate?

OP3 objectives were to investigate the above questions with ground-based and air-

borne field campaigns measuring surface fluxes and atmospheric composition of reactive

trace gases and particles and these measurements integrated into modelling studies of

chemical processes in the tropical forest area of Sabah, Borneo. The work covered in

this thesis addresses several of the key questions above. The measurement of organohalo-

gens and alkyl nitrates directly contributes to the speciation of organic compounds in

this tropical rainforest region as well as providing data for modelling activities within the
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OP3 project. Amongst the organohalogens measured are compounds such as bromoform

that are believed to be solely of oceanic origin and by measuring such compounds this

work aimed to provide a trace for marine air at a forest measurement site. The impact of

biogenic emissions could extend to the upper troposphere and lower stratosphere if the

deep convection mechanisms are active: uplifting surface emission of the ozone depleting

organohalogens aloft and closer to the stratospheric ozone ’layer’. A further aim of this

work was to estimate the amount of bromine available that could be transported to the

stratosphere based on the observed data. The organohalogen OP3 data and interpretation

is presented in Chapter 3.

The measurement of alkyl nitrates presented in this thesis contribute to the under-

standing of the oxidative capacity of the rainforest atmosphere. As reservoir species for

nitrogen oxides, alkyl nitrates are long-lived intermediate products that can be transported

far from where they were formed and ultimately degrade releasing nitrogen oxides which

impact the oxidation budget. This work aimed to identify formation regions for the alkyl

nitrates. Alkyl nitrate measurements made during OP3 were intended to be used to infer

the extent of chemical processing that an air mass has undergone. One of the objectives of

collecting the OP3 alkyl nitrate data was to calculate their contribution to the total ’odd’

nitrogen budget. The alkyl nitrate measurements from OP3 are discussed in Chapter 4.

Chapter 5 focusses on a group of organohalogens known as the methyl halides. Methyl

halide emissions were studied from tropical and temperate crop plants and the results of

these studies were used to calculate global estimates of methyl halides from specific crop

plants. The aim of this work was initially to confirm the findings of Rhew et al. (2003),

who believed they had identified the gene responsible for methyl halide production. This

chapter then presents the subsequent experiments that evolved from confirming the work

of Rhew et al. (2003). Global emission estimates of methyl halides from crop plants are

then calculated based on the method documented in Mead et al. (2008b).

The main findings in this thesis are then summarised in Chapter 6. Appendix A is a

published paper which includes a contribution based on the work presented in Chapter 3.
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Chapter 2

Experimental methodologies

2.1 Analytical system

The results presented in this thesis are from samples analysed using gas chromatography-

mass spectrometry (GC-MS) systems. This analysis technique was used during the Oxi-

dant and Particle Photochemical Processes (OP3) project, April-July 2008, and during the

work conducted with the John Innes Centre (JIC) analysed at UEA.

2.1.1 Gas chromatography

Gas chromatography operates on the concept of partition chromatography, by which the

various components of an analyte can be individually measured. An analyte in a mo-

bile phase can be separated into its various constituents by interacting with a stationary

phase along a column (Skoog et al., 2004). Gas chromatography involves a sample either

vapourised or already in the gaseous state, being injected onto the head of a chromato-

graphic column. The sample then flows down the column aided by a chemically inert

carrier gas such as helium (He). GC columns are either capillary columns or packed

columns. Capillary columns have a thin (several µm) stationary phase chemically bonded

to the inside of a silica narrow bore column, known as the film. It is this film that fa-

cilitates the adsorption of chemical species in the sample thus separating the chemical

components of the sample. It is desirable to have the thinnest film possible combined
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with the thinnest bore column to yield the sharpest peaks. Packed columns are gener-

ally wider and shorter than capillary columns. They are made of glass or metal tubing

densely packed with a uniform, finely divided packing material coated with a thin layer

(0.05 to 1 µm) of a stationary liquid phase. The efficiency of a GC column increases

significantly with decreasing particle diameter of the packing. However, a lower limit of

packing particle size is dictated by the pressure difference required to maintain a reason-

able flow rate of carrier gas. Capillary columns offer a number of advantages compared

to packed columns; most notable are the reduced analysis times, improved resolution and

the flexibility to run smaller sample sizes (Hubschmann, 2009).

GC parameters such as flow rates, column temperature and sample injection are com-

monly automated functions. The ability to keep these parameters known greatly assists

the identification of chromatographic peaks. The He carrier gas keeps the analyte mo-

bile through the GC system. However, the rate at which the analyte migrates through the

column is dependent on the retention time of the analyte on the film lining of the col-

umn. This retention is determined by the affinity of a particular analyte with the specific

film lining and the boiling point of that analyte. The partition between the mobile and

stationary phase is described by Equation 23.

Amobile ↔ Astationary (23)

The equilibrium constant or partition coefficient (k) for this reaction is described by Equa-

tion 24, where Cs is the concentration of the solute A in the stationary phase and Cm is

the concentration of solute A in the mobile phase:

k =
Cs

Cm

(24)

Different analytes have different partition coefficients, hence separation occurs. The de-

gree of separation between two analytes is dependent on the difference between their

partition coefficients; the larger the difference, the greater the separation (Skoog et al.,

2004).

The GC column is housed in an insulated oven to provide a controllable column tem-

perature. Varying the temperature of the column throughout a sample run can separate
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compounds by their boiling points resulting in a spread of elution times. This is true if the

polarity of the stationary phase matches well with the sample components. Polarity is the

electrical field effect in the immediate vicinity of a molecule. If a compound has a stronger

affinity with the stationary phase, then it will elute later than a compound with a higher

boiling point that has a weaker affinity with the stationary phase. A chromatogram from

a column set at a relatively low constant temperature of 45oC would likely show a good

separation and resolution for the early eluting compounds, but poor for the later ones.

Similarly, a column set at a high constant temperature would provide good resolution and

separation of later eluting compounds at the expense of the early ones. By ramping up

the column temperature throughout a sample run, good separation and resolution can be

achieved for all of the analytes.

The separation of components within a sample increases with time and employing a

long column facilitates this. Capillary columns are often around 100 m long, whereas

packed columns are commonly only up to 6 m long. The separation increases with time

spent in the column, as this allows the differences between the partition coefficients of

the individual species to become more pronounced. The time it takes for an analyte to

migrate through the column can be described by Equation 25, where tm is the time all

components spend in the mobile phase, ts is the time an analyte has been retained in the

stationary phase and tr is the retention time of that analyte.

tr = ts + tm (25)

However, increasing time encourages broadening of the peak widths leading to poorer res-

olution of the individual chemical species. Therefore a balance of flow rate, analysis time

and temperature are required to achieve reasonable elution times (2-30 minutes). A longer

column allows for a greater number of theoretical plates (Equation 26), and a greater sep-

aration of analytes. Theoretical plates are a measure of the peak width broadening that

occurs and as a result the column efficiency.

N =
L

H
(26)

Here N is the number of theoretical plates, L is the length of the column and H is the plate

height. The term ’plates’ in a GC column refers to a theoretical version, or an analogy,
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of the plates used in a fractional distillation column. The efficiency of a column increases

as the number of plates, N, increases and as the plate height, H, decreases. Efficiencies

in terms of plate numbers can vary from a few hundred to several hundred thousand;

plate heights ranging from a few tenths to one thousandth of a centimeter or less are not

uncommon (Skoog et al., 2004).

2.1.2 Mass Spectrometry

The mass spectrometer comprises an ion source, a mass analyser and a detector all of

which are operated under high vacuum conditions. The instruments used here were com-

mercially manufactured linear quadrupole mass analysers. The quadrupole is a fused

silica tube coated with a thin layer of gold. There are four rods inside that are assembled

in line with the tube. Opposing rods are held at opposing potentials created by applying

DC and AC voltages to them. As a stable ion enters the quadrupole assembly, periodic

forces are exerted on it by the changes in voltage applied to the rods. This results in a

resonant ion that is able to traverse the quadrupole assembly without hitting the rods. The

voltages of the rods can be tuned to result in a stable trajectory through the quadrupole for

specific mass to charge (m/z) ratios, allowing them to pass through and reach the detector

(Figure 2.1).

Electron ionisation (EI) is a direct process of energy transfer, where high energy

electrons (70 eV) collide with sample molecules. EI is known as a ’hard ionisation’ tech-

nique as the bombardment of electrons leads to a large degree of observed ion fragmen-

tation (Gross, 2011). The electron beam is produced by a filament (rhenium or tungsten

wire) and steered across the source chamber to the electron trap. The source is designed

to increase the incident of analyte and electron beam interactions. There are no actual

collisions between analyte molecules and electrons; ionisation is caused by electron ejec-

tion from the analyte or by analyte decomposition. This primarily produce positive ions

through the process of absorption, leading to the formation of a molecular ion M+ by loss

of an electron (Equation 27). The ionization process can either produce the M+ which will

have the same molecular weight and elemental composition of the starting analyte, or it
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 Detector 

Ion source DC and AC 
voltages 

Figure 2.1: Schematic illustrating the pathway through the quadrupole of a resonant ion
(solid line) and a non-resonant ion (dashed line) from the ion source to the detector.
Adapted from Worton (2005).

can produce a fragment ion which corresponds to a smaller piece of the analyte molecule.

The fragmentation of the molecules on ionisation occurs in ways that are predictable as

they are structurally specific to the particular analyte (Technologies, 1999).

M + e− →M+• + 2e− (27)

Depending on the analyte and the electron energy, doubly charged and even triply charged

ions may be observed (Equations 28 and 29):

M + e− →M2+ + 3e− (28)

M + e− →M3+· + 4e− (29)

It is this large degree of fragmentation in EI that allows identification of a wide range

of compounds. EI mode of operation is less sensitive for compounds such as bromo-

form (CHBr3) which have more complex fragmentation patterns, and highly sensitive to

compounds with simpler fragmentation patterns such as methyl chloride (CH3Cl). The
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fragmentation process is influenced by the species primary structure, electron energy and

ion source temperature. An analyte of low- or medium-polarity is well suited to EI.

Negative chemical ionisation (NI) is a ’softer’ mode of ionisation which requires the

analyser voltage polarities to be reversed to select negative ions. There are several chemi-

cal mechanisms for NI; electron capture, dissociative electron capture, ion pair formation

and ion-molecule reactions . The method for negative ion requires, in addition to the sam-

ple and carrier gas, a reagent gas which is introduced into the ionisation chamber. A

common reagent gas is methane (CH4). The CH4 is introduced in much larger quantities

than the sample gas. Since there is much more CH4 than sample, most of the emitted

electrons react with the reagent gas molecules forming reagent ions (Equation 30). There

are of course collisions between the electrons and sample molecules, resulting in sample

ions.

CH4 + e− → CH+
4 + 2e−(thermal) (30)

The thermal electrons produced in the above reaction have lower energies than the elec-

trons straight from the source filament. It is the thermal electrons which react with the

sample molecules. There are no negative reagent gas ions formed in this process; this

minimises the level of background noise compared to electron ionisation and so lowers

the detection limits in NI. However, sensitivity can drop with prolonged continuous use

as the ion source becomes ’clogged’ with positive ion fragments. From experience con-

ducting the analysis for this thesis, it was found that the filament of the NI source sagged

and became blackened by the inundation of positive fragments. The source chamber itself

often appears tarnished and simply cleaning the ion source chamber recovered sensitivity.

Obviously the replacement of an NI source filament fully recovers the sensitivity, but it is

costly at ≈ 200 per filament.

Electron capture is the primary mechanism of interest in NI. Electron capture pro-

vides the high sensitivity for which NI is known: under ideal conditions, electron capture

can provide sensitivity as much as 10 to 1000 times that of positive chemical ionisation

(Technologies, 1999). Reactions associated with EI will also occur in NI. However, the

positive ions formed do not leave the ion source due to the negative polarity. The electron
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capture mechanism, described by Equation 31, has the sample molecule ’MX’ reacting

with a thermal (slow) electron generated by the high energy electron and the reagent gas.

MX + e−(thermal) →MX−• (31)

In some instances the MX−• radical anion is not stable, and so the reverse reaction can

occur:

MX−• →MX + e− (32)

This reverse reaction, often known as the autodetachment reaction, occurs very quickly

and so there is little time for the unstable anion to be stabilised through collisions or

other reactions. The presence of water, oxygen or other contaminants interfere with the

electron-attachment reaction.

Dissociative electron capture is the dominant mechanism in NI for the species anal-

ysed in this thesis, where the sample molecule fragments typically into an anion and a

neutral radical (Equation 33). The reaction for dissociative electron capture (Equation

33) does not yield the same sensitivity as electron capture (Equation 31), with the mass

spectra generally having lower abundance of the molecular ion.

MX + e−(thermal) →M• +X− (33)

Sensitivity to one anion and one neutral radical reduces background noise as these are

generally the only fragments generated from a particular species. The products with dis-

sociative electron capture are not always stable. The reverse reaction (associative detach-

ment) can sometimes be stable, as described in Equation 34:

M• +X− →MX + e− (34)

Ion pair formation shares similarities with dissociative electron capture, such as the

sample molecule fragments. The reaction is shown in Equation 35.

MX + e−(thermal) →M+ +X− + e− (35)

Unlike dissociative electron capture the electron is not captured by the fragments, but the

sample molecule fragments in a way that distributes electrons unevenly and positive and

negative ions are generated.
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The fourth common process to NI is ion-molecule reactions. These reactions occur

when water, oxygen and other contaminants are present in the ion source. The reactions

can be described as:

M +X− →MX− (36)

Here X− is most often a halogen or hydroxyl group created by ionisation of contaminants.

Ion-molecule reactions are 2-4 times slower than electron-attachment reactions and do

not provide the high sensitivity associated with electron capture reactions (Technologies,

1999). Ion-molecule reactions and electron capture reactions are competing mechanisms

of ionisation.

When operating in NI mode the sensitivity to the detection of alkyl nitrates (RONO2)

is vastly improved than that seen in EI on the same system, as there is much less frag-

mentation. Chlorinated, brominated and iodinated compounds can also be detected in NI

mode. The NI process yields halide anions (m/z of 35 and 37 for Cl−, 79 and 81 for Br−

and 127 for I−) and the NO−
2 fragment (m/z = 46).

2.1.3 Sensitivity and detection limits.

The term ’sensitivity’ specifies the overall response of an analytical system for a certain

analyte when operated under well-defined conditions (Gross, 2011). The sensitivity of

an instrumental setup is defined as the slope of a plot of an analyte amount vs. signal

strength. As instruments age and equipment undergoes changes in temperature or sus-

tains mechanical stress, performance gradually degrades; this is called drift (Technolo-

gies, 1999). Drift cannot be eliminated but it can be detected and quantified through the

process of calibration. The GC-MS systems were calibrated against standard reference

gases containing known concentrations of analytes to confirm that an instruments were

correctly measuring target analytes. Standard reference gases or calibration gases are

compared to international standards to provide compatibility of data sets worldwide.

Sensitivity drifts in the data presented were accounted for by linear interpolation of

standards and compared with a long-lived compound such as carbon tetrachloride (CCl4).

Data was excluded if the CCl4 mixing ratios were outside the range 79 - 110 pptv as
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it was judged to be a contaminated sample. Calibrations were performed every eight

samples using the UEA 2006 Standard reference gas which is calibrated against the

’NOAA 2003’ scale for CHBr3, CH2Br2 and CH3Br and the ’NOAA 2004’ scale for

CH3I (http://www.esrl.noaa.gov/gmd/ccl/scales.html).

The terms ’detection limit’ or ’limit of detection’ (LOD) are often confused with sen-

sitivity: the LOD defines the lowest amount of analyte necessary to obtain a signal that

can be distinguished from the background noise. It is common practice to quote the LOD

as three times the signal-to-noise ratio, as shown in Figure 2.2, here the signal-to-noise

ratio is usually defined as the ratio of the average value of the output signal to its standard

deviation. Noise results from the electronics of an instrument, therefore noise is not only

N

2N

3N

Figure 2.2: Signal-to-noise levels for determining limit of detection. Where ’N’ is noise.

present between the signals, but also on the signals. Noise can also be caused by GC col-

umn bleed and impurities, appearing in the same way as electrical noise. Signal-to-noise

ratios are excellent in NI as the source is negatively charged and so it repels the more

abundant positive fragments.

Table 2.1 shows a range of estimated LODs for NI and EI. The compounds shown

represent different elution times. LODs were determined based on the aforementioned

principle where signal amplitude is three times that of the background noise.
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Table 2.1: Determined signal-to-noise estimations of detection limits (ppt) are shown.
Species NI EI
Methyl chloride 190 40
Chloroform 0.9 2
Bromoform 0.02 0.04
Methyl iodide 0.06 0.3
2-propyl nitrate 0.04 0.5

2.1.4 OP3 analytical setup

GC-MS analysis during both OP3 campaigns was conducted using an Agilent 6890 GC

and the MS5973 N mass spectrometer. All samples were analysed using electron ionisa-

tion and negative ion as described above. The GC-MS was coupled to a Markes Interna-

tional UNITY and Online Air Server with a Carbograph B and Carboxen 1000 trap. A

pre-purge period of 6 minutes was implemented prior to every sample to clear the system

of the previous sample. The trap was also purged prior to each sample for 2 minutes. The

trap is held at -10oC for 10 minutes before the trap is rapidly heated to 300oC to desorb all

analytes from the trap and the sample injected onto the column via a heated transfer line

(150oC). The 502.2 Restek capillary column was used to separate the OP3 sample com-

ponents. The column is 105 m long and 0.32 µm diameter, with a 1.8 µm film of cross

bonded phenyl methyl polysiloxane (5% phenyl) stationary phase chemically bonded to

the inside of the silica column. This column is designed by Restek to have excellent sep-

aration of trihalomethanes, with the stationary phase having ideal polarity to shift and

retain species with lower boiling points, but not too polar that the large polar compounds

never come off the column. The length of the column negates any need for cryo-cooling

of the sample whilst maintaining the separation of boiling points specific to the analytes

of interest.

The GC-MS instrument at Bukit Atur was operated in NI mode, with the ion source

being replaced every two weeks of sampling to restrict drift in the mass spectrometer

detector. The GC-MS instrument at Kota Kinabalu, for analysis of the aircraft samples,

was run in EI to ensure organohalogens were captured well. Calibration gases were used
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to check that the GC-MS systems were accurately measuring target compounds.

The standard gas used at Bukit Atur was from a running standard filled from outside

the laboratory into a canister and then cross calibrated against a UEA standard calibrated

to the NOAA scale for the organohalogens and an intercomparison from the International

Transport of Ozone and Precursors project (ITOP-UK) providing calibration values for

the alkyl nitrates (Worton et al., 2008). The cannister air was used to provide a calibration

of similar humidity to the sample. At the Kota Kinabalu International Airport (KKIA)

site another UEA standard gas calibrated as part of the ITOP comparison was used. The

EI and NI data sets were compared by conducting analysis in both modes of the final

three flights of aircraft bottle samples. The data sets showed agreement that was good

enough to assume that the differences observed in the data are real and not the result of

instrumental error. The EI and NI data sets showed agreement of ±7% for CCl4.

2.1.5 JIC analytical setup

The JIC samples were analysed for methyl halides and a range of other organohalogens

on a fully automated GC-MS in select ion monitoring electron inisation mode. A 250

ml sample from each sample flask was processed using the Entech 7100 pre-concentrator

system (Entech Instruments Inc.). The sample went through three trapping phases before

injection onto the GC column. Firstly, the sample was taken onto a stainless steel trap

packed with glass beads and held at -150 oC this steps removes the water content of the

sample. The second trapping phase facilitates the removal of CO2 from the sample using a

stainless steel trap packed with Tenax and held at -40 oC. The final trapping stage involves

cryo-focusing the sample on silica lined stainless steel tubing. The sample is then injected

into the GC. The GC column used was a DB-5 capillary column (J&W Scientific) with the

dimensions 105 m long, 0.32 mm inner diameter and 1.5 µm film thickness of non-polar

phenyl methyl polysiloxane (5% phenyl) stationary phase. This column is suitable for

analyses such as the JIC work where not all the analyte components are known. Helium

was used as the carrier gas to push the sample through the system.
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2.2 Sampling techniques

2.2.1 OP3 project ground based site, Bukit Atur

The GC-MS systems were assembled in situ, firstly at the Global Atmospheric Watch

(GAW) site of Bukit Atur the Danum Valley conservation area (4.98oN, 117.8oE) and

the second instrument at Kota Kinabalu International Airport (KKIA) (5.93oN, 116.1oE)

as shown in Figure 2.3. The work was part of the Oxidant and Particle Photochemi-

cal Processes (OP3) project, April-July 2008, there were two four-week ground based

measurement campaigns in the rainforest of Sabah, Borneo and an aircraft detachment

concordant with the July ground measurement period.

The ground measurements were based at the GAW site of Bukit Atur (Figure 2.4),

with two campaigns in April 2008 (OP3 phase 1, OP3-I) and in July of the same year

(OP3 phase 3, OP3-III). Figure 2.4 shows the laboratory at Bukit Atur sits in a slight

clearing in the forest. The laboratory and the 100 m GAW tower sit atop a 426 m hill. The

site is situated in primary rainforest (forest which has not been felled), close to secondary

rainforest (felled once, natural regrowth) and within 50 km at the north extensive mature

oil palm plantations.

1 litre samples were taken hourly down a 3/8 inch perfluoroalkoxy (PFA) sample line

secured at 30 m up the GAW tower. The inlet consisted of a PFA funnel surrounding the

end of the PFA sample line. The inlet was orientated facing downwards to reduce expo-

sure. The sample line ran for approximately 80 m from the GAW tower to the laboratory.

A pump was fitted to the sample line ensuring that a sample flow rate of 25 ml/min could

be maintained. The sample line was flushed prior to the 40 minute sampling period. The

sample line ran through a Nafion contra-flow drier outside the laboratory. This measure

limited the condensation of the humid tropical air in sample line when it entered the air

conditioned laboratory. A second Nafion contra-flow drier was assembled in the sam-

ple line inside the laboratory to reduce the risk of water vapour getting onto the GC-MS

system.
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Figure 2.3: Land cover map of Sabah, Borneo. The sites of the UEA GC-MS systems
are marked with stars, yellow for the KKIA site (5.93oN, 116.1oE) and red for the Bukit
Atur site (4.98oN, 117.8oE). The colours represent different land cover types: Forest (dark
green), grassland/shrubs (light green), grown oil palm (orange), young oil palm (beige),
other crops (yellow), bareland or burned peat (black), water (blue) and clouds (grey)
(Hewitt et al., 2010).

Figure 2.4: The GAW tower, and laboratory at the Bukit Atur site.
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2.2.2 OP3 aircraft campaign

During the OP3-III the Facility for Airborne Atmospheric Measurement (FAAM) BAe-

146 research aircraft was deployed from Kota Kinabalu International Airport. The FAAM

is a collaboration between the Met Office and the Natural Environment Research Council

(NERC) and is an established asset of the National Centre for Atmospheric Sciences

(NCAS). The aircraft is a modified BAe-146 atmospheric research aircraft owned by BAe

Systems and operated for them by Directflight (Figure 2.5).

The BAe-146 was deployed during the July phase of OP3, operating two flights per

active day for two consecutive days, before a break on the third day and then resuming

flights for a further two days. Whole Air Samples (WAS) were taken using the WAS

system fitted to the BAe-146; it consists of 64 silica steel 3 litre cannisters. The cannisters,

in packs of eight, nine and fifteen, are fitted to the hold of the aircraft and connected to a

bellows pump that draws air from the main sampling manifold (Hopkins et al., 2006). The

cannisters were pressurised to a maximum pressure of 47 psi (giving a useable volume of

about 9 litres).

There were nine days of flying for OP3 and one day for the NERC Cascade project,

whole air samples were also taken on this flight and the measurements included in this

thesis as flight B390. Samples were mostly taken at pre-determined locations according

to the particular flight plan, with some flexibility for in-flight decisions to take samples at

points of interest, determined by the real-time instruments on board. Figure 2.6 shows the

spatial distribution of all the whole air samples presented in this thesis. Flight plans for

OP3 involved a range of altitude profiles over the landmass and seas of Sabah, focusing on

profiles around the Bukit Atur site where the ground measurements for OP3 were taking

place.

The WAS samples were analysed in electron ionisation mode on a duplicate of the

GC-MS setup for the ground based measurements. The GC-MS system assembled at

Kota Kinabalu international airport. The cannister packs were connected to the sampling

port of the Unity sampling system on the GC-MS and litre samples were taken.
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Figure 2.5: The BAe-146 aircraft being flown during the OP3 campaign, photographed
by Martin Irwin from 15 m on the GAW tower, Bukit Atur.

Figure 2.6: All whole air sample measurement points coloured by flight (n=377).
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2.2.3 Methyl halide plant emission experiments, John Innes Centre

The work conducted with the crop genetics laboratory at the John Innes Centre (JIC)

utilised plant enclosure experiments. Teflon bags were made from Teflon sheet to known

volumes. A variety of bag sizes were made depending on the particular experiment rang-

ing from 1.5 litres to 115 litres. In each experiment the Teflon bags were sealed to plant

pots, either those the plants were grown in, or for the field experiment the tubing was

embedded in the ground around the plants to which the Teflon bags were sealed. Electri-

cal tape, elastic bands and cable ties were used on the outside of the bags to provide an

adequate seal. The plants were germinated in agar and grown in grow rooms at the JIC.

The Teflon bags that enclosed the plants had teflon valves fitted to them; this was the

port for extracting the sample. Samples were taken into evacuated 1 litre SilcoCans. For

the initial experiments conducted with the JIC (Chapter 5, Section 5.2) sampling took

place by connecting a piece of Teflon tubing from the valve on the bag to the SilcoCan.

Both the valve on the bag and the valve on the cannister were then opened and the neg-

ative pressure within the cannister drew in approximately 1 litre of air from the plant’s

headspace in the bag. This method of sampling was appropriate to these experiments

which used the small Teflon bags (1.5 litres). For the larger plants where bigger bags had

to be used a battery pump was used to extract the sample from the headspace in the bag.

These cannisters were filled to a pressure of 10 psi.
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Chapter 3

The atmospheric composition of

organohalogens over Borneo

3.1 Introduction

As part of the oxidant and particle photochemical processes project (OP3) campaigns

in Sabah, Borneo, organohalogens were measured at the rainforest GAW site of Bukit

Atur and from whole air samples (WAS) taken onboard the BAe 146 research aircraft.

The suite of organohalogens measured during the OP3 project comprised the methyl

halides (CH3Cl, CH3Br and CH3I), bromoform (CHBr3), dibromomethane (CH2Br2),

bromochloromethane (CH2BrCl), dibromochloromethane (CHBr2Cl), dichlorobromomet

-hane (CHCl2Br), methylchloroform (CH3CCl3) and chloroform (CHCl3). Ground mea-

surement data collected at the remote rainforest location of Bukit Atur in Danum Valley,

Borneo shows the changes observed in the mixing ratios of these organohalogens over

time, from April to July 2008. This ground data combined with aircraft measurements

taken in July 2008 helps to explore the influence of changing air masses, local mixing,

sources and sinks in order to explain the variations observed in the mixing ratios of the

organohalogens.

Methyl halides are ozone depleting compounds. Naturally emitted CH3Cl is currently

estimated to account for 16% of chlorine in the troposphere and over half of bromine
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in the stratosphere is from natural sources of methyl bromide and other bromocarbons

(Montzka et al., 2010). The atmospheric budget of methyl halides is currently unbal-

anced, with the known sinks outweighing the known sources (Montzka and Fraser, 2003).

From current understanding of the sources it has been suggested that terrestrial vegeta-

tion may contribute to the ’missing’ fraction of the methyl halide budget and research has

started to focus on terrestrial plants that emit methyl halides (Blei et al., 2010; Gan et al.,

1998; Redeker et al., 2000; Rhew, 2001; Saito et al., 2008; Sive et al., 2007). Tropical

vegetation, in particular, has been shown to emit the methyl halides (Lee-Taylor and Re-

deker, 2005; Yokouchi et al., 2002, 2007). The polybrominated organohalogens CHBr3

and CH2Br2 are reported to be predominantly of oceanic origin, with macroalgae reported

to be responsible for their production (Carpenter et al., 2000; Manley et al., 1992; Sturges

and Buckley, 1992). Carpenter and Liss (2000) estimate that 70% of the world’s CHBr3

is produced by macroalgae. Bromoform is known to be a major constituent of seaweeds;

80% of the weight of the edible seaweed ’limu kohu’ (Asparagopsis taxiformis), which is

farmed in tropical waters, is comprised of CHBr3 (Gribble, 1999).

The purpose of organohalogen production by marine organisms is not yet fully un-

derstood. However, some explanation has been offered suggesting that they metabolise

halogens for chemical defence (Ohsawa et al., 2001). The prevention of larval settle-

ment, barnacle fouling, and bacterial overgrowth are essential for the survival of marine

organisms. The red algae Corallina pilulifera is known to ’generate’ CHBr3 to eliminate

surface microalgae (Ohsawa et al., 2001).

Although CH2Br2 has not been as well characterised as CHBr3 a good correlation in

the emission of the two compounds is often observed in the atmosphere (Butler et al.,

2007; Quack et al., 2007; Yokouchi et al., 2005; Zhou et al., 2008).

Measured concentrations of CHBr3 and dibromomethane will vary with proximity to

localised sources. Typical values in the tropical boundary layer are estimated to be 1-2

ppt of CHBr3 and 1-1.4 ppt of CH2Br2 (Quack and Wallace, 2003; Quack et al., 2007).

These concentrations will rapidly decrease once in the stratosphere due to photolysis. The

marine source of polybromomethanes to the atmosphere is estimated to account for 15%
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of stratospheric inorganic bromine which affects the ozone chemistry in the stratosphere

(WMO, 2007).

The lifetime of dibromomethane is 69 days (Ko et al., 2003). The lifetime of di-

cloromethane is 77 days (Ko et al., 2003). The lifetimes of these compounds are so

similar that it has been assumed that their seasonality is the same (Worton et al., 2006).

The bromocarbons have both OH and photolysis sinks which result in their concentra-

tions in summer conditions being at their lowest. Worton et al. (2006) found that dibro-

momethane in firn air could be entirely accounted for by natural sources, whereas the

other trihalomethanes they studied showed evidence for increases in their atmospheric

burdens over the 20 th century.

Although the sources of tropospheric inorganic bromine are still poorly understood,

organohalogens including CHBr3 and CH2Br2 are known to contribute to the atmospheric

bromine budget (von Glasow and Cruzten, 2004). The lifetimes of CHBr3 and CH2Br2,

assuming atmospheric losses via photolysis only, are 36 and 5000 days, respectively,

whereas losses via reaction with OH are 100 days and 120 days, respectively (WMO,

2003). Dibromomethane has an average overall atmospheric lifetime of 120 days, whereas

CHBr3 has an average overall atmospheric lifetime of 26 days calculated using both the

loss via photolysis and reaction with OH (WMO, 2003).

Currently there is a deficit in the stratospheric organic bromine budget of 3-5 pptv.

It is assumed that very short lived substances (VSLS) contribute to this as they are not

currently involved in the model simulations, but when they are in the models can recreate

the stratospheric organic bromine levels. VSLS are defined by the WMO as trace gases

whose lifetimes are comparable to, or shorter than, tropospheric transport timescales, and

have non-uniform abundances.

Maximum emissions of natural polybromomethanes are likely to occur near coastlines

where macroalgae grow, along with upwelling regions where high densities of chloro-

phyll can be found (Moore et al., 1996; von Glasow and Cruzten, 2004). Quack and

Wallace (2003) discussed the disproportionate emission of organohalogens with regard to

the source region; they estimated that 23 % of the sea-to-air flux of CHBr3 is from coastal
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regions (constituting 0.3 % of the ocean surface) whereas the open ocean, representing

88 % of the ocean surface, accounts for only 29 % of the flux. The remaining 48 % is

attributed to the continental shelf flux.

Polybromomethanes such as CHBr3 and CH2Br2 emitted by macroalgae are removed

from the atmosphere through photolytic degradation and by reaction with the hydroxyl

radical (OH) forming inorganic bromine.

After CH3Cl, chloroform (CHCl3) is the second most abundant organic source of

natural chlorine to the atmosphere (Montzka et al., 2010). CHCl3 has sources that are

both anthropogenic and natural including the oceans and terrestrial areas. Laturnus et al.

(2002) estimated the emissions from anthropogenic sources to account for less than 10%

of the estimated total emissions from all sources. The calculated annual biogenic global

chloroform emission is 700 Gg, and marine and terrestrial environments are nearly equal

contributors (Laturnus et al., 2002). Worton et al. (2006) concludes that anthropogenic

sources are responsible for as much as ≈50 % of the atmospheric CHCl3 budget. Aucott

et al. (1999) breaks down the anthropogenic sources, suggesting that 51% of the 1990

anthropogenic CHCl3 emissions originated from the manufacture of pulp and paper (34

Gg yr−), 32% from the chlorination of drinking waters and the chlorination of cooling

waters used in power plants (21 Gg yr−) and 17% from other industrial uses (11 Gg yr−).

Methyl chloroform (CH3CCl3) emissions are predominantly industrial and have de-

clined significantly since the early 1990’s. This is because the production of CH3CCl3 is

now tightly controlled. The result is that stocks of CH3CCl3 are thought to be neglible,

though some emissions are likely to arise from CH3CCl3 use as a feedstock in the pro-

duction of HCFC-141b and HCFC-142b (Montzka et al., 2010). Biomass burning was

thought to play a part in CH3CCl3 non-industrial emissions, however, a recent study has

reported neglible CH3CCl3 in biomass burning (Simpson et al., 2007).

Atmospheric loss processes of CH3CCl3 are dominated by oxidation by the hydroxyl

radical. Other processes such as photolysis and oceanic removal are substantial sinks for

CH3CCl3 (Yvon-Lewis and Saltzman, 2009).
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3.2 Spatial characterisation of Sabah

Figure 3.1: Map of Sabah, Borneo, showing land cover data (Hewitt et al., 2009). The

colours represent different land cover types as shown in the legend (enlarged). The Bukit

Atur ground measurement site (red star) and Kota Kinabalu (yellow star).
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The land cover of Sabah is mapped in Figure 3.1, showing the areas oil palm to cover a

large area north of the ground measurement site, with the majority of the rest of Sabah

currently remaining as rainforest. The aircraft data were split into four categories of

landscape: northwest coast, oil palm, rainforest and the southeast coast. The coastal cat-

egories were defined by the latitude and longitude that the aircraft measurements were

taken (northwest coastal measurements <116oE and >5.5oN; southeastern coastal mea-

surements >118.6oE and <5oN). The aircraft measurements taken over the landmass of

Sabah were categorised as oil palm using a time mask based on the isoprene aircraft data.

Isoprene measurements from OP3 found isoprene mixing ratios to be 5 times higher in

the oil palm landscapes than those of the rainforest (Hewitt et al., 2009). Isoprene mixing

ratios over the rainforest were 1-3 ppbv, whereas, over the oil palm plantations mixing ra-

tios of 5-10 ppbv were observed. When mixing ratios in the latter range were observed the

time mask dictates that the aircraft was flying over oil palm landscapes. Using this time

mask to ascertain when WAS samples were taken over oil palm landscapes, the remaining

aircraft WAS taken over the landmass of Sabah were designated as being representative

of a rainforest landscape.

3.3 Wind directions during the OP3 campaigns.

Wind data were collected during OP3 using a Meteorological sensor Vaisala WXT (He-

witt et al., 2010) at 75 m on the GAW tower at Bukit Atur (Chapter 2 Figure 2.4). The

wind rose plots in Figure 3.2 show a spread of wind directions during OP3-I, whereas a

dominance of southerly sectors during OP3-III. Wind speeds during both campaigns were

generally low, at around≤4 ms−1, with some instances of≥6 ms−1: these instances were

usually associated with storms.

3.4 Back trajectories for OP3

Five-day back trajectories were run through the British Atmospheric Data Centre (BADC)

using the European Centre for Medium-range Weather Forecasting (ECMWF) model.
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The trajectories were run for arrival pressure altitude 950 hPa (600 m). As previously

stated in Chapter 2, the GAW tower stands 100 m tall at Bukit Atur, which is 426 m above

sea level and the UEA GC-MS inlet was located 30 m up the GAW tower. Trajectories

were calculated for different arrival times, but no trends were observed for different times

of day. Clusters of trajectories were also runs covering arrivals in a slightly broader area

(± 0.5o of Bukit Atur): this analysis produced trajectories following essentially the same

paths. As these variables did not strongly influence the path of the back trajectories single

trajectories arriving at Bukit Atur, at 2pm local time, are presented below. It should be

noted that the precision and accuracy of the models which derive the back trajectories of

air masses are unable to resolve the topographical and meteorological detail of Borneo.

The valleys and rapid deep convective systems that characterise these regions environment

are not included in the ECMWF model as it operates at a 1.125o x 1.125o resolution

(BADC, 2006).

3.4.1 OP3-I

The back trajectories show the air coming to Bukit Atur between the 17th and the 21st

April to be predominantly of coastal origin, approaching from low altitudes in the east

(Figure 3.3). Air continues to come from the eastern coast of Sabah until the 25th April

when the air arrives from the northwest (Figure 3.4). The trajectories for the 13th to the

25th are all low altitudes <1100 m.

The trajectories change direction on the 26th of April when the air starts coming across

the land mass of Borneo from the west. The altitude of the trajectory arriving on the 26th

increases to a maximum altitude of ≈1700 m approximately 48 hours prior to arrival

at Bukit Atur, then its altitude drops to <800 m until arrival. The trajectory of the 27th

follows a similar pattern, but the altitude decreases approximately 96 hours prior to arrival

(Figure 3.4).

The trajectory for the 28th April (Figure 3.4) arrives from the western coast in the

area of the capital, Kota Kinabalu, and then the air appears to change direction for a

slow approach over the north of Sabah before going further inland to Bukit Atur. The
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back trajectory for air arriving at Bukit Atur on the 29th April took a path from the north

of Sabah, crossing over Sabah to the sea off the south east coast of Bukit Atur, before

spending the final days approach over land to the site. The back trajectory for the air

that arrived on the 30th April suggests that it spent the previous 5 days over the land

to the north of Bukit Atur. The trajectories for the 1st to the 3th May show air paths

predominantly over the landmass of Borneo (Figure 3.4). The trajectory altitudes from

the 28th April to the 2nd May remain within a range of 600 - 1200 m (Figure 3.4). The

trajectory arriving on the 3rd May starts (120 hours) around 2000 m dropping steadily

to around 1000 m 72 hours prior to arrival and remaining around this level until arrival

(Figure 3.4).

3.4.2 OP3-III

During OP3 phase III the air masses arrive predominantly from the east and south east of

Bukit Atur. The back trajectories for the 5th and 6th of July show air arriving from the

west of the site having crossed the landmass of Borneo from the west coast (Figure 3.5):

the variable altitudes of these trajectories possibly reflecting the terrain.

From the 7th to the 11th July the air approaches the site from the south to southeast

(Figure 3.5). The air arriving at the site on the 7th originated 5 days before from the

southern Indonesian province of Kalimantan. When over the land in Kalimantan the

altitude of the trajectory elevated from 800 m to 1800 m for a brief period before dropping

back to around 400m when the air passed over the sea and remained at low altitudes until

arriving at Bukit Atur. The back trajectories arriving between the 6th and the 10th showed

low altitude (<1000 m) pathways over the Celebes sea, approaching Bukit Atur from the

southeast.

The back trajectory for the 15th July shows a pathway mainly over the Celebes sea to

the southeast of Bukit Atur. The trajectory spends time at an altitude of around 1200 m

120 to 72 hours prior to arrival, then the air drops to a altitude of<800 m for the approach

to Bukit Atur (Figure 3.3). The pathway for the 16th July changes back to an approach

up the east coastline of Borneo. Air arriving at the site on the 17th July follows a similar
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pathway to the 16th up the coastline of Borneo, but the air traveled faster beginning its

5 day approach over the southern tip of the island of Celebes. The back trajectories for

the 18th and 19th take pathways from the north coast of the island of Celebes, across

the Celebes sea to approach Bukit Atur from the east (Figure 3.6). The pathway for air

arriving on the 20th July is from the east, approaching over the Semporna peninsula of

Sabah to Bukit Atur. The back trajectory for the 21st July spends two and a half days

over the sea off the north coast of Sabah, before approaching Bukit Atur from the north.

The back trajectories change direction again on the 22nd July when the pathway of air

shows an entirely terrestrial 5-day approach from the south over Borneo (Figure 3.3). The

trajectories of the 16th to the 22nd July are consistently low altitude pathways of <800 m.
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Figure 3.2: Wind rose plots for OP3-I and OP3-III. The first black circle from the centre
of the plot represents a 2% of the data, then the following circles represent 4%, 6%, 8%,
10% and 12%.
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Figure 3.3: Back trajectories for the 13th-22nd April, OP3-I. Yellow/green markers indicate 12 hour periods.
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Figure 3.4: Back trajectories for the 23rd April - 3rd May, OP3-I. Yellow/green markers indicate 12 hour periods.
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Figure 3.5: Back trajectories for the 5th- 14th July, OP3-III. Yellow/green markers indicate 12 hour periods.
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Figure 3.6: Back trajectories for the 15th-22nd July, OP3-III. Yellow/green markers indicate 12 hour periods.
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3.5 Methyl halides

Figure 3.7 shows the spatial distribution of all the methyl chloride (CH3Cl) aircraft mea-

surements. It is apparent from Figure 3.7 that mixing ratios higher than the average atmo-

spheric background of 550 pptv were observed over both the landmass and seas of Sabah.

When looking at the aircraft data overlayed on the land cover map (Figure 3.7(b)) mixing

ratios greater than 700 pptv are observed over the landmass.

Employing the landscape categorisations described in Section 3.2 above, the box plots

in Figure 3.8 were generated. The upper 75th percentile in the boundary layer over the

oil palm plantations was the highest of the CH3Cl data. Figure 3.8 shows the median of

the boundary layer data for the southeast coast, rainforest and oil palm plantations to be

higher than the median of the respective free troposphere data. This would be the expected

gradient between the two layers, however, the northwest coast yields the same median

(660 pptv) for both the boundary layer and free troposphere. High values comparable

to those seen in the boundary layer over the oil palm were observed in measurements in

the free troposphere off the northwest coast but not in the boundary layer there (Figure

3.8). Given that the prevailing wind direction for the July aircraft detachment was from

the south to southeast sector (Figure 3.2), it is possible that the elevated mixing ratios

of CH3Cl seen in the free troposphere off the northwest coast were transported from the

oil palm and rainforest regions where mixing ratios in the boundary layer were at their

highest.
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[a]

[b]

Figure 3.7: (a) Shows a map of methyl chloride mixing ratios measured in the WAS over
Sabah and surrounding coast. (b) Land cover map of Sabah with the methyl chloride WAS
measurements overlayed. The data points in both plots are coloured by methyl chloride
mixing ratios.
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Figure 3.8: Box plots showing the methyl chloride mixing ratios over the different land cover types of Sabah. The line represents median, box top and
bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of the data. FT= free troposphere; BL= boundary
layer.
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The methyl bromide (CH3Br) measurements show reduced overall variability in their

mixing ratios compared to those of methyl chloride. There is a scattering of high mea-

surements across all areas, with an increased occurrence of values greater than 8 pptv in

the samples taken over the Danum valley area and the southeast coast (Figure 3.9).

The box plots for the CH3Br data, shown in Figure 3.10, identify the highest absolute

values (75th percentile at 9.3 pptv) and median (7.8 pptv) to be over the southeast coast

in the boundary layer. The boundary layer data for the northwest coast, oil palm and rain-

forest all shared a median value of 7.5 pptv and an upper quartile value of approximately

8 pptv. The medians for the rainforest and oil palm are higher in the free troposphere than

the boundary layer: this could suggest transport of the higher CH3Br mixing ratios seen

off the southeast coast up into the free troposphere and over the landmass (Figure 3.10).

The spatial distribution of methyl iodide (CH3I), shown in Figure 3.11, shows the

southeast coast of Sabah to yield the highest mixing ratios of CH3I. When the methyl

iodide data are presented in box plots (Figure 3.12) it can be seen that the highest median

and upper quartile of the data is over the southeast coast in the boundary layer. With CH3I

having known oceanic sources, this data could suggest the southeast coast as a source

region of CH3I, or closer to a source region of CH3I when the prevailing wind direction is

from the southeast. While the southeast coast appears to be a source, the northwest coast

does not exhibit this behaviour to the same extent. When flying over these two separate

areas, it was visible that the sea off the southeast coast was far shallower than the areas

off the northwest coast, this may be of relevance to a macroalgae source that is depth-

dependant. CH3I has a short atmospheric lifetime of ≈3 days which would be enough

time to transport mixing ratios from the southeast coast further inland (using the mean

wind speed for OP3-III, a transport time of 10 hours is calculated from the nearest coastal

point - Bukit Atur), however, this source region does not appear to show any influence on

the measurements taken over the landmass.
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[a]

[b]

Figure 3.9: (a) Shows a map of methyl bromide mixing ratios measured in the WAS over
Sabah and surrounding coast. (b) Land cover map of Sabah with the methyl bromide WAS
measurements overlayed. The data points in both plots are coloured by methyl bromide
mixing ratio.
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Figure 3.10: Box plots showing the methyl bromide mixing ratios over the different land cover types of Sabah. The line represents median,
box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of the data. FT= free
troposphere; BL= boundary layer.
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[a]

[b]

Figure 3.11: (a) Shows a map of methyl iodide mixing ratios measured in the WAS over
Sabah and surrounding coast. (b) Land cover map of Sabah with the methyl iodide WAS
measurements overlayed. The data points in both plots are coloured by methyl iodide
mixing ratio.
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Figure 3.12: Box plots showing the methyl iodide mixing ratios over the different land cover types of Sabah. The line represents median,
box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of the data. FT= free
troposphere; BL= boundary layer.
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Unfortunately the CH3Cl measurement in negative ion mode on the GC-MS is not as

reliable as in EI mode as other chloride fragments can be detected, introducing noise and

error in the CH3Cl signal. As the ground site measurements were in negative ion (Chapter

2), the CH3Cl data from the ground-based site will not be presented.

The time series of CH3Br and CH3I data for OP3-I and OP3-III are shown in Figure

3.13(a). During OP3-I the methyl halides show a great deal of variation in their time

series, this reflects the changes in wind direction during this measurement period. The

CH3Br data shows elevations (≥16 pptv) from the mean of 11.5±2.2 pptv on the 18th and

19th when air masses approached the site from the northeast (Figure 3.3). CH3Br then

shows a downwards trend as the air masses shift to come across from the west of Borneo,

until the 28th when a small period of elevation in mixing ratios is observed. From the 1st

to the 3rd variations within 24 hour periods are visible in the CH3Br data, however, there

is considerable scatter.

The CH3I data for OP3-I (Figure 3.13(a)) shows a downward trend throughout the

measurement period. Initially mixing ratios around 2 pptv are observed decreasing to

1.25 pptv by the end of the campaign. Some variations in the time series are observed,

but with little correlation with the CH3Br data.

The time series for OP3-III by contrast shows very little variation in the data for the

methyl halides and mixing ratios far lower than OP3-I. This may be due to the predom-

inance of air masses from south of the site. The CH3Br data for OP3-III has a mean of

6.8±1.3 pptv which is a considerable drop from OP3-I, and slightly lower than the median

of the aircraft data in the boundary layer over the rainforest (7.5 pptv, Figure 3.10). The

CH3I data, shown in Figure 3.13, has a mean of 1.1±0.2 pptv which is comparable with

the median of the aircraft data in the boundary layer over the southeast coast. However,

the upper quartile value for the southeast boundary layer CH3I aircraft data is 3.5 pptv

which is not reflected in the OP3-III ground-based time series. This is somewhat surpris-

ing given the prevailing wind directions for this period were from the south sector (Figure

3.2). Although the southeast coast of Sabah exhibits high mixing ratios of CH3I, further

down the coast of Borneo on this eastern side may not. If this is the case, then the wind



62 OP3: Organohalogens

direction with respect to Bukit Atur would need to be easterly to reflect the high mixing

ratios seen in the boundary layer over the southeast coast of Sabah.

Blei et al. (2010) measured CH3Cl and CH3Br via branch enclosures in conjunction

with OP3 phase III, their findings agree with the Yokouchi et al. (2002) study, suggesting

that tropical vegetation is a strong source of CH3Cl to the atmosphere. Blei et al. (2010)

report mean emission of 19 ng h−1g−1 of CH3Cl from Malaysian trees, and they also

report to be a mean emission of 0.4 ng h−1g−1 of CH3Br. Some of the samples collected

by Blei et al. (2010) were analysed in situ on the UEA GC-MS in NI. This CH3Br signal

at the leaf level is all but lost in the ground based measurements presented here which

represent the canopy. This loss of signal suggests that there are complex relationships

in the mixed vegetation environment of a tropical forest. The purpose of methyl halide

emissions from plants is not yet fully understood and it is possible that the emission of

methyl halides from these tropical plants serves some purpose to another organism in the

forest system, which could be why this strong emission is not observed close to and above

the canopy.
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[a]
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Figure 3.13: Time series data of methyl iodide (blue) and methyl bromide (orange) for
OP3 phase I (a) and III (b). All mixing ratios are in parts per trillion by volume, measured
in negative ion mode on the GC-MS system.
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3.6 Short lived bromocarbons

Figures 3.14(a) and (b) show all the bromoform (CHBr3) aircraft measurements mapped

over the landmass of Sabah and its surrounding seas. There are clear areas where higher

mixing ratios were seen, most obvious from figure 3.14 is the area off the southeast coast

of Sabah where mixing ratios of >2 pptv CHBr3 were observed. Figure 3.15 shows the

box plots of the CHBr3 aircraft data. The boundary layer data shows the southeast coast to

have the highest range of mixing ratios, with a median of 2.4 pptv, compared to medians

of 1.6 pptv over the rainforest and oil palm, and 1.5 pptv over the northwest coast. The

free troposphere data tells a different story, with the upper quartile over the northwest

coast being the highest. The values in the 75th percentile of the free tropospheric data

and that of the boundary layer data over the northwest coast are directly comparable.

The higher mixing ratios that represent 90% of the data in the free troposphere off the

northwest are difficult to explain with the boundary layer data, possibly uplift of air from

a surface region of higher mixing ratios not measured. The southeast coast has a median

of 1.25 pptv in the free troposphere, which is comparable with those over the oil palm and

northwest coast, although higher than that of the rainforest (≈1 pptv).

The dibromomethane (CH2Br2) aircraft data shown mapped in Figure 3.16 shows a

spread of mixing ratios≥1 pptv. The box plots for CH2Br2 (Figure 3.17) show the highest

median (1 pptv) and upper quartile (1.12 pptv) in the boundary layer data over the south-

east coast. The median is slightly lower than the median for the marine boundary layer

reported by Law et al. (2007) which was 1.1 pptv, but the data is within their reported

range of 0.7 - 1.5 pptv. The boundary layer data of the northwest coast has the lowest of

the medians and upper quartiles. However, like the CHBr3 data, the free troposphere data

for the northwest coast has the highest median and upper quartile of the free tropospheric

data. When looking at the CH2Br2 in context of the altitude of the samples and the lon-

gitude, in Figure 3.19, high values of CH2Br2 can be seen at altitudes of 6,500 m off the

northwest coast of Sabah. These measurements were from two different flights: B389 and

B393.

Cluster back trajectories run for these samples (not shown) indicate different pathways
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for the different flights. The 2 samples from flight B389 suggest the air is to have traveled

from 134oE and 2oN, over the Celebes Sea and across Sabah to the northwest coast. The

altitude of this path initiated at ≈4,000 m gradually increasing to 5,000 m 48 hours prior

to arriving over the northwest coast, then in the final 48 hours the air is uplifted to 6,500

m. When crossing Borneo the air must negotiate mount Kinabalu, a 4 km mountain near

Kota Kinabalu, this topographic obstacle may influence the uplift observed. Samples

from flight B393 (n=3) have 5-day back trajectories beginning ≈124 - 125oE and ≈7oN

at altitudes of≤2,500 m passing over the sea to the north of Borneo, before heading down

the northwest coast of Borneo over the China sea. In the final 24 hours before arriving at

the WAS sample location, the trajectory doubles back on itself slightly whilst considerable

uplift takes place taking the air from ≤ 2,500 m to the measurement altitude of 6,500 m.

Satellite images of this region on the day of flight B393 show convection building in this

region. Convective events were a daily occurence at Bukit Atur ground measurement site,

with the period of intense convective activity within the boundary layer occurring between

09:00 and 15:00 local time (Pearson et al., 2010).
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[a]

[b]

Figure 3.14: (a) Shows a map of CHBr3 mixing ratios measured in the WAS over Sabah
and surrounding coast. (b) Land cover map of Sabah with the CHBr3 WAS measurements
overlayed. The data points in both plots are coloured by CHBr3 mixing ratio.



3.6
Shortlived

brom
ocarbons

67

Figure 3.15: Box plots showing the bromoform mixing ratios over the oil palm plantations and the northwest coast off Sabah. The line
represents median, box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of
the data. FT= free troposphere; BL= boundary layer.
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Figure 3.16: (a) Shows a map of CH2Br2 mixing ratios measured in the WAS over Sabah
and surrounding coast. (b) Land cover map of Sabah with the CH2Br2 WAS measure-
ments overlayed. The data points in both plots are coloured by CH2Br2 mixing ratio.
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Figure 3.17: Box plots showing the dibromomethane mixing ratios over the oil palm plantations and the northwest coast off Sabah. The line
represents median, box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of
the data. FT= free troposphere; BL= boundary layer.
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Aircraft measurements from the flights over the seas off the southeast coast of Sabah

show particularly good correlations for the two compounds, with r2 values 0.74 and above

(Figure 3.18). Consistently high mixing ratios of CHBr3 and CH2Br2 were seen over the

southeast coastal waters of Sabah, an area known to be cultivating seaweed as a crop. In

this south-eastern region the sea appeared shallow and several offshore seaweed farms on

raised sandbars were observed from the aircraft.

Throughout the two measurement periods at Bukit Atur, CHBr3 and CH2Br2 followed

similar patterns and features (Figure 3.20), indicating that they share a common source.

This supports the work of Yokouchi et al. (2005) who found CHBr3 and CH2Br2 to be

well correlated in the atmosphere. There are, however, some periods during OP3-I where

CHBr3 is seen in elevated mixing ratios with respect to CH2Br2. Of particular note in

OP3-I is the enhancement ’event’ on the 28th April where elevated mixing ratios were

maintained for approximately 24 hours. The time series for OP3-III (Figure 3.20) shows

a relatively steady increase in mixing ratios of both compounds up to the 11th July where

there is an enhancement in mixing ratios followed by a small drop in CHBr3 and CH2Br2,

then the increasing trends picks up again until the 19th July, after which there is a rapid

decrease in mixing ratios for the final 3 days of measurements. CHBr3 and CH2Br2 are

shown to exhibit consistently good correlation during OP3-III, both at Bukit Atur and

in the aircraft data. The rainforest measurements at Bukit Atur were particularly well

correlated with an r2 value of 0.88 for OP3 phase III (Figure 3.21). The correlation for

OP3-I is not as strong (r2 of 0.64) owing to the relative enhancements of CHBr3 to CH2Br2

in the time series as shown in Figure 3.25.

The features of the CHBr3 and CH2Br2 time series for OP3-I show daily variations

without the regularity of a diurnal pattern (Figure 3.23). The daily variations observed

during OP3-I were at their peak mixing ratios during night time/early morning hours, 2-

5am. The daily variations in mixing ratios in the OP3-III time series are less apparent

than in OP3-I (Figure 3.20). This suggests that there must be something different in the

emission of CHBr3 and CH2Br2, their transport to Bukit Atur, or their atmospheric loss

processes. CH2Br2 and CHBr3 still show good agreement in features, so they still appear
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Figure 3.18: Correlation plots for ocean flights B389 and B393 for the compounds CHBr3
and CH2Br2. B389 was solely over the southeast coast, flight B393 includes measure-
ments from both the southeast coast and the northwest coast. Regression lines and values
are shown on each plot.
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Figure 3.19: A longitude plot of all aircraft measurements showing the altitude of the
sample on the y axis and the CH2Br2 mixing ratio of the samples using the colourscale.

to share a common source throughout OP3-III.

Cambridge University also measured organohalogens on their µDirac GC-ECD (Gas

Chromatography - Electron Capture Detector) instrument (Gostlow et al., 2010) at Bukit

Atur, the µDirac inlet was at 12 m on the GAW tower (UEA inlet at 30 m). Both the mix-

ing ratios and the trend for OP3-III in the CHBr3 data were very well correlated between

the µDirac and the UEA GC-MS system (Figure 3.22). However, the µDirac CH2Br2

mixing ratios were lower than those in the UEA data, but the trend remained compara-

ble (Figure 3.22). Gostlow et al. (2010) go into greater detail regarding the disparity in

the UEA and µDirac CH2Br2 data, discussing the co-elution of CH2Br2 and dichloro-

bromomethane (CHBrCl2) in the µDirac chromatograms. Gostlow et al. (2010) observe

that the co-elution of CH2Br2 and CHBrCl2 makes the lower mixing ratios in the µDirac

CH2Br2 even more surprising and go on to suggest that the disparity may be a result of

changes in the calibration gas standard used for the µDirac instrument.

The daily variations in the CHBr3:CH2Br2 ratio, in Figure 3.25, show some periods

of clear anti-correlation with the temperature time series. Unfortunately, the instrument

recording temperature at the site was only operational until the 28th April 2008, which

misses the period of elevated mixing ratios seen in the CHBr3 and CH2Br2 data. The
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[b]

Figure 3.20: Timeseries of CHBr3 (blue) and CH2Br2 (green) data for OP3 phase I (a)
and OP3 phase III (b). All mixing ratios are in parts per trillion by volume, measued on a
GC-MS in negative ion mode.
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[a]
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Figure 3.21: Correlation plots for the ground based measurements of CHBr3 and CH2Br2
at Bukit Atur during (a) OP3-I and (b) OP3-III
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Figure 3.22: From Gostlow et al. (2010): CHBr3 and CH2Br2 data (ppt) during OP3-III
from the UEA GC-MS and Cambridge University’s µDirac instrument. The instrument
inlets were situated 18m apart on the GAW tower. Dark symbols denote the µDirac data
and light symbols represent the UEA data.
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[a]

[b]

Figure 3.23: Plot (a) shows the mean mixing ratios of CHBr3 (blue) and CH2Br2 (green)
from OP3-I, averaged in hourly bins. Error bars represent 1 standard deviation from the
mean. The number of samples per hourly bin are shown in plot (b).
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anti correlations observed suggest that the processes that drive diurnal emissions are not

responsible for the variations observed here. Diurnal patterns show differences between

day and night, such patterns are observed in the data series of compounds emitted from

forest vegetation, such as isoprene, following the photosynthetic cycle of the emitting

plant. Photosynthesis, being light and temperature dependent, typically results in peak

emissions observed during the warmest and brightest hours of the day (Muller et al.,

2008; Lerdau and Throop, 2000).

The µDirac data shows daily variations in OP3-III, with average amplitude of 0.18

pptv for CHBr3, compared to 0.14 pptv seen in the UEA data for the same period.

The Cambridge µDirac samples were collected at more frequent intervals than the UEA

GCMS which may explain why these variations are more pronounced in the Cambridge

data, but are not as clear in the UEA data. A coastal diurnal source could explain the

variations seen in the UEA and Cambridge data. Cambridge made halocarbon measure-

ments at the coastal location of Kunak, on the southeast coast, where the background

mixing ratio of CHBr3 was 2-5 pptv (Pyle et al., 2011). Pyle et al. (2011) used the NAME

mode (a Lagrangian air parcel dispersion model) to reproduce the variability in the OP3

and coastal bromoform data. Their analysis with the NAME model confirms that the air

parcels during OP3-III had crossed potentially rich oceanic and, especially, coastal re-

gions prior to measurement at Bukit Atur. Pyle et al. (2011) also conclude with NAME

that when the coastal measurement variability being dominated by local emissions, gradi-

ents in the mixing ratios between the coast and Bukit Atur can be expected for bromoform

(despite the lifetime of bromoform: ≈14 days in the tropics).

Another possible explanation of the daily variations is that the height of the GC-MS

inlet on the GAW tower, at 30 m, was within the boundary layer during the day and

above it at night. If the boundary layer collapsed below the measurement inlet it may

have been in contact with more marine influenced air in the free troposphere. In the early

mornings clouds were often observed in the valleys beneath Bukit Atur (426m asl), this

is a physical indicator that the site was above the boundary layer at night. If this is the

case then the inlet would be in contact with air from aloft which is highly likely to have a
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marine influence, and therefore contain more CHBr3 and CH2Br2. With this hypothesis it

is difficult to explain why there is little marine influence in the canopy air, as Bukit Atur

is situated approximately 50 km inland from the coast and the compounds have relatively

long atmospheric lifetimes ( 14 days for CHBr3 and 120 days for CH2Br2). While the

rainforest may provide some sheer slowing down the movement of air from the coast, it

would seem unlikely that with the influence of tropical storms the forest air could remain

stagnant. However, very low wind speeds were recorded in the canopy relative to the

cloud movement aloft.

NOx measurements taken at Bukit Atur also suggest that the GAW tower was discon-

nected from the canopy at night (discussed further in Chapter 4, Section 4.3), but indicate

that Bukit Atur lies above the nocturnal boundary layer in the residual layer (Pearson

et al., 2010). A schematic representing this change in the boundary layer relative to the

sampling site is presented in Figure 3.24. Pearson et al. (2010) observed a diurnal pattern

in convective updrafts where an intense period of convective activity can be seen to exist

between 09:00 and 15:00 local time, with a peak updraft velocity of 2.5 - 3 ms−1.

Alternatively, a diurnal coastal source could produce the variations observed. As men-

tioned in Section 3.5 the transport time from the coast would be≈10 hours: with a diurnal

signal this would result in an anti-phase diurnal pattern, such as that seen in the CHBr3

and CH2Br2 OP3-I data. The µDirac was running for a short period at the southeast coast,

however, no diurnal pattern was reported. A diurnal coastal source provides a plausable

explanation, but there is little evidence here to support this theory. Diurnal variations in

CHBr3 have been observed in subtropical and temperate macroalgaes, with maximum re-

lease rates at midday: CHBr3 production is generally reported to increase with irradiance

(Carpenter et al., 2000; Goodwin et al., 1997).

As the daily variations of CHBr3 and CH2Br2 during OP3-III are different to OP3-I,

in the context of this hypothesis it would mean that either the boundary layer is no longer

dropping below the inlet at night, which is unlikely, or there is a greater degree of mixing

in general to result in the loss of daily variations that were seen in OP3 phase I. If the

latter were the case then it may be that the drop off seen after the 19th July was a return
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Figure 3.24: This figure is adapted from Pearson et al. (2010) who plotted the terrain
to show the valley situation of their instrument. The dashed lines represent the noc-
turnal boundary layer situated below the sampling inlet and the daytime boundary layer
above the sampling inlet. Pearson2010 plotted the terrain to convey the gradients involved
around Bukit Atur.
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to a more stratified atmosphere, or a result of the changes in wind direction.

The polybrominated compounds bromochloromethane (CH2BrCl), dibromochloromethane

(CHBr2Cl), and dichlorobromomethane (CHCl2Br) were included in the analysis at Bukit

Atur during OP3-III. Figure 3.26 shows their time series for OP3-III. Both CHBr2Cl and

CHCl2Br show the same decrease in mixing ratios after the 19th July that the CHBr3 and

CH2Br2 data exhibit. This correlation in the short lived brominated species supports the

hypothesis of a change in air mass.

To investigate the enhancement ’events’ in the data the ratio of the shorter lived CHBr3

to the longer lived CH2Br2 has been plotted and shows an increase in CHBr3 relative to

CH2Br2 during this ’event’ on the 28th April (Figure 3.25(a)), possibly reflecting an air

mass which has been in more recent contact with a source of CHBr3 (McKeen et al., 1990;

McKeen and Liu, 1993; Yokouchi et al., 2005).

Transport time from sources will affect the measured mixing ratios, considering this

the ratio of the shorter-lived CHBr3 (τ ≈ 14 days) to CH2Br2 (τ ≈ 120 days) showed

CHBr3 to be elevated with respect to CH2Br2. This is unlikely to be a result of the prox-

imity of the measurement site to the known and shared macro algae source in the coastal

waters, however, the rate at which the compounds are emitted from that source could be

contributing to the relative elevation of CHBr3 mixing ratios. It is reasonable to suggest

that air measured on th 28th April was in recent contact with a different source of CHBr3.

The mean mixing ratios for CHBr3 and CH2Br2 are shown in Table 3.1 and compared to

recent studies in Southeast Asia. Java Island, just south of Borneo, shows atmospheric

mixing ratios of CHBr3 similar to those seen in April-May in Borneo. The CH2Br2 mix-

ing ratios Yokouchi et al. (2005) measured in Java in January are more comparable with

OP3 measurements in July. The OP3 aircraft measurements averages for these polybro-

momethanes are similar to the ranges considered typical for the tropical boundary layer

(Law et al., 2007).
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Figure 3.25: The time series of the ratio of bromform/dibromomethane
[CHBr3]/[CH2Br2] for OP3 phase I (a) and OP3 phase III (b). Temperature data
from 30 m on the tower shown as the red trace as a proxy for time of day.
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Table 3.1: Mean mixing ratios (pptv) ± 1 standard deviation from the mean from OP3-I

and OP3-III ground based and aircraft campaigns and compared to the literature.

CHBr3 CH2Br2

Mean ±SD Mean ±SD

OP3-I,

Bukit Atur 0.94±0.27 0.76±0.07

OP3-III,

Bukit Atur 1.46±0.36 0.92±0.09

Java Island, Jan 2003

(Yokouchi et al., 2005) 0.9±0.4 0.9±0.2

Western Pacific, Jan-Dec 2003

(Yokouchi et al., 2005) 1.1±0.6 1.0±0.3

OP3-III,

aircraft 1.43±0.53 0.89±0.41

mixing ratios considered

typical for the

tropical boundary

layer (Law et al., 2007) 1.1-1.83 1.07-1.33

The spatial distribution of bromochloromethane (CH2BrCl), shown in Figure 3.27,

indicates mixing ratios ≥0.6 over the landmass of Sabah and off the northwest coast.

Figure 3.28 gives a clearer picture of the CH2BrCl aircraft data. For the boundary layer

measurements, the highest median and upper quartile of the data was observed in the

samples over the northwest coast. The medians for the other three land cover types were

≈ 0.5 pptv, which is the median value held to typically represent the marine boundary

layer (Law et al., 2007). The CH2BrCl data for the free troposphere again shows the

northwest coast to yield the highest median of the data, but the data over the oil palm

plantations produced the highest upper quartile and 90% outlier. The boundary layer data

over the oil palm has a higher median than that of the free troposphere, but a slightly
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Figure 3.26: OP3-III time series of CHCl2Br (light blue), CHBr2Cl (mid blue) and
CH2BrCl (dark blue).

lower upper quartile value. The oil palm upper quartile value is more representative of

the upper quartile in the northwest coast boundary layer data: possibly the air is being

uplifted from the northwest coast to the free troposphere over the landmass. However,

the back trajectories for samples ≥0.6 pptv in the free troposphere over the oil palm (not

shown) approach predominantly from the south and the east of Sabah. This suggests a

source region to the east or south of Sabah in a local where data was not collected.

Figure 3.29 shows that the data collected over the areas of oil palm and the southeast

coast yielded the highest mixing ratios of dibromochloromethane (CHBr2Cl). The box

plots for the CHBr2Cl data confirm this: in the boundary layer the highest medians are

observed in the oil palm and southeast coast data. In some of the boundary layer mea-

surements over the coasts the CHBr2Cl was below the limit of detection (0.08 pptv). The

CHBr2Cl data over the oil palm had the highest upper quartile of the boundary layer data.

The medians of the CHBr2Cl data are below the typical median of CHBr2Cl in the marine

boundary layer (Law et al., 2007). The interquartile range for CHBr2Cl over the oil palm

is comparable in the boundary layer and above it in the free troposphere.
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[a]
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Figure 3.27: (a) Shows a map of bromochloromethane mixing ratios measured in the
WAS over Sabah and surrounding coast. (b) Land cover map of Sabah with the bro-
mochloromethane WAS measurements overlayed. The data points in both plots are
coloured by bromochloromethane mixing ratios.
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Figure 3.28: Box plots showing the bromochloromethane mixing ratios over the oil palm plantations and the northwest coast off Sabah. The
line represents median, box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10%
of the data. FT= free troposphere; BL= boundary layer.
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Figure 3.29: (a) Shows a map of dibromochloromethane mixing ratios measured in the
WAS over Sabah and surrounding coast. (b) Land cover map of Sabah with the di-
bromochloromethane WAS measurements overlayed. The data points in both plots are
coloured by dibromochloromethane mixing ratios.
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87Figure 3.30: Box plots showing the dibromochloromethane mixing ratios over the oil palm plantations and the northwest coast off Sabah. The
line represents median, box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10%
of the data. FT= free troposphere; BL= boundary layer.
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3.6.1 Bromine budget

Table 3.2: Break down of the bromine budget for the OP3 campaigns. Mean mixing ratios

in pptv are presented, with their percentage contribution to the bromine budget for that

measurement period in parentheses. The total bromine from the short lived brominated

species (excluding CH3Br) is presented in the bottom row. The tropospheric range of

CH3Br is included for comparison, from the AGAGE, NOAA and SOGE networks as

reported in Montzka et al. (2010). The ranges of tropospheric mixing ratios for CH2Br2,

CHBr3 and CHCl2Br are from Law et al. (2007).

Bukit Atur, Bukit Atur, Aircraft WAS, Range from

OP3-I OP3-III OP3-III literature

CH3Br 11.5 (86%) 6.8 (72%) 7.7 (55%) 7.3-8.1

CH2Br2 0.76 (6%) 0.91 (10%) 1.78 (13%) 0.8-3.4

CHBr3 0.94 (7%) 1.5 (16%) 4.2 (14%) 0.6-3.0

CHCl2Br 0.21 (1%) 0.25 (2%) 0.23 (2%) 0.12-0.6

Sum of obs. Br

excluding CH3Br 6.2 6.6 7.2

Table 3.2 contains a break down of the brominated species measured in all three OP3

campaigns. Methyl bromide dominated the bromine budget, this is to be expected with

its varied sources and long atmospheric residence time of 0.7 years. Out of the short

lived bromocarbons measured during OP3, bromoform contributed to the greatest degree.

These short lived bromocarbons constitute 14% of the bromine budget in OP3-I, but their

contribution is doubled in the ground based OP3-III campaign. The ground based and

aircraft measurements of OP3-III show a similarly apportioned bromine budget.

The organic bromine budgets calculated in Table 3.2 represent the bromine available

that could potentially contribute to the stratospheric deficit of 3-5 pptv Br. The budgets

calculated fall withing the reported mixing ratios of organic bromine from the short lived

compounds are (1.77.4 pptv) in the tropical upper troposphere (1012 km), with a mean
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reported as 3.5 pptv (Montzka et al., 2010). The organic bromine from short lived com-

pounds reported by Montzka et al. (2010) consists mostly of CH2Br2 and CHBr3 with

smaller amounts of bromochloromethanes: this is supported by the budgets presented

here from OP3 data.
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3.7 Chloroform and methyl chloroform

Figure 3.31 shows the chloroform (CHCl3) data mapped over Borneo. From this plot the

highest mixing ratios of CHCl3 are apparent over the landmass of Sabah, in particular

the oil palm region to the north of Bukit Atur. When the CHCl3 data is categorised in

the box plots in Figure 3.32 it can be seen that the oil palm plantation yields the highest

median (9 pptv) and upper quartile (10.2 pptv) of the boundary layer data. The medians

of the coast CHCl3 data were lower than either terrestrial category. The northwest coast

data in the boundary layer shows a median of ≈7 pptv compared to ≈8 pptv for the

southeast coast. The CHCl3 measurements from the free troposphere off the northwest

coast contained higher mixing ratios in the 75th percentile (≈7.8 pptv) than the boundary

layer measurements, though the medians of the boundary layer and free troposphere were

comparable at ≈7 pptv. This suggests CHCl3 from the oil palm and terrestrial regions

might have been transported aloft. The back trajectories and wind direction during OP3-

III (predominantly from the east and south east) support this uplift hypothesis.

Laturnus et al. (2002) report forests as contributing to the release of CHCl3 into the

environment. Forests are only a minor source in the total biogenic flux of CHCl3, con-

tributing less than 1% to the annual global atmospheric input (Laturnus et al., 2002).

However, it should be noted that these conclusions are based on data from Northern tem-

perate forests only. The large tropical forest areas may provide an input of CHCl3 to

the atmosphere (Laturnus et al., 2002). A subsequent study reported CHCl3 fluxes from

tropical vegetation (Gebhardt et al., 2008), but the contribution has not been quantified

in a global context as yet. The elevated mixing ratios seen over the terrestrial regions of

Sabah, support and develop the work of Laturnus et al. (2002) and Gebhardt et al. (2008),

by suggesting that the oil palm plantations, and to a lesser extent the rainforest, of Sabah

are source regions of chloroform.

The methyl chloroform (CH3CCl3) data (Figure 3.33) shows a spread of high mixing

ratios across most regions of sampling. Figure 3.34 shows the medians for all four cate-

gories both boundary layer and free troposphere to be similar. The upper quartile of the

boundary layer oil palm data is very slightly higher than the other categories, but the dif-
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ference is not significant. The CH3CCl3 in the free troposphere over the northwest coast

has the highest median and upper quartile, but again the difference is very slight.
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[a]

[b]

Figure 3.31: (a) Shows a map of chloroform mixing ratios measured in the WAS over
Sabah and surrounding coast. (b) Land cover map of Sabah with the chloroform WAS
measurements overlayed. The data points in both plots are coloured by chloroform mixing
ratios.



3.7
C

hloroform
and

m
ethylchloroform

93Figure 3.32: Box plots showing the chloroform mixing ratios over the oil palm plantations and the northwest coast off Sabah. The line
represents median, box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of
the data. FT= free troposphere; BL= boundary layer.
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[a]

[b]

Figure 3.33: (a) Shows a map of methyl chloroform mixing ratios measured in the WAS
over Sabah and surrounding coast. (b) Land cover map of Sabah with the methyl chloro-
form WAS measurements overlayed. The data points in both plots are coloured by methyl
chloroform mixing ratios.
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represents median, box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of
the data. FT= free troposphere; BL= boundary layer.
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The time series data for CHCl3 begins part way throughout OP3-I due to an error in the

mass spectrometry method that was rectified on the 24th April 2008. The CHCl3 mixing

ratios are slightly lower in OP3-III than OP3-I and remain lower than the values observed

in the aircraft data (Figure 3.31). During the first campaign the ground measurement site

was influenced by air masses from a variety of directions, however, in OP3-III the wind

arrived at Bukit Atur predominantly from an east and southeast direction (Section 3.3). It

seems likely that during OP3-I Bukit Atur was being influenced by air masses that had

passed over the oil palm plantation. The 10% outlier of the CHCl3 aircraft data in Figure

3.32 is more comparable with the ground site data. As suggested earlier with reference to

CHBr3, there may be a shear effect of the forest. Assuming that the oil palm is a source

region of CHCl3, the forest may prevent the CHCl3 signal from the oil palm getting to the

Bukit atur ground site.

The mixing ratios of CH3CCl3 during OP3-I (11.8±0.9 pptv) are also higher than

those in OP3-III (10.6±0.7 pptv). The mean of the CH3CCl3 data from OP3-III is com-

parable with the medians of the aircraft data (Figures 3.33 and 3.34). It appears that during

OP3-III CH3CCl3 was fairly ubiquitous. The mean mixing ratios from OP3 are compa-

rable with the the range of 10.7-11.7 pptv CH3CCl3 from ground based measurements

reported in Montzka et al. (2010).

Neither the CH3CCl3 or CHCl3 data for OP3-I share the enhancement ’events’ seen

in the time series of the brominated compounds: notably the ’event’ on the 28th is absent

from these time series. However, the CHCl3 time series for OP3-III seems to exhibit the

drop off in mixing ratios observed in the brominated compounds around the 19th July.
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[a]

[b]

Figure 3.35: Time series of chloroform (grey) and methyl chloroform (black) data for OP3
phase I (a) and OP3 phase III (b). All mixing ratios are in parts per trillion by volume,
measued on a GC-MS in negative ion mode.
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3.8 Back trajectories and source attribution analysis of

select halocarbons

In this section the result of some collaborative work with the University of Manchester is

presented. A type of back trajectory analysis was performed, generating figures such as

Figures 3.36 and 3.37. The method described in Robinson et al. (2011) (see Appendix)

assesses the dependence of a species on air mass history. These figures are generated for

a given measurement, by constructing a geographical grid using a cell size of 0.1o x 0.1o.

The measured value at Bukit Atur at the time of arrival of a given trajectory is added to

the grid cell that contains each trajectory point. Doing this for all trajectories and dividing

by the total number of trajectory points in each cell gives the mean value measured at the

ground site for an air mass that has passed over that cell. These plots are referred to as

mean value maps.

The CHBr3 (Figure 3.36) and CH2Br2 mean value maps show similar profiles (r2 =

0.90) confirming that these compounds are well correlated in the atmosphere as previously

shown by Butler et al. (2007), Yokouchi et al. (2005) and Zhou et al. (2008). CHBr3 and

CH2Br2 show elevated levels over coastal and marine regions, this is consistent with other

studies which have shown CHBr3 and CH2Br2 to be produced by macro-algae (Carpenter

et al., 2000; Goodwin et al., 1997; Quack et al., 2007). The region of seaweed cultivation

in the southeast coast is reflected in the high mixing ratios seen in air masses from this

region.

The methyl iodide mean value map (Figure 3.37(a)) is similar to those of the poly-

brominated compounds (Figures 3.36), although, there are some differences in features

(mean value map correlations of r2 = 0.65 and r2 = 0.64 for CHBr3 and CH2Br2 respec-

tively). The methyl iodide map shows high values to be predominantly attributable to a

marine source. By classifying the trajectories used to generate these mean value maps

into marine, terrestrial and north-easterly etc. it has been be established that the marine

cluster yields the highest mean methyl iodide values (Figure 3.38). This is consistent with

whole air samples collected in the boundary layer during the OP3 flight campaign (Figure
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Figure 3.36: Mean value maps for CHBr3 and CH2Br2 during OP3 phase I (top) and III
(bottom). The maps were generated using back trajectories calculated through BADC
using the ECMWF model.

Figure 3.37: Mean value maps for methyl iodide (a) and methyl bromide (b) during OP3
phase III. The maps were generated using back trajectories calculated through BADC
using the ECMWF model.
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3.11). The pattern of high values seen over the sea in the methyl iodide mean value map

is similar to that seen in the polybrominated compound mean value maps. In particular

the methyl iodide and polybrominated mean value maps both show a region of high val-

ues off the coast to the immediate east of Bukit Atur. This feature extends east out to

the southern tip of Bongao island (5 oN, 120 oE) where it broadens off to the south east.

This shared feature suggests a co-located source of methyl iodide and the polybrominated

compounds, possibly even the same source. The most likely source would be macro al-

gae which has been shown to produce all three of these compounds (Carpenter et al.,

2000; Manley et al., 1992). Another study observed correlations between methyl iodide

and these polybrominated compounds, but noted the inconsistency of their correlation,

suggesting different production mechanisms for the methyl iodide and polybrominated

compounds (Butler et al., 2007). There is a small feature of high values to the south

west of Bukit Atur (approx. 3-4 oN, 115.5-116.5 oE), which is not shared with the poly-

brominated compounds. This feature is unlikely to be transported from a marine source,

therefore suggesting a terrestrial input from that region. This is plausible as methyl iodide

is known to have a mixture of marine and terrestrial sources (Bell et al., 2002; Sive et al.,

2007; Smythe-Wright et al., 2006). Methyl iodide has also been reported to have biomass

burning sources (Cox et al., 2005; Mead et al., 2008a) which may contribute to the signal

seen in that area. Although MODIS fire count plots do not support this (not shown), small

fires and smoke plumes were observed from the FAAM BAe-146 during the OP3 aircraft

campaign which are not shown in the MODIS plots, therefore a small scale biomass burn-

ing event cannot be ruled out as having been responsible for the signal to the south west

of Bukit Atur.

In contrast to methyl iodide and the other brominated halocarbons presented here the

waters immediately east of Bukit Atur and to the south east of Bongao island do not appear

to be a productive region for methyl bromide (Figure 3.37(b)). There is clearly some

marine contribution, predominantly from the coastal zone south of Sabah included in the

extent of these maps, which is consistent with known marine sources of methyl bromide

such as macro algae (Baker et al., 2001; Cox et al., 2005). Higher values (8-9 pptv) are
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Figure 3.38: Methyl iodide and bromoform data from OP3-III coloured by trajectory
classifications defined in Robinson et al. (2011).

seen over an area to the north of Bukit Atur (5.4-6 oN) covering both land and coastal

areas: this is by far the strongest source region for CH3Br under this analysis, this finding

would warrant a further focussed study. As it is currently unknown whether oil palm is

a source of methyl bromide, associated activities within the oil palm plantations such as

biomass burning, a known source of methyl bromide, may contribute to the localised high

values. That said, a coastal source cannot be discounted as responsible for this feature,

possibly a macro algae source.
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3.9 Conclusions

After Yokouchi et al. (2002) measured methyl chloride at leaf level (0.9 Tg yr−1) and am-

bient mixing ratios (1,000 - 3,500 pptv) in the tropical vegetation section of the Tropical

Rainforest Glasshouse in Tsukuba Botanical Gardens and found the tropical vegetation

to be an apparent strong source of methyl chloride, it was expected that similar findings

would be observed in real tropical forest environments. While the findings from OP3 show

higher than the atmospheric background levels of methyl chloride, neither the mixing ra-

tios from Bukit Atur nor the aircraft are comparable with those seen by Yokouchi et al.

(2002) or Blei et al. (2010) who report 19 ng h−1g−1 CH3Cl and 0.4 ng h−1g−1 CH3Br

from Malaysiam trees. This discrepancy between leaf-level measurements and canopy-

level measurements suggests that the methyl chloride is being used up by some other

organism in the rainforest environment or that branch enclosure/ chamber techniques do

not provide a sufficient representation of the natural environment. Greater understanding

of why plants emit methyl halides could also assist our understanding of what is happen-

ing to the methyl chloride in the rainforest and why the signal is lost above it.

The organic bromine budgets calculated in Table 3.2 show that there is 6-7 pptv or-

ganic Br available in addition to methyl bromide, in the atmosphere over the landmass

and seas of Sabah, to potentially contribute to the missing 3-5 ppt stratospheric Br.

The southeast coast appears to be a source region for methyl bromide, methyl iodide

and the short lived bromocarbons. The seaweed farms of the southeast coast are likely to

be the source, supporting the work of Baker et al. (2001), Yokouchi et al. (2005) amongst

others, who reported high mixing ratios of these compounds from macroalgae.

Data collected in the boundary layer over the oil palm plantations show the highest

mixing ratios of methyl chloride and chloroform. As the oil palm fluxes are unknown, it is

difficult to state what contribution the oil palm itself has to the observed mixing ratios of

methyl chloride and chloroform. If the oil palm plantations are a source region for methyl

chloride and chloroform there is further difficulty in saying what portion of that source

is from natural sources within the oil palm plantations and what portion of these mixing

ratios is attributable to anthropogenic activities within the oil palm plantations. It may be
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the case that these sources are mutually exclusive.

The daily variations in the OP3-I time series data could be explained by a diurnal

coastal source, however, in the absence of data to support that hypothesis the position

of the boundary layer relative to the sampling point may be the predominant influence

creating the observed variations in mixing ratios.

Periods of elevation, greater than the daily variations were found to be associated

with air mass changes. Both the event on the 28th April in OP3-I and the decline in

mixing ratios after the 19th in OP3-III were evident in the time series of the brominated

halocarbons.

The oil palm plantations showed the highest mixing ratios of chloroform in the upper

quartile (9-10 pptv). The methyl chloroform measurements in the aircraft data were con-

sistently lower quartile at ≈10 pptv and the upper quartile at ≈11 pptv. The time series

for methyl chloroform also showed little variation inthe values measured.

In summary, the main factors affecting the variations observed at Bukit Atur are the

nature and location of compound sources and how the meteorology changes influencing

the site with air masses from source rich or depleted regions. The physical properties of

the boundary layer also play a key part in understanding the data at this site as the GAW

tower at Bukit Atur remains above the nocturnal boundary layer and so is disconnected

from the residual layer. The complexity of the mountainous and forest environment com-

plicate the interpretation of the data, but the influence of the above factors remain and are

likely to be applicable to other compounds measured in the OP3 periods.

3.10 Further work

An underlying problem here is that the apparent marine source(s) cannot be definitively

pinpointed. Concurrent measurements, for a period of weeks, at a range of coastal sites

would improve understanding of the supposed marine source. Likewise, measurements in

an oil palm plantation would be greatly beneficial. In this way rough calculations could

be done to appoint source contributions.

Comprehensive mapping of the macroalgae source regions would be a great asset to
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studies of this kind where the predominant known source is macro algae. The current

seaweed maps of Malaysia are very poor in detail and undoubtedly do not cover all the

seaweed farming sites and naturally occurring seaweed areas.
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Chapter 4

C1-C4 Alkyl nitrate atmospheric

composition over Borneo

4.1 Introduction

4.1.1 Formation of alkyl nitrates

Alkyl nitrates are secondary products of hydrocarbon (RH) oxidation. Whereby hydrocar-

bons are oxidised by the hydroxyl radical (OH), forming organic peroxy radicals, which

can then react in the presence of nitrogen oxides (NOx=NO+NO2) to produce alkyl ni-

trates (Equations 37 to 40 ).

RH +OH → R +H2O (37)

R +O2 → RO2 (38)

RO2 +NO → RO +NO2 (39)

or

RO2 +NO → RONO2 (40)

The production of alkyl nitrates from their ’parent’ hydrocarbons has been well stud-

ied and their relationship used to indicate air mass age (Bertman et al., 1995; Blake

et al., 2003a; Reeves et al., 2007; Simpson et al., 2003; Worton et al., 2010). Atlas
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et al. (1993) proposed an alternative source to the breakdown of parent hydrocarbons,

an oceanic source of alkyl nitrates to the atmosphere. Subsequent studies have supported

this idea finding C1ONO2 to have a significant oceanic source (Blake et al., 1999; Chuck

et al., 2002; Dahl and Saltzman, 2008). Currently there is no known biological mecha-

nism for the production of alkyl nitrates in aquatic systems, although it has been proposed

that the free radical reaction of organic peroxy radicals and NO could form alkyl nitrates

in aqueous phase (Dahl et al., 2003; Moore and Blough, 2002).

Atmospheric C1ONO2 and C2ONO2 are frequently well correlated with marine halo-

carbons such as bromoform and thus they have been concluded to have a marine source.

Chuck et al. (2002) suggested bacterial and/or algal processes produce C1ONO2 and

C2ONO2 as their alkyl nitrate observations coincided with the chlorophyll maximum in

seawater depth profiles. Similarities were also observed in the profiles of C2ONO2 and

the dissolved nutrient NO3
− which may indicate a role for NO3

− in the production of

C2ONO2. Worton et al. (2010) hypothesised a nighttime source of C1ONO2 from NO3

chemistry in the residual layer based on their observations of a morning maximum in the

diurnal profile of C1ONO2.

Alkyl nitrates are a component of the ”odd nitrogen” reservoir. ”Odd nitrogen” is

the collective term for peroxyacetyl nitrate (PAN, CH3C(O)OONO2), peroxynitric acid

(HOONO), dinitrogen pentoxide (N2O5), alkyl nitrate (RONO2), chlorine nitrate (ClONO2),

nitric acid (HNO3), nitrous acid (HNO2), the oxides of nitrogen (NOx) and aerosol nitrate

(NO3) represented as ”NOy” . Estimates of the alkyl nitrate contribution to NOy have

been reported as high as 80% in the equatorial marine boundary layer (Blake et al., 1999,

2003b), whereas their contribution to NOy in continental regions is more like 10% owing

to close proximity of primary NOx emissions (Flocke et al., 1998; Shepson et al., 1993;

Simpson et al., 2006). As a ’reservoir’ species for NOx, alkyl nitrates have been con-

cluded to play an important role in regulating tropospheric ozone levels in remote marine

regions (Atlas et al., 1993).

RONO2 + hv → RO• +NO2 (41)

RONO2 +OH → products (42)
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The primary removal mechanisms from the atmosphere are photolysis and reaction with

OH. Photolysis is the dominant destructive process for the shorter-chain (C1-C3) alkyl

nitrates while OH oxidation is the more important loss process for the larger alkyl nitrates

(Clemitshaw et al., 1997; Flocke et al., 1998; Roberts, 1990). Chuck et al. (2002) calcu-

lated atmospheric residence times for methyl and ethyl nitrates using sea-to-air flux data

and atmospheric measurements giving C1ONO2 an atmospheric residence time of 4.5 to

25 days and 5 to 10 days for C2ONO2. Worton (2005) calculated atmospheric residence

times for summer at 45oN suggesting atmospheric lifetimes of 1-3 days for 2C3ONO2, 1-2

days for 1-propyl nitrate, 1-1.2 days for 2-butyl nitrate and ≤ 1 day for 1-butyl nitrate.

4.1.2 NOx observations during OP3

The oxides of nitrogen (NO and NO2, collectively termed NOx) have a mixture of sources,

including both biogenic (e.g. from soils) and anthropogenic agricultural activities (e.g. in

vehicle exhaust and from fertilizer applications). In the absence of sources NOx is known

to exhibit diurnal variations where mixing ratios follow an expected pattern where shortly

after sunrise NO mixing ratios would increase due to the onset of photochemical reactions

converting NO2 to NO, with a peak around solar noon followed by a decrease to zero at

sunset.

Moller (2010) used the OP3 ground based NOx measurements to indicate whether

Bukit Atur could be said to represent the forest canopy or boundary layer air by compar-

ing the canopy site (not presented here) and Bukit Atur. NO mixing ratios were higher at

the canopy site than at Bukit Atur, the lack of similarity between the NOx data sets at the

canopy site and Bukit Atur show that the measurements at Bukit Atur are not represen-

tative of those seen under the rainforest canopy, suggesting that the site can be classified

as above the canopy. NOx measurements were also used from the aircraft to help classify

Bukit Atur as being in the boundary layer or free troposphere. Concentrations in the free

troposphere of both NO and NO2 were considerably lower than those measured in the

boundary layer and those measured at Bukit Atur. Therefore, Bukit Atur can be classified

as an above canopy boundary layer site (Moller, 2010).
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The characteristics of Sabah are a consideration in interpreting both the ground-based

and aircraft alkyl nitrate measurements as land use is an important factor in assessing

anthropogenic precursor emissions such as hydrocarbons and NOx. From looking at the

landuse map (Figure 3.1) the proximity of the oil palm plantations to Bukit Atur makes it

likely that there will be higher concentrations of anthropogenic precursors in air masses

that have passed over the oil palm plantation. To the west of Bukit Atur the land coverage

is largely rainforest (Figure 3.1), whereas the east has more oil palm plantations and

coastal settlements which will have associated anthropogenic NOx sources. Tawau to the

south east of the site has a population of 354,243 people and Sandakan to the north of the

site has a population of 453,759 people, both towns are ports and house some industrial

activity, Lahad Datu, to the west of the site, is a coastal settlement slightly smaller than

Tawau, however, it has a very small airstrip and airport which receives daily internal

flights with their associated NOx emissions from the aircraft.

Figure 4.1: Nitrogen monoxide (NO) and nitrogen dioxide (NO2) data for OP3-I. The
data was measured on the University of York’s NOxy instrument.

Back trajectory analysis of the OP3 NOx revealed a predominant east/west divide

rather than identifying attributable sources (Moller, 2010). However, the analysis showed
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that there were much higher mixing ratios of NOx seen in air masses from the east com-

pared to air masses from the west. A consideration with any back trajectory analysis of

the data is the ’snapshot’ period that OP3 took place in, although both campaigns were

over one month in duration, the wind directions within these periods did not encompass

all of Sabah, this is a limit in attempting source attribution of this kind. For instance the

capital of Sabah, Kota Kinabalu, lies on the western coast of Sabah with a population

of 617,972 people and an international airport, presumably a significant source of NOx

however, very few trajectories passed over Kota Kinabalu before arriving at Bukit Atur.

The time series for the NOx data for OP3-I at Bukit Atur (Figure 4.1) shows several

period of elevated mixing ratios. Those in the NO2 trace track particularly well with those

seen in the bromocarbon data (Chapter 3). The NOx data for OP3-III (Figure 4.2 shows

higher mixing ratios of NO2 and much higher mixing ratios of NO than during OP3-

I. During OP3-I NOx average mixing ratios were 0.23±0.5 ppb increasing to 0.79±0.5

ppb during OP3-III. The average boundary layer mixing ratio of NOx from the aircraft

measurements was 0.19±0.1 ppb.

Figure 4.2: Nitrogen monoxide (NO) and nitrogen dioxide (NO2) data for OP3-III. The
data was measured on the University of York’s NOxy instrument.
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4.2 Spatial observations of alkyl nitrates over Borneo

The whole air samples collected on board the BAe146 FAAM aircraft were also anal-

ysed in E.I. (Chapter 2) for alkyl nitrates (RONO2). As explained in the experimental

methodologies Chapter E.I. mode is much less sensitive to alkyl nitrates than negative ion

mode, so a more limited selection of the alkyl nitrates will be discussed here (C1ONO2,

C2ONO2, 2-C3ONO2 and 2-C4ONO2). The sum of the means of the alkyl nitrates mea-

sured in the whole air samples was 13.6 pptv.

C1ONO2 and C2ONO2 are known to have marine sources (Chuck et al., 2002) and

often observed to correlate well with marine halocarbons (Atlas et al., 1993; Blake et al.,

1999). However, from immediately looking at the aircraft measurements of methyl and

C2ONO2 plotted spatially over Sabah, it can be seen that the highest mixing ratios (>8

pptv) are not seen over the seas but over Bukit Atur and the region slightly to the north

where the oil palm plantations lie (Figures 4.3 and 4.4). The C1ONO2 aicraft data ranges

between 2-14 pptv. Values between 3-6 pptv of C1ONO2 were common over the ocean,

with some higher mixing ratios seen off the Semporna penninsula over the Celebes Sea.

This range of mixing ratios observed fits within the wide range of mixing ratios reported

in the literature. Reeves et al. (2007) report slightly lower mixing ratios of C1ONO2 (∼

1-5 pptv) during the ITOP campaign over the North Atlantic Ocean, whereas Chuck et al.

(2002) observed mixing ratios of 10-20 pptv over the equatorial waters of the Eastern At-

lantic Ocean. C1ONO2 contributed 44% to the total alkyl nitrates observed in the aircraft

measurements of the OP3 project.

C2ONO2 aircraft measurements were in the range 0.5-14.9 pptv however, the majority

of the data fell between 0.5-5 pptv.This is the range used to colour the whole air samples

in Figure 4.4. Again, higher ranges of mixing ratios were seen over Bukit Atur and

the oil palm plantation (2-5 pptv) and some high points were seen off the south east

coast of Sabah. The mixing ratios of C2ONO2 recorded over the oceans were in the 0.5-

1.5 pptv range. This is in keeping with equatorial atmospheric measurements taken by

Chuck et al. (2002) over the Western Atlantic ocean and not dissimilar to the mixing ratios

recorded during the NAMBLEX project at Mace Head (Worton, 2005). Simpson et al.
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Figure 4.3: All aircraft measurements containing C1ONO2 (n=375), coloured by C1ONO2

concentration.

(2002) reported high mixing ratios of C1 to C4 nitrates from biomass burning in Australia,

with the highest mixing ratios (122±46 pptv) observed during the ’smoldering’ stage, the

mixing ratios observed at the Karachi city site (11.8±2.2 pptv), reported in the same

paper, are more comparable with the OP3 aircraft C2ONO2 measurements. However, the

oil palm processing mills in situ with the plantations may mimic the atmospheric signature

of biomass burning to some extent.

2-C3ONO2 shows a range of 0.2-49.5 pptv, with a mean of 3 pptv which contributes

21.8% to the sum of alkyl nitrates measured in the aircraft samples. The majority of the

2-C3ONO2 data falls between 0.2-10 pptv, therefore, for clarity this is the colourscale that

has been used in Figure 4.5. Figure 4.5 shows that the higher values of 2-C3ONO2 were

seen over the landmass of Sabah, in particular over the oil palm plantation area to the north

west of Bukit Atur. Mixing ratios of 70 ± 27 pptv of 2C3ONO2 were reported during the

flaming stage of bushfires in Australia (Simpson et al., 2002), the maximum concentration

recorded during OP3 aicraft detachment was 49.5 pptv of propyl nitrate. The OP3 aicraft

data fits within the range of 1.9-53.2 pptv recorded in whole air samples at a river delta

in southeast China (Simpson et al., 2006), these measurements were recorded at a coastal
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Figure 4.4: All aircraft measurements containing C2ONO2 (n=370), coloured by C2ONO2

concentration. The concentration range has been restricted here to omit outliers for a
clearer picture of the distribution

site which was frequently impacted from urban pollution plumes.

In keeping with the other alkyl nitrate maps, 2-C4ONO2 also shows its most elevated

values over the area of oil palm to the north of Bukit Atur. The data ranges from 0.1-37.3

pptv with the majority of the data within 0.1-3 pptv (the range used in Figure 4.6), similar

mixing ratios of 2-C4ONO2 have recently been reported in marine air masses during the

TORCH campaigns (Worton et al., 2010) and a range of ∼3.6-6.5 pptv were observed at

a seacoast site in New Hampshire (Russo et al., 2010).

1-C3ONO2 and 1-C4ONO2 were not present in all of the whole air samples analysed.

The chromatogram peaks for both of these compounds are very small due to the reduced

sensitivity to the alkyl nitrate fragments when the GCMS is operating in EI mode (Chapter

2). As a result both species were below the limit of their detection in many of the whole

air samples. The spatial plots for 1-C3ONO2 and 1-C4ONO2 appear with this reduced

number of data points, n=142 and n=51 respectively (not shown). The distribution of 1-

C3ONO2 and 1-C4ONO2 both show their maximum mixing ratios over the land mass in

the region of oil palm plantations.
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Figure 4.5: All aircraft measurements containing 2-C3ONO2 (n=344) coloured by 2-
C3ONO2 concentration. The concentration range has been restricted here to omit outliers
for a clearer picture of the distribution

Correlations between the alkyl nitrates over different land uses show methyl and

C2ONO2 to have weak relationship for the whole aircraft data set. Methyl and ethyl

nitrates show a reasonable correlation in whole air samples over the marine environment

(r2 of ≥0.5), with this exception C1ONO2 does not correlate well with the other alkyl ni-

trates or with the biogenically produced marine bromocarbons. C2ONO2, propyl nitrates

and the butyl nitrates show very good correlations with each other in the samples over the

marine environment. In particular for flight B389 where the whole air samples were col-

lected almost entirely over the sea off the Semporna penninsula the correlations between

the C2-C4 nitrates were showing r2 values of ≥0.8, but their absolute concentrations were

lower than for C1ONO2 indicating that the C1ONO2 was experiencing the addition of a

marine source.

The maps of aircraft measurements appear to show higher concentrations of alkyl

nitrates over the oil palm, the box plots in Figures 4.7, 4.8 and 4.9 confirm that there is

a quantitative difference between the two land types. For C1ONO2 the difference is less
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Figure 4.6: All aircraft measurements containing 2-butyl nitrate (n=290), coloured by 2-
C4ONO2 concentration. The concentration range has been restricted here to omit outliers
for a clearer picture of the distribution.

dramatic as for 2C3ONO2, this will in part be due to C1ONO2 having the additional marine

source raising the perceived ’background’ level of C1ONO2. The highest medians and

upper quartiles for C1ONO2 in both the boundary layer data and the free troposphere data

are over the oil palm plantations (Figure 4.7). For methyl and ethyl nitrates the box plots

show that the measurements taken off the southeast coast exhibit higher concentrations of

the alkyl nitrates than the northwest coast, this may be a result of the oil palm plantations

that fringe the coastline on the southeast of Sabah, or more likely, as this behaviour does

not extend to 2C3ONO2, that the marine source of these alkyl nitrates is stronger from

the south east compared to the north west coast. This conclusion also ties in with the

southeasterly winds during the OP3-III period.

The oil palm plantations of Sabah seem to be a source region for the alkyl nitrates

reported here (Figures 4.7, 4.8 and 4.9). Box plots for the NO and NO2 measurements in

the boundary layer and free troposphere over the oil palm plantation show much higher

concentrations in the boundary layer over the oil palm than the rainforest (Hewitt et al.,

2009).
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troposphere; BL= boundary layer.
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Figure 4.9: Box plots showing the 2-propyl nitrate mixing ratios over the different land cover types of Sabah. The line represents median,
box top and bottom represent 75th percentile and 25th percentile respectively and the whiskers represent 90% and 10% of the data. FT= free
troposphere; BL= boundary layer.
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As previously stated the FAAM BAe 146 aircraft flew over several of the oil palm

plantations of Sabah. There was the expectation that the NOx levels would be of interest

as well as the isoprene measurements. The isoprene concentrations in the boundary layer

over the oil palm plantations were observed at levels 2-5 times that seen in the boundary

layer over the rainforest (Hewitt et al., 2010). Hewitt et al. (2009) projected that the

NOx levels could potentially cause significant ozone production. The sources of nitrogen

are mixed but the soil source within the oil palm plantations, coupled with the intense

fertiliser regime that is in place whereby a hole is drilled adjacent to the trunk of the plant

and a large quantity of nitrogen-rich fertiliser is introduced in this way. The vehicles used

to transport the oil palm fruit from the plantation to the processor plant and to distribute

the final product are often old and inefficient vehicles, Hewitt et al. (2009) suggest that

simple measures such as the fitting of catalytic converters could substantially reduce the

emission of NOx from transport in and around the plantations. There is also the issue

of the processor plants themselves which are commonly co-located with the oil palm

plantations. Measures to manage the nitrogen from these sources could improve the local

air quality in the oil palm plantations of Sabah, both from an environmental perspective

and a human health perspective. Ozone is a well known atmospheric pollutant that attacks

and can destroy soft tissue such as those found in the human respiratory system as well

as the soft tissue of new growth on plants. Ozone stresses plants and it has been shown

that it significantly reduces crop productivity. For this reason nitrogen management and

VOC management in oil palm plantations is also important from an economic perspective

(Hewitt et al., 2009). The relatively long lifetimes of these alkyl nitrates mean that some

of this signal could plausibly come from neighbouring land in the Celebes sea or South

China sea. To explore this further back trajectory analysis was employed to establish any

consistency in noticeably high/low concentrations and the origin of that air mass. Source

attribution using this method has been implemented with the halocarbons in (Chapter 3).
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4.2.1 Relationship between alkyl nitrates and their parent hydrocar-

bons in the OP3-III aircraft data

The alkane aircraft data shows the areas over oil palm plantations to have the highest mix-

ing ratios of ethane and propane and n-butane shows equally high values in the whole air

samples over Bukit Atur and the oil palm plantations. As described earlier alkyl nitrates

can be formed during the breakdown of their parent alkanes (equations 43 and 44). Ratios

have been calculated here to show the relationships between the alkyl nitrate and parent

hydrocarbon, using the relationship originally defined by Bertman et al. (1995). This

method assumes no other source of alkyl nitrates other than their parent hydrocarbon and

that the reaction with OH is the rate determining step in the formation of the alkyl nitrate.

A high NO environment is also assumed, such that no peroxy radical self reactions take

place. Given these assumptions the rate of formation and loss of the alkyl nitrates can be

described as follows:

RH → RONO2 (43)

The reaction in Equation 43 occurs at the rate βkA where kA = k1[OH] and β = α1 · α3.

The rate of reaction of RH with OH (Equation 37) is prepresented by k1 , α1 represents the

proportion of RH that forms the particular alkoxy isomer, [OH] is the molecular density

of OH, and α3 is the branching ratio of the reaction of the alkyl peroxy radical with NO

(Equations 39 and 40).

RONO2 → products (44)

The reaction in Equation 44 occurs at the rate kB where kB = j4 + k5[OH]

Here j4 is the photolytic loss rate of the RONO2 and k5 is the rate of reaction of the

alkyl nitrate reacting with OH (Equation 42).

To calculate the relationship between RONO2 and the parent alkane concentration as

a function of time (t) the relationship defined by Bertman et al. (1995) can be used:

[RONO2]/[RH] = βkA/(kB−kA) ·(1−e(kA−kB)t)+[RONO2]0/[RH]0 ·e(kA−kB)t

(45)
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The simplified relationship between RONO2 and the parent alkane is shown below (Equa-

tion 46) where initial concentrations of zero are assumed (i.e. no direct emissions). Gen-

erally previous studies have also assumed that the initial alkyl nitrate mixing ratio is zero

(Bertman et al., 1995; Roberts et al., 1998; Stroud et al., 2001; Simpson et al., 2003),

though the analysis by Reeves et al. (2007) included non-zero initial ratios and analysis of

alkyl nitrates by Sommariva et al. (2008) attempted to quantify the influence of additional

precursors.

[RONO2]/[RH] = βkA/(kB − kA) · (1− e(kA − kB)t) (46)

The above formula creates an idealised curve that describes the ratio of alkyl nitrate to

parent hydrocarbon exclusive of atmospheric mixing. Using the kinetic data in Table

4.1, the ratio between the parent hydrocarbons and alkyl nitrates were calculated as in

Equation 46 for various times assuming the average concentration of OH to be 2x106

molecules cm−3: based on OP3 OH data. Through plotting pairings of these ratios against

one another the observed data can be compared to the values calculated from the kinetic

data (Figure 4.10). Photochemical processing times shift along the kinetic or modelled

curve, though is not sensitive to the value of OH.

Figure 4.10 displays the ratios of the alkyl nitrates to their parent hydrocarbons. The

mean NO concentration observed during OP3 was 33±41 pptv which is sufficient for the

reaction with NO to be the dominant pathway for RO2 radicals (Roberts et al., 1998). The

points on the modelled curve that represent 1 day and 10 days of t are marked in each

Table 4.1: Kinetic data

RH k1 (x 10−12cm3 RO2 α1 α3 k5 (x 10−12cm3 j4 (x10−6s−1)
molecule−1s−1) molecule−1s−1)

Ethane 0.248 ethyl 1 0.014 0.018 0.73
Propane 1.09 2-propyl 0.727 0.042 0.29 1.10
Propane 1.09 1-propyl 0.272 0.02 0.58 0.77
n-butane 2.36 2-butyl 0.855 0.084 0.86 0.91

Kinetic data from Reeves et al. (2007) and references therein.
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plot.

The ratios of alkyl nitrates to parent hydrocarbon shown in Figure 4.10 give an in-

dication of air mass age that the samples were taken in. Figure 4.10(a) showing the

C2ONO2/ethane ratio plotted against the butyl nitrate/n-butane ratio to be above the ki-

netic curve which is indicative of less photochemically processed air (Bertman et al.,

1995; Stroud et al., 2001), suggesting that a source other than the parent hydrocarbons is

contributing to the alkyl nitrate. C2ONO2 is known to have marine sources which may be

a contributing source, also the breakdown of a longer chained hydrocarbon into a num-

ber of smaller peroxy radicals and therefore smaller chain alkyl nitrates could provide an

alternative source as Reeves et al. (2007) concluded for C1ONO2.

Figure 4.10(b) 1-propyl nitrate/propane and 2-butyl nitrate/n-butane shows some ev-

idence of two ’populations’ of data: one within 1-10days of photochemical processing

and several points of high alkyl nitrate to parent hydrocarbon ratio indicating photochem-

ically older air. Interestingly once the C2ONO2/ethane and 1-propyl nitrate/propane ratios

are no longer constrained by the 2-butyl nitrate/n-butane ratio the observed ratio of these

species agrees reasonably well with the calculated curve (figure 4.10(c)). The ratio of

2C3ONO2/propane against butyl nitrate/n-butane also exhibits a divide into two ’popula-

tions’(Figure 4.10(d)), in this instance with several points relatively close to the calculated

curve and indicating that they represent air that has been recently polluted and experience

less than one day of photochemical processing. The limit of detection of the alkyl ni-

trates (<0.04 pptv) and the parent hydrocarbons (1-9 pptv Hopkins et al. (2011)) are to be

considered when viewing these plots, as a small error in the integration of either peak in

the chromatogram as a result of the signal to noise count being reduced near the limit of

detection, may result in an erroneous point that appears to represent a high alkyl nitrate to

alkane ratio.

4.3 Temporal trends in alkyl nitrate observations

The time series data for the alkyl nitrates collected at Bukit Atur were analysed in negative

ion mode (Chapter 2) which is very sensitive to the alkyl nitrates so here C1-C4 nitrates
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Figure 4.10: Relationships between various ratios of alkyl nitrates and their parent hy-
drocarbons for the OP3 aircraft measurements. The points on the model curve that corre-
spond to 1 and 10 days of photochemical processing have been marked.
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can be discussed. In the first instance looking at the time series for OP3-I it is apparent

that the propyl and butyl nitrates follow a very similar pattern as the bromocarbons (here

using bromoform as a comparison in the grey trace) Figure 4.11. Methyl and C2ONO2

show some variations that are independent of the higher (C3-C4) nitrates and the bromo-

carbons. This is most likely attributable to additional marine sources of these nitrates, an

observation that supports past studies.

Some diurnal variation can be seen in the time series for OP3-I (Figure 4.11) but it is

not consistent, peaking at varying times in the early hours of the morning, as discussed in

Chapter 3 this is most likely linked to the position of the inlet in relation to the nocturnal

boundary layer at Bukit Atur (we measured at 30m on the GAW tower, i.e. above the noc-

turnal BL). The presence of cloud cover below the Bukit Atur site before sunrise implies

that Bukit Atur is above the nocturnal boundary layer. Doppler lidar measurements were

made in the valley close by to Bukit Atur, these measurements give an indication of the

mixed layer height and support the suggestion that Bukit Atur lies above the nocturnal

boundary layer in the residual layer and therefore separated from the canopy emissions in

the valley below (Pearson et al., 2010). During the OP3-I measurement period there was

an ’event’ on the 28th April where elevated the concentrations of the propyl and butyl ni-

trates were seen, and to a lesser extent C2ONO2, with no apparent impact on the C1ONO2

concentrations observed. The variations observed in the alkyl nitrates during OP3-I track

the variations seen in the time series of the brominated compounds reasonably well, sug-

gesting the variation most likely reflect changes in air mass.

OP3-III shows predominantly lower concentrations of the propyl and butyl nitrates,

which all exhibit a slight downwards trend throughout the campaign. C1ONO2 how-

ever shows the opposite increasing from ∼2-3 pptv to ∼ 7-8 pptv by the end of OP3-III.

C2ONO2 seems to show a slight increase from Γ0.8pptvto∼1.4 pptv around 12th/13th

July before decreasing gradually back to 0.8 pptv over the remainder of the measurement

period.



124
O

P3:C
1 -C

4
A

lkylnitrates

Figure 4.11: Time series of the alkyl nitrate data collected at Bukit Atur during OP3 phase 1. Bromoform is shown for reference in the grey
trace.
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Figure 4.12: Time series of the alkyl nitrate data collected at Bukit Atur during OP3 phase 3. Bromoform is shown for reference in the grey
trace.
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When comparing the OP3-I alkyl nitrate time series with the alkane time series for

that same period it is noticeable that ethane, propane, n- and iso-butane exhibit similar

variations, showing the period of elevated concentrations on the 28th/29th April. This

supports the conclusion that this period of elevated concentrations is attributable to the

path of the air mass prior to passing over Bukit Atur. For this period the back trajectories

show a change in their direction of approach to Bukit Atur which was further discussed

in Chapter 3.

Figure 4.13: Alkane measurements taken at Bukit Atur during OP3 phase 1 on the York
GC-MS system

The alkane data for OP3-III is very patchy and does not cover a great deal of the period

that the alkyl nitrates were measured in. Ethane and propane are available for the OP3-III

period and they exhibit the same downward trend from the 19th July seen in the propyl to

butyl nitrates and the bromocarbons. There is a period of sustained enhancement in the

ethane and propane measurements from the 17th July, before this drop on the 19th July.

This enhancement feature is also apparent in the propyl and butyl nitrates (Figure 4.12)

and the NOx time series shows large enhancements on the 17th July and the 19th July, but

they are not sustained and the concentrations fall between the two days.

The average total alkyl nitrates measured during OP3-I was 9.1±3.2 ppt, increasing

to 10.9±3.1 ppt measured at the ground site during OP3-III and the average sum of total

alkyl nitrates for all flight samples was 12.3±2.1 ppt. The total alkyl nitrates for OP3-I
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made up 3% of NOy and although total alkyl nitrate mixing ratios were higher during

OP3-III at the ground site the increase in other nitrogen species mean that total alkyl

nitrates contributed 2% to NOy.

These contributions to the NOy budget are similar to those reported in the literature.

O’Brien et al. (1995) measured C3-C6 alkyl nitrates at a rural site in Ontario and found

them to contribute 0.5 - 3% to NOy, Russo et al. (2010) measured c1-C5 alkyl nitrates

on the mainland and off the coast of New Hampshire finding them to contribute ≤1 %

NOy, and Flocke et al. (1998) found an average contribution of 3% to NOy from the C1-

C8 alkyl nitrates they measured at the Schauinsland station in the Black Forest. Higher

contributions to NOy have been reported for rural sites, such as the study by Day et al.

(2003) who report total alkyl nitrates to account for 10-20% of NOy at a rural site in

California.

4.3.1 Back trajectory analysis of alkyl nitrates from measurements

at Bukit Atur

Using the back trajectory analysis of Robinson et al. (2011) mean value maps for the alkyl

nitrates have been generated. Details of how the maps are generated can be found in Chap-

ter 3 where they were first discussed. The mean value maps for OP3-I support the lack

of correlation seen between C1ONO2 and the other alkyl nitrates through clearly showing

that the origin of air masses yielding high concentrations of C1ONO2 are not shared with

those bringing in the higher values for the larger alkyl nitrates. Most striking is the ma-

rine air mass approaching Bukit Atur passed the end of the Semporna penninsula off the

south east coast of Sabah (Figure 4.14(a)), this particular air mass is responsible for the

lower than average concentrations for the propyl and butyl nitrates (Figures 4.14(c)-(f)).

C2ONO2 shows the north eastern sector to be attributable for delivering concentrations

higher than the mean to Bukit Atur (Figure 4.14(b)), 1-propyl nitrate shows a similar pat-

tern as does 1-butyl nitrate. Both 2-propyl and 2-butyl nitrate exhibit a similar pattern in

the mean value maps, with the air masses contributing most to their high concentrations

arriving from the same directions as one another excluding the north east to south east
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sector which does not seem to have passed over a source region.

The mean value maps for the OP3-III tell a different story for the alkyl nitrates, skewed

by the wind directions predominantly approaching from the south and south east and the

absolute concentrations for the propyl to butyl nitrates having dropped in this measure-

ment period at Bukit Atur. As before C1ONO2 does not correlate well with the other alkyl

nitrates, its mean value map indicates that air masses from the east and north of the site

are responsible for the higher concentrations seen in the OP3-III Bukit Atur data (Figure

4.15(a)). The propyl and butyl alkyl nitrates show their highest concentrations to be from

air approaching Bukit Atur from across the landmass of Borneo from the south west of

the site (Figure 4.15 (c)-(f)). The air masses that approach along the east coast of Borneo

to the south of Bukit Atur also seem to contribute high concentrations of ethyl to butyl

nitrates. C2ONO2 is neither correlated or anti correlated with the other alkyl nitrates (Fig-

ure 4.15(b)), there seems to be an area of exclusion to the north of Bukit Atur where air

from this direction brings lower concentrations and the west coastline to the south of the

site seems to bring higher concentrations in, but there is not a strong dependence on wind

direction exhibited for C2ONO2 during OP3-III.

The time series data for Bukit Atur show some daily variations, most notably in OP3-I

(Figure 4.11), it is possible that the high and low areas of the mean value maps above are

simply reflecting a diurnal pattern in air mass movement. By looking at the individual

trajectories it allows us to dissect the mean value maps to see if this is the case. Figure

4.16 is an example of this analysis, showing the spatial nature of the trajectories split onto

two separate maps: for those with concentrations higher than the mean measured at Bukit

Atur and those bringing in concentrations lower than the mean. Two further plots illustrate

the pressure height of the trajectories approaching Bukit Atur with time. This analysis has

been completed for all C1-C4 alkyl nitrate measurements at Bukit Atur from both OP3-I

and OP3-III. This break-down of the trajectories shows that the time that the trajectory

arrived at Bukit Atur is not a common influence on the concentration of the alkyl nitrates

seen, suggesting the mean value maps are a useful qualitative tool in attributing source

regions for the alkyl nitrate measurements.
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Figure 4.14: Mean value maps of C1- C4 alkyl nitrates from OP3-I
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Figure 4.15: Mean value maps of C1- C4 from OP3-III
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Figure 4.16: Back trajectories bringing higher than average (a) & (b) and lower than average concentrations (c) & (d) of C2ONO2 to Bukit Atur
during OP3-I.
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4.4 Summary

C1ONO2 contributed 44% to the total alkyl nitrates observed in the aircraft measurements,

24% for OP3-I and 61% for OP3-III making it the most dominant of the alkyl nitrates

observed during the whole of the OP3 project. The mean concentration of C1ONO2 in-

creases from 2.22 pptv during OP3-I to 6.24 pptv during OP3-III at Bukit Atur and a

comparable 6.02 pptv for the aircraft measurements during OP3-III. However, the propyl

and butyl nitrates show a decrease in their means between the two ground based periods of

measurement. Despite this the sum of the alkyl nitrates measured at Bukit Atur increases

from 9.2 pptv during OP3-I to 10.2 pptv for OP3-III.

Total alkyl nitrates made a small contribution to the local NOy: 3% during OP3-I,

decreasing to 2% during OP3-III at Bukit Atur. This suggests that the alkyl nitrates are

having little influence on local O3 and NOy budgets. These values are in keeping with

figures from the literature in other remote environments, such as the studies by O’Brien

et al. (1995) and Russo et al. (2010).

The oil palm plantations of Sabah appear to be a source of the propyl and butyl ni-

trates reported here. The average concentration of 2C3ONO2 was 3 pptv in the aircraft

measurements and 1.1 pptv at Bukit Atur during OP3-III. The air during the OP3-III pe-

riod approached Bukit Atur predominantly from the south and south east of the site where

little to no oil palm plantations are located. One of the limitations with back trajectory

analysis concerns the relatively long atmospheric residence of the alkyl nitrates with re-

spect to the 5 day back trajectories used: this complicates the allocation of source regions

for the alkyl nitrates.

Looking at the ratios between the parent alkanes and the alkyl nitrates it is evident

that the degradation of the parent alkanes cannot account for the range of mixing ratios

observed. C1ONO2 and C2ONO2 both show evidence of an alternative source besides

their parent hydrocarbons. These species show some high values in the marine boundary

layer off the Semporna penninsula and even higher concentrations were observed in the

boundary layer over the oil palm plantations, suggesting that these regions are providing

additional sources.
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Chapter 5

Methyl halide emissions from crop

plants

5.1 Introduction

Methyl halides are ozone depleting compounds. Currently it is estimated that 16% of

chlorine in the troposphere is derived from naturally emitted methyl chloride and over

half of bromine in the stratosphere is from natural sources of methyl bromide and other

bromocarbons (Montzka et al., 2010). However, the atmospheric budget of methyl halides

is currently unbalanced, with the known sinks outweighing the known sources (Montzka

and Fraser, 2003). From current understanding of the sources it has been suggested that

terrestrial vegetation may contribute to the ’missing’ sources and research has begun to

focus on terrestrial plants that emit methyl halides (Blei et al., 2010; Gan et al., 1998;

Redeker et al., 2000; Rhew, 2001; Saito et al., 2008; Yokouchi et al., 2002, 2007). In

areas of natural mixed vegetation e.g. forests, the high concentrations of methyl halides

measured at the leaf or branch level in some of these studies, such as Blei et al. (2010) and

et al.(2002), are not always observed at the canopy level or above the canopy (Chapter 3

contemporary measurements to Blei et al.(2010)).

It is possible that complex chemical or biological mechanisms and/or dynamics in

mixed vegetation environments result in the loss of signal above the canopy, however,
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Figure 5.1: Global rapeseed production in gigagrams (Gg) from 1961-2009. (FAOSTAT,
2011)

where a large area of only one species is present its emissions will dictate the atmospheric

composition above it. In this chapter the focus is not on naturally occurring vegetation

but crop plants. In a world experiencing continued expansion of agriculture and increas-

ing global population, the pressure to feed that population and meet the fuel demands

of the developed world are high. Rapeseed (Brassica napus) is a widely grown crop in

the northern hemisphere with uses from cooking oils to biofuel and it is a known emitter

of methyl halides (Mead et al., 2008b). With the biofuel industry set to rise, the pro-

duction of rapeseed will undoubtedly rise too, leading to an increase in methyl halide

emissions: quantifying this emission is important to guide the industry as to which vari-

eties of rapeseed should be grown and whether genetically modified cultivars should be

used to suppress the emission of these ozone depleting compounds. Other widely grown

crops have the potential to impact the atmosphere, rice (Oryza sativa) is a key example

as it is central to food security the world over, providing the main source of calorie intake

for approximately half the World’s population (FAOSTAT, 2011).
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Figure 5.2: Global rice production in gigagrams (Gg) from 1961-2009. (FAOSTAT, 2011)

Studies into the emissions from rice have shown that methyl halides, and in particu-

lar methyl iodide, are emitted from rice cultivation (Muramatsu and Yoshida, 1995; Re-

deker et al., 2000, 2002; Redeker and Cicerone, 2004; Lee-Taylor and Redeker, 2005).

There is a drive to increase the global production of rice to reduce poverty. The Bill

& Melinda Gates Foundation funded the International Rice Research Institute (IRRI) to

develop ’heartier’ varieties of rice and deliver them to 400,000 farmers in Africa and

Asia to increase their yields and incomes. In this case the Gates Foundation met their

goal of doubling rice yields for these 400,000 farm households by 2010 (Bill & Melinda

Gates Foundation, 2010). The economic and social drivers for increasing agriculture have

spurred the increasing production trends in these two important crops, rapeseed produc-

tion has increased twenty-fold from 3.6 x103 Gg in 1961 to 61.6 x103 Gg in 2009 (Figure

5.1) and rice has more than trebled from 1961 production of 21.6 x104 Gg to 67.9 x104

Gg reported in 2009 (Figure 5.2).
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5.1.1 The methylation process and the HOL gene

Gan et al.(1998) observed that Brassica plants can take up Br− from soil, produce methyl

bromide (CH3Br) and release it into the air. Br− has a ubiquitous presence in soils, with

soil containing an average of 1.0 mg/kg Br− (Flury and Papritz, 1993; Yuita, 1994). Gan

et al. reported that the emission of methyl bromide from Brassica plants increased pro-

portionally with the level of Br− level in the soil. In their experiments no methyl bromide

was reported in the Br− treated soils without plants or from the Br− soils containing only

plant roots, thus it was concluded that methyl bromide was produced by and released

from the above ground part of the plant. Plant Br− uptake and soil Br− were found to

be linearly correlated with an R2 of 0.96, which also coincided with a linear relationship

between the methyl bromide production rates and the plant Br− contents.

Arabadopsis thaliana is a member of the Brassicaceae family of which several mem-

bers have been shown to emit methyl halides (Gan et al., 1998). Crop geneticists such

as Attieh et al.(1995) and Rhew et al.(2003) have studied the methylation process in

plants which results in the emission of methyl halides into the atmosphere. Methyltrans-

ferases are the enzymes responsible for the methylation of chloride, bromide and iodide

within plants. Rhew et al.(2003) demonstrated that the model plant Arabidopsis thaliana

produces and emits methyl halides and that the enzyme responsible for the production

is encoded by the HARMLESS TO OZONE LAYER (HOL) gene. The gene was named

’HOL’ based on its expected effect when it is disrupted and its function is lost. The protein

encoded by HOL is capable of catalysing the S-adenosyl-L-methionine(SAM)-dependant

methylation of halide ions to produce methyl halides (Attieh et al., 1995; Saxena et al.,

1998; Wuosmaa and Hager, 1990). In mutant plants (where the HOL gene is disrupted),

the methyl halide production has been shown to be largely eliminated (Rhew et al., 2003),

however, few studies have focused on this.

Rhew et al.(2003) showed that the HOL mRNA was found in all above ground tis-

sues, the expression in the juvenile plants was considerably higher than in tissues from

the adult plants. Ribonucleic acid (RNA) is one of three known macromolecules along

with DNA and proteins that are essential for all known forms of life. Messenger RNA
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(mRNA) is used to carry genetic information that directs the synthesis of proteins. Un-

published studies conducted at the John Innes Centre have shown that the HOL gene

seems to be expressed very early in plant development, as early as germination. Two-

week old seedling roots have high expression of the HOL gene and when developed the

anther (pollen production zone in the flower) also exhibits some expression of the HOL

gene.

5.1.2 Plant varieties studied here

Plants from two different families were studied as part of this thesis work: the Brassicacea

family (Figure 5.3) and the Poaceae family (Figure 5.4).

Brassicacea

Brassica
Brassica napus

Brassica rapa

Arabidopsis Arabidopsis thaliana

Family Genus Species

Figure 5.3: Brassicacea family tree, illustrating genetic link between Brassica species and
Arabidopsis thaliana studied in this thesis.

The Brassicacea family contains many plants of economic importance such as Bras-

sica oleracea (broccoli, cabbage, and cauliflower), Brassica rapa (turnip), Brassica napus

(rapeseed), Raphanus sativus (common radish), and Arabidopsis thaliana (thale cress).

The Brassica plants investigated in this thesis were Arabidopsis thaliana, Brassica napus

and Brassica rapa. Firstly (Section 5.2) the ’model’ plant Arabidopsis thaliana was used

to identify the trait for emission of methyl halides. Arabidopsis thaliana is extremely well

studied and its biology well understood. Prior unpublished work by the John Innes Centre

identified this genomic trait for methyl halide emission in plants among the Brassicaceae

family, therefore, findings in Arabidopsis thaliana plants may be analogous to other plants

in the Brassicaceae family.
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Family Genus Species

Poaceae Oryza Oryza sativa

Figure 5.4: Poacea family tree for species Oryza sativa studied here.

Plants in the Poaceae family are commonly known as grasses. The genus Oryza of the

Poaceae family is native to tropical and subtropical regions of Asia, Northern Australia

and Africa. The species of Oryza studied in this thesis, Oryza sativa, is commonly known

as Asian rice. It has the smallest cereal genome of the Oryza genus. This small genome

makes its biology well understood and easy to genetically modify. Previous studies by Re-

deker et al.(2000), Lee-Taylor & Redeker (2005) and Redeker & Cicerone (2004) showed

methyl halide emissions from rice paddies.

The work presented here in this chapter is the result of an Earth and Life Systems

Alliance (ELSA) funded collaboration between the UEA Trace Gas Laboratory and the

Crop Genetics group at the John Innes Centre (JIC). This collaboration initially set out to

confirm that the HOL gene is responsible for the emission of methyl halides (Section 5.2)

by measuring the emissions from plants with and without this gene function. The success

of the initial experiment enabled the emissions of methyl halides to be studied from plants

with the HOL gene overexpressed (Section 5.2.4), where the expectation was to see an in-

crease in methyl halide emission. Once the sampling design and analysis was validated in

the first two laboratory studies there was the opportunity to study the emissions from rape-

seed in a field environment (Section 5.3). This field experiment provided the framework

to observe methyl halide emission at different stages of plant development and focus on

a widely grown crop plant. Agricultural environments with increasing salinity were then

focussed on by conducting an experiment where turnip plants were treated with a saline

solution during watering (Section 5.4). The final experiment presented here was intended

as the first in series of experiments with rice plants. This experiment aimed to ascertain

whether rice plants grown in soil (i.e. not in a paddy field) emit methyl halides (Section

5.5). In all experiments samples were taken in to cannisters and so the number of samples
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were limited by the number of cannisters available. The findings of these experiments are

then used to estimate global emissions from these crop plants within different scenarios

(Section 5.6).
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5.2 Pilot study of methyl halide emissions from Arabidop-

sis thaliana

5.2.1 Hypothesis 1

Arabidopsis thaliana seedlings without the ’HARMLESS TO THE OZONE LAYER’ gene

(HOL) emit less methyl halides (CH3Cl, CH3Br and CH3I) than the wild type Arabidopsis

thaliana seedlings.

5.2.2 Methodology

Rhew et al. (2003) found the expression of the HOL mRNA to be noticeably higher in

the tissues of juvenile plants (5 day old seedlings) compared to adult plants (4 week old).

Based on these findings, this experiment used juvenile Arabidopsis thaliana seedlings.

The seedlings were germinated and grown in Petri dishes with an agar substrate. Twenty

days after germination seperate Petri dishes of the juvenile plants were enclosed in Teflon

bags of approximately 1.5 litre capacity at 14, 6, 3 and 1 hours prior to sampling and at the

time of sampling. The plants were enclosed in Teflon bags at these recorded times prior

to sampling to ascertain the optimal enclosure time. Samples were taken into evacuated

1 litre SilcoCans, connecting the SilcoCans via Teflon tubing to the Teflon bag over the

seedlings. Then once connected, the Teflon valve attached to the bag was opened and

the SilcoCan valve opened to draw in approximately 1 litre of the enclosed air (Figure

5.5). Blanks were also sampled, the blanks were an enclosed petri dish containing the

agar substrate. 200 ml of each sample was analysed for methyl halides and also screened

for other organohalogens, on an Entech GCMS system at UEA (Chapter 2).

5.2.3 Results from HOL vs. wild type experiment

In all cases the sample taken after 14 hours of enclosure showed the highest concentra-

tions of methyl halides and the mutant plant sample without a functional HOL gene are

lower than the wild type samples (Figure 5.6), this supports our hypothesis 5.2.1. The
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Figure 5.5: Sampling of Arabidopsis thaliana in the Cambridge Laboratory, John Innes
Centre

blanks are high compared to expected background atmospheric concentrations, however

the composition of the agar contains high halide concentrations as it is a derivative of sea-

weed. There did not appear to be any consistent emission of other organohalogens from

Arabidopsis thaliana.

Figure 5.7 shows elevated mixing ratios of the methyl halides from the wild type

after just 1 hour of enclosure. The wild type exhibits high mixing ratios of the methyl

halides relative to their average background atmospheric mixing ratios (CH3Cl≈ 550 pptv

(AGAGE, 2010); CH3Br ≈ 7.5 pptv (Montzka et al., 2010); CH3I ≈ 1.2 pptv (Bell et al.,

2002)). From these results, it was concluded that an enclosure time of around 3 hours

would be appropriate to ensure seeing the methyl halide emissions without prolonging

the plant’s enclosure. Enclosure experiments will always create an artificial and stressful

environment for the plant, with more sophisticated experimental set-up these stresses can

be reduced but never eliminated (Blei et al., 2010; Owen and Hewitt, 2000).
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[Methyl chloride]

[Methyl bromide]

[Methyl iodide]

Figure 5.6: Methyl halides mixing ratios measured in the head space both wild type (WT)
Arabidopsis thaliana and the mutant with the HOL gene expressed (hol-1) after 14 hours
of enclosure.
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[Methyl chloride]

[Methyl bromide]

[Methyl iodide]

Figure 5.7: Methyl halides mixing ratios with enclosure time. Measured in the head space
both wild type (WT) Arabidopsis thaliana and the mutant with the HOL gene and a blank.
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5.2.4 Hypothesis 2

Overexpressor lines of Arabidopsis thaliana seedlings will emit more methyl halides

(CH3Cl, CH3Br and CH3I) than the wild type Arabidopsis thaliana seedlings.

5.2.5 Methodology

A subsequent study was conducted looking at the lines over expressing the HOL gene in

Arabidopsis thaliana namely 196-9 and 196-11 lines. The seedlings were grown in the

same material and were exposed to the same growing conditions as in the initial wild type

vs. HOL experiment (Subsection 5.2.2). Mutant seeedlings (hol ) were also grown for this

overexpressor experiment, however, the results have not been presented here for clarity,

the hol mutants exhibited lower emissions of methyl halides than the wild type as found

in the results of the HOL vs. wild type experiment above (subsection 5.2.3). The plants

were harvested at the end of this experiment to provide biomass values.

5.2.6 Results of overexpressor experiment

It was expected that these lines would exhibit more methyltransferase activity and there-

fore more methyl halide emissions than the wild type. As expected, the lines 196-9 and

196-11 over expressing the HOL gene showed greater fluxes than the wild type Arabidop-

sis thaliana. The line 196-11 exhibited the highest emission of both methyl chloride and

methyl bromide. Methyl iodide fluxes however, were highest for the other over expressor

line 196-9.

5.2.7 Summary of Arabidopsis thaliana experiments

These experiments confirm that when plants have the HOL gene ’deactivated’ their emis-

sion of methyl halides is suppressed. In plants where the methyltransferase trait is over-

expressed the emissions of methyl halides are observed to be higher than wild type Ara-

bidopsis thaliana, confirming that the emission of methyl halides is controlled by methyl-

transferase activity in the plant. In the wild type the observed emission of methyl iodide
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[Methyl chloride]

[Methyl bromide]

[Methyl iodide]

Figure 5.8: Methyl halides from wild type Arabidopsis thaliana and from the two overex-
pressor lines 196-9 and 196-11, shown here as means in nanogram per gram (ng/g) fresh
weight ± SE (n=3).
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was the greatest of the three methyl halides, this supports the findings of Rhew et al.

(2003). These findings confirm the involvement of the HOL gene in the emission of

methyl halides. It is reasonable to hypothesise that the emission of methyl halides in

other plants of the Brassicaceae family is also attributable to the HOL gene.

There is the possibility that the seedling emissions are due to the agar medium com-

position they were grown in. Sterilised agar was used as the growth medium for the ger-

mination of seeds and growth of seedlings. Agar is made from a seaweed derivative and

as such is highly likely to contain high levels of halide ions. A sample of the agar used by

the JIC in the above experiments was analysed by the UEA Chromatography Laboratory

using a Dionex instrument. Chloride and bromide were measured successfully, however,

despite several runs iodide was not successfully analysed in the samples. The agar used

at the JIC contained 97.6 ± 30 mg/l chloride and 44.5 ± 21 mg/l of bromide. When the

agar is prepared a formulation of nutrients is added to the agar. At the JIC the Murashige

and Skoog (MS) plant growth salts are added. These salts contained 332.16 mg/l calcium

chloride (CaCl2), 0.83 mg/l of potassium iodide (KI), but no bromine containing com-

pounds. It would be desirable to repeat these experiments in the future with Arabidopsis

thaliana seedlings grown in soil as it is currently unknown how much of this ’artificial’

halide content is available for the plant to use in the methylation process.

The relationship between the halide content of a substrate and the emission of methyl

halides from a plant grown on that substrate is poorly known. Mead et al. (2008b) stated

from a personal communication from Gan that a linear relationship was assumed between

the halide content in soil and the methyl halide emissions from the Brassicaceae plants

studied. However, this linear relationship is not defined in either the Gan et al. (1998)

paper or the subsequent modelling of those experimental results in the 2008 paper by

Mead et al. (2008b).
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5.3 Brassica napus field experiment

5.3.1 Hypothesis 3

Different varieties of rapeseed (Brassica napus) emit different amounts of methyl halides

and these emissions are influenced by the developmental stage of the plant.

5.3.2 Methodology

Manley et al. (2006) suggested that there was developmental regulation of methyl halide

emission from certain salt marsh species of the Brassicaceae family, peaking during the

flowering stage of the plants. In this experiment emission of the methyl halides were mea-

sured at two developmental stages in the life cycle of Brassica napus plants. Firstly, at

the teloscoping stage (104 days after sowing when the stem starts growing, also known as

’bolting’) and secondly at the flowering stage of the plants (118 days after sowing). Ten

different varieties of rapeseed were studied. These ten varieties included the genetic pairs

Tapidor and Ning You, Tapidor and Q14, Tapidor and Q57, Capitol and Rocket, Grizzley

and Verona, and DK142 and Apex. These ten varieties have been used by the Brassica

research community to generate genetic linkage maps (Armeanu-D’Souza, 2009). Such

linkage maps can be used in combination with knowledge of specific traits, to identify

genomic regions that are involved in regulating such traits. In this pilot experiment, the

interest was in identifying if methyl halide emissions could be measured from these va-

rieties for future detailed linkage map analysis. Conclusions of Brassica linkage map

analysis will not be presented in this thesis.

Single measurements were made of the ten different varieties of rapeseed at the telo-

scoping stage, again using a whole plant enclosure technique similar to that used in the

Arabidopsis thaliana experiments. The plants were grown in a growth room at the JIC

and planted out in one of the study fields at the JIC two weeks prior to the first sam-

pling taking place. The plants were enclosed in 115 litre Teflon bags for 3 hours prior to

sampling (Figure 5.9). To seal the Teflon bags around plants, plastic pipes of 16 cm di-
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ameter were placed in the soil around each plant, extending 4-8 cm above the soil surface.

The headspace of four soil blanks was also sampled at this stage, these were spatially

distributed throughout the plants being sampled. All samples were collected into 1 litre

evacuated SilcoCans using a battery pump, filling the SilcoCans to a positive pressure of

10 psi. The air samples were analysed on the UEA Entech GCMS system (Chapter 2),

where 200 ml of each air sample was used in analysis.

Based on the results of the first round of sampling during the telescoping stage, the

two pairs Ning You and Tapidor, and Capitol and Rocket were selected to be studied when

flowering. These four varieties were then subjected to the same enclosure and sampling

set-up, to observe if the differences between varieties remained similar in the plants at a

later stage of development. Triplicate measurements of these varieties of rapeseed were

used for this second field experiment at the JIC. The headspace of three soil blanks were

also taken and again all samples were analysed on the UEA Entech GCMS system (Chap-

ter 2), where 200 ml of each air sample was used in analysis. In order to get an estimate

of biomass during the telescoping stage, whilst avoiding destroying the plant, total plant

leaf area was estimated from the sum of recorded leaf lengths per plant, referred to as

cumulative leaf length (Armeanu-D’Souza, 2009). As the second sampling, during flow-

ering, was the final measurement of the experiment the biomass of the plants could be

obtained when harvesting the plants. Whilst the cumulative leaf length provides a proxy

for biomass, it is difficult to say how comparable it is with the actual weight of the plant.

Harvest weight used here is fresh weight as the global production figures available from

FAO are also fresh harvest weight.

5.3.3 Results and Discussion

The soil blanks in each experiment suggested uptake of methyl chloride with mixing ratios

approximately half that of the average atmospheric background. The JIC does not have

stocks of methyl bromide and laboratory air analysed contemporary to the field experi-

ment contained typical background mixing ratios of the methyl halides. Methyl bromide

was also approximately half that of the expected background in the first experiment sug-



5.3 Brassica napus field experiment 149

[a] [b]

Figure 5.9: Plant enclosure sampling setup for Brassica napus field experiment. (a) Sam-
pling at 104 days and (b) Sampling at 118 days.

gesting soil uptake of methyl bromide, however, in the second stage of the experiment

the average of the soil blanks were slightly elevated above atmospheric background at

a mean of 9.9 pptv. The methyl iodide mixing ratios in the soil blanks were consider-

ably higher than the atmospheric background for both measurement stage one and two, at

12 pptv and 9 pptv respectively. The absolute mixing ratios from the different varieties

measured here show the variety Ning You to exhibit the highest emission of the methyl

halides, however, its partner Tapidor does not share this behaviour, showing some of the

lowest emissions of methyl halides (Figure 5.10). This difference in emissions between

the genetic pair, makes the Tapidor-NingYou mapping population particular well-suited

for future analysis.

In an attempt to normalise these emissions by biomass, the methyl halide emission

over time from each of the ten varieties of rapeseed have been plotted against their cu-

mulative leaf length to identify whether the methyl halide emission would increase with

increasing leaf length (Figure 5.11). When presented in this way, the emission of methyl

halides from varieties Capitol and Rocket shows a fairly consistent emission for all three

methyl halides where the variety Rocket is greater than or equal to the emission of methy
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halides from Capitol. Figure 5.11 appears to show no correlation between the emission

and the cumulative leaf length, but with one group of plants (Grizzley, Ning You and

Verona) exhibiting higher emissions. Ning You consistently emits the most methyl halides

of all the varieties. In contrast, it genetic partner Tapidor is consistently amongst the low-

est emitting varieties. The pairs Ning You and Tapidor and, Capitol and Rocket were

selected for further study in the second phase of the field experiment, to observe if the

differences in emission between the varieties remains the same at a later stage of plant

development.

The second phase of measurement during the flowering stage of the rapeseed plants

found that all four varieties consistently emitted the methyl halides in the preferential

order of methyl chloride > methyl bromide > methyl iodide (Figure 5.12). Ning You

showed the highest methyl chloride flux of the four varieties with an average of 35 ng/g/d,

however a large variance was observed among the three replicates of Ning You. One

of the Ning You replicates was a replacement for a plant that had not survived the tran-

sition from the grow room to the study field, this particular plant had been grown in a

reserve population and the stress of the introduction into the field set-up resulted in accel-

erated development and it was fruiting at the time of sampling when the other plants were

flowering. This individual had a particularly large methyl chloride flux compared to the

other two replicates, suggesting that the fruiting stage of development incurs large fluxes

of methyl chloride into the atmosphere. The methyl bromide flux from Tapidor was the

lowest of the four varieties, however, the pair showed similar methyl iodide fluxes. Con-

sistently higher fluxes of the methyl halides from Capitol were observed compared to the

Rocket variety.

In this experiment the fluxes of methyl bromide were higher (mean 98.7 ± 15 ng/g/d

dry weight) than those reported in the Gan et al. (1998) study of rapeseed, where a flux

of 25 ng/g/d (dry weight) was reported. However, to scale up these fluxes to a global

emission from rapeseed the fluxes need to be in ng/g/d fresh weight to be comparable

with the FAO rapeseed harvest statistics. Gan et al. (1998) use their dry weight flux

multiplied by the FAO crop stats and as a result they calculate a disproportionately large
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Figure 5.10: Mixing ratios of methyl halides from different varieties of rapeseed during
telescoping stage of plant development. The mean of the soil blanks taken (n=4) is also
represented in this figure.



152 Methyl halide emissions from crop plants

[a]

[b]

[c]

Figure 5.11: Methyl halide emissions per minute are plotted against the cumulative leaf
length proxy for biomass. (a) Methyl chloride, (b) methyl bromide and (c) methyl iodide.
The four varieties of rapeseed that were studied in the flowering stage are annotated in
each plot.
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[a] [d]

[b] [e]

[c] [f]

Figure 5.12: Methyl halide fluxes in ng/g/d from Brassica napus varieties Tapidor, Ning
You, Capitol and Rocket. Shown in ng/g/d fresh weight (a) Methyl chloride, (b) methyl
bromide and (c) methyl iodide and by ng/g/d dry weight (d) Methyl chloride, (e) methyl
bromide and (f) methyl iodide. Data are means ± SD (n=3).
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global production of methyl bromide (6.6 Gg/yr) from Brassica napus . In this thesis

fresh weight is reported so that the fluxes can be used to estimate global emissions using

the FAO reported fresh weight biomass of the crop at harvest, this will be further covered

in Section 5.6.

The correlation between the fluxes of methyl chloride and methyl bromide among

the pair Tapidor and Ning You was R2 = 0.60, whereas for the pair Capitol and Rocket

the correlation between the methyl chloride and methyl bromide fluxes was R2 = 0.47.

Figure 5.12 shows a similarity between the methyl iodide fluxes for Tapidor and Ning You

confirmed with an R2 value of 0.71. Fluxes of methyl chloride and methyl iodide were

poorly correlated for all four varieties.

5.3.4 Summary of Brassica napus field experminet

The measurements presented here from the 104 day old plants show that the Brassica na-

pus variety Ning You emits the highest mixing ratios of all three methyl halides during the

telescoping stage. Its genetic partner Tapidor is, contrastingly, a low emitter of all three

methyl halides. The preferential order of emission of the methyl halides from Brassica

napus at both stages of development, in the varieties analysed here, shows methyl chlo-

ride to be the dominant emission, followed by methyl bromide, with the least prevelant

being methyl iodide emission. This is consistent with the approximate ratio between av-

erage concentrations of halogens in some soils, which have been reported to range from

56-1800, 0.5-6.0 and <0.5-6.0 ppm (dry weight) for chlorine, bromine and iodine respec-

tively (Redeker et al., 2000).

The absolute mixing ratios at the telescoping stage were lower than those measured

during the flowering stages of the plants. The Ning You mean flux for the flowering

stage was skewed by one of the plants which had progressed on to the fruiting stage and

exhibited very high emissions. Overall, the flux data appeared to show lower emissions

of the methyl halides during the telescoping stage than the flowering stage, however,

the comparison of biomass is complicated by the cumulative leaf length being the best

available proxy for biomass at that stage. Further experiments would be necessary with a
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large enough population of plants to destructively harvest plants at both stages, enabling

fluxes in ng/g/d to be consistently reported. Or alternatively if cumulative leaf length were

measured at the final stage prior to the destructive harvest, some relationship between the

two parameters could be eluded to.
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5.4 Effect of NaCl salinity on emission of methyl halides

from Brassica rapa

5.4.1 Hypothesis 4

Sodium chloride (NaCl) salt stress effects the emission of methyl halides from Brassica

rapa plants.

5.4.2 Rationale

This experiment focused on the effect of sodium chloride (NaCl) salinity on the methyl

halide emissions from Brassica rapa (turnip) plants, also a member of the Brassicaceae

family. Emission of methyl chloride and methyl bromide have been reported from saline

environments such as coastal salt marshes (Rhew et al., 2000) and from coastal land (Yok-

ouchi et al., 2000).

There is evidence that the process of methyltransferase is influenced by halide sub-

strate exhibiting a preference for iodide > bromide > chloride (Attieh et al., 1995). The

work of Attieh et al. (1995) also demonstrated an affinity of the methyltransferase to

bisulphide (HS−) to a similar magnitude as iodide and subsequent study showed that the

highest affinity of the methyltransferase process was to thiocyanate (CNS−) (Attieh et al.,

2000). Thiocyanate and bisulphide are toxic to insects, therefore Attieh et al. (2000) sug-

gested that the purpose of halide or bisulphide methyl transferase is to protect the plant

by emitting a ’pesticide’.

5.4.3 Methodology for NaCl Brassica rapa experiment

This experiment was conducted in one of the greenhouses at the JIC. The plants were all

grown in soil, three were control plants where no NaCl was added and three plants that

were treated with 100 mM NaCl and another three plants treated with 200 mM NaCl.

Salinity treatments were administered with a saline solution when watering and began 22

days after sowing, the treatments continued for 15 days, then the sampling took place. To
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sample the emissions the whole plants were again enclosed in Teflon bags sealed to the

plant pots three hours prior to sampling (Figure 5.13). Sampling took 1 litre into evacuated

SilcoCans using a battery pump. All samples were analysed on the UEA Entech GCMS

system.

Figure 5.13: Experimental set up in the greenhouse at JIC for the NaCl Brassica rapa

study.

5.4.4 Results of NaCl treatment experiment

Methyl chloride fluxes dominated the emissions in the untreated, 100 mM and 200 mM

NaCl treatments (Figure 5.14). Methyl bromide fluxes decreased dramatically, but not

significantly, with increasing NaCl salinity treatment. The methyl iodide emission is very

low throughout, though it does seem to exhibit a 2-fold increase in methyl iodide emission

in the 100 mM treated plant compared to the control, however, the variability between

the triplicate measurements is not significant. The 200 mM treated plants show similar

emission to the control for methyl iodide. The reproducibility of the methyl iodide flux in

the control plants and 200 mM treated plants were poor, with one point skewing the mean
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of the data considerably.

Figure 5.14: Methyl halide fluxes (ng/g/d fresh weight) from adult Brassica rapa plants

treated with 0, 100 and 200 mM of NaCl. Data are means ± SD (n=3).

The methyl bromide emissions decrease with NaCl treatment by 75% from the control

to the 100 mM, the emission remains suppressed to the same degree for the 200 mM

NaCl treated plant. A previous study conducting similar experiments, but using sodium

bromide (NaBr), also showed an increase in emission of the halide that was introduced

and a reduction in the emission of the other two methyl halides (Rhew et al., 2003). This

supports the findings presented in this section and suggests that the plant system emits

methyl halides to remove the excess halide from the plant system, as here an 11-fold

increase of methyl chloride emission from the 200 mM compared to the control plant,

and a 2-fold increase between the methyl chloride emission from the 100mM treated

plant and the 200 mM treated plant.

5.4.5 Conclusions of NaCl treatment experiment.

Emissions of methyl chloride dominated the fluxes from the control plants and those un-

der both NaCl treatments. The addition of the chloride in the form of NaCl appears to

suppress the methyltransferase of the other halides and focus on removing the excess
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chloride in the plant system. A further study developing this experiment with more repli-

cate measurements would distinguish anomalous results and reduce their influence on the

mean of the data.
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5.5 Methyl halide emissions from rice, Oryza sativa

5.5.1 Hypothesis 5

Methyl halides are emitted from rice plants when grown in soil.

5.5.2 Methodology

Methyl halides emissions have been observed from rice paddies (Lee-Taylor and Redeker,

2005; Muramatsu and Yoshida, 1995; Redeker et al., 2002), the separation of plant and

growth medium, i.e. paddy field have not been isolated, here methyl halide emissions

from rice plants grown in soil are studied. Emissions of methyl halides from four differ-

ent varieties of rice were measured. This was achieved by growing four different varieties

of rice in a soil medium in a grow room at the JIC. The varieties grown were CO39,

Yashiro Mochi, Bala and Nipponbare. The same plant enclosure technique as with the

previous experiments was employed and analysis was again undertaken on the UEA En-

tech GCMS.

5.5.3 Results from rice experiment

The results of this experiment with rice (Figure 5.14) exhibit the similar preferential order

of methyl halide emission with the experiments using members of the Brassicaceae family

(methyl chloride > methyl bromide > methyl iodide). The methyl bromide flux was the

highest from variety CO39. The variety Yashiro Mochi had to be discarded from interpre-

tation as either the plant enclosure or the sampling canister were contaminated, therefore

only CO39, Bala and Nipponbare will be discussed here. Bala exhibited higher fluxes of

methyl bromide and iodide than the variety Nipponbare, however, Nipponbare showed a

higher average flux for methyl chloride than that of Bala. Differences between the vari-

eties Bala and Nipponbare were not significant. There was a large variation amongst the

CO39 replicate fluxes of methyl chloride. The methyl bromide average flux from CO39

replicates were significantly higher than the other two varieties.
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Figure 5.15: Fluxes of the methyl halides from the rice varieties Bala, CO39 and Nippon-
bare (ng/g/d fresh weight). Data are means ± SD (n=3).
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5.6 Global emission estimates based on the plant

varieties measured

It is useful to consider the results presented in this chapter in a wider context, and com-

pare the extrapolation of these results to global emission estimates from other studies. The

World Meteorological Organization publish current estimates of the atmospheric budget

of ozone depleting compounds in their scientific assessment of ozone pollution, currently

rapeseed is attributed to 5% of the natural sources of methyl bromide to the atmosphere

and rice is estimated to account for 1%. Rough estimates of the global production of

methyl halides from the varities of rapeseed and rice measured in these studies are pre-

sented here.

Gan et al. (1998) estimated the global production of methyl bromide from rapeseed

(Brassica napus ) alone to be 6.6± 1.6 Gg/yr. Since this study this high value has not been

replicated, Mead et al. (2008b) found that a similar value to this can only be reached when

modelling emissions for a short growing season and where the production figures only

represent 25% of the actual biomass. Gan et al. (1998) arrive at this value by extrapolating

their observed flux based on an undisclosed linear relationship between the soil halide

content and the methyl halide emission, in the 1998 study the soil halide levels are deemed

lower than the global average and so based on this undisclosed linear relationship the

observed flux of 25 ng/g/d is scaled up to 515 ng/g/d (presumably dry weight) which

yields 6.6 Gg yr−1. Here using latest annual estimates of rapeseed (61.6 x103 Gg yr−1)

and rice (67.9 x103 Gg yr−1) production values (FAOSTAT, 2011) the emission estimates

below were calculated. Calculations made in this chapter will use a flux per fresh weight

of plant which can be more directly compared with the FAO harvest figures.

A consideration with calculations such as these, particularly in the case of rapeseed, is

the growing season of the crop. Unless the crop can be grown year round the production

reported by the FAO is the total harvest gathered that year, however, this crop may only

have been growing for several months of the year. Hence, the process of multiplying the

flux calculated from our studies, by the FAO reported annual production of the crop may
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introduce a large error in annual emission of methyl halides into the atmosphere from

these more seasonal crops. Rapeseed has two main varieties: winter rapeseed and spring

rapeseed. In our studies with the John Innes Centre winter rapeseed was used. Spring

rapeseed varieties with a shorter growing season are grown in Canada and China where

they plant in March/April and harvest in July/August. In the UK and other European

countries winter rapeseed is planted in early September and harvested in July.

Another assumption with this technique is that the emission rate is constant through-

out the plants life cycle. Although the Brassica napus field experiment had two sampling

stages, at only one of those could a fresh weight be determined due to the destructive na-

ture of the process. The cumulative leaf length was used as a proxy for biomass, however,

there are various uncertainties with this method and it cannot be quantitatively used as a

comparison with fresh or dry weight.

The FAO crop statistics only consider the portion of the plant which is of economic

value i.e. it does not consider the portion of the crop left standing in the field after har-

vest. To account for this several studies have implemented a ’Harvest Index’ to adjust the

value to one more representative of the whole biomass of the plant (Diepenbrock, 2000;

Gunasekera et al., 2001; Mead et al., 2008b). Mead et al. (2008b) used scenarios, for

rapeseed, of ’low harvest index’ where only 25% of the actual biomass is presumed to

be harvested and a ’high harvest index’ where 35% of the actual biomass is harvested.

Harvest indexes have also been defined for rice with a high harvest index where esti-

mated 55% of the plants biomass is harvested and a low harvest index where an estimated

45% of the plants biomass is harvested (Alam et al., 2009; Prasad et al., 2006; Yoshida,

1981). These scenarios are used in this thesis to further constrain the rapeseed and rice

flux estimates from the studies described above.

The 1961-2009 rapeseed production trend fits an exponential fit with an R2 of 0.98,

though it is unrealistic that this will be the actual trend in rapeseed production, it can be

used to calculate estimates of production over the next half century. Beyond that the area

of land required to grow rapeseed, given an exponential trend, is unrealistic. For example,

to reach a 2100 modelled emission 6 billion hectares of the Earth’s land surface (14.8
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billion Ha) would need to be cultivated for rapeseed crops. Extrapolating production rates

using the aforementioned exponential fit of the current rapeseed data has been employed

to estimate future global emissions of methyl halides from rapeseed (Tables 5.1, 5.2, 5.3).

5.6.1 Emission calculations

The emission estimates presented below were calculated in the following way. The Ideal

Gas Law (Equation 47) can be utilised to calculate the number of moles of the methyl

halide (Equation 48). Firstly, the raw mixing ratio data in pptv (i.e. x10−12) minus the

blank is multiplied by the volume of the bag enclosure (in m3) giving the term ’V’ for

Equation 48.

pV = nRT (47)

Where p = absolute pressure (95000 Nm−2), V = volume, n = number of moles, R =

universal gas constant (8.3143 J K−1 mol−1) and T = temperature (290 K). This can be

rearranged to give the number of moles by:

n =
pV

RT
(48)

Then the number of moles calculated can be multiplied by the relative molecular mass

(RMM) of the compound (CH3Cl = 50.5 g; CH3Br = 94.9 g; CH3I = 142 g) to yield

the mass (g) of compound present. This mass should then be multiplied by the biomass

(fresh weight) to yield g/g of the methyl halide. This should be divided by the period of

enclosure to provide a flux in g/g/d. This flux (in g/g/d) is then multiplied by the growing

season (in days) and the total rapeseed production for that year to yield g yr−1. This

annual emission can then be converted to the commonly used Gg yr−1 unit.

Currently it is estimated that 5% of the total methyl bromide emissions are from rape-

seed and 1% from rice paddies (WMO, 2010). However, the value for rapeseed from

Mead et al. (2008b), is modeled on the experimental work of Gan et al. (1998), who used

dry weight which will have introduced error into the calculations. The work conducted

with the JIC suggests that the current value included in the WMO ozone assessments for

rapeseed contribution to the natural sources of methyl bromide is too high. The combined
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Table 5.1: Estimated methyl chloride fluxes (Gg yr−1) for 2009 and 2050 from different
varieties of rapeseed. The 2009 values are based on the measurements reported in this
chapter, the 2050 estimates are based on a continuation of the trend in global rapeseed
production. Averages are also shown ± standard deviation.

Variety of rapeseed LS HHI LS LHI SS HHI SS LHI Average by variety
2009
Tapidor 0.34 0.41 0.29 0.35 0.35±0.05
Ning You 1.04 1.25 0.90 1.08 1.07±0.14
Capitol 0.62 0.74 0.53 0.64 0.63±0.09
Rocket 0.28 0.33 0.24 0.29 0.28±0.04
Average by
growing conditions 0.57±0.34 0.68±0.42 0.49±0.30 0.59±0.36 0.58±0.24
2050
Tapidor 3.68 4.42 3.18 3.81 3.77±0.51
Ning You 11.3 13.5 9.71 11.7 11.5±1.56
Capitol 6.65 7.98 5.74 6.88 6.81±0.92
Rocket 2.99 3.59 2.58 3.10 3.07±0.42
Average by
growing conditions 6.15±3.8 7.37±4.5 5.30±3.2 6.36±3.9 6.29±2.6

LHI, low harvest index; HHI, high harvest index; SS, short season; LS, long season (Mead
et al., 2008b)

average of all rapeseed varieties measured and the different possible growing conditions

produces a figure of 0.36 Gg yr−1 (Table 5.2) which is 0.3 % of methyl bromide sources,

compared to the figure of 5.1 Gg yr−1 currently used in WMO 2010. Increasing cultiva-

tion could result in rapseed contributing 4.3% of the natural methyl bromide budget by

the year 2050.

Rice production for the same period has a linear upwards trend with a linear trendline

matching the data with a R2 value of 0.99, again using this projection of future rice yields

global estimates of the methyl halide emissions have been calculated (Table 5.4). The

figure currently used in the WMO ozone assessment is 0.7 Gg yr−1 which is 0.8% of

natural methyl bromide sources, this is slightly lower than the estimates calculated here.

From the rice varieties measured here values of 0.97 - 1.18 Gg yr−1 were calculated, this

is 1 - 1.3 % natural methyl bromide flux.
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Table 5.2: Projected methyl bromide fluxes (Gg yr−1) for 2009 and 2050 from different
varieties of rapeseed. The 2009 values are based on the measurements reported in this
chapter, the 2050 estimates are based on a continuation of the trend in global rapeseed
production. Averages are also shown ± standard deviation.

Variety of rapeseed LS HHI LS LHI SS HHI SS LHI Average by variety
2009
Tapidor 0.20 0.24 0.18 0.21 0.21±0.03
Ning You 0.45 0.54 0.39 0.46 0.46±0.06
Capitol 0.45 0.54 0.39 0.47 0.46±0.06
Rocket 0.31 0.37 0.27 0.32 0.32±0.04
Average by
growing conditions 0.35±0.1 0.42±0.1 0.30±0.1 0.37±0.1 0.36±0.9
2050
Tapidor 2.19 2.63 1.89 2.27 2.24±0.30
Ning You 4.83 5.80 4.17 5.00 4.95±0.67
Capitol 4.85 5.82 4.19 5.02 4.97±0.67
Rocket 3.36 4.03 2.90 3.47 3.44±0.47
Average by
growing conditions 3.81±1.3 4.57±1.5 3.28±1.1 3.94±1.3 3.9±0.9

LHI, low harvest index; HHI, high harvest index; SS, short season; LS, long season (Mead
et al., 2008b)

Lee-Taylor and Redeker (2005) modelled methyl halide emissions from rice paddies,

estimating 2.4-4.9±73%Gg yr−1 of methyl chloride , 0.5-0.9±87% Gg yr−1 methyl bro-

mide and 16-29±75% Gg yr−1 of methyl iodide. Methyl bromide emissions from the rice

varieties measured here are comparable with the Lee-Taylor and Redeker (2005) study, at

1.08±0.5 Gg yr−1. The rice varieties measured here exhibit lower emissions of methyl

chloride (1.59±0.3 Gg yr−1) and methyl iodide at least three orders of magnitude lower

(0.014±0.011 Gg yr−1) than the range suggested by Lee-Taylor and Redeker (2005) (Ta-

ble 5.5). It is possible that in saturated rice paddy fields algae in the water are producing

methyl iodide thus contributing to the high mixing ratios observed in the Lee-Taylor and

Redeker (2005) study.
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Table 5.3: Projected methyl iodide fluxes (Gg yr−1) for 2009 and 2050 from different
varieties of rapeseed. The 2009 values are based on the measurements reported in this
chapter, the 2050 estimates are based on a continuation of the trend in global rapeseed
production. Averages are also shown ± standard deviation.

Variety of rapeseed LS HHI LS LHI SS HHI SS LHI Average by variety
2009
Tapidor 0.12 0.14 0.10 0.12 0.12±0.02
Ning You 0.12 0.15 0.10 0.13 0.12±0.02
Capitol 0.18 0.22 0.16 0.19 0.19±0.03
Rocket 0.08 0.10 0.07 0.09 0.09±0.01
Average by
growing conditions 0.12±0.04 0.15±0.05 0.11±0.04 0.13±0.04 0.13±0.03
2050
Tapidor 1.24 1.49 1.07 1.29 1.27±0.17
Ning You 1.30 1.56 1.12 1.34 1.34±0.18
Capitol 1.95 2.34 1.68 2.02 2.00±0.27
Rocket 0.90 1.07 0.77 0.93 0.92±0.12
Average by
growing conditions 1.35±0.4 1.62±0.5 1.16±0.4 1.40±0.5 1.38±0.3

LHI, low harvest index; HHI, high harvest index; SS, short season; LS, long season (Mead
et al., 2008b)
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Table 5.4: Projected methyl halide fluxes (Gg) for 2050 and 2100 from different varieties of rice. The 2009 values are based on the measure-
ments reported in this chapter, the 2050 and 2100 values are based on a continuation of the trend in global production.

HHI LHI
Variety of rice CH3Cl CH3Br CH3I CH3Cl CH3Br CH3I
2009
Bala 1.24 0.92 0.008 1.52 1.12 0.010
CO39 1.67 1.46 0.026 2.04 1.78 0.031
Nipponbare 1.39 0.53 0.005 1.70 0.65 0.006
Average by
growing conditions 1.45±0.2 0.97±0.5 0.013±0.01 1.75±0.3 1.18±0.6 0.016±0.01
2050
Bala 2.02 1.49 0.013 2.47 1.82 0.016
CO39 2.70 2.36 0.042 3.30 2.88 0.051
Nipponbare 2.26 0.86 0.008 2.76 1.05 0.010
Average by
growing conditions 2.32±0.4 1.57±0.8 0.021±0.02 2.84±0.42 1.92±0.9 0.026±0.02
2100
Bala 2.93 2.17 0.019 3.59 2.65 0.024
CO39 3.93 3.43 0.060 4.80 4.19 0.074
Nipponbare 3.28 1.25 0.012 4.01 1.53 0.014
Average by
growing conditions 3.38±0.5 2.28±1.1 0.030±0.03 4.13±0.62 2.79±1.3 0.037±0.03

HHI, high harvest index where and estimated 55% of the plants biomass is harvested; LHI, low harvest index where and estimated 45% of the
plants biomass is harvested (Alam et al., 2009; Prasad et al., 2006; Yoshida, 1981).
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Model results obtained by Lee-Taylor and Redeker (2005) found that each increase

of 1oC in ambient temperature resulted in a 10% increase in methyl bromide and methyl

iodide emission from rice. Projections of the methyl bromide and methyl iodide emis-

sion from rice have been calculated here for future climate scenarios where the ambient

temperature is increased by, 1, 2, 3 and 4oC. According to the IPCC Fourth Assessment

Report surface temperature could increase up to 4oC over Europe by 2100 (Meehl et al.,

2007), using the range of temperatures from this IPCC report and the projected methyl

chloride emission for rice (Table 5.5), the values in Table 5.6 have been calculated. Tem-

perature increases of up to 3oC are suggested in the IPPC report for mid 21st century.

Table 5.5: Best estimates for methyl halide fluxes (Gg yr−1) from rapeseed and rice va-
rieties measured in this work. The estimates are the means of all scenarios. Values are
shown ± standard deviation (n=3).

Methyl chloride Methyl bromide Methyl iodide
Rapeseed 0.58±0.24 0.36±0.09 0.13±0.03
Rice 1.59±0.3 1.08±0.5 0.014±0.011

Table 5.6: Projected methyl bromide and methyl iodide from rice (Gg yr−1) for a range
of climate change scenarios. The values are calculated using the average methyl bromide
and methyl iodide emissions from the rice varieties reported in this chapter. The different
harvest index scenarios are shown as increases in rice harvest from the 2009 values of
HHI = 1.2x106 Gg and LHI = 1.5x106 Gg.

Methyl bromide Methyl iodide
Harvest Index +1oC +2oC +3oC +4oC +1oC +2oC +3oC +4oC

HHI (+0.8x106) 1.73 1.88 2.04 2.20 0.023 0.025 0.027 0.029
LHI (+0.9x106) 2.11 2.30 2.49 2.69 0.028 0.031 0.033 0.036

HHI (+1.7x106) 2.51 2.74 3.30 3.64 0.034 0.037 0.040 0.043
LHI (+2.0x106) 3.07 3.35 3.80 4.14 0.041 0.045 0.048 0.052

HHI, high harvest index where and estimated 55% of the plants biomass is harvested;
LHI, low harvest index where and estimated 45% of the plants biomass is harvested (Alam
et al., 2009; Prasad et al., 2006; Yoshida, 1981).

Assuming the rest of the natural sources of methyl bromide remain fixed at their cur-

rent known values, Table 5.6 shows that a temperature increase of just +1oC by 2050, com-
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bined with a high harvest index, could increase the methyl bromide emission from rice

by almost doubling its contribution to the natural methyl bromide budget. The methyl

iodide figures calculated in Table 5.6 show that for these climate change scenarios the

methyl iodide emission from rice remains well below that reported from rice paddies by

Lee-Taylor and Redeker (2005).
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5.7 Conclusions

The hypotheses investigating the hol gene in Arabadopsis thaliana plants were both

confirmed: The hol gene has been shown to be responsible for methyl halide emission

in Arabadopsis thaliana, supporting the work of Rhew et al. (2003). The lines over-

expressing the gene, where it is deemed ’over active’, displayed an expected increase in

methyl halide emission.

Hypothesis 3 (Section 5.3) was partially confirmed with the Brassica napus field ex-

periment showing Ning You to be the highest emitter of methyl halides from the rapeseed

varieties studied, however, the extent to which development of the plant effects the methyl

halide emission was not ascertained. Both the rapeseed experiment and the Arabadopsis

thaliana experiment showed the same preferential order of methyl halide emission sug-

gesting that this is a common trait of the Brassica family of plants.

It is clear that constancy in the reported biomass as fresh weight is an important factor

when scaling up fluxes from the plant level to global emissions. Although there is clearly

huge uncertainty with scaling up such small pilot studies, consistency in units will help

reduce that error. This study suggests that the current value included in the WMO ozone

assessments for rapeseed contribution to the natural sources of methyl bromide is too high

at 5% compared to a contribution of 0.3% calculated in this work. However, if rapeseed

cultivation continues to increase at the current trend, its contribution to the natural sources

of methyl bromide could increase to 4.3% by 2050.

The rice varieties measured here emit methyl iodide at least three orders of magnitude

lower than the range suggested by Lee-Taylor and Redeker (2005). A similar experiment

where the rice plants are grown in saturated trays simulating a paddy field may provoke

algal growth and associated methyl halide emissions, the change in growth media may

invoke a flux similar to those observed by Lee-Taylor and Redeker (2005). However,

the methyl bromide emission measured here is comparable with the figure reported by

Lee-Taylor and Redeker (2005) used by the WMO in their latest ozone assessment report.

A temperature increase of +1oC by 2050 could increase the methyl bromide emission

from rice by almost doubling its contribution to the natural methyl bromide budget. The
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methyl iodide figures calculated in Table 5.6 show that for these climate change scenarios

the methyl iodide emission from rice remains well below that reported from rice paddies

by Lee-Taylor and Redeker (2005). There is scope to extend this sensitivity study to

look at the changes in methyl halide emissions that would result from the temperature

changes predicted for specific growing regions. This type of sensitivity study would also

be applicable to the assessment of methyl halide emissions from tropical plant species

such as those near the ground site of Bukit Atur during the OP3 project (Chapter 3).

Further experiments would greatly improve our understanding of how and why plants

methylate the halides, particularly where the growth medium and substrate are analysed

both before and after flux measurements, to quantify the halide content of the substrate

and how much is readily available to the plant. The next step with the rice study is to

identify the hol gene, or equivalent, in the rice plant to confirm that mutants in the rice

family will also suppress the emission of methyl halides.
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Chapter 6

Summary and Conclusions

A range of organohalogens and alkyl nitrates were successfully measured in Borneo dur-

ing the OP3 project and the atmospheric composition of them described in Chapters 3 and

4 respectively.

The OP3 methyl chloride data showed higher values than the global atmospheric back-

ground levels, however, the values were not comparable with the mixing ratios reported

by Yokouchi et al. (2002) (1,000 - 3,000 pptv in the ambient glasshouse air) or the emis-

sions seen by Blei et al. (2010). The discrepancy between the leaf-level measurements

of Blei et al. (2010) and the OP3 canopy-level measurements at Bukit Atur suggests that

either methyl chloride has an unknown loss process in the rainforest environment, or that

branch enclosure experiments force the plant’s environment unrealistically and are not a

sufficient representation of the ambient atmospheric composition. Greater understanding

of why plants emit methyl halides could help explain why the methyl chloride signal is

lost above the canopy: it could be that the plant emits methyl chloride to defend itself

from pests and the interaction of the methyl chloride with the pest happens in a way that

destroys the methyl chloride. This highlights the importance of an interdisciplinary ap-

proach to understanding plant emissions, such as that presented in Chapter 5 between the

JIC and UEA that brings plant physiology and atmospheric chemistry together.

As current understanding of the atmospheric loss processes of methyl chloride do

not support a hypothesis of a biological mechanism. The difference between sampling

ambient air down an inlet, as described in Chapter 2, and branch enclosures, as in Blei
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et al. (2010), is more likely to incur the discrepancy seen in the leaf-level and canopy-

level data. To be certain of this, a series of validation experiments using the two methods

could be undertaken involving plants with well characterised emissions, such as rapeseed

or tobacco plants.

The organic bromine budgets calculated in Table 3.2 show that there is 6-7 pptv or-

ganic bromine available from short-lived brominated species (i.e. excluding methyl bro-

mide), in the atmosphere over the landmass and seas of Sabah. This bromine could poten-

tially contribute to the missing 3-5 pptv stratospheric bromine that is currently predicted

(Montzka et al., 2010). The bromine budget calculated form the OP3 data confirms that

the modelled 3-5 pptv contribution of short-lived brominated species is realistic.

The OP3 data presented in Chapter 3 suggests that the southeast coast is a source re-

gion for methyl bromide, methyl iodide and the short lived bromocarbons. The seaweed

farms of the southeast coast are likely to be the source, supporting the work of Baker

et al. (2001) and Yokouchi et al. (2005), amongst others, who reported high mixing ratios

of these compounds from macroalgae. Furthering their work, the bromocarbon time se-

ries suggests that this coastal source could be diurnal. A further study to investigate the

strength of this hypothesis would advance current understanding of the atmosphere-ocean

exchange in the region. The daily variations in the time series from Bukit Atur may be

a feature of the unusual nature of the site being withing the daytime boundary layer but

disconnected from the nocturnal boundary layer as hypothesised in Chapter 3.

The OP3 aircraft data and mean value maps confirmed the known sources of bromo-

form to be oceanic and so bromoform was used as an oceanic tracer. Periods of sustained

elevated mixing ratios in the bromoform time series, termed ’events’, were compared to

variations with other compounds such as the alkyl nitrates: where the time series fol-

lowed a similar variation, such as on the 28th April 2008, the change in mixing ratios was

attributed to a change in air mass influencing the ground site.

Beyond the speciation of the atmospheric composition in the rainforest, data collected

in the boundary layer over the oil palm plantations of Sabah showed high values of methyl

chloride and chloroform. Flux measurements combined with canopy-level measurement
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of these compounds in the oil palm plantations would clarify the role of the oil palms in

the high mixing ratios of methyl chloride and chloroform observed.

Methyl nitrate was the dominant alkyl nitrate observed during the whole of the OP3

project. The mean concentration of methyl nitrate at the ground site of Bukit Atur in-

creased from OP3-I to OP3-III, most likely this is linked to the change in prevailing wind

direction between the two measurement periods. The methyl nitrate aircraft data in Chap-

ter 4 shows that the highest mixing ratios were observed over the oil palm plantations of

Sabah. Methyl and ethyl nitrate both show evidence of an alternative source besides their

parent hydrocarbons (Chapter 4). The methyl and ethyl nitrate OP3 measurements sup-

port the literature by showing signs of marine influence, while introducing the hypothesis

that oil palm plantations facilitate the formation of both nitrates. The oil palm plantations

also appear to be a formation region for the propyl and butyl nitrates with 2-propyl nitrate

average value almost 3 times higher than the average mixing ratio observed at the rainfor-

est ground site for the same period. These findings provide a basic rationale for a study

focusing on alkyl nitrates and their precursors in oil palm plantations. The contribution

of the alkyl nitrates to the NOy budget supports values in the literature for remote areas:

the alkyl nitrates made up 3% of NOy during OP3-I and 2% during OP3-III at the ground

measurement site.

The periods of elevation seen in the propyl and butyl nitrate time series data for OP3-I

and OP3-II are well correlated with anthropogenic precursors such as NOx and the hy-

drocarbons, but also the bromocarbons confirming that changes in air mass are one of the

greatest influences on the remote measurement site. The predominant factors influencing

the variations observed at Bukit Atur appear to be meteorological, the origin of the air

mass is important as well as the physical properties of the boundary layer.

The complexity of the OP3 data set leaves avenues of inquiry left open that could not

be investigated here in this thesis. Further to the data collected as part of OP3, future

ground based data in the oil palm plantations, at the coastlines and over the seas of Sabah

would facilitate a fuller understanding of the emissions in these regions.

The laboratory and field experiments conducted between UEA and the JIC confirmed
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that the hol gene is the gene responsible for methyl halide emission in Arabadopsis

thaliana (Chapter 5), supporting the work of Rhew et al. (2003). The Brassicaceae plants

studied emitted the methyl halides in the same preferential order, linking the trait between

plants of this family and suggesting that the hol gene would be responsible for methyl

halide emission across the Brassicaceae family.

This study suggests that the current value included in the WMO ozone assessment

(2011) for rapeseed contribution to the natural sources of methyl bromide is too high at

5% compared to a contribution of 0.4% calculated in this work. However, its projected

contribution to the natural sources of methyl bromide could increase to 4.3% by 2050

if production continued to follow the current trend. This work has shown that it is of

paramount importance that freshweight is used in these calculations as opposed to dry

weight which is the traditonal unit employed in the literature to describe a plant emission

rate. The FAO report their harvest figures in fresh weight and large errors are introduced

if emisison rates for dry weight are used.

The rice varieties measured and reported in Chapter 5 emit methyl iodide at least three

orders of magnitude lower than the range suggested by Lee-Taylor and Redeker (2005). A

similar experiment where the rice plants are grown in saturated trays simulating a paddy

field may provoke algal growth and associated methyl halide emissions, the change in

growth media may invoke a flux similar to those observed by Lee-Taylor and Redeker

(2005). However, the methyl bromide emission measured here is comparable with the

figure reported by Lee-Taylor and Redeker (2005) used by the WMO in their latest ozone

assessment report (2011).

The findings of these novel experiments would justify further time and resources into

this interdisciplinary field of crop genetics and atmospheric chemistry. As mentioned

with regard to the methyl chloride data from OP3, these studies would benefit greatly

from validation and comparison experiments. In this case it would be most informative

to conduct a comparison of methyl halide mixing ratios from whole plant enclosures

compared to grow room ambient air and the the atmosphere above a field of the particular

crop.
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Abstract. Atmospheric composition affects the radiative
balance of the Earth through the creation of greenhouse gases
and the formation of aerosols. The latter interact with in-
coming solar radiation, both directly and indirectly through
their effects on cloud formation and lifetime. The tropics
have a major influence on incoming sunlight however the
tropical atmosphere is poorly characterised, especially out-
side Amazonia. The origins of air masses influencing a mea-
surement site in a protected rainforest in Borneo, South East
Asia, were assessed and the likely sources of a range of
trace gases and particles were determined. This was con-
ducted by interpreting in situ measurements made at the site
in the context of ECMWF backwards air mass trajectories.
Two different but complementary methods were employed
to interpret the data: comparison of periods classified by
cluster analysis of trajectories, and inspection of the depen-
dence of mean measured values on geographical history of
trajectories. Sources of aerosol particles, carbon monoxide
and halocarbons were assessed. The likely source influences
include: terrestrial organic biogenic emissions; long range
transport of anthropogenic emissions; biomass burning; sul-
phurous emissions from marine phytoplankton, with a pos-
sible contribution from volcanoes; marine production of in-
organic mineral aerosol; and marine production of halocar-
bons. Aerosol sub- and super-saturated water affinity was
found to be dependent on source (and therefore composi-
tion), with more hygroscopic aerosol and higher numbers of

Correspondence to:H. Coe
(hugh.coe@manchester.ac.uk)

cloud condensation nuclei measured in air masses of marine
origin. The prevailing sector during the majority of mea-
surements was south-easterly, which is from the direction
of the coast closest to the site, with a significant influence
inland from the south-west. This analysis shows that ma-
rine and terrestrial air masses have different dominant chem-
ical sources. Comparison with the AMAZE-08 project in
the Amazon basin shows Bornean composition to arise from
a different, more complex mixture of sources. In particular
sulphate loadings are much greater than in Amazonia which
is likely to mainly be the result of the marine influence on the
site. This suggests that the significant region of the tropics
made up of island networks is not well represented by extrap-
olation from measurements made in the Amazon. In addi-
tion, it is likely that there were no periods where the site was
influenced only by the rainforest, with even the most pris-
tine inland periods showing some evidence of non-rainforest
aerosol. This is in contrast to Amazonia which experienced
periods dominated by rainforest emissions.

1 Introduction

In order to assess and predict the anthropogenic influence on
climate, it is also important to understand the natural role of
the biosphere. One way the biosphere can affect climate is
through its role in aerosol production. This aerosol can then
interact with solar radiation directly, acting to scatter short-
wave radiation to space, and indirectly through its role as
cloud condensation nuclei (CCN) acting to influence cloud
brightness and persistence (Denman et al., 2007).
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The tropics have a large influence on global climate due to
the high surface flux of solar radiation, however to date the
comprehensive data needed to fully characterise the gas and
aerosol composition in these environments has been scarce.
The tropics contain about half the World’s forests (Food and
Agriculture Organisation, 2010), playing a major role in the
global biosphere. This natural background is being affected
by anthropogenic activity such as deforestation and land use
changes. It is important to assess the extent to which an-
thropogenic activities are affecting tropical aerosol, and their
subsequent effects on climate.

Intensive field studies have been performed in Amazonia
(ACP special issue OP3/ACES: Oxidant and particle pho-
tochemical processes above a south-east Asian tropical rain
forest),Martin et al., 2010; JGR special issue 107,Avissar
et al., 2002) and West Africa (ACPD special issue AMMA
Tropospheric Chemistry and Aerosols;Lebel et al., 2010)
but until now data from South East Asia has been limited.
Specifically, the AMAZE-08 project in Amazonia found that
sub-micron aerosol was dominated by biogenic secondary
organic aerosol (BSOA) with elevated levels of oxidised or-
ganic aerosol (OOA) and sulphate during periods influenced
by out-of-basin sources, which were attributed to biomass
burning transport from Africa or a marine influence (Chen
et al., 2009). The major source of submicron aerosol in West
Africa is from biomass burning during the dry season and
BSOA during the monsoon season (Capes et al., 2009, 2008).
It also experiences high sulphate loadings which may be due
to the influence of the Atlantic Ocean, although data cover-
age and quality did not allow this to be drawn as a conclusion.

Borneo is home to one of the largest expanses of rainfor-
est in the world making it an important part of the biosphere
and a potentially large source of volatile organic compounds
(VOC) and associated BSOA. There is widespread defor-
estation on Borneo where land is being given over to log-
ging and, particularly, palm oil production (McMorrow and
Talip, 2001), meaning the role of the biosphere in the region
is changing. Global palm oil production grew by 8 % per
year between 1976 and 2006, with the majority of production
in Malaysia and Indonesia (Carter et al., 2007). It has been
shown that oil palms are a large source of isoprene in Bor-
neo (five times more than the rainforest;Hewitt et al., 2009).
Isoprene has previously been found to produce secondary or-
ganic aerosol (SOA) in chambers and field studies (Claeys
et al., 2004; Surratt et al., 2006, 2008; Paulot et al., 2009;
Kleindienst et al., 2009; Surratt et al., 2010; Chan et al.,
2010) and is thought to produce a substantial fraction of the
SOA in Borneo (Robinson et al., 2011). As Borneo is an
island, marine influences could be much larger than that in
Amazonia and Africa. The oceans are a source of dimethyl
sulphide (DMS) produced by phytoplankton (Kloster et al.,
2006), minerals contained in sea water (Millero, 1974), halo-
carbons (Butler et al., 2007) and OA (O’Dowd et al., 2004;
Novakov et al., 1997; Facchini et al., 2008). Borneo has
a population of around 16 million people, mostly inhabiting

regions around the coast, so there is potential for influence
of anthropogenic pollution in the form of combustion related
emissions from transport, power stations or biomass burning.
There is an abundance of volcanoes near Borneo which are a
known source of sulphurous gases that are processed in the
atmosphere to form aerosol (Pandis et al., 1995; Allen et al.,
2002), which may contrast to other tropical studies that have
not reported a volcanic influence (Chen et al., 2009; Capes
et al., 2008).

Measurements were made as part of the Oxidant and Par-
ticulate Photochemical Processes Above a South East Asian
Rainforest (OP3) project in protected rainforest in Sabah,
Borneo (Hewitt et al., 2010). This region extends from
around 4◦ N to the north coast of the island. Investigating
the relationship between composition and synoptic flow can
provide insight into significant regional sources. Two differ-
ent but complementary methods employing back trajectories
are used to attribute geographical sources, which can then
be linked to likely emission sources. The focus of the pa-
per is on species with a long enough atmospheric lifetime
(hours or more) to be suitable for the analyses; mainly sub-
micron aerosol composition and physical property measure-
ments, but also long lived trace gases such as CO and halo-
carbons. Specifically the issues dealt with are the separation
of atmospheric species originating on- and off-island and the
attribution of likely sources.

2 Methods

2.1 Instrumentation

Measurements were performed at the Bukit Atur site
(4◦58′49.33′′ N, 117◦50′39.05′′ E, 426 m a.s.l.) during two
periods: 7 April–4 May (OP3-I) and 23 June–23 July (OP3-
III). Measurements from the intervening period (OP3-II)
were made from a different measurement site and are not
detailed here. An overview of measurement techniques and
a description of the measurement site can be found in the
OP3 overview paper,Hewitt et al.(2010). There was poor
data coverage during OP3-I and, though air mass characteri-
sations of both periods are presented in Sect.2 for reference,
results presented here focus on OP3-III.

Aerosol composition was measured using a High Resolu-
tion Aerodyne Aerosol Mass Spectrometer (AMS;DeCarlo
et al., 2006; Canagaratna et al., 2007) – a state of the art in-
strument capable of providing detailed bulk composition and
aerodynamic sizing measurements of aerosols with a time
resolution of minutes. It is limited to measurements of sub-
micron non-refractory aerosol, where non-refractory (NR) is
operationally defined as a species that volatilises quickly (on
time-scales of less than a second) after impaction on the tung-
sten vaporiser (nominally run at 600◦C). Conversion of AMS
aerosol mass loadings into total aerosol volume (assuming
organic and inorganic densities as inCross et al., 2007) al-
lowed for comparison with a DMPS sampling from the same
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inlet, and limited to the same size range. The instruments
agreed and correlated well (r = 0.92) and a linear regression
of AMS vs. DMPS volume series gave a gradient of 0.45.
The collection efficiency (CE) factor accounts for the likeli-
hood that a particle will be successfully vapourised and de-
tected once in the AMS, and has typically been found to be
around 0.5 in other projects (Matthew et al., 2008). The gra-
dient of the linear regression is consistent with this and a CE
of 0.5 has been applied to all the AMS data.

Despite extensive fragmentation, individual peaks in the
mass spectrum provide more information about aerosol com-
position. Insight into the photochemical age of organic
aerosols (OA) can be gained from them/z44 (mainly CO+

2 )
to 43 (mainly C2H3O+ and C3H+

7 ) peaks (Ng et al., 2010;
Jimenez et al., 2009; Morgan et al., 2010). Organic spectra
with a low f44 and highf43 (wherefx denotes the fraction
of the organic mass atm/z = x) are less oxidised and can
be thought of as semi-volatile aerosol (SV-OOA) which ex-
ist in an equilibrium between the gas and condensed phases.
Aerosol with highf44 and lowf43 are more oxidised and
can be thought of as low volatility aerosol (LV-OOA) which
exists mainly in the condensed phase.

In reality organic aerosol exist in a continuum between
these two endpoints that can be expressed by points on a 2-D
f44 vs.f43 space. The peak atm/z60 can be used as a marker
for fresh biomass burning (Alfarra et al., 2007; Capes et al.,
2008), being a peak associated with levoglucosan and other
anhydrous sugars which are compounds widely reported to
be emitted during biomass burning (Simoneit et al., 1999;
Jordan et al., 2006). It has been shown that as organic aerosol
ages (with increasingf44 and decreasingf43) its mass spec-
tral signature becomes similar and dominated bym/z44 re-
gardless of source (McFiggans et al., 2005; Ng et al., 2010;
Morgan et al., 2010).

The unit mass resolution organic aerosol data from the
AMS were analysed using positive matrix factorisation
(PMF). This is a multivariate technique that endeavours to
explain the bulk organic AMS mass spectral time series in
terms of time series of differing amounts of static “factor”
spectra which can then be linked to distinct components
of the ensemble organic aerosol mass (Paatero and Tapper,
1994; Paatero, 1997; Ulbrich et al., 2009). The details of the
PMF analysis of the OP3 data were originally published in
Robinson et al.(2011). The dependence of the solution on
starting parameters (seeds) and rotational ambiguity (fpeak)
was explored. In short, the most satisfactory solution was
found to be the four factor solution. The results of the PMF
analysis are discussed in more detail in Sect.2.3. The high
mass resolution of the AMS also enables the separation of
ions at the same unit mass resolution by resolving the ion
mass defects.

Subsaturated aerosol water affinity was measured as
a function of size using a single column Hygroscopicity
Tandem Differential Mobility Analyser (HTDMA;Cubison

et al., 2005; Gysel et al., 2009), which measures the size
change of an aerosol experiencing a certain change in rela-
tive humidity (RH). This is expressed in terms of the growth
factor (GF) defined as the ratio of the “dry” to “wet” size
– in this case the sizes at<15 % and 90 % RH, respec-
tively (GF90). The supersaturation needed to activate a parti-
cle to a cloud droplet (critical supersaturation; SScrit) was
measured as a function of size using a Droplet Measure-
ment Technologies dual column Cloud Condensation Nu-
cleus counter (CCNc; DMT model 100;Roberts and Nenes,
2005; Lance et al., 2006; Irwin et al., 2011, 2010; Good et al.,
2010a) downstream of a differential mobility particle sizer
(DMPS;Williams et al., 2000, 2007). Both the HTDMA and
CCNc perform measurements as a function of dry (<15 %
RH) aerosol size, selected using Vienna style differential mo-
bility analysers (DMA;Winklmayr et al., 1991). The HT-
DMA measured at six sizes between 32 and 258 nm and the
CCNc measured at 11 diameters between 57 and 224 nm.
Aerosol optical absorption was measured with a Thermo
Scientific model 5012 Multi Angle Absorption Photometer
(MAAP; Petzold and Schonlinner, 2004) which reports in
black carbon equivalent loading.

The halocarbon measurements were made using gas
chromatography-mass spectrometry (GC-MS). The analysis
was conducted on-site at Bukit Atur. Whole air samples
were dried using a Nafion contra-flow drier and were pre-
concentrated using a Markes International UNITY and On-
line Air Server with a Carbograph B and Carboxen 1000 trap.
The UNITY was coupled to the Agilent 6890 GC and the
MS5973 N mass spectrometer. The results presented here are
from analysis on this GC-MS system in negative ion chemi-
cal ionization (NICI) mode (Worton et al., 2008). Litre sam-
ples were taken hourly (collected over a period of 40 min)
from a position 30 m up the GAW tower (Hewitt et al., 2010)
and separated on a Restek RTX-502.2 column. Calibrations
were performed every 8 samples using the UEA 2006 Stan-
dard reference gas which is calibrated against the “NOAA
2003” scale for CHBr3, CH2Br and CH3Br and the “NOAA
2004” scale for CH3I (Laboratory Earth Systems Research
Global Monitoring Division, 2008). Gas phase CO measure-
ments were made using an Aerolaser AL5002 fluorescence
instrument (Gerbig et al., 1999).

2.2 Analysis of back trajectories

Backwards air mass trajectories (back trajectories) were gen-
erated using the British Atmospheric Data Centre Web Tra-
jectory Service using European Centre for Medium-Range
Weather Forecasts (ECMWF) wind fields (BADC, 2006a) at
1.125◦

×1.125◦ resolution. These trajectories show the mod-
elled history of an air mass from a particular time and place
in terms of geographical position and pressure altitude. One
trajectory per hour was generated for the whole of the OP3
project – a total of 720 trajectories for OP3-I and 794 for
OP3-III. Trajectories originate at the latitude and longitude
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of the ground measurement site and a pressure altitude of
950 hPa, and were calculated backwards for the preceding
seven days with a 30 min time resolution. No trajectories im-
pacted the surface during the time-scales investigated.

Two distinct but complementary methods were used to in-
terpret back trajectories: construction of a map showing the
dependence of the mean value of the studied quantity mea-
sured at the site on air mass residence time in specific re-
gions; and a comparison of periods classified by cluster anal-
ysis of trajectories. These methods provide a means of sepa-
rating influences of different geographical locations on mea-
surements made from the ground site. Elevated measurement
values associated with regions can in turn be attributed to
likely sources. Similar approaches have been used in the
past to assess sources: for example, in Mace Head, West-
ern Ireland,Cape et al.(2000) used trajectory cluster anal-
ysis to interpret trace gas measurements andBassford et al.
(1999) used a residence time analysis to separate two discrete
sources of methyl iodide – a coastal source and a sub-tropical
Atlantic ocean source. The trajectory residence time analy-
sis was pioneered byAshbaugh(1985) who used it to at-
tribute measurements of sulphate aerosols made in the Grand
Canyon National Park to source regions. These methods are
particularly useful in analysing the OP3 data as the complex
local topography at the measurement site means local wind
vector data are likely not to be representative of the direction
of air mass origin. While ECMWF trajectories do not explic-
itly represent complex terrain and boundary layer processes,
they should still be a good indicator of regional synoptic
transport over the time scales presented here. The analyses
presented are suited to analysis of species with a long atmo-
spheric lifetime compared to the trajectory durations used,
i.e. for species such as aerosol particles, carbon monoxide
and halocarbons which are the focus of this paper.

Typically, of the seven day trajectories, only the 36 h clos-
est to the measurement site were used, although the seven
day trajectories are discussed for context in Sect.3.1. Many
of the species studied here have atmospheric lifetimes longer
than this and it is possible that more insight into far field
sources could be gained from their use, however we focus on
shorter trajectories to minimise the introduction of erroneous
analysis. This is caused by: the “shadowing” effect demon-
strated in Sect.2.2.1below; the dependence of the density of
trajectory data points on proximity to the receptor site which
is inherent in the polar geometry; and the increase in the er-
ror of modelled trajectories with increased time calculated
backwards.

2.2.1 Residence time analysis of back trajectories

The statistical method first described byAshbaugh(1985)
was extended to give an indication of geographical origins of
measurements made at the ground site. For a given measure-
ment, a geographical grid is constructed – all grids presented
here used a cell size of 0.1◦

×0.1◦. Maps of trajectory res-

idence time are shown in Fig.1 for 36 h back trajectories
during OP3-I and OP3-III. These are calculated by counting
the number of trajectory data points in each cell for all tra-
jectories and normalising to the probability density function
inherent in the polar geometry. The polar probability density
function can be calculated using

fij (r) =
1

2πRr
(1)

whereR is the limit of the radial distance from the origin of
the trajectories andr is the mean distance of each cell from
origin of the trajectories (Ashbaugh, 1985). To assess the
dependence of a measured quantity on air mass history, the
value at the observing site at the time of arrival of a given tra-
jectory is added to the grid cell that contains each trajectory
point. Doing this for all trajectories and dividing by the total
number of trajectory points in each cell gives the mean value
measured at the ground site for an air mass that has passed
over that cell. These plots are henceforth referred to as mean
value maps.

Figure 2 shows an example mean value map of bromo-
form (CHBr3) during OP3-III. Measurement techniques are
detailed in Sect.2.1. In interpreting mean value maps it is im-
portant to remember that air mass trajectories that regularly
travel through a non-source region before travelling through
a source region will show artificially elevated levels in the
non-source region, henceforth called “shadowing”. For ex-
ample, in Fig.2 there appears to be bromoform south of the
site in the region around 1.5◦ N, 117◦ E, however this may
be artificial if the east coast is a source region. A similar ar-
gument can be made if trajectories regularly travel through
a source region before travelling through a removal region
(for example a region of elevated levels of precipitation act-
ing to remove aerosol) resulting in the source region not be-
ing resolved. As a wider range of conditions are sampled,
these artificial data would be expected to be of less impor-
tance with unaffected data dominating. It is also the case
in general that increasing data coverage will tend to resolve
sources more accurately as the influence of isolated events
is outweighed by representative conditions. In order to as-
sess the potential extent of these effects, the percentage of
the entire set of calculated back trajectories that was used in
the construction of each mean value map is displayed. It is
also important to be able to quantify the degree of similarity
between different mean value maps. This is done by calcu-
lating the Pearson’sr of a scatter plot of the intensities of
corresponding grid points.

2.2.2 Agglomerative hierarchical cluster analysis of
back trajectories

Trajectories were processed using the custom made cluster
analysis routine described inMorgan et al.(2009) based on
the method described inCape et al.(2000). At the start of
the analysis, each trajectory is assigned its own cluster. An
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(a) (b)

Fig. 1. Residence time of air masses in previous 36 h for all trajectories during (a) OP3-I and (b) OP3-
III. Colour is number of trajectory data points (normalised to geometric probability density function),
expressed in the resulting procedure defined units (p.d.u.). Trajectory receptor site (the measurement
site) marked with a black dot.
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Fig. 1. Residence time of air masses in previous 36 h for all trajectories during(a) OP3-I and(b) OP3-III. Colour is number of trajectory data
points (normalised to geometric probability density function), expressed in the resulting procedure defined units (p.d.u.). Trajectory receptor
site (the measurement site) marked with a black dot.

Fig. 2. Example mean value map of bromoform (CHBr3) during OP3-III using 36 h trajectories. Grey is
median value, red is greater than median, blue is less than median and white denotes no data coverage.
Percentage of trajectories used denoted below key.

49

Fig. 2. Example mean value map of bromoform (CHBr3) during
OP3-III using 36 h trajectories. Grey is median value, red is greater
than median, blue is less than median and white denotes no data
coverage. Percentage of trajectories used denoted below key.

average linkage method was used based on calculating the
squared distance between trajectories at each time step using

d(xi,xj ) =

∑
k

{
(xki −xkj )

2
+(yki −ykj )

2
+(pki −pkj )

2
}
(2)

wherexk, yk and pk are the coordinates ofxi or xj . At
each step in the analysis the two clusters with the lowest

squared distance are agglomerated. This continues until all
trajectories are in one cluster. The optimum number of clus-
ters may then be chosen, so as to maximize between cluster
variance and minimize within cluster variance (Cape et al.,
2000). The choice of the optimum number of clusters is
subjective, however this has been shown to be the most ap-
propriate technique for analysing meteorological trajectories
(Kalkstein et al., 1987). The suitability of a solution ofN
clusters can be assessed using several scores. An increase in
the root mean squared (RMS) distance between clusters in-
dicates that two dissimilar clusters have been agglomerated
(Cape et al., 2000). A sharp decrease of the coefficient of
determinationR2, defined as

R2
= 1−

∑
N

(within cluster variance)

(variance of all trajectories)
(3)

is a subjective indicator of the number of clusters to retain
(Kalkstein et al., 1987). Similarly to Morgan et al.(2009)
andCape et al.(2000), an indication of the number of major
clusters is defined as the number of clusters containing more
than 3 % of the total number of trajectories.

The project was split into a series of successive twelve
hour periods. These were classified according to the clus-
ters that their constituent trajectories belonged to, similar to
Cape et al.(2000): if trajectories belonging to more than one
cluster were present, the period was deemed “unclassified”,
otherwise it was deemed to be influenced by that cluster. This
removes periods of transition between air mass cluster, leav-
ing comparatively stable conditions and enabling compari-
son between measurements influenced by different clusters.
Mean, median and percentiles of measured quantities were
calculated for data influenced by each cluster. These cluster
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(a) (b)

Fig. 3. R2, RMS and number of major clusters (containing> 3 % of trajectories) as a function of number
of clusters in solution for (a) OP3-I and (b) OP3-III. Solid lines are for one subset of trajectories and
dashed lines are for the other.
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Fig. 3. R2, RMS and number of major clusters (containing> 3 % of trajectories) as a function of number of clusters in solution for(a) OP3-I
and(b) OP3-III. Solid lines are for one subset of trajectories and dashed lines are for the other.

averages are discussed in Sect.3 and presented in full in Ta-
ble4.

In order to establish the robustness of the solution, the tra-
jectories were split into two subsets: two day back trajec-
tories of one hour time resolution released every two hours
were used, with the alternate set similar but using trajecto-
ries from the intervening hours. The reduction in trajectory
time resolution was necessary to improve computational ef-
ficiency. For both OP3-I and OP3-III, cluster scores (Fig.3)
and means (Figs.4 and5) show little difference between tra-
jectory subset showing the cluster analysis solutions to be
stable to perturbations, and are combined for classification
and all subsequent analysis.

The scores for OP3-I (Fig.3a) show the first major step
change at the four cluster solution which is summarised in
Fig. 4 and Table1. Italics will be used for clarity when re-
ferring to cluster names, which are defined in Figs.4 and5.
The main influence on the site is split evenly between the
North-easterly, EasterlyandTerrestrialclusters. Air masses
associated with theWesterlycluster. Air masses associated
with theWesterlycluster are of minor influence, making up
only 3 % of the classified periods, and can generally be dis-
regarded.

The scores from OP3-III (Fig.3b) show the first major step
change at the five cluster solution which is summarised in
Fig. 5 and Table2. The major influence on the site was from
the south-westerly Marine cluster. The Coastal cluster from
the south and the Terrestrial cluster from the south-west also
had significant influence. There were two more clusters; the
North-easterlyandWesterlybut both are of minor influence
(consisting of 3 % and 5 % of classified periods, respectively)
and can generally be disregarded. Figure10, Sect.3.1, shows
the clusters influencing the measurement site during OP3-III
(displayed as a coloured bar) for comparison to the aerosol
composition data.

Table 1. Details of four cluster solution and resultant period classi-
fication for OP3-I.

Cluster name No. of constituent No. of 12 h periods
trajectories (%) (%) attributed

North-easterly 221 (31 %) 15 (25 %)
Easterly 208 (29 %) 15 (25 %)
Terrestrial 236 (33 %) 18 (31 %)
Westerly 51 (7 %) 2 (3 %)
Unclassified 9 (15 %)

Table 2. Details of five cluster solution and resultant period classi-
fication for OP3-III.

Cluster name No. of constituent No. of 12 h periods
trajectories (%) (%) attributed

North-easterly 41 (5 %) 2 (3 %)
Marine 460 (58 %) 33 (50 %)
Coastal 107 (14 %) 5 (8 %)
Terrestrial 141 (18 %) 10 (15 %)
Westerly 41 (5 %) 3 (5 %)
Unclassified 13 (20 %)

2.3 Positive matrix factorisation of organic aerosol mass
spectra

Different PMF solutions were explored as a function of start-
ing conditions (seed) and rotational ambiguity (fpeak) as de-
tailed in Robinson et al.(2011), and the most satisfactory
solution was a four factor solution with fpeak= −1. This so-
lution was found to have negligible dependence on starting
seed. Solutions with greater than four factors were found to
be unsatisfactory due to “mixing” of factors (as described in
Ulbrich et al., 2009), unrealistic factor spectra consisting of
one or two peaks with little signal at otherm/zs, or lack of
convergence. The factor mass spectra are shown in Fig.6
with the time series shown in Fig.10.
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(a) (b)

Fig. 4. OP3-I cluster mean (a) latitude and longitude and (b) pressure altitude in units of hPa different
from starting altitude of 950 hPa. Colours are consistent between plots. Solid and dashed lines show
solutions from each subset.
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Fig. 4. OP3-I cluster mean(a) latitude and longitude and(b) pressure altitude in units of hPa different from starting altitude of 950 hPa.
Colours are consistent between plots. Solid and dashed lines show solutions from each subset.

(a) (b)

Fig. 5. OP3-III cluster mean (a) latitude and longitude and (b) pressure altitude in units of hPa different
from starting altitude of 950 hPa. Colours are consistent between plots. Solid and dashed lines show
solutions from each subset.
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Fig. 5. OP3-III cluster mean(a) latitude and longitude and(b) pressure altitude in units of hPa different from starting altitude of 950 hPa.
Colours are consistent between plots. Solid and dashed lines show solutions from each subset.

The four factors can be attributed sources from inspection
of the mass spectral signature as follows. The first factor,
named 91Fac, shows some similarities to previously pub-
lished mass spectra of biomass burning emissions (Alfarra
et al., 2007; Allan et al., 2010) for instance a prominentm/z
91 peak, which can be indicative of aromatic species. It
does not show them/z60 and 73 peaks normally associated
with levoglucosan, an established biomass burning marker in
AMS measurements (Alfarra et al., 2007). However these
levoglucosan peaks have been shown to reduce with ageing
of biomass burning aerosol (Capes et al., 2008), implying the
91Fac may be from far field biomass burning emissions.

The second and third factors are named OOA1 and OOA2
respectively because of their similarity to previously pub-

lished spectra (Lanz et al., 2007; Zhang et al., 2007). Spec-
tra such as OOA1 are considered highly oxidised and have
been linked to low volatility oxygenated organic aerosol
(LVOOA; McFiggans et al., 2005); similarly, spectra such
as OOA2 are considered less oxidised and have been linked
to semi-volatile organic aerosol (SVOOA;Jimenez et al.,
2009). However such assertions are impossible without a di-
rect volatility measurement. While these factors are resolved
as separate factors, they represent what are in reality different
ends of a continuum of OA oxidations (Ng et al., 2010; Mor-
gan et al., 2010). OA is gradually oxidised from OOA2-like
to OOA1-like aerosol over time, which would be represented
by the PMF factors as a reduction in OOA2 and a concurrent
increase in OOA1.
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Fig. 6. Factor spectra for the four factor, fpeak =−1 solution of PMF analysis of organic mass spectra.
From top to bottom, spectra are 91Fac, OOA1, OOA2 and 82Fac.
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Fig. 6. Factor spectra for the four factor, fpeak= −1 solution of
PMF analysis of organic mass spectra. From top to bottom, spectra
are 91Fac, OOA1, OOA2 and 82Fac.

The last factor, named 82fac because of its prominentm/z
82 peak, is not similar to any mass spectra widely reported
in the literature. Its measurement during the OP3 project
was reported inRobinson et al.(2011) who provide evidence
that it is associated that it is the product of isoprene oxida-
tion. A similar factor has since been reported in rural North
America where it was also associated with isoprene oxida-
tion (Slowik et al., 2011). Further investigation into the likely
sources linked to these factors will be made through the anal-
ysis presented in this paper.

3 Results

3.1 Overview of measurements and their regional
setting

The major cities in Borneo are all located on the coast,
with the biggest settlements on the south west of the is-
land. The interior of Borneo is a mountainous unsettled and
undeveloped region of rainforest. Average daily large scale
precipitation from the ECMWF Integrated Forecasting Sys-
tem model reanalysis shows increased precipitation in the
interior of Borneo (Fig.7; BADC, 2006b). It is likely that
this increased precipitation is due to the orography inland.
Precipitation inhibits long range transport of aerosol. This
means air masses from the southwest of the site will tend to
have reduced concentrations of background aerosol. These
air masses will have relatively greater amounts of locally pro-
duced aerosol.

Figure8 shows a trajectory residence time plot, and the av-
erage minimum pressure (maximum altitude) of the trajecto-
ries passing through each cell, both using seven day back tra-
jectories. These provide context for the more detailed anal-
yses presented herein which use shorter (36 h) trajectories.
This means the more detailed analyses only use trajectory
data from relatively close to the receptor site where they are

Fig. 7. Average daily large scale precipitation (m) from the European Centre for Medium-Range Weather
Forecast Integrated Forecasting System model reanalysis (BADC, 2006b) at 1.125◦×1.125◦ resolution
during OP3-III. Values below 2×10−3 m are not shown for clarity.
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Fig. 7. Average daily large scale precipitation (m) from the
European Centre for Medium-Range Weather Forecast Integrated
Forecasting System model reanalysis (BADC, 2006b) at 1.125◦ ×

1.125◦ resolution during OP3-III. Values below 2×10−3 m are not
shown for clarity.

most accurate and their density is highest. The residence time
plot shows that the site is mostly influenced by air masses
from the south east. There is no influence from the major ur-
banised regional areas in mainland Malaysia (around Kuala
Lumpur, east of Borneo), Singapore (south west of Borneo)
and Indonesia (around Jakarta, south west of Borneo). Many
air masses travel over Sulawesi (around 2◦ S, 121◦ E). The
majority of the 16 million people inhabiting Sulawesi live at
the far south. The plot showing the average minimum pres-
sure of trajectories passing over each cell shows trajectories
travelling over the island to generally be from a greater maxi-
mum altitude than trajectories transported from the east coast
of Borneo. The distribution of trajectory minimum pressures
has a mean of 909 hPa, median of 938 hPa and a tenth per-
centile value of 821 hPa. This corresponds to a ninetieth per-
centile maximum altitude of approximately 1.8 km a.s.l. with
the majority of trajectories having a maximum altitude close
to that of the receptor site.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) fire count (Davies et al., 2009; Justice et al., 2002;
Giglio, 2003) shows hotspots/open fires detected in the wider
region during OP3-III in Fig.9. The majority of fires are
concentrated to the south west of the measurement site in
Vietnam, mainland Malaysia, Sumatera, Indonesia and South
Western Borneo. The seven day trajectories show none of
these regions to be an influence on the measurement site. The
trajectories that travel up from the south of the island (largely
associated with theTerrestrialand Coastal clusters) are likely

Atmos. Chem. Phys., 11, 9605–9630, 2011 www.atmos-chem-phys.net/11/9605/2011/
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(a) (b)

Fig. 8. (a) Residence time of air masses in previous 7 d for all trajectories during OP3-III. Colour
is number of trajectory data points (normalised to geometric probability density function). (b) mean
minimum pressure of trajectories passing through that cell in in previous 7 d. Trajectory receptor site
(the measurement site) marked with a black dot.
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Fig. 8. (a) Residence time of air masses in previous 7 d for all trajectories during OP3-III. Colour is number of trajectory data points
(normalised to geometric probability density function).(b) mean minimum pressure of trajectories passing through that cell in in previous
7 d. Trajectory receptor site (the measurement site) marked with a black dot.
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Fig. 9. MODIS hotspot/active fires coloured by temperature of event during OP3-III. Site marked with
green star.

56

Fig. 9. MODIS hotspot/active fires coloured by temperature of
event during OP3-III. Site marked with green star.

to have the most biomass burning influence due to on-island
fires, and perhaps fires further afield on the Lesser Sunda Is-
lands in South East Indonesia (around 7◦ S by 125◦ E).

Aerosol measurements made in Borneo show a contrasting
situation to Amazonia with much higher sulphate and ammo-
nium loadings, much more similar to those measured in West
Africa (Table3). The time series of aerosol composition is
shown in Fig.10with a bar indicating the classification of the
air mass (see Sect.2.2.2) influencing the measurement site.

3.2 Halocarbons

The bromoform (shown previously in Fig.2) and dibro-
momethane (CH2Br2; not shown) mean value maps show
very similar profiles (r = 0.90) which is unsurprising as
these compounds are well correlated in the atmosphere (But-
ler et al., 2007; Yokouchi et al., 2005; Zhou et al., 2008).
The time series collected at Bukit Atur also confirms this
as their time series are well correlated. Bromoform and di-
bromomethane show elevated levels over coastal and ma-
rine regions compared to terrestrial regions, this is consistent
with other studies which have shown them to be produced
by macro-algae (Carpenter and Liss, 2000; Goodwin et al.,
1997; Quack et al., 2007). In particular the south-east coast
of Sabah is a region of seaweed cultivation which is reflected
in the high concentration seen in air masses from this region.

The methyl iodide mean value map (Fig.11a) is similar to
those of the polybrominated compounds, however, there are
some differences in features (mean value map correlations
of r = 0.70 with bromoform and with dibromomethane).
Like the polybrominated compounds, the methyl iodide map
shows high values to be predominantly attributable to off-
island sources. This is consistent with whole air samples col-
lected in the boundary layer during the OP3 flight campaign
on the FAAM BAe-146 aircraft (Hewitt et al., 2009; Newton
et al., 2011), and analysed on the same GC-MS system set-up
as described in Sect.2.1of this paper. Data from this aircraft
campaign showed a clear concentration gradient from sea-
to-land, with highest concentrations of methyl iodide seen
off the south-east coast of Sabah. The pattern of high val-
ues seen over the sea in the methyl iodide mean value map is
similar to that seen in the polybrominated compound mean
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Fig. 10. Stacked time series of total sub-micron non-refractory aerosol split by composition (see
Sect. 2.1) for OP3-III. The inorganics and organics are shown on separate axes, with the organics split
into their constituent PMF factors. The split point between Period Of Interest (POI) One and Two is
marked with a dashed blue line (see Sect. 3.6). The campaign mean aerosol loadings are shown as
stacked bars to the right of the time series. Colour of bar at top indicates class of air mass influencing
site (see Sect. 2). No bar indicates unclassified (changeable) air mass.
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Fig. 10. Stacked time series of total sub-micron non-refractory aerosol split by composition (see Sect.2.1) for OP3-III. The inorganics and
organics are shown on separate axes, with the organics split into their constituent PMF factors. The split point between Period Of Interest
(POI) One and Two is marked with a dashed blue line (see Sect.3.6). The campaign mean aerosol loadings are shown as stacked bars to
the right of the time series. Colour of bar at top indicates class of air mass influencing site (see Sect.2). No bar indicates unclassified
(changeable) air mass.

value maps. In particular the methyl iodide and polybromi-
nated mean value maps all show a region of high values off
the coast to the immediate east of Bukit Atur which extends
east (to around 4◦ N, 120◦ E). This shared feature suggests
a co-located source of methyl iodide and the polybromi-
nated compounds; possibly it is even the same source, po-
tentially macro algae, which have been shown to produce all
three of these compounds (Carpenter and Liss, 2000; Manley
et al., 1992). Other studies have observed correlations be-
tween methyl iodide and these polybrominated compounds,
but noted the inconsistency of their correlation, suggesting
different production mechanisms for the methyl iodide and
polybrominated compounds (Butler et al., 2007). Methyl
iodide shows less separation between terrestrial and marine
air masses than the polybrominated compounds. This con-
sistent with previous studies, which have shown methyl io-
dide to have a mixture of marine and terrestrial sources (Bell
et al., 2002; Smythe-Wright et al., 2006; Sive et al., 2007)
and be emitted during biomass burning (Cox et al., 2005;
Mead et al., 2008).

In stark contrast to the other three halocarbons presented
here the waters immediately east of Bukit Atur around 4◦ N,
120◦ E do not appear to be a productive region for methyl
bromide (Fig.11b). There is some marine contribution, pre-
dominantly from the coastal zone south of Sabah included in
the extent of these maps, which is consistent with known ma-
rine sources of methyl bromide such as macro algae (Baker,
2001; Cox et al., 2005). Higher values (8–9 pptv) are seen
over an area to the north of Bukit Atur (5.4–6◦ N) covering

Table 3. Comparison of sub-micron non-refractory aerosol loadings
(µg m−3) from different tropical campaigns. Bornean and Amazo-
nian (Chen et al., 2009) measurements are campaign averages of
ground site intensives. West African measurements are averages
of low altitude data over several flights, screened to remove (local)
biomass burning and anthropogenic influence (Capes et al., 2008,
2009).

Borneo Amazonia West Africa

Organic 0.74 0.64 1.01
Sulphate 0.61 0.15 0.82
Ammonium 0.21 0.02 0.36
Total 1.6 0.82 2.26

both land and coastal areas. This area is known to comprise
oil palm plantations and there are similarities between the
methyl bromide mean value map and 82Fac (Fig.14a) dis-
cussed in Sect.3.4 although overall correlation is not high
(r = 0.32). It is currently unknown whether oil palm trees
are actually a source of methyl bromide. However, other
activities associated with the oil palm plantations such as
biomass burning, a known source of methyl bromide (Mead
et al., 2008; Reeves, 2003), may also contribute to the lo-
calised high values. Moreover, a coastal source cannot be
discounted as responsible for this feature, possibly a macro
algae source. The mean value plot for methyl bromide shows
an elevated feature to the south west of the measurement site,
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(a) (b)

Fig. 11. Mean value maps for (a) methyl iodide, CH3I and (b) methyl bromide CH3Br. Grey is median
value, red is greater than median, blue is less than median and white denotes no data coverage. 36 h
trajectories used.
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Fig. 11. Mean value maps for(a) methyl iodide, CH3I and (b) methyl bromide CH3Br. Grey is median value, red is greater than median,
blue is less than median and white denotes no data coverage. 36 h trajectories used.

in a similar location to that seen in the methyl iodide map
though the exact grid boxes differ. As discussed earlier small
scale biomass burning may be a contributing factor to this
feature, in addition tropical vegetation has been suggested as
a weak source of methyl bromide (Blei et al., 2010).

3.3 Nitrate and chloride aerosol

The nitrate (Fig.12) and chloride (not shown) mean value
maps and time series are similar (r = 0.76) suggesting the
two species may be components of the same aerosol. The
greatest aerosol loadings are mostly associated with ma-
rine air from the south-east. Elevated loadings shown to
the far south over the Sangkulirang Peninsula (around 1◦ N,
117.5◦ E) may be artificial, caused by the preceding or sub-
sequent transit of the air mass over the sea. Cluster aver-
ages show nitrate and chloride to be associated with air of
marine origin, with greater loadings in theMarine cluster
than theTerrestrial. Campaign average loadings of nitrate
(0.03 µg m−3) and chloride (0.01 µg m−3) are very low how-
ever they are high when compared to Amazonia (0.01 µg m−3

and 0.00 µg m−3, respectively). The diurnal profile of nitrate
and chloride loadings shows them to be strongly elevated
around midnight with low levels throughout the day.

Nitrate (NO−

3 ) is produced in the atmosphere by oxidation
of NOx on the time-scale of hours.Hewitt et al.(2009) found
that NOx levels in Borneo, while typically lower than those
found in more developed countries such as USA and Europe,
were highest over the oil palm plantations where the sources
were vehicle emissions, combustion and crop fertilisation.
The AMS nitrate loading is derived from two fragments
(NO+ and NO+

2 atm/z30 and 46) and during OP3 these var-
ied, indicating that the nitrate that is detected is unlikely to
be purely in the form ammonium nitrate (NH4NO3), as this is

Fig. 12. Mean value map for nitrate. Grey is median value, red is greater than median, blue is less than
median and white denotes no data coverage. 36 h trajectories are used.
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Fig. 12. Mean value map for nitrate. Grey is median value, red is
greater than median, blue is less than median and white denotes no
data coverage. 36 h trajectories are used.

known to fragment consistently. The ratio of the mean ambi-
ent NO+ and NO+

2 signals is significantly greater than during
calibrations using ammonium nitrate (5.4 vs. 2.6). The AMS
has been shown to be poor at measuring organic nitrates di-
rectly as CxHyN+ or CxHyOzN+ (Farmer et al., 2010), with
significant mass (30 %) detected at the NO+

x peaks (Rollins
et al., 2010), which make up AMS “nitrate” measurements
usually associated with inorganic nitrate. However the ma-
jority of organic nitrate mass is still thought to be measured
at the CxHyN+ and CxHyOzN+ peaks (Rollins et al., 2010)
and there is little correlation of these signals with the NO+
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and NO+

2 (r = 0.29), implying any role of organic nitrates to
be low.

A likely source of chloride containing aerosol is sodium
chloride particles from sea water, however the AMS cannot
measure sea salt particles well as they are usually too large
to be successfully sampled and they vapourise slowly (Al-
lan et al., 2004). There is no excess ammonium (NH4) de-
tected after the neutralisation of sulphate in Borneo, mean-
ing nitric acid will not readily be neutralised. The introduc-
tion of nitric acid (HNO3) to aqueous sodium chloride par-
ticles would force the chloride to partition to the gas phase
in the form of hydrogen chloride (HCl). This leads to aque-
ous sodium nitrate particles that are more easily volatilised
by the AMS. The liberated hydrogen chloride can then react
to form aerosol which is detected by the AMS. While there
are no direct measurements of the composition of the chlo-
ride containing aerosol, it is likely that they are in the form
ammonium chloride.

The nitrate and chloride diurnal profiles show a very strong
increase at night, which may be driven by partitioning of
vapours as the temperature reduces. A dense layer of fog
formed across the forest every night which may have facili-
tated nitrate and chloride aerosol reformation occurring in the
aqueous phase. Furthermore, the measurement site, located
on a ridge top, protruded above the planetary boundary layer
top every night (Pearson et al., 2010) which may have intro-
duced more marine influenced aerosol that would be typical
of the regional background.

3.4 Organic aerosol

The OOA1 mean value map shows both off-island and on-
island sources (Fig.13a). TheMarine andTerrestrialperiod
averages (0.33 and 0.29 µg m−3, respectively) show, while
both sources are significant, the off island source is larger.
The greatest concentrations of OOA1 are in marine/coastal
air masses. These are likely to be the result of long range
transport of highly oxidised regional emissions with a possi-
ble contribution from processed biomass burning at the start
of the measurement period (see Sect.3.6). It is likely that the
on island source of OOA1 represents the aged component of
BSOA from the rainforest and the components of regional
long range transport aerosol that is not removed through wet
deposition during transit across the island. The inland OOA1
is changeable, showing both high and low loadings, and it is
conceivable that the amount of inland OOA1 is driven by the
level of precipitation inland.

The OOA2 mean value map (Fig.13b) shows a strongly
terrestrial source of aerosol, withMarine andTerrestrialpe-
riod loadings of 0.11 and 0.07 µg m−3, respectively. It shows
elevated loadings across much of the island with the ex-
ception of the known oil palms to the immediate north and
south of the measurement site. This suggests the rainfor-
est is a source of freshly produced BSOA from the oxida-
tion of rainforest VOC emissions which are represented by

the OOA2 factor. OOA2 is a relatively minor fraction of
the total organic aerosol, making up only 11 % compared to
OOA1 which makes up 47 %. This is expected in an en-
vironment such as Borneo where there are influences from
far field sources such as off-island anthropogenic sources
and OA from oceanic emissions, meaning more aged organic
aerosol could dominate.

The ratio of mean value maps of OOA1 to OOA2 (ex-
tent of oxidation; Fig.13) shows the oxidised aerosol to be
originating externally to the island compared to the less ox-
idised aerosol which originates in the island interior. This
implies the highly oxidised OA is from long range transport
of aerosols that are emitted from sources external to the is-
land, either biogenic or anthropogenic. Figure13 shows low
OA oxidation in air masses travelling across the centre of the
island, a region of enhanced precipitation (Fig.7). Wet re-
moval of aerosol is likely to lead to depleted concentrations
of regional aerosol (highly aged OA) and relatively increased
concentrations of more locally produced aerosol. This local
aerosol is likely to be BSOA generated from rainforest pro-
duced precursors as there were not any other major sources
known to be nearby (e.g. biomass burning, large settlements),
especially in the inland region.

The oil palm plantations in Borneo have been shown to
be a substantial source of isoprene, with emissions per unit
area five times higher than the rainforest (Hewitt et al., 2009).
Robinson et al.(2011) showed that isoprene was a signifi-
cant source of BSOA at the measurement site in Bukit Atur,
linking isoprene derived BSOA to a distinctivem/z82 peak
in the AMS organic aerosol mass spectrum and the asso-
ciated 82Fac PMF factor. The mean value map of 82Fac
(Fig. 14a) shows higher than average loadings in air masses
from the immediate north, north-east and south-east. These
are all areas of oil palm agriculture, as shown in Fig. 1b of
Hewitt et al. (2010). The air masses associated with these
areas also have particularly low maximum altitudes mean-
ing they are likely to be particularly influence by local sur-
face emissions (Fig.8). The cluster averages show higher
82Fac loadings from air masses associated with theMarine
cluster thanTerrestrial (0.18 vs. 0.12 µg m−3, respectively),
which in this case corresponds to air masses from the Sem-
porna Peninsula region to the immediate south-east of the site
(approximately 4.5◦ N, 118◦ E). The north-easterly cluster,
which corresponds to air mass from the oil palms to the north,
shows high average loadings (0.14 µg m−3), although there
is a low amount of data from this period as stated earlier.
Loadings are periodically high across the rest of the island
signifying additional inland sources. The 82Fac OA makes
up a significant proportion of the total OA (24 %).Robin-
son et al.(2011) speculated that the formation of isoprene
SOA may be catalysed by the high sulphate loadings in Bor-
neo: acidic sulphate has been shown to affect isoprene SOA
formation in chambers (although through a mechanism un-
likely to yield them/z82 marker detected in Borneo;Surratt
et al., 2010) and acidic aerosol has been shown to catalyse the
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(a) (b)

(c)

Fig. 13. (a) OOA1, (b) OOA2 and (c) the ratio of the OOA1 and OOA2 mean value maps, equivalent
to OA oxidation. Grey is median value, red is greater than median, blue is less than median and white
denotes no data coverage. 36 h trajectories are used.
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Fig. 13. (a)OOA1,(b) OOA2 and(c) the ratio of the OOA1 and OOA2 mean value maps, equivalent to OA oxidation. Grey is median value,
red is greater than median, blue is less than median and white denotes no data coverage. 36 h trajectories are used.

heterogeneous reactive uptake of 1,4-hydroxycarbonyls (es-
tablished isoprene oxidation products) to condensed phase
species likely to yield them/z82 peak (Lim and Ziemann,
2009). The mean value map of excess sulphate (Fig.14)
shows the main source to the south-east of the site, in one of
the regions associated with isoprene SOA. It should be noted
that sulphate aerosol that is neutralised by the time of arrival
at the measurement may be acidic closer to the coast where it
has had less time to be neutralised by terrestrial ammonium
sources.

3.5 Sulphate aerosol

The mean value map correlation (r = 0.93) suggests that sul-
phate (Fig.15) and ammonium are components of the same
aerosol, with the ion balance indicating this is likely in the
form of ammonium sulphate. Cluster averages of ammonium

and sulphate show greater loadings in theMarinecluster than
in the Terrestrial cluster (0.25 vs. 0.09 µg m−3 for ammo-
nium and 0.75 vs. 0.25 µg m−3 for sulphate, respectively),
which is consistent with the mean value maps.

Ammonia is produced from the natural breakdown of urea
and uric acid excretion from animals and emissions from
fertiliser. It is the primary basic gas in the atmosphere and
would be expected to be present in Borneo. Sulphate aerosol
is often produced from processing of anthropogenic emis-
sions of SO2 from fossil fuel combustion. South East Asia
uses more sulphur rich vehicle fuel (International Fuel Qual-
ity Center, 2009) than western countries meaning anthro-
pogenic fossil fuel combustion may be of particular influ-
ence in the region. Sulphate is also produced naturally by
processing of phytoplankton DMS emission (Kloster et al.,
2006) and gaseous sulphur emitted by volcanoes (Allen et al.,
2002). Previous studies have used the methane sulphonic
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(a) (b)

Fig. 14. Mean value maps of (a) 82Fac and (b) excess sulphate (defined as moles of charge of sulphate
greater than moles of charge of ammonium plus 3×10−9 to account for spread of neutral values). Grey
is median value, red is greater than median, blue is less than median and white denotes no data coverage.
36 h trajectories are used.
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Fig. 14. Mean value maps of(a) 82Fac and(b) excess sulphate (defined as moles of charge of sulphate greater than moles of charge of
ammonium plus 3×10−9 to account for spread of neutral values). Grey is median value, red is greater than median, blue is less than median
and white denotes no data coverage. 36 h trajectories are used.

acid peak (MSA; CH3SO3H) of the high resolution AMS
mass spectrum as a marker for DMS derived sulphate aerosol
(Zorn et al., 2008). The yield of MSA relative to sulphate
from atmospheric DMS oxidation has been shown to be
much lower in tropical conditions (Bates et al., 1992; Allan
et al., 2009) and no MSA signal was apparent in the Borneo
dataset.

Volcanic activity was reported around the time of the OP3
project from Ruang (735 m), an island north of Sulawesi, In-
donesia, East of Borneo and Mount Papandayan (2665 m) on
Java, Indonesia, to the South of Borneo (Venzke et al., 2010),
and could be responsible for some of the sulphate aerosol de-
tected. However, if the back trajectories are assumed to be
reliable when extended to the seven day limit (Fig.8), these
regions did not influence the site.

A scatter plot of sulphate loading vs. OA loading, coloured
by cluster, is shown in Fig.16, similar to the method used
in Chen et al.(2009) when analysing aerosol composition
in Amazonia. Figure S1 of the Supplement shows the same
scatter plot coloured bym/z44:43 (OA oxidation). Lines in-
dicate the modal centres of the histogram of values of the
sulphate to OA ratio. It should be noted that some level of
correlation is to be expected between aerosol loadings due
to shared removal processes, hence points at all three lines
show a degree of correlation. Line A indicates points of high
sulphate concentration with little dependence on OA loading,
which are characteristically associated with theMarineclus-
ter. They also show a varied level of OA oxidation. They are
consistent with sources of sulphate external to Borneo that
are not necessarily associated with production of OA – such
as marine DMS production or volcanic emissions.

Line B indicates points of correlated high sulphate and OA
concentration which are characteristically associated with

Fig. 15. Sulphate mean value map. Grey is median value, red is greater than median, blue is less than
median and white denotes no data coverage. 36 h trajectories are used.
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Fig. 15. Sulphate mean value map. Grey is median value, red is
greater than median, blue is less than median and white denotes no
data coverage. 36 h trajectories are used.

the Marine, Coastal and North-easterlyclusters. These
points show generally higher oxidation. This is consistent
with an internally mixed regional background that is removed
through wet deposition in inland Borneo. It is possible that
the aerosol associated with line B could be sulphate from
similar sources to that associated with line A, but with OA
mass added during transit over conurbations on the east coast
of Borneo, however this is not likely given the high level of
OA oxidation which suggests long atmospheric lifetime, and
the lack of association with individual cities. Most likely,
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Fig. 16. SO4 loading vs. OA loading coloured and numbered by cluster. Lines, labelled with letters,
indicate different proposed dependencies. Lines represent modes of the SO4 : org ratio histogram of
values.
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Fig. 16. SO4 loading vs. OA loading coloured and numbered by
cluster. Lines, labelled with letters, indicate different proposed de-
pendencies. Lines represent modes of the SO4:org ratio histogram
of values.

the aerosol whose sulphate and organic mass correlate along
line B result from long range transport, which may well be
a combination of anthropogenic and biogenic sources. Bio-
genic sources of organic matter are most likely to be of ter-
restrial origin and those of sulphate are likely to be marine in
nature.

Line C indicates points of high OA loading with a weaker
dependence on sulphate loading, which are characteristically
associated with theTerrestrial andWesterlyclusters. They
show a range of levels of OA oxidation. This is consistent
with biogenic production of SOA, providing a mixture of
more and less aged OA.

For the region including the measurement site and the sea
to the south-east, where the majority of sulphate containing
air masses came from: DMS emissions from phytoplank-
ton are predicted to contribute around 30–40 % of total col-
umn sulphate (Gondwe, 2003; Kloster et al., 2006); around
40–50 % of surface sulphate is predicted to be from anthro-
pogenic emissions (Tsai et al., 2010) with < 10 % of surface
sulphate concentrations predicted to be from shipping emis-
sions (Capaldo et al., 1999); and around 30 % of surface sul-
phate predicted from volcanic emissions (Graf et al., 1997).

It is likely that the apparent elevated sulphate loadings over
the oil palms to the south-east of the site are mainly due to the
preceding transport of the air across marine source regions.
There may also be elevated sulphate loadings due to the prox-
imity of marine sources such as DMS production and ship-
ping as well as an increased anthropogenic influence. The
fact that sulphate and ammonium loadings are depleted in-
land is probably due to the wet removal of the aerosols as

they are transported through these regions of enhanced pre-
cipitation (Fig.7).

3.6 Combustion emissions

High aerosol loadings at the beginning of the measurement
period are associated with air masses from the south of
the measurement site. This can be seen by splitting the
data set into two periods of interest (POI): POI1 before
00:01 a.m. 29 June 2008 UTC and POI2 after. This point
was chosen because of the drop in both organic and inorganic
aerosol loadings and is indicated in Fig.10. POI1 was influ-
enced by air from the east coast of Borneo, and experienced
greater amounts of OA (1.34 vs. 0.62 µg m−3), OOA1 (0.76
vs. 0.27 µg m−3), CO (177 vs. 98 ppb; Fig.17), BC (0.36
vs. 0.18 µg m−3; Fig. 18) and 91Fac (0.15 vs. 0.12 µg m−3;
Fig. 19) than POI2. These quantities are all indicative of
pollution. The 91Fac factor may suggesting biomass burn-
ing specifically due to its resemblance to previously reported
biomass burning spectra (Alfarra et al., 2007; Allan et al.,
2010), although it is a minor factor making up only 18 %
of total OA mass over the whole project. Trajectories also
tended to be influenced by air masses that have higher max-
imum altitudes during POI1 compared to POI2, with me-
dian minimum trajectory pressures of 880 hPa vs. 946 hPa
and tenth percentile pressures of 653 hPa vs. 886 hPa, respec-
tively.

During POI2, CO and 91Fac show strongly on-island
sources implying that biomass burning still influences the
site, albeit to a lesser extent. It is less evident that an on-
island source of BC dominates during POI2, with elevated
amounts to the south, both on and off-island. There is
a disparity between inland BC and CO measurements dur-
ing POI2, with the dominant CO source being inland and the
dominant BC source being more coastal and marine. This
would be explained if the BC and CO were emitted from
biomass burning on the south coast of Borneo (or even fur-
ther upwind) and then transported across the island. The BC
would be depleted inland through wet removal but the CO
concentrations would be largely unaffected. Any BC from
shipping off the east coast that was insignificant compared to
biomass burning emissions in POI1 would then be apparent
in POI2. Modelled loadings of BC (0.2–0.5 µg m−3 for the
region;Koch et al., 2009) are consistent with the BC equiva-
lent loadings for POI1 and POI2.

The MODIS fire count shows more open fire activity on
Borneo at the beginning of the campaign, with an average of
42 events per day in POI1 compared to 10 in POI2. The fires
are mainly confined to the coast with particularly high activ-
ity on the south-west of the island. This is also true of the
wider region as a whole, with an average of 193 events per
day in POI1 compared to 176 in POI2 (for the region shown
in Fig. 9). This is consistent with POI1 being particularly
heavily influenced by aged biomass burning in the region, ei-
ther transport of aged off-island biomass burning emissions,
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(a) (b)

Fig. 17. Mean value maps of CO during (a) POI 1 and (b) POI 2. Colour scale is centred round the
median value of the CO mean value map for the whole campaign.
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Fig. 17. Mean value maps of CO during(a) POI 1 and(b) POI 2. Colour scale is centred round the median value of the CO mean value map
for the whole campaign.

(a) (b)

Fig. 18. Mean value maps of aerosol absorbance (expressed as black carbon equivalent loading) during
(a) POI 1 and (b) POI 2. The colour scale is centred round the median value of the BC mean value map
for the whole campaign.
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Fig. 18. Mean value maps of aerosol absorbance (expressed as black carbon equivalent loading) during(a) POI 1 and(b) POI 2. The colour
scale is centred round the median value of the BC mean value map for the whole campaign.

or more local on-island biomass burning emissions. It is
also the case that air masses during POI1 descended from
higher altitudes than POI2, with mean minimum pressures of
838 hPa and 931 hPa and tenth percentile values of 652 hPa
and 886 hPa, respectively. The introduction of free tropo-
spheric air may increase the dominance of biomass burning
species which are likely to be transported from their source
to the upper troposphere by pyroconvection.

It is possible that there is an oxidised aerosol influence
from the south eastern coast of the island, particularly during
POI1. The enhanced OOA1 loadings during POI1 may be
due to processed emissions from biomass burning. In POI2
the majority of oxidised aerosol is in air masses external to
the island, implying long range transport of OA. Taking this

into consideration, it is likely that the OOA1 in POI1 is from
a combination of long range transport of OA and on-island
production and ageing of biomass burning OA. Further sepa-
ration of these sources during POI1 is not possible given the
short time scale and small range of trajectories sampled.

The inorganic aerosol components and 82Fac are also all
greater in POI1 than POI2. There has been some evidence
in the literature that sulphate gases produced from biomass
burning can condense onto biomass burning aerosol down-
wind of fires, so this could be a potential sulphate source
(Gao et al., 2003). However, coastal and marine air masses
dominate POI1 compared to POI2, which has a more bal-
anced mixture of coastal/marine and inland air masses. This
would explain the greater inorganic loadings in POI1, as
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(a) (b)

Fig. 19. Mean value maps of 91Fac during (a) POI 1 and (b) POI 2. Colour scale is the consistent be-
tween plots and is centred round the median value of the 91Fac mean value map for the whole campaign.
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Fig. 19. Mean value maps of 91Fac during(a) POI 1 and(b) POI 2. Colour scale is the consistent between plots and is centred round the
median value of the 91Fac mean value map for the whole campaign.

these aerosols are thought to be marine in origin (sulphate
and chloride) or formed by reaction with marine aerosol (am-
monium and nitrate). While 82Fac is not thought to be ma-
rine in origin, it is associated with marine air masses as these
pass over the oil palm plantation to the south east of the site.
It can also be speculated that some other controlling factor
involved in the 82Fac OA was increased during POI1 (e.g.
sulphate aerosol acidity or oxidation rates). Acidic sulphate
has previously been shown to affect isoprene SOA formation
and (Slowik et al., 2011) also showed theirm/z82 containing
PMF factor may be associated with elevated sulphate concen-
trations. However, it appears that 82Fac shows little relation
to the biomass burning markers throughout the project, sug-
gesting that the increase during POI1 is unrelated to biomass
burning. OOA2 showed a very slight decrease in loadings be-
tween POI1 and POI2 (0.09 vs. 0.08 µg m−3), however this
change is so small as to be within the uncertainty of the in-
strument and analysis methods.

3.7 Dependence of hygroscopicity on regional source

Figure 20 shows mean value maps of hygroscopicity mea-
surements for two given aerosol sizes. These are represen-
tative of other measured sizes, with an averager = 0.9 for
six sizes between 32 and 258 nm for the GF90 mean value
maps and an averager = 0.7 for ten sizes between 57 and
202 nm for the SScrit mean value map. A complete discus-
sion of aerosol hygroscopicity and its relation to composi-
tion and size is detailed inIrwin et al. (2010). The subsat-
urated growth factor (between 0 and 90 % relative humid-
ity; GF90) shows good separation between terrestrial and
marine air masses for both sizes, with higher aerosol GF90
measured in air of marine origin. Critical supersaturation
(SScrit) shows highest values from the south-west and east

over Bongao island (5◦ N, 120◦ E), which are air masses as-
sociated with low sulphate levels (Fig.13) and less oxidised
aerosol (Fig.13). As previously stated, the AMS does not
efficiently measure sea salt, however if primary externally
mixed sea salt aerosol was present it would be expected to
be apparent in HTDMA data as a population of particles
with a high (>2) growth factor in the upper dry size chan-
nels (Good et al., 2010a). Such a mode was not observed,
justifying the comparison of AMS and hygroscopicity data.
The hygroscopicity mean value maps are supported by the
cluster averages. The hygroscopicity instruments have less
data coverage than the AMS, not making measurements dur-
ing the beginning of the measurement period when aerosol
loadings were high in air mass from due south over the
Sangkulirang Peninsula (1◦ N, 117.5◦ E). Taking this into ac-
count, higher GF90 and lower SScrit values are measured in
air masses associated with higher ammonium sulphate mass
fraction, and conversely lower GF90 and higher SScrit val-
ues are measured in air mass associated with lower ammo-
nium sulphate mass fraction. This is consistent with the lit-
erature which shows ammonium sulphate to be more hygro-
scopic than atmospheric OA in both sub- and supersaturated
regimes (Petters and Kreidenweis, 2007; Swietlicki et al.,
2008). If a single hygroscopicity parameter can be used to
explain water uptake then GF and SScrit mean value plots
would be expected to anti-correlate. While there is gener-
ally good anti-correlation, there are some exceptions. These
should be the subject of further investigation to establish if
this is due merely to instrumental or inversion artifacts, or if
it is indicative of limitations of single variable parameterisa-
tions (as discussed byGood et al., 2010b; Irwin et al., 2010).
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(a) (b)

(c) (d)

Fig. 20. Mean value maps of: sub-saturated growth factor for (a) 53 nm particles and (b) 155 nm parti-
cles; and critical supersaturation for (c) 63 nm particles and (d) 149 nm particles. Grey is median value,
red is greater than median, blue is less than median and white denotes no data coverage. 36 h trajectories
are used.

67

Fig. 20. Mean value maps of: sub-saturated growth factor for(a) 53 nm particles and(b) 155 nm particles; and critical supersaturation for
(c) 63 nm particles and(d) 149 nm particles. Grey is median value, red is greater than median, blue is less than median and white denotes no
data coverage. 36 h trajectories are used.

4 Summary

In general, many species demonstrated an association with
either terrestrial or marine air masses. These are represented
by data from theTerrestrial andMarine clusters which are
displayed in Table4. The analysis of halocarbons shows
bromoform and dibromomethane to be strongly associated
with coastal and marine air mass. These species are estab-
lished marine tracers and this result provides validation for
the back trajectory analysis presented here. Particularly high
mixing ratios were observed in air masses associated with an
area of seaweed cultivation directly east of the site. Methyl
iodide was associated with similar air masses as the poly-
brominated compounds but it is unclear if it is produced from
similar sources or by a different mechanism. It shows some
departure from the polybrominated compounds, with inland
levels not as uniformly low. Elevated inland values are also
present in the methyl bromide mean value map. Methyl io-

dide has previously been reported from terrestrial vegetation
and soil as well as biomass burning, all of which may con-
tribute to the inland sources. Biomass burning has been re-
ported as a source of methyl bromide and there is some ev-
idence for emission from tropical vegetation. In contrast to
the other halocarbons, the methyl bromide mean value map
showed low mixing ratios in air masses directly east of the
site. There does seem to be some marine contribution, specif-
ically from the coast directly south of the site. It also showed
some elevated mixing ratios in air masses from directly north
and south of the site. This may be due to biomass burn-
ing associated with the oil palm plantations however other
biomass burning markers were not observed to be significant
of this region. It could also be due to the proximity of coastal
sources such as macro algae. It is unclear if the oil palms
themselves are a source of methyl bromide.
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Table 4. Averages of data during 12 h periods classified as belonging to theMarine andTerrestrial clusters. Values quoted in the form
mean (median75th %ile

25th %ile). Marine andTerrestrial data sets that are significantly different with a 95% confidencelevel (using the two tailed
Mann-Whitney U test (Cheung et al., 1997), which is nonparametric) are marked with an asterisk.

Borneo Amazonia

Terrestrial Marine All In Out of All
basin basin

Aerosol composition
Organics (µg m−3) 0.68 (0.640.89

0.47) 0.70 (0.620.90
0.41) 0.74 (0.630.95

0.43) 0.50 0.80 0.67

OOA1* (µg m−3) 0.29 (0.250.44
0.16) 0.33 (0.270.43

0.16) 0.35 (0.270.46
0.16)

OOA2* (µg m−3) 0.11 (0.100.14
0.07) 0.07 (0.070.10

0.04) 0.08 (0.070.11
0.04)

82Fac* (µg m−3) 0.12 (0.090.18
0.05) 0.18 (0.140.25

0.06) 0.18 (0.130.25
0.06)

91Fac* (µg m−3) 0.16 (0.150.21
0.09) 0.12 (0.090.15

0.05) 0.13 (0.100.17
0.05)

Sulphate* (µg m−3) 0.27 (0.260.35
0.19) 0.75 (0.710.99

0.40) 0.61 (0.500.89
0.28) 0.04 0.30 0.15

Ammonium* (µg m−3) 0.09 (0.090.12
0.05) 0.25 (0.240.35

0.13) 0.21 (0.190.31
0.09) 0.02

Nitrate* (µg m−3) 0.03 (0.020.04
0.01) 0.04 (0.030.05

0.02) 0.04 (0.020.05
0.01) 0.01

Chloride* (µg m−3) 0.01 (0.000.01
0.00) 0.01 (0.010.01

0.00) 0.01 (0.010.01
0.00) 0.00

Absorbance* (µg m−3) 0.19 (0.160.28
0.09) 0.21 (0.170.29

0.09) 0.22 (0.180.31
0.09)

Hygroscopicity

GF90* [53 nm] 1.30 (1.291.34
1.27) 1.42 (1.411.45

1.36) 1.38 (1.381.43
1.32)

GF90* [155 nm] 1.46 (1.491.52
1.41) 1.58 (1.581.62

1.53) 1.53 (1.541.60
1.46)

SScrit* [63 nm] 0.63 (0.630.67
0.61) 0.48 (0.470.55

0.41) 0.53 (0.540.63
0.45)

SScrit* [149 nm] 0.26 (0.250.31
0.18) 0.20 (0.170.23

0.15) 0.22 (0.200.27
0.16)

Gas composition

CO* (ppbv) 111(110116
105) 98.4 (94.3108

86.8) 101(100110
89.4)

CHBr3* (pptv) 1.10 (1.131.28
0.96) 1.61 (1.561.79

1.38) 1.48 (1.451.75
1.17)

CH2Br2* (pptv) 0.81 (0.830.85
0.80) 0.95 (0.950.99

0.91) 0.91 (0.930.98
0.85)

CH3I* (pptv) 1.03 (1.081.12
0.97) 1.09 (1.081.18

0.99) 1.08 (1.081.18
0.99)

CH3Br (pptv) 6.73 (6.687.39
6.23) 6.92 (6.907.23

6.35) 6.80 (6.697.21
6.16)

Particulate nitrate and chloride show very similar time se-
ries trends and their mean value maps show their association
with marine air. They exhibit a consistent diurnal profile with
sharply elevated levels around midnight. Inspection of the
AMS mass spectral information shows that the nitrate is un-
likely to be present as ammonium nitrate or organic nitrates.
The sea is an established source of sodium chloride aerosol,
however this is not generally detected due to its slow vapouri-
sation time in the AMS. Nitric acid may be produced by pro-
cessing of biogenic NOx from soil (particularly from the fer-
tilised oil palms plantations) and anthropogenic NOx emis-
sions from settlements on the coast. This nitric acid could
displace chloride from marine sodium chloride particles to
give aqueous sodium nitrate aerosol that is more efficiently
vapourised by the AMS than sodium chloride. It is likely
that the liberated chloride is detected in the form of ammo-
nium chloride although it is unclear if this is the case. The

nocturnal profile may be caused by the reformation of nitrate
and chloride aerosols in nocturnal fog droplets or their likely
partitioning to the gas phase as the temperature increases dur-
ing the day. It may also be associated with sampling of free
tropospheric air when the boundary layer dropped below the
measurement site, as was observed by LIDAR measurements
(Pearson et al., 2010). While loadings of nitrate and chloride
are small, they are higher than were measured in Amazonia
which is consistent with greater influence of a marine source.

Levels of sulphate and ammonium are much higher than
in the AMAZE-08 project in the rainforest of the Central
Amazon basin whereChen et al.(2009) performed a simi-
lar analysis of sulphate and OA correlation to assess aerosol
origin. This led to the classification of “in-basin” and “out-
of-basin” influences. 40 % of the AMAZE-08 project was
classified as being influenced by in-basin periods which were
dominated by (relatively unoxidised) OA (0.5 µg m−3), with
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little sulphate influence (0.04 µg m−3). These were deemed
to be influenced mainly by BSOA freshly produced from
rainforest VOC emissions. The out-of-basin periods, com-
prising 30 % of the project, were less dominated by OA
(0.8 µg m−3), which was more oxidised, with more sulphate
influence (0.3 µg m−3). During these periods the measure-
ment site was more influenced by long range transport of
emissions from a variety of sources, probably processed
DMS emissions from the Atlantic and biomass burning from
West Africa. This is in contrast to Borneo which experienced
much higher sulphate loadings (0.61 µg m−3). A study in
West Africa measured similarly high levels of sulphate as
were observed during OP3, which may be due to the marine
influences during the West African monsoon phase.

Organic aerosol is most oxidised in marine air masses.
Sulphate was associated with marine air masses and showed
varying levels of correlation with organic aerosol. Sul-
phate unassociated with organic aerosol showed an off-island
source and is likely to be mainly from the processing of ma-
rine DMS emissions. Air masses travelling over the moun-
tainous interior of Borneo show depressed levels of regional
background aerosol which is probably due to greater wet re-
moval by orographically induced convective precipitation.
These air masses are also associated with less oxygenated
OA, presumably because the removal of regional aerosol in-
creases the relative dominance of BSOA produced close to
the measurement site. It should be noted that the sulphate
loading inTerrestrialair masses (which are most representa-
tive of rainforest conditions) is even greater than the out-of-
basin classified data from Amazonia. This implies that, while
regional aerosol is probably being depleted inland through
wet deposition, a significant amount of aerosol is transported
across the length of the island. Emissions from agriculture
seemed to influence the site with isoprenoid BSOA show-
ing elevated levels over the major oil palm plantations to the
north and south of the site, which is consistent with measure-
ments showing oil palm to emit five times as much isoprene
as the natural rainforest (Hewitt et al., 2009).

OA associated with sulphate also showed an off-island
source and an increased level of oxidation. This is likely
to be long range transport of internally mixed aerosol. The
sources are likely to be a combination of both anthropogenic
and biogenic sources of both OA and sulphate but the OA
has aged considerable during transport. It is unclear how
much of this background signal is biogenic, anthropogenic
or pyrogenic. It is also possible that the organic background
may be wholly or in part due to marine biological sources
(O’Dowd et al., 2004). A fraction of the OA showed only
a weak association with sulphate. This predominantly arose
during air periods influenced by on-island air masses and
is likely to be biogenic aerosol from processing of VOCs
emitted by the rainforest. Emissions from the rainforest in
Borneo are likely to be measured at Bukit Atur as relatively
fresh aerosol and so would be expected to be represented by
OOA2 and 82Fac, plus some fraction of OOA1. Considering

only periods influenced byTerrestrialair masses, this gives
an estimated loading of between 0.23 and 0.52 µg m−3, com-
pared to 0.5 µg m−3 of OA seen in-basin in Amazonia. This
lower contribution from the Bornean rainforest is likely to be
mainly due to the difference in the size of the source regions.

The beginning of the campaign was dominated by high
aerosol loadings, due in particular to sulphate and the organic
OOA1 and 82Fac PMF factors. This period was also associ-
ated with increased CO, BC, 91Fac and all inorganic species.
The MODIS satellite shows this to be a period of enhanced
fire activity around the coast of Borneo, particularly on the
southwest of the island. The beginning of the measurement
period is influenced by coastal air running up the east coast
of Borneo. It is likely that the increased biomass burning ac-
tivity caused the increased CO, BC and 91Fac loadings. It
is also likely that processed organic biomass burning emis-
sions contributed to the increased OOA1 loadings. It is pos-
sible that some of the sulphate aerosol is from condensation
of gases emitted from biomass burning. However, the cor-
relation is not high (r = 0.45) between the OOA1 and sul-
phate time series during POI1 suggesting that, if this is oc-
curring, it is a relatively small contribution. In addition to
aerosol emissions from biomass burning, the enhanced inor-
ganic and OOA1 aerosol loadings during POI1 could be due
to the dominance of coastal air, a reduction in precipitation
causing less wet removal, or an increase in oxidation rates.
The latter two could themselves be consequences of biomass
burning emissions.

Aerosol hygroscopicity showed marked differences be-
tween terrestrial and marine air masses, however the data
coverage does not include the period of more intense biomass
burning. The most hygroscopic aerosol associated with the
same air masses as high ammonium sulphate concentrations.
As sulphate aerosol is more hygroscopic than (even highly
oxidised) organic aerosol, the sulphate to organic mass ra-
tio would be expected to be the driving factor in the aerosol
hygroscopicity.

5 Conclusions

The results are consistent with a regional background of sul-
phate and aged organic aerosol that is removed by wet de-
position in the interior of Borneo. This may be expected on
an island, where off-island sources are likely to be distant
enough to contribute to an aged background. Seven day air
mass trajectories show the site was influenced by the least
populated areas with the least amount of detected fires, when
compared to the wider region. Given this it is likely that bio-
logical sources dominated the regional background.

Both the Marine and Terrestrial clusters had much
higher sulphate loadings (0.75 and 0.27 µg m−3, respec-
tively) than were measured in Amazonia (0.15 µg m−3),
which is probably due to a greater marine influence. The
rainforest ecosystem has also been reported as a minor source
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of sulphur gases (and associated aerosol) in the Amazon (An-
dreae et al., 1990), but the analysis presented here shows if
this is present it is a comparatively minor source, withTerres-
trial air masses containing 65 % less sulphate thanMarine.

The sulphate appears to be largely neutralised to ammo-
nium sulphate by time of arrival at the site, probably by ter-
restrial ammonium. The rainforest and oil palms appear to
be sources of BSOA, with an estimated mean concentration
of 0.26 µg m−3, however there are no periods where local
BSOA dominates as was the case in the AMAZE-08 project.
The region is influenced by some level of biomass burning,
although, apart from the beginning of the measurement pe-
riod, this appears to be a relatively minor source. Far field
biomass burning emissions may be so aged as to be part of
the regional background, however inspection of seven day
back trajectories were not associated with areas of particu-
larly high fire activity in the region. There also appears to be
a minor influence at night from marine chloride reacting with
terrestrial nitrate.

In general Borneo shows a wider range of influences than
Amazonia. Despite data coverage lower than other compara-
ble analyses the methods proved useful in assessing the ori-
gin of species measured. This study shows that the Amazon,
whilst clearly an important part of the biosphere, is not repre-
sentative of the tropics as a whole. The “maritime continent”
region needs to be considered separately from the Amazon,
as being a heterogeneous and complex mixture of biogenic,
marine and anthropogenic influence.

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/9605/2011/
acp-11-9605-2011-supplement.pdf.
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