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Abstract
Volatile organic compounds (VOCs) from biogenic and anthropogenic sources are
important constituents of the atmosphere with effects on air quality and climate. Current
uncertainties in measurements and models relate to their roles in tropospheric ozone and
secondary organic aerosol formation, yet there have been few measurements of their fluxes from
contrasting chemical environments. Additional measurements with greater spatial and temporal
resolutions are required to constrain uncertainties in atmospheric chemistry and climate models.
This thesis presents long-term measurements of VOC fluxes and concentrations in two
contrasting environments: central London and the Brazilian Amazon. VOC concentrations were
quantified by proton transfer reaction-mass spectrometry and fluxes were calculated using the
virtual disjunct eddy covariance method over a period of several months at sites in central London
and the Amazon rainforest.
In central London, traffic was found to be the main source of aromatic compounds.
Oxygenated compounds and isoprene showed strong correlations with light and temperature,
suggesting biogenic, evaporative, or secondary atmospheric origins. The seven VOCs measured
in central London had a five-month average total emission rate of 1.4 mg m-2 h-1. Comparisons
with local and national emission inventories showed that modelled emissions were largely
underestimated.

iv

Measurements of isoprene and monoterpenes at the remote ZF2 site in the Amazon
rainforest showed an 11-month average total emission rate of 2.7 mg m-2 h-1 with considerable
seasonal variation, which could not be accurately reproduced using the light and temperature
based MEGAN algorithms.
This thesis presents the first long-term VOC flux measurements providing information at
high temporal resolutions on seasonal variability at an urban site and a pristine tropical forest site.
They confirm that the Amazon rainforest is an extremely strong source of reactive carbon to the
Earth’s atmosphere exceeding emissions from a developed megacity, such as London, per unit
area.
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Chapter 1: Introduction

Chapter I
1 Introduction
Non-methane volatile organic compounds (VOCs) are a group of organic hydrocarbons
that have a high vapour pressure at standard conditions which results in a very low boiling point
and hence sublimate or evaporate into the atmosphere. VOCs include a wide range of compounds
and are ubiquitous, originating from both biogenic and anthropogenic sources. Biogenic sources
represent the majority of VOCs globally emitted into the atmosphere. Terrestrial plant foliage is
estimated to be the primary source of biogenic VOCs, however there are other minor sources
including microbes, animals and aquatic organisms (Wagner et al., 1999). Isoprene is the
dominant component of non-methane VOCs with estimated biogenic emissions of approx. 600
TgC a-1 globally (Guenther et al., 2006), 90% of which are attributed to tropical and temperate
broadleaf tree and shrub species. Monoterpenes account for the second largest contribution of
bVOCs to the atmosphere and dominate over boreal forests (Levis et al., 2003).
Anthropogenic VOCs sources constitute a much smaller component of total VOCs. In the
urban and suburban environment aVOCs primarily originate from vehicle emissions consisting
of either direct emissions from vehicle exhaust or other traffic related sources (Kansal, 2009; Na
et al., 2005). The latter are mainly hot-soak emissions during engine cooling (Na et al., 2004;
Rubin et al., 2006) and evaporative emissions from petroleum products (Srivastava et al., 2005).
Industrial processes such as manufacturing, storage and transport of petroleum and solvent
containing products, but also instances of biomass burning for domestic use or agriculture,
provide localized emission sources, which combined are important on a global scale (Piccot et
al., 1992). Significant anthropogenic compounds include benzene and toluene, but also
chlorofluorocarbons and other toxic or banned compounds like MTBE (methyl tert-butyl ether).
1
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Many ubiquitous compounds, especially oxygenated VOCs such as acetone and methanol
have a variety of anthropogenic and biogenic sources, as well as originating from secondary
atmospheric formation since they constitute the oxidation products of other compounds.
VOCs emitted by biogenic and anthropogenic sources affect atmospheric composition
and chemistry, and thus have important roles in modifying air quality and climate through various
mechanisms. In air quality VOCs can either be directly detrimental to humans and the
environment through their toxicity or by acting as a carcinogen (e.g. benzene), or indirectly by
forming secondary pollutants such as tropospheric ozone (O3) which causes oxidative damage to
human and plant tissues (Lippman, 1993).
Direct and indirect effects of VOCs on climate occur via mechanisms affecting the
oxidative capacity of the atmosphere and changing the radiative balance. Many VOCs take part
in the formation of secondary organic aerosols (SOA), which affect cloud formation and hence
the radiative balance. The oxidative capacity of the troposphere depends on hydroxyl radical (OH)
concentrations. Compounds such as O3 and OH determine the oxidation potential, of which VOCs
are a key factor, therefore affecting the atmospheric chemistry and its feedbacks on climate.
Examples of feedbacks between climate change and atmospheric chemistry include enhanced
stratospheric-tropospheric exchange of O3, frequent periods with stable conditions causing
pollution accumulation over industrial and urban areas, enhanced temperature-induced biogenic
emissions, as well as increasing the lifetime of greenhouse gases by removing OH.
Many biogenic VOC emissions are driven by light and temperature and therefore climate
change induced changes in temperature and intercepted radiation will affect VOC emission rates.
This example highlights the importance of quantifying VOCs to better understand the possible
effects of climate feedbacks (Beerling et al., 2007). VOCs can photolyse forming intermediate
radicals, react with OH radicals, NO3 radicals, and O3. Depending on the photochemical regime
of the environment, VOCs act as a precursor to net O3 formation when concurrent with oxides of
nitrogen (NOx), however in NOx-limited regimes O3 reacts with OH and HO2 radicals which forms
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additional loss processes (Atkinson, 2000). The modelling of VOC chemical pathways in the
atmosphere is highly complex and although progress has been made using chamber experiments,
more field observations are necessary to constrain uncertainties and identify potential gaps in our
understanding of VOC chemistry under atmospheric conditions (Lelieveld et al., 2008).
There are large uncertainties in estimating global VOC fluxes; however, there are now
methods which allow these estimates to be constrained. These include bottom-up inventories,
which are based on computer models and algorithms to scale up local observations to estimate
regional or global emissions, and the top-down approaches consisting of direct measurements at
larger ecosystem or regional scales, or employing remote sensing techniques.
Bottom-up model predictions depend on accurate input variables such as meteorological
and surface exchange processes, which are supplied by emission inventories. Most governments
provide a national inventory on a range of pollutants. The National Atmospheric Emissions
Inventory (NAEI) provides gridded emission estimates for a range of air pollutants and heavy
metals in the UK. Total VOCs are reported with compounds that are directly harmful, i.e. benzene
and 1,3-butadiene being given separate attention. Emission estimates for nonpoint sources are
calculated by multiplying an emission factor (e.g. kilograms of pollutant per volume of fuel
consumed) by an activity statistic (e.g. amount of fuel consumed per year) (NAEI, 2014). There
are large uncertainties involved in the estimates which depend on the accuracy of the statistical
information used.
Top–down approaches include data acquisition using remote sensing techniques, e.g. the
use of formaldehyde observations to constrain isoprene emission estimates (Guenther et al.,
2006). Remote sensing techniques are less effective in regard to most VOCs due to the
insufficiently strong IR/UV-Vis spectra to be detectable at ambient concentrations. Therefore,
direct quantification of ecosystem scale VOC fluxes is necessary to help constrain regional and
global models. These data are then used to develop surface parameterizations which provide areaintegrated flux estimates on regional to global scales.
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Accurately quantifying VOC fluxes using direct measurement techniques requires a good
understanding of the transport and surface exchange mechanisms within the boundary layer which
has given rise to a variety of methods to quantify a range of different VOC species. The most
common are eddy resolving methods which rely on sufficient turbulence for the exchange of VOC
fluxes within the boundary layer. The recent development of commercial proton transfer reaction
– mass spectrometers (PTR-MS) provided an instrument with sufficient temporal resolution for
eddy resolving methods (Lindinger et al., 1998). Virtual disjunct eddy covariance (vDEC) is a
recently developed technique using PTR-MS as it requires high frequency measurements of both
the micrometeorology and the VOC scalar (Karl et al., 2002; Rinne et al., 2001).
This thesis aims to compare and contrast a suite of anthropogenic and biogenic VOC
fluxes and concentrations from fundamentally different environments with contrasting chemical
regimes and sources: a European megacity with diverse anthropogenic sources but also with green
space that might contribute biogenic VOCs; and a pristine forest canopy in the world’s largest
tropical biome where anthropogenic influences are minimal. To achieve this, a range of VOC
fluxes were measured in London and a remote site in the Amazon basin in Brazil using a PTRMS in conjunction with the vDEC technique. This thesis is structured into the following chapters/
papers:
I.

Application of PTR-MS and validation by direct instrument comparison

of VOC concentration measurements by GC-FID in a chemically complex urban
environment (Paper I),
II.

application of VOC flux measurements over a range of different canopy

types such as urban (Paper II) and remote forest (Paper III) using virtual disjunct eddy
covariance,
III.

comparison of measured fluxes with modelling approaches of biogenic

emissions (Papers II and III), urban emissions inventories (Papers I and II), and flux
footprints (Papers II and III),
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IV.

and comparison and discussion of VOC fluxes and concentrations from

anthropogenic versus biogenic sources at the two measurement sites in London and
Brazil (Chapter 7).
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Chapter II
2 Sources and effects of volatile organic
compounds
2.1 Introduction to VOCs
Non-methane volatile organic compounds (VOC) are a group of organic compounds that
are defined by a high vapour pressure of >0.01 kPa at 20 °C or a low boiling point <250 °C at
standard atmospheric pressures of 101.3 kPa, although the classifications in legislation vary
between countries (EC Directive 1999/13/EC). This definition includes semi-volatile organic
compounds, which have a boiling point higher than water and can begin to vapourise at room
temperature (20 °C) (EPA, 2014). These include persistent compounds, such as polycyclic
aromatic hydrocarbons and compounds often associated with aerosol formation.
There are thousands of different VOC species in the atmosphere, originating from a range
of distinct biogenic and anthropogenic emission sources or resulting from the chemical
degradation of parent compounds by photolysis or oxidation (Figure 2.1) (Hewitt and Jackson,
2003). Each will contribute to the chemistry of the atmosphere, to a greater or lesser extent. The
atmosphere is a highly energetic and oxidising medium, in which VOCs are oxidised ultimately
to CO2 and H2O if reactive intermediates are not removed by deposition. The dominant chemical
reactions in the atmosphere and the precise oxidation routes depend on the presence of cooccurring compounds such as NOx and other reactive species, as well as environment-dependent
variables such as light and temperature. This chapter will compare and contrast the main biogenic
and anthropogenic VOC species, sources, emissions, and their importance in two distinct
atmospheric environments, namely a pristine background forest environment and a polluted urban
environment.
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Figure 2.1. Diagram showing the main sources and sinks including reactions and processes of
volatile organic compounds in the atmosphere with links to their effects in air quality and climate.
Image adapted from Monks et al. (2009).

2.2 Biogenic VOCs
2.2.1 Emission sources and estimates
Many plant species emit VOCs into the atmosphere. Although some of these compounds
fulfil protective and communication roles within plants and between plants and insect
communities, not all the biological functions of bVOCs are clearly understood (Laothawornkitkul
et al., 2009).
Global bVOC emissions are believed to far exceed those of anthropogenic VOCs, with
estimated emission rates of 1150 TgC a-1 and 110 TgC a-1, respectively (Guenther et al., 1995;
Piccot et al., 1992). However, considerable uncertainties in both these values remain (Arneth et
al., 2008). Although bVOCs encompass a wide range of compounds, isoprene is the dominant
component of non-methane VOCs both in terms of its mass emission rate and its effects on
atmospheric chemistry, because of its considerable chemical reactivity. It has an estimated
emission rate of approx. 500-700 TgC a-1 globally (Guenther et al., 2006). Terrestrial plant
foliage, particularly broadleaf tree and shrub species are the major source of isoprene, accounting
7
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for >90% of atmospheric isoprene levels. However, there are other minor sources including
microbes, terrestrial animals, and aquatic organisms (Wagner et al., 1999), as well as some
anthropogenic sources such as tailpipe emissions from vehicles (Borbon et al., 2001).
Biogenic isoprene emissions are controlled by the circadian rhythm and closely related
to photosynthesis in plant biochemistry, but are driven by ambient light and temperature (Hewitt
et al., 2011; Monson et al., 2012; Niinemets et al., 1999; Wilkinson et al., 2006). Tropical forests
are the regions of largest natural isoprene emissions, although monoculture plantations of high
emitting plant species can surpass canopy scale emissions from natural rainforests (Fowler et al.,
2011; Langford et al., 2010a; Misztal et al., 2011). Tropical forests experience a combination of
high light and temperatures with the occurrence of expansive areas of broadleaf trees, which are,
in general, high emitters of isoprene. Global isoprene emission estimate outputs from different
models seem to converge around the value of 600 TgC a-1. This may be due to significant
commonalities in the methodologies used and the lack of observations against which emissions
models can be validated and developed.
Monoterpenes account for the second largest contribution of bVOCs to the atmosphere
and consist of a wide group of C10-terpene compounds. Terpenes are a large group of organic
hydrocarbons based on C5H8 subunits. Isoprene itself is considered a hemi-terpene and together
they form the group of isoprenoids. Common monoterpenes include α- and β-pinenes, limonene,
terpinolene, α-terpineol, camphene, etc. (Dewick, 1999). Emissions of monoterpenes are
dominant above boreal forests and are often associated with natural fragrances (Levis et al., 2003).
Generally, monoterpene emissions are primarily temperature dependent, but leaf cuvette
measurements (Staudt and Seufert, 1995), and field measurements (Ghirardo et al., 2010;
Langford et al., 2010a; Misztal et al., 2010; Taipale et al., 2011) have indicated that for some
compounds light is also a driver of emissions. It is not known if de novo emissions of
monoterpenes are under circadian control, which would result in an indirect control of
monoterpene emissions from leaf storage reservoirs. Global emission estimates range from as low
as 36 Tg a-1 (Arneth et al., 2007a) to 144 Tg a-1 (Guenther et al., 1995) with a mean around 103
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Tg a-1 (Arneth et al., 2008). The large variation in reported monoterpene emission estimates may
be because the emission algorithms used are based on an exponential temperature dependency,
which consequently becomes more sensitive to the leaf temperatures used. Alternatively, widely
diverging values may be reported more openly (Le Quéré, 2006), acknowledging the lack of
observational constraints and understanding of emission processes (Arneth et al., 2008).
The emission rates of higher molecular weight biogenic compounds such as C15sesquiterpenes (e.g. β-caryophyllene, β-farnesene, α-bergamotene, etc.) are difficult to estimate
on an ecosystem scale, as there are a number of analytical problems related to their very high
chemical reactivity and their low vapour pressures. Similar to monoterpenes, sesquiterpene
emissions are dominantly temperature dependent. Modelled emission estimates vary widely, as
they are often based on leaf level and chamber measurements. Sesquiterpenes are so reactive in
the atmosphere that they are not commonly present at concentrations that would make canopyscale flux measurements possible. Scaled up enclosure measurements have indicated total
emission rates of 7 mg m-2 during the summer (Ortega et al., 2007) and up to 40 mg m-2 per month
(Helmig et al., 2007) over coniferous forests during the hottest months.
Other notable compounds of biogenic origin include oxygenated and other reactive
species such as methanol, acetone, acetaldehyde, acetonitrile, methacrolein (MACR), methyl
vinyl ketone (MVK), and methyl ethyl ketone (MEK) (Kesselmeier and Staudt, 1999). Primary
emission sources include terrestrial and marine biota and anthropogenic emissions, which will be
discussed separately below (Section 2.3), whereas some compounds (e.g. acetonitrile, MVK and
MACR) have greater secondary source contributions such as biomass burning and secondary
photochemical production from precursor VOCs, respectively. Methanol and acetone background
concentrations can be high due to their long atmospheric lifetimes with respect to hydroxyl radical
(OH) concentrations. Highest emissions have been observed from wounded plant material and
hence processes such as agricultural harvesting and drying may significantly contribute to their
emissions. The characteristic smell of cut grass is due to the emissions of C6 oxygenated VOC
compounds. MVK and MACR are reactive primary oxidation products of isoprene and therefore
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their measurement can aid our understanding of tropospheric chemistry. Their concentrations are
usually around one order of magnitude lower than that of isoprene and recent observations of
fluxes over forests indicate a net deposition of MVK and MACR to the canopy (Langford et al.,
2010a; Misztal et al., 2011). Unlike methanol and acetone, MVK and MACR have shorter
atmospheric lifetimes with respect to OH. Global estimates of oxygenated VOC emissions are
poorly quantified with only a few estimates which are around 120 to 340 TgC a -1 for methanol
(Guenther et al., 1995; Millet et al., 2008) and 260 TgC a-1 for other reactive compounds including
MVK+ and MACR (Guenther et al., 1995).

2.2.2 Effects on atmospheric chemistry and climate
Biogenic VOCs and their oxidation products act as precursors to ground level ozone (O3)
and secondary organic aerosol (SOA) formation. The formation of O3 requires the presence of
sufficient mixing ratios of oxides of nitrogen (NO + NO2 = NOx) and sunlight. O3 has significant
adverse effects on plants and animals, as well as implications for climate change due to its strong
radiative forcing. Generally, tropospheric O3 formation or destruction depends on the NOx mixing
ratio relative to that of VOCs and the rate constants for the reactions of both HO2 (hydroperoxyl)
and RO2 (alkyl peroxy) radicals with NO. The VOC/NOx mixing ratio forms a threshold between
two contrasting chemical regimes in the atmosphere, i.e. NOx-limited and VOC-limited, whereby
high ratios (i.e. >8) equate to NOx-limited chemistry and low ratios (i.e. <4) result in VOC-limited
chemistry. It is necessary to mention that the terms “NOx-limited” and “VOC-limited” are loosely
defined, because the divide between the chemical regimes is not always linear and the transition
between the two is broad with various dependencies and exceptions (see Sillman, 1999, for a
more detailed discussion). However, the terms are sufficient to distinguish between the general
prevailing atmospheric chemistry that is likely to occur in an urban area compared with that
occurring in a remote forest region.
The difficulty in assessing the O3 formation potential of a VOC species depends on
uncertainties in the reaction mechanisms and pathways, as well as the amount of NO being
converted to NO2 in the VOC degradation mechanism. As the pathway and complexity depends
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on the VOC species, they are often poorly understood and can seldom be confirmed in their
entirety through observations or laboratory experiments. Derwent et al. (1996) developed a
photochemical ozone creation potential (POCP) index relative to ethylene using photochemical
trajectory models to describe O3 production from the oxidation of 95 individual VOC species in
the presence of NOx. The study shows that isoprene is among the species with the highest POCP
index. Highest isoprene emissions occur from tropical forests, which are often in areas of low
anthropogenic pollution, making the chemical regime NOx-limited. In low NOx environments
VOCs and their products, especially from isoprene oxidation, can react with OH and O3 inhibiting
a build-up of tropospheric O3 (Lelieveld et al., 2008). However, as agricultural intensification,
urbanization, and industrialization increase in the tropics, high NOx emissions are more often
found concurrently with high VOC emissions. If NOx levels are sufficient to maintain O3
production, VOCs will control the rate of oxidant production, i.e. VOC-sensitive chemistry
dominates resulting in net O3 formation. An example highlighting the potential for significant
tropospheric O3 production in the tropics is the conversion of natural rainforest to oil palm
monocultures in Malaysia (Hewitt et al., 2009). By introducing additional NOx emissions, such
as from nitrogen fertilizers, the potential maximum O3 levels could exceed 100 ppbv with NOx
concentrations of 3-5 ppbv.
O3 acts as a greenhouse gas with an estimated radiative forcing equating to 25% of that
of CO2, although regionally tropospheric O3 could have a forcing effect 1.5 times that of CO2
(Blunden and Arndt, 2014). In addition to the climate forcing of O3, non-methane VOC
degradation processes compete with those of more potent greenhouse gases for OH. This can
increase the atmospheric lifetime of e.g. methane, thereby increasing their cumulative greenhouse
effects. Methane has contributed as much as 40-60% of the climate forcing of CO2 since
preindustrial times (Shindell et al., 2005).
Another significant process bVOCs are involved in is the formation of biogenic
secondary organic aerosol (SOA). Photooxidation and ozonolysis of isoprene, monoterpenes,
sesquiterpenes and their oxidation products lead to the formation of low volatility product species,
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which then partition into the condensed phase to produce SOA. Even the small molecule isoprene
may oxidize to form SOA in low-NOx conditions (Claeys et al., 2004). At higher NOx levels,
mesocosm experiments are consistent with no aerosol production from isoprene (Wyche et al.,
2014). Depending on season and location SOA contributes a substantial mass to particulate
organic matter (POM), which itself can constitute 90% of fine particulate mass over tropical
forests (Kanakidou et al., 2005). Fine particulates and their ability to change cloud properties and
formation affect the radiative balance and are currently considered the largest uncertainty in
climate change predictions. SOA act as cloud condensation nuclei (CCN) producing clouds with
higher droplet numbers, thus increasing the cloud albedo. With the exception of black carbon,
aerosols and clouds are estimated to constitute the strongest negative climate forcing (Forster et
al., 2007).
Atmospheric models show a negative bias in predictions of POM, thus underpredicting
organic aerosol mass in the boundary layer (Carlton et al., 2009; Goldstein and Galbally, 2007;
Heald et al., 2005), however there has been some improvement in reducing the uncertainty of
model predictions (Heald et al., 2010; Spracklen et al., 2011). There are a number of factors that
may contribute to errors in estimating aerosol loading. The majority of bVOC-derived SOA result
from monoterpenes (19.1 Tg a-1 (Kanakidou et al., 2005)), the emissions of which have high
uncertainties. Furthermore, the importance of SOA formation from isoprene is still rather unclear
(Brégonzio-Rozier et al., 2015; Claeys et al., 2004; Kleindienst et al., 2009; Lin et al., 2012) and
it is not always included in aerosol models. Field and laboratory data over the past decade have
provided evidence that isoprene is a contributor to SOA formation (see Carlton et al., 2009 and
references therein). Although the yield of isoprene-derived SOA is minor, the total contribution
to atmospheric POM is substantial (up to 30% of the global POM budget) due to the high global
isoprene emissions, which easily surpass contributions from fossil fuel (Heald et al., 2008).
Studies have also shown that isoprenoids form highest yields of SOA under low NOx conditions
compared with those formed under high NOx conditions (Kroll et al., 2005; Presto et al., 2005).
These conditions are predominantly found where bVOC emissions are highest, in tropical and
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boreal forests. However, chamber investigations have suggested that SOA yields from
sesquiterpenes are actually higher under high NOx conditions (Ng et al., 2007a).

2.2.3 Problems with the quantification of bVOC fluxes
There is still a paucity of direct field measurements of bVOC emission rates leading to
uncertainties in the assessment of modelled emission estimates. Furthermore, many species and
their intermediates are too short lived or require complex measurement installations to quantify
accurately. Many or most of the early attempts at quantification of bVOC emission rates and
mixing ratios were limited by instrument and technological shortcomings and it is only in the past
decade that fast response instruments of high sensitivity have become commercially available.
This has allowed the development of micrometeorological flux measurement techniques for VOC
flux quantification (Chapter 3). As a result there have been increasing numbers of VOC flux field
observations. However, flux measurement techniques are complex and ideal field sites
particularly in the tropics that as far as possible fulfil the necessary theoretical and practical
requirements are often difficult to access due to the remoteness of the location and/or for political
reasons. Specific difficulties in measuring certain VOC species will be discussed along with
instrument capabilities in Chapter 3.

2.3 Anthropogenic VOCs
2.3.1 Emission sources and estimates
Anthropogenic VOCs consist of a wide variety of compound groups with no single
dominant species (i.e. there is no single compound equivalent to the importance of isoprene in the
case of bVOCs). Direct vehicle exhaust emissions and other traffic-related sources such as hotsoak emissions during engine cooling (Na et al., 2004; Rubin et al., 2006) or evaporative
emissions from petrochemical products (Srivastava et al., 2005) are the main aVOC sources in
urban centres (Kansal, 2009; Na et al., 2005). For example, in central London, current emission
inventories assume that solvents and road transport contribute the most to aVOC emissions
(NAEI, 2014). Additionally, industrial processes including manufacturing, storage and transport
of petrochemicals, but also waste disposal, biomass burning for domestic use, agriculture or forest
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fires constitute local emissions, which cumulatively are important on a global scale (Piccot et al.,
1992).
Oxygenated species, alkanes, alkenes, and aromatics are the largest groups of aVOCs in
terms of concentrations (Theloke and Friedrich, 2007). VOCs with the highest concentrations in
urban areas are often longer lived oxygenated species, e.g. methanol, acetone and acetaldehyde,
which have some anthropogenic sources, but also come from biogenic and secondary atmospheric
formation. Largest fluxes are commonly from species with strongest urban emissions from either
ubiquitous or local point sources such as traffic-related emissions or industrial sites. These mostly
aromatic compounds include toluene, C2-benzenes, and C3-benzenes. C2-benzenes constitute
ethyl benzene, (m+p)-xylene, o-xylene and benzaldehyde, whereas C3-benzenes consist of a
larger group of C9-aromatics such as propyl benzene, ethyl methyl benzenes, and
trimethylbenzenes. Although benzene is the primary constituent of many higher carbon aVOCs
and an important component of petrol due to its high octane number, emissions are small and
therefore concentrations are low in urban areas. Exceptions are point sources such as petrol station
forecourts where concentrations are several orders of magnitude higher (Karakitsios et al., 2007).
Additional legislative attention has been given to benzene in order to curb emissions due to its
carcinogenicity. Many aVOC species are carcinogenic, such as benzene and 1,3-butadiene, or
otherwise toxic, e.g. toluene and xylene, which represent additional adverse effects of aVOCs in
the urban environment. The mixing ratios of monitored carcinogenic compounds are usually low,
but the combination of certain meteorological conditions can lead to periods of high mixing ratios
(Na et al., 2005). For example, during winter when the boundary layer is shallow and
photochemical removal is limited, mixing ratios can increase leading to high pollution episodes
even though fluxes remain the same.
Global aVOC emissions are estimated to be around 10% of biogenic emissions, i.e. 110
TgC a-1 from cities and industrial sources which represent small areas of high local emissions
distributed around the world. Emission estimates of aVOCs are often given as total non-methane
VOCs with few exceptions where speciated values are provided. Emission rates vary greatly
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between countries and even within cities reflecting the diversity of sources and source strengths,
as well as differences in national legislation, cultural practices, levels of anthropogenic activity,
population size and distribution. Most governments provide detailed emission inventories of
estimates of annual aVOC emissions per unit area based on known emission sources from a
variety of sectors (see Section 3.2.2.1). The uncertainties involved in producing the estimates can
be large as they depend on the accuracy of the information used (i.e. emission source strengths
and distributions). In the UK, emissions from point sources such as industrial processes are
required to be monitored and reported to the Environment Agency as part of the EU Integrated
Pollution Protection and Control (IPPC) Directive (96/61/EC) and are therefore more reliable than
nonpoint sources. Total aVOC emissions in the UK were estimated to be around 0.8 TgC in 2013
(NAEI, 2014) which in terms of carbon is much lower than the total UK CO2 emissions of 126
TgC a-1 (Department of Energy & Climate Change, 2015). This is in comparison with a reported
total aVOC emission estimate of 20.1 TgC a-1 (Wei et al., 2008) and a total CO2 emission of 2.45
PgC a-1 in China (Carbon Dioxide Information Analysis Center, 2012).

2.3.2 Effects on air quality and climate
Apart from their toxicity, many aVOCs contribute to tropospheric O3 and secondary
organic aerosol formation. The production of O3 is a nonlinear photochemical process, in which
the production rate depends on the ratio of VOC to NO x. The chemical regime in urban areas
differs from that of unpolluted environments in that the VOC/NOx ratio is low and therefore the
chemistry is NOx-saturated or VOC-sensitive. Generally, in this instance O3 increases with
increasing VOC concentrations and decreases with increasing NOx. The latter is often observed
in urban centres, power plants plumes, at night or during winter where the large emissions of NO
remove O3 by NOx titration. This reaction only leads to a net reduction of O3 when there is no
photolysis of NO2 to release odd-oxygen (odd-oxygen is the generic term for O atoms and O3 in
the atmosphere), since the removal of O3 is smaller (i.e. 1-1.5 O3 per emitted NO) than the rate of
production (i.e. >4 O3 per emitted NOx) (Sillman, 1999; Sillman et al., 1998). Additionally, when
estimating the VOC/NOx ratio, it is more appropriate to use a weighted VOC ratio than the sum
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of total VOCs, as more reactive VOC species weigh the ratio in favour of O3 production with
increasing reactivity in regard to OH. This is especially important in urban areas with a more
diverse mix of VOCs, as individual highly reactive species with a higher O3 formation potential,
such as isoprene, contribute disproportionally to O3 production (Derwent et al., 1996). This has
implications for the planning of green urban infrastructures, i.e. the VOC emission rates of tree
species must be considered in the selection process (MacKenzie et al., 1991; Donovan et al.,
2005). For example, tree species that emit large amounts of isoprene are less suitable to be planted
in urban and suburban areas due to the high O3 forming potential of isoprene. From the integrated
POCP values from (Derwent et al., 1996) (see Section 2.2.2) which are relative to ethylene to
compare the O3 formation potential of different aVOC species, it is shown that many common
aromatics such as m-xylene and trimethylbenzene isomers have an even higher POCP value than
isoprene (Derwent et al., 1996; Na et al., 2005). Although most compounds including benzene,
toluene, most alkanes, and oxygenated species have lower POCP values than ethylene, the diverse
mix of VOCs in urban environments can cause difficulties in producing accurate predictions of
O3 concentrations in air quality models. VOC emission rates represent the largest uncertainty in
photochemical models due to the inaccuracies of emission inventories. Furthermore, the lack of
representation of biogenic emissions in urban emission inventories contributes to the generally
large underestimation of VOC emissions in cities (Fujita et al., 1992; Langford et al., 2010b).
Advection of pollution and photochemical aging of air masses also play important roles
in determining O3 forming potentials. Often new pollution follows a VOC-sensitive regime, but
as the air mass ages the pollutants evolve towards NOx-limited chemistry. This evolution depends
on the rate at which NOx reacts in the air parcel (Milford et al., 1994). Even on a regional scale,
advected air masses containing high VOC mixing ratios from biogenic emissions from suburban
and peri-urban areas can have large effects on urban O3 formation (MacKenzie et al., 1991).
Therefore, intercontinental and regional pollution advection become important factors in air
quality modelling (Holloway et al., 2003; Zaveri et al., 2010).
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As with bVOCs, many aVOCs, especially aromatics (approx. 80%) and their oxidation
products contribute to SOA formation. The current global estimate of anthropogenic VOC
contributions to SOA formation range from 0.4-2.6 Tg organic matter a-1 (Tsigaridis and
Kanakidou, 2003). However, observations suggest this to be an underestimation by up to one
order of magnitude with updated estimates ranging from 3-25 Tg a-1 (Volkamer et al., 2006). The
exclusive use of chamber experiments, which do not account for losses of semi-volatile vapours
to chamber walls, may be leading to poor understanding of aerosol growth under atmospheric
conditions (Zhang et al., 2014). Furthermore, polymers and their highly oxygenated intermediate
species have been identified as an important component of aerosol formation from aromatic
precursors (de Gouw et al., 2005). A further difficulty is the complexity of oxidation product
reaction mechanisms, which increases with higher carbon numbers producing larger SOA yields
(Hamilton and Lewis, 2003). Higher carbon compounds such as from diesel emissions have a
greater SOA forming potential due to their reactivity, volatility, and higher mass of available
carbon (Gros et al., 2007). The SOA formation from these compounds is poorly quantified
because of difficulties in measuring speciated higher carbon compounds. Suggestions have been
made to improve organic aerosol and thus SOA predictions using species grouped by their
volatility (Robinson et al., 2007) and oxidation state (Jimenez et al., 2009).
Like isoprene, aromatic hydrocarbons such as benzene, toluene and xylene produce a
higher SOA yield under low NOx conditions, although the rate of production under high NOx is
faster (Ng et al., 2007b). There are further differences in yield production between individual
compounds with toluene and ethyl benzene producing higher SOA yields than xylene and
trimethylbenzenes (Odum et al., 1997). Although often not included in climate forcing models,
SOA from aVOCs also contribute to climate effects, which could cause up to -0.1 W m-2 radiative
cooling depending on how much models underestimate SOA yields (Volkamer et al., 2006). On
a more local scale, SOA in urban areas can enhance the absorption of radiation by black carbon
(Jacobson, 2000) and thus heat the surrounding air affecting atmospheric stability, vertical
mixing, precipitation, and incoming radiation (Ramanathan et al., 2001).
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Other concerns in urban areas are the effects of SOA on human health and visibility. SOA
is part of total fine particulate matter, which has been linked to respiratory and cardiovascular
disease. Especially existing conditions such as reduced lung functioning are exacerbated by fine
particulates (Seaton et al., 1995). In urban and suburban environments SOA can contribute up to
40% of organic carbon particulate concentrations depending on which VOC precursors are
available (Kleindienst et al., 2007).

2.3.3 Problems with measuring aVOCs
The number of different aVOCs that play an active role in a variety of adverse effects is
vast. Therefore, difficulties in measuring aVOC concentrations lie in the instrument limitations
for quantifying speciated VOCs, especially higher carbon compounds, and the number of
compounds or compound groups that can be observed simultaneously or at sufficient frequencies.
There are additional complications when quantifying aVOC fluxes from urban landscapes.
Although the logistical requirements of VOC flux measurements can be easily fulfilled in urban
areas, the problem is identifying sites that satisfy the theoretical requirements for
micrometeorological flux measurements. The micrometeorological conditions above urban
canopies are not ideal due to the high emission source diversity, canopy heterogeneity, and
complex urban terrain. Street canyons and building structures increasingly complicate the air flow
dynamics creating pollution gradients (Fernando et al., 2001; Pugh et al., 2012; Vardoulakis et
al., 2007) and often reducing the representativeness of a measurement site.

2.4 Comparison of biogenic and anthropogenic VOCs
VOCs originating from biogenic and anthropogenic sources contribute to SOA and
tropospheric O3 formation affecting the climate and the oxidative capacity of the troposphere.
However, the source strength, type, emission composition and environment determine the extent
of their contributions. Table 2.1 compares and contrasts VOCs from both biogenic and
anthropogenic origins and their effects in the atmosphere.
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Table 2.1. Comparison of similarities and differences between biogenic and anthropogenic VOCs in their respective
environments, including their contributions and effects in the atmosphere.

Category

Biogenic

Anthropogenic

Dominant compound groups

Isoprene

Alkanes

Monoterpenes

Alkenes

Oxygenated compounds

Aromatics

(methanol, acetaldehyde,

Oxygenated compounds

acetone)

(methanol, acetaldehyde,
acetone)

Global emission estimates

1150a TgC a-1

110a,d Tg a-1

(approx. 600a Tg a-1 isoprene,
b

-1

103 Tg a monoterpenes, 230

(33 % alkanes, 30 %
a,c

TgC a-1 methanol, 260a TgC a-1

oxygenated compounds, 23 %
aromatics, 8 % alkenes)e

other reactive VOCs)
Major sources

Direct plant emissions (broadleaf

Fossil fuel combustion and

and coniferous trees, shrubs,

vehicle tailpipe emissionsi

croplands species)a

Evaporative emissionsj

Plants under biotic and abiotic

Solvent usek

stress

Production processes

Cutting and dryingf
Leaf decompositiong
Biomass burningh
Environment

Mostly unpolluted, natural;

Mostly polluted, urban;

Some urban emissions (urban

Some emissions in natural

vegetation, parks, roadside trees),

environments (resource

suburban and peri-urban

extraction, transport,

emissions

agriculture)

Typical chemical regime

NOx-limited

VOC-limited

Atmospheric lifetime2

1.4 h (isoprene)

9.4 d (benzene)

2.6 h (α-pinene)

1.9 d (toluene)

4.1 h (MACR)

4.3 h (1, 2, 4-

6.8 h (MVK)

trimethylbenzene)

12 d (methanol)

12 d (methanol)

53 d (acetone)

53 d (acetone)

117.8 (isoprene)

33.4 (benzene)

18.2 (acetone)

77.1 (toluene)

POCP3

132.4 (1, 2, 4trimethylbenzene)
18.2 (acetone)
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Global SOA contribution

Ca. 90 %l (10-1820 Tg a-1)m,n,o

6 ± 2 %p (0.4-2.6 Tg a-1)

(19.1m Tg a-1 (terpenes), 15m Tg

Or <30 %q (3-25 Tg a-1)

a-1 (other reactive VOCs), 2m Tg
a-1 isoprene)
1

% contributions of VOC functional groups using the example from Germany.

2

Atmospheric lifetimes with regard to OH using rate constants at 298 K taken from Atkinson (1997) and

assuming a 12 h average daytime OH concentration of 2.0 × 106 molecule cm-3.
3

Integrated photochemical ozone creation potential (POCP) relative to ethylene from Derwent et al.,

(1996).
References: a) Guenther et al. (1995), b) Arneth et al. (2008), c) Millet et al. (2008), d) Piccot et al. (1992),
e) Theloke and Friedrich (2007), f) Guenther et al. (2000), g) Warneke et al. (1999), h) Lipari et al. (1984),
i) Borbon et al. (2001), j) Srivastava et al. (2005), k) Piccot et al. (1992), l) Kanakidou et al. (2003), m)
Kanakidou et al. (2005), n) Goldstein and Gallbaly (2007), o) Hallquist et al. (2009), p) Tsigaridis and
Kanakidou (2003), q) Volkamer et al. (2006).

Biogenic and anthropogenic sources of VOCs emit a range of different compounds,
although many compounds can have both natural and man-made origins. The source type,
distribution and climate determine emission rates and the overall source strength. Often the
ambient conditions of the environment in which they are emitted determine the type and
magnitude of their effects. The ambient atmospheric concentrations of the OH radical, as well as
the local climate conditions establish the oxidative capacity of the troposphere. Furthermore, the
dominant chemical regime in the atmosphere is controlled by the co-occurrence of other
pollutants, such as NOx, which affect the amount of tropospheric O3 produced by a VOC species.
Not always are the conditions right to maximise the potential effects of VOCs, such as O3 or SOA
production. Furthermore, these effects are only adverse to human health and climate change when
specific conditions are met (Hamilton et al., 2015). It is often the case that maximised potentials
occur within or downwind of densely populated areas and concurrent with other adverse
influences, resulting in a synergistic effect with damaging consequences. It is therefore vital in
terms of both air quality and climate to monitor and be able to accurately model VOC emissions
in addition to the more widely monitored pollutants. High uncertainties in VOC emission
estimates on a global scale provide a poor basis to model O3 and SOA yields, which in turn
reduces the predictive capabilities of climate and air quality models. Therefore, to constrain
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modelled emission estimates of both biogenic and anthropogenic VOCs, it is necessary to quantify
direct ecosystem level VOC emissions from both natural and urban environments.
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Chapter III
3 Methods of volatile organic compound volume
mixing ratio and flux quantification
In this thesis two different, but related, metrics are used with respect to the occurrence of
volatile organic compounds (VOCs) in the atmosphere. The first is the volume mixing ratio
(expressed in parts per billion, ppb) or concentration (μg m-3). This is used in the calculation of
the second metric, the net flux of VOCs with a canopy environment (in units of mg m -2 s-1) as
determined using micrometeorological techniques. These “top-down” measured fluxes can be
compared to VOC emission rates estimated using “bottom-up” emission inventories, methods
which are available for both anthropogenic and biogenic VOCs. In this thesis, volume mixing
ratios of VOCs were obtained using proton transfer reaction – mass spectrometry (PTR-MS)
(Papers I-III), and these data were then used in conjunction with three dimensional wind vector
data obtained using a sonic anemometer to calculate fluxes by virtual disjunct eddy covariance
(vDEC) (Papers II and III). The measured fluxes were compared with an anthropogenic VOC
emissions inventory for London (Paper II) and with modelled biogenic VOC emissions using the
Guenther 95 and MEGAN algorithms in both London and over the Amazon tropical forest (Papers
II and III).

3.1 Quantifying VOC concentrations
3.1.1 Proton transfer reaction-mass spectrometry
3.1.1.1 Instrument design and operation
Until the 1990s the quantification of volatile organic compounds (VOCs) was confined
to gas chromatographic methods (see Section 3.1.2), which, although able to measure complex
mixtures of gas components to the pptv level, do not allow the on-line monitoring of fast changing
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concentrations on timescales of a few minutes or seconds. In 1998, Lindinger et al. developed a
commercial proton transfer reaction-mass spectrometer (PTR-MS) which is an on-line
measurement system for trace VOC components with concentrations in the pptv range. The PTRMS uses a form of chemical ionization (CI) that ionizes molecules, while causing less
fragmentation than electron impact ionization (EI), it allows a mixture of multiple compounds to
be quantified and characterized by their mass to charge ratio (m/z). The chemical ionisation
scheme utilised by the PTR-MS is the reaction of VOCs with hydronium (H3O+) primary reaction
ions, which transfer a proton to molecules that have a proton affinity that exceeds that of water
(Lindinger et al., 1993). Compounds with proton affinities less than that of water, e.g. N2, O2,
CO2 and CO, undergo non-reactive collisions with the reagent ions, thereby reducing the need of
prior conditioning of the air sample. When primary ions have enough time to react with the neutral
compounds a high sensitivity can be achieved, which is defined by a high ratio of product ion
signal i(R+) to the density of the neutral compound [R], i.e. i(R+)/[R]. Therefore, VOCs (R) in the
air sample with proton affinities higher than that of water undergo proton transfer reactions with
primary ions as follows
𝑘

𝐻3 𝑂+ + 𝑅 → 𝑅𝐻 + + 𝐻2 𝑂,

(3.1)

when the quantity of H3O+ is greater than R, whereby k is the reaction rate coefficient.
Providing the ambient VOC and H3O+ concentrations remain stable, the reaction kinetics can be
linearized allowing the VOC concentration to be calculated by the ratio of protonated VOCs to
H3O+ ions as

𝑅≈

1 [𝑅𝐻 + ]
,
𝑘𝑡 𝐻3 𝑂+

(3.2)

where t is the reaction time, which corresponds to the transit time of the H3O+ ions through
the drift tube.
The main components of a PTR-MS consist of an ion source, drift tube, quadrupole mass
filter and detector (e.g. the secondary electron multiplier, SEM) (Figure 3.1). High purity water
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vapour is flushed through a high voltage hollow cathode to provide a stable source of primary
reagent ions (H3O+), which are then focused through a lens into the drift tube where they are
combined with the sampled air and react with the compounds present. In the high sensitivity
instruments three turbo-molecular vacuum pumps are used to remove the remaining buffer gas to
maintain very low pressures in the drift tube (usually around 1.95-2.10 hPa) and the reaction
chamber (ca. 1.7 𝗑 10-4 hPa).

Figure 3.1. Schematic of a proton transfer reaction-mass spectrometer (Ionicon Analytik GmbH,
Austria) consisting of an ion source, drift tube and quadrupole mass spectrometer. SEM stands
for secondary electron multiplier which detects the ions and provides an output in counts per
second (cps).
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Once analytes have been protonated they are passed through the quadrupole mass filter,
which can be set to detect specific m/z or scan a section of the mass spectrum (e.g. m/z 19-206).
The product ions are then detected by an SEM that interprets the signal as an ion count per second
(cps). The quadrupole has a unity resolution and therefore can only detect compounds with a
similar molecular weight at the same integer atomic mass unit (amu). This requires a cautious
interpretation of the resulting mass spectrum, as individual m/z may be overestimated due to
isobaric interference from other compounds of similar integer mass. An example of this is m/z 69
which can include contributions from both isoprene (molar mass of 68.12 g mol-1) and, if present,
from compounds like furan (molar mass of 68.07 g mol-1).
This problem is avoided with the more recently developed proton transfer reaction- time
of flight-mass spectrometer (PTR-ToF-MS) by Jordan et al. (2009), which is capable of
measuring ultra-low VOC concentrations (pptv level) with a high mass resolution. This allows
the quantification of the full spectra of compounds by actual mass and elemental composition,
therefore distinguishing between isobaric, but not isomeric compounds as there is no structural
information given. The drawback of this instrument is the large quantity of data that is produced
even during a short deployment making the post-processing procedures extremely time
consuming.
3.1.1.2 Practical considerations and data handling
3.1.1.2.1 Impurities and compound fragmentation
Most proton transfer processes in the PTR-MS are non-dissociative, resulting in only one
product ion species. Dissociation can, however, occur with some compounds, but these follow a
certain pattern. Therefore, under controlled conditions the resulting fragments of the neutral
reactant can be consistently identified and adequately quantified. The conditions are determined
in the drift tube, where ions move through the flowing buffer gas under the influence of an electric
field. The ratio of the electric field strength (E) and buffer gas density (N) controls the drift
velocity of the ions and is expressed in units of Townsend, Td = 10-17 V cm2 molecule-1. If a
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constant E/N ratio is maintained the fragmentation pattern should be consistent throughout the
measurement.
Few studies have attempted to quantify fragmentation patterns of commonly observed
compounds as a function of E/N ratio (Hewitt et al., 2003; Misztal et al., 2012; Tani et al., 2004).
As the PTR-MS cannot distinguish between compounds of the same integer mass it is possible
for fragments of larger compounds to affect the signal of lower masses. In addition, different
compounds can result in identical fragments. For example, a range of monoterpenes can all
dissociate into fragment ions detectable at m/z 81 and m/z 137. GC-PTR-MS combined analyses
can help identify the contribution of individual species to a measured m/z, although only few
studies are available (de Gouw et al., 2003; Karl et al., 2001ab; Warneke et al., 2003). De Gouw
and Warneke (2007) provide a comprehensive overview of expected compound and possible
fragment contributions to the most commonly measured masses, as well as a compilation of
intercomparison studies between GC-based and PTR-MS methods. Where possible, isobaric
interferences and common fragmentation patterns should be investigated for PTR-MS
deployment and accounted for during post-processing, as they depend on the suite of compounds
emitted in different environments.
High purity water is required to minimize impurities, such as NO+ and O2+ that can
undergo charge-transfer reactions with many VOCs leading to increased fragmentation of the
compounds. Although high primary ion counts (2.5-3.5 × 106 cps) are desirable as they increase
the instrument sensitivity, they can increase the number of impurities, therefore the flow rate of
the water vapour and the voltages of the ion source are controlled to maintain optimal conditions
(de Gouw and Warneke, 2007). NO+ and O2+ impurities should be monitored at regular intervals
to ensure their effects on the analytes are minimal.
3.1.1.2.2 Water cluster formation and instrument sensitivity
When H3O+ ions become hydrated they form water cluster ions (H3O+(H2O)n; n = 1, 2, 3,
…) in the reaction chamber depending on the sample humidity. The first water cluster can be
quantified directly by monitoring m/z 37 or indirectly via the isotopologue H318O(H2O)+ and
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H3O(H218O)+ signal at m/z 39 as it is typically 0.4% of the signal for H316O(H216O)+. These cluster
ions can also react with VOCs as reagent ions, therefore, it is important to maintain a cluster ion
signal of <5% of the total reagent ion count by dissociating them using the electric field. Too high
E/N ratios result in increased fragmentation, whereas lower ratios encourage water ion clustering,
hence a compromise is necessary, usually in the range of 120-130 Td, to minimize both effects
while maintaining a high instrument sensitivity. This can be controlled by altering the drift tube
pressure, temperature or voltage. Environmental considerations can also dictate the most suitable
operating conditions of the instrument. For example, when measuring in very humid
environments (e.g. in the tropics) it may be necessary to increase the E/N ratio to >130 Td to
minimize the formation of water clusters, but pretreatment to remove the humidity, as is the case
in other analytical techniques, is not necessarily required. However, any humidity effects must
still be investigated and accounted for in the instrument background signal and sensitivities.
The surface of the SEM progressively degrades during use reducing the instrument
sensitivity. Adjusting the SEM voltage can counteract the loss of sensitivity. Regular SEM
optimization checks should therefore be undertaken during longer measurements by increasing
the voltage stepwise (e.g. by 50 V) until the relative increase in H3O+ ions to the previous voltage
is around 15%. Finding the correct optimum maintains instrument sensitivity and increases the
SEM lifetime.
3.1.1.2.3 Instrument calibrations and background corrections
The PTR-MS provides data in raw ion counts per second. As standard, these data are
normalized against the primary ion and, if they are humidity dependent, then also against the first
water cluster. Normalised ion counts (I(RH+)norm) are calculated for each mass by

𝐼(𝑅𝐻 + )𝑛𝑜𝑟𝑚 = 106 × (

𝐼(𝑅𝐻 + )
),
𝐼(𝐻3 𝑂+ ) + 𝐼(𝐻3 𝑂+ (𝐻2 𝑂)𝑛 )

(3.3)

where 𝐼(𝐻3 𝑂+ ) are the primary ion counts (i.e. m/z 21 𝗑 500) and 𝐼(𝐻3 𝑂+ (𝐻2 𝑂)𝑛 ) are
the water cluster counts (i.e. m/z 37 or m/z 39 𝗑 250). Similar to the water cluster, the primary ion
counts are monitored via the H318O+ isotopologue, which is scaled up by the natural isotopic
27

Chapter 3: Methods of VOC mixing ratio and flux quantification
abundance to estimate the H3O+ concentration. The principal reagent ion isotopologue (H316O+)
cannot be monitored directly, because its high signal would overwhelm the SEM. Once ion counts
have been normalized they can be converted to a volume mixing ratio (ppbv) using the normalized
instrument sensitivity. Calibrations to measure instrument sensitivities should be conducted at
regular intervals, especially during longer field deployments. Normalized sensitivities (SN) for
each compound can be calculated from the slope of the normalized ion counts (ncps) over a known
volume mixing ratio (VMRstand) of a calibration gas standard diluted with zero air, which is
controlled via a flow controller (Taipale et al., 2008), resulting in

𝑆𝑁 =

𝐼(𝑅𝐻+ )𝑛𝑜𝑟𝑚
,
𝑉𝑀𝑅𝑠𝑡𝑎𝑛𝑑

(3.4)

This can then be used to calculate the volume mixing ratio (VMR) of a measured
compound by

𝑉𝑀𝑅 =

𝐼(𝑅𝐻 + )𝑛𝑜𝑟𝑚
,
𝑆𝑁

(3.5)

where I(RH+)norm is the ion counts normalized by the primary ions and water clusters.
Using normalized counts removes some of the humidity effects on compounds of which the
detection is humidity sensitive by taking the water clusters into account (Warneke et al., 2001).
Additionally to calibrations, PTR-MS require regular monitoring of the often high
instrument background, which needs to be subtracted from the final measurement. Hourly
measurements of VOC-free or zero air (ZA) are needed either from a cylinder containing
compressed VOC-free air or from ambient air after removal of VOCs by a scrubber such as a
heated platinum catalyst. This enables the current instrument background to be subtracted from
the corresponding measurement. Using scrubbers that retain the ambient humidity is desirable,
thereby removing the need for humidity dependent background corrections, as ambient humidity
can sometimes affect the background measurements of some compounds. If this is not available,
the instrument specific response of humidity on the background noise for each measured
compound needs to be investigated and accounted for.
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Finally, the limit of detection (LoD) should be provided with the final ratified data to
allow the user to decide whether to apply the LoD filter or retain all data to avoid bias towards
larger values. The instrument detection limit for each compound concentration at the 95%
confidence interval is given as two sigma of the mass specific instrument background signal
(ppbv) acquired during the respective zero air measurement (Taipale et al., 2008).
As mentioned above, PTR-MS does not allow unambiguous identification of many (or
most) detected masses due to the possible occurrence of more than one compound at a given m/z
value, and the possible formation of mass fragments from larger molecular weight compounds.
Hence, complementary measurements using a compound-specific analytical method such as gas
chromatography with flame ionization detector (GC-FID) or GC-MS are required in order to
confirm the attribution of m/z values to specific VOC compounds in ambient air.

3.1.2 Gas chromatographic techniques
Gas chromatography is a widespread technique to separate and quantify compounds that
are either naturally volatile or do not decompose when vapourised. Instruments consist of a mobile
phase, which is an inert carrier gas (e.g. helium or nitrogen), and a stationary phase consisting of
a liquid or solid microscopic layer on an inert solid support within a column comprised of glass
or metal tubing. The gaseous sample is injected into the head of the column and driven by the
carrier gas into the stationary phase. As the analytes interact with the walls of the column, the
elution of each compound occurs at different times allowing the construction of a chromatogram
based on the retention times of the different compounds. The rate at which the chemical
constituents pass through the stationary phase depends on their chemical and physical properties
and hence their strength of adsorption to the stationary phase materials. Further parameters
controlling retention times and elution order include the flow rate of the carrier gas, the column
length and temperature. A detector at the end of the column monitors the outlet stream and
therefore the retention time and amounts of each compound can be determined. The nature of the
analysis requires discrete samples. Thus, sample acquisition, storage and preparation are
necessary prior to analysis. Complex multistage sample handling can be time consuming and
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introduce errors, such as storage artefacts for unstable or sticky compounds which is common
among VOCs. Automation of sample injection by employing an autosampler is widely used and
a variety of column inlet types are available to introduce the sample into the carrier gas flow.
Analysis run time can take between several minutes to hours, which does not include the time
taken for sample acquisition, resulting in a slow instrument response time.
Further details of the analytical method depend on the type of detector used. Flame
ionization detectors (FID) have electrodes that are located adjacent to a hydrogen fuelled flame
at the exit of the column. Only organic/ hydrocarbon compounds can be detected, as the carbon
forms cations and electrons during pyrolysis, thereby generating a current between the electrodes.
This increase in current is interpreted as a peak in the chromatogram. This detector allows very
low detection limits (picograms per second), but is limited to hydrocarbons, as it is unable to
generate ions from compounds containing carbonyl functional groups (Pavia et al., 2006).
Furthermore, it is possible for compounds to co-elute and present similar retention times.
Additional steps can be taken to minimize this phenomenon, such as increasing the peak capacity
to exceed the number of sample components (Davis and Giddings, 1983). The detector signal is
proportional to the number of carbon atoms in the molecule. Thus, the calibration for a single
compound can be translated to other compounds.
Gas chromatography – mass spectrometers (GC-MS), as the name implies, use a mass
spectrometer as the detector, which breaks the molecules into ionized fragments and detects them
using their mass to charge ratio (m/z). This allows differentiation of compounds with the same
retention time. The combination of gas chromatography and mass spectrometry reduces the
probability of erroneous compound identification, as it is highly unlikely that two different
compounds will have the same retention time and produce a similar pattern of ionized fragments.
Different methods of ionization can be used and resulting fragments are detected using an electron
multiplier diode, which converts the ionized fragment into an electrical signal (Eiceman, 2000).
GC-MS systems need to be calibrated for the range of target compounds to be fully quantitative.
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3.1.3 Advantages and limitations
The main advantage of PTR-MS is the high time resolution and range of compounds that
can be measured virtually concurrently with the same experimental setup. However, for the
quadrupole PTR-MS used in this work, the instrument specificity is limited to the integer mass of
the compound requiring assumptions or additional verification on compound identification,
whereby issues such as fragmentation, isobaric interferences, and humidity dependent responses
add further complexity to data interpretation. Using PTR-ToF-MS would reduce this problem, as
it is able to distinguish between different fragments with the same nominal, but different exact
mass (although not between identical fragments originating from different parent compounds),
however, such an instrument was not available for this work. GC methods provide additional
information for compound identification, but at a lower time resolution. The long run time of the
analysis necessitates acquisition, storage and pretreatment of discrete samples. Table 3.1
compares the main advantages and limitations of both instruments.
Table 3.1. Comparison of PTR-MS and GC-FID/ GC-MS techniques in VOC volume mixing ratio quantification.

Instrument

PTR-MS

GC-FID/MS

Sampling method

Continuous, on-line acquisition

Accumulation in canisters or in
adsorption cartridges requiring
storage and pretreatment

Response time

Fast (<5 Hz/ 0.2 s)

Slow (>15 min)

Detection limits

10 pptv

pptv-ppqv (1 pg s-1 FID, 0.25100 pg MS)

Specificity

Integer mass resolution (mass to

Molecular weight from retention

charge ratio)

time (mass to charge ratio for
MS)

Target compound

Analyte proton affinity greater
than that of water (using H3O

+

Organic hydrocarbons (FID
only)

reagent ions)

The different advantages of PTR-MS and GC methods complement each other by
providing high sensitivity information on a range of temporal and mass resolutions. PTR-MS has
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a sufficient response time to show almost real time VOC concentrations and when combined with
GC measurements, individual compounds and fragments can be identified and verified.

3.2 Quantifying VOC fluxes
3.2.1 Ecosystem scale emission measurements: Top-down approaches
The most direct method of making top-down estimates of emission rates is the
measurement of fluxes at the canopy-scale. Remote sensing techniques are also considered top
down methods, such as the use of formaldehyde observations from space to constrain isoprene
emission estimates (Guenther et al., 2006). However, most VOCs cannot be detected directly
using earth observation techniques and hence canopy-scale flux measurements have become the
preferred technique (Canadell et al., 2000; Geider et al., 2001; Running et al., 1999). Using towers
to sample the above-canopy VOC exchange allows the monitoring of ecosystem responses to
environmental drivers with minimal disturbance of the environment while maintaining ambient
atmospheric conditions.
3.2.1.1 Micrometeorological flux measurements: Eddy covariance methods
A number of different methods exist to quantify above-canopy VOC fluxes depending on
available resources, targeted VOC species, and desired spatial and temporal resolutions, but the
most direct methods are micrometeorological techniques based on eddy covariance (EC). EC
methods consist of measuring the fluctuations of the vertical wind speed (w) and scalar
concentration (c) over time (t). The technique requires fast response sensors to capture the scalar
flux associated with the range of eddy sizes that transport heat momentum and mass within the
surface layer. Variations of basic eddy covariance methods have been developed to adapt the
technique for VOCs, as originally it was used to quantify fluxes of momentum, sensible heat, CO2
and H2O, for which very fast response sensors have been available for some time (Baldocchi,
2003).
There are a number of theoretical requirements to be fulfilled for all eddy covariance
methods, which are related to the conservation of mass equation (Appendix I). For a flux
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measured at some measurement height (zm) to accurately reflect the true surface exchange, vertical
flux divergence is to be minimized. The conservation equation states that the rate of change of a
scalar at a fixed point in space must be balanced by the mean horizontal and vertical advection,
divergence or convergence of the flux, molecular diffusion, and by any source or sink. Thus, to
minimize vertical flux divergence/convergence, non-zero terms for convergence or divergence of
a flux in the horizontal and lateral may present a significant source of error, since they relate to
chemical processes associated with the transport of a compound and heterogeneity in the
landscape. Chemical reactions, i.e. formation or removal, are a further cause for vertical flux
divergence, however when applying EC to calculate VOC fluxes, it is assumed that no reactions
take place. This can be problematic, especially for highly reactive VOCs (e.g. sesquiterpenes)
when the rate of reaction is equal to or shorter than the time scale of vertical transport, thus leading
to under or overestimation of the flux at the measurement point due to divergence or convergence
respectively. Under ideal conditions the equation can be simplified to only represent the turbulent
exchange of a vertical flux of a compound where storage terms are insignificant. Therefore, ideal
conditions exist when:
i.

The scalar concentration and wind velocities are steady with time,

ii.

the underlying surface is homogeneous, and

iii.

the terrain of the upwind fetch area is flat.

When conditions ii and iii are met, an equilibrium boundary layer (EBL) will develop, in
which horizontal advection is negligible (Fowler et al., 2001). The layer is considered a PrandtlLayer in which the compound concentration profiles are in equilibrium with the rate of surface
exchange and therefore the flux is constant with height (Figure 3.2) (Denmead et al., 1993). The
EBL depth depends on the length of homogeneous fetch (i.e. the distance to the next upwind
heterogeneity) and atmospheric conditions. Atmospheric stability represented by the MoninObukhov parameter (ζ) affects the ratio of fetch to EBL depth, usually around 100:1, but this can
increase when conditions are stable (i.e. ζ ≥ 0) as this increases memory effects of upwind
obstructions. To attain a reliable representation of the long-term surface flux, statistical averaging
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is applied over a time period, usually 30-60 min, which is representative of both high and low
frequency turbulent eddies. As long as the mean vertical transport of air over the chosen averaging
period equals zero (𝑤
̅ = 0) and fetch requirements have been fulfilled, the flux can be
approximated as
𝐹𝑐 = ̅̅̅̅̅
𝑤′𝑐′,

(3.6)

where the net flux of a compound (Fc) is the time averaged covariance of the
instantaneous fluctuations of the vertical wind speed (w’) and the scalar (c’) around their
respective means (Plantaz, 1998). Lateral transport through advection, recorded by changes in the
horizontal (u) and lateral (v) wind speeds, can also occur when there is a horizontal gradient in
the measured scalar and can result in advection errors. These can be minimized by sampling over
a homogenous canopy which helps to limit horizontal gradients in scalar concentration.

Figure 3.2. Diagram showing turbulent transport, compound emission and deposition within the
planetary boundary layer as required to measure fluxes using eddy covariance techniques. Image
adapted from Langford (2008).

To capture the full flux covariance requires high frequency sampling (at approx. 10 Hz)
of atmospheric turbulence and volume mixing ratios, which necessitates fast response instruments
for both wind and scalar measurements. Wind vectors are easily measured at this temporal
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resolution using a sonic anemometer but analyte detection at this resolution is more difficult. If
the sensor has a slow response time, a long sensor path (e.g. through an extended inlet tube), a
low sampling rate, or a large distance between sensor placements, then low pass filtering of the
turbulence signals (i.e. w and c) can occur causing the attenuation of high frequency contributions
to the flux (Aubinet et al., 1999). Conversely, high pass filtering occurs when the sampling
duration is too short or the averaging period fails to include contributions from large, slow moving
eddies (Massman, 2000). Additional difficulties arise when measuring over heterogeneous
surfaces such as forest canopies and urban areas, as the surface roughness of the tree crowns and
buildings generates wake turbulence which disrupts the constant flux layer. Reliable
measurements over these terrains are still possible when the measurement site is at a sufficient
height above the tree crowns or street level, as the small scale heterogeneities blend together to
form a homogeneous net flux. Furthermore, elevated sensor positioning enables the measurement
of surface fluxes over larger areas to increase the spatial representation of heterogeneous terrain
as long as the sensor is within the equilibrium layer. Urban areas can be more complex due to the
multitude of street canyons and varying building structures and heights. However, aerosol and
trace gas fluxes have been successfully quantified when measuring at sufficiently high elevations
(Dorsey et al., 2002; Grimmond et al., 2002; Karl et al., 2009a; Langford et al., 2009; 2010b;
Nemitz et al., 2002; Velasco et al., 2005; 2009).
3.2.1.1.1 Virtual disjunct eddy covariance
Ultrasonic anemometers are widely used in EC setups to measure the wind components
at a high frequency. However, there are very few instruments to measure VOCs that have a
sufficient response time for flux quantification by EC. The notable exception is the fast isoprene
sensor (FIS) developed by Guenther and Hills (1998) which is based on chemiluminescence but
is only effective for measurements of isoprene. Consequently, Rinne et al. (2001) developed a
grab sampling system that filled canisters with air samples at a fast rate (e.g. 5 Hz response) every
few seconds. This approach allowed the stored air sample to be analyzed during the few seconds
(typically between 10 to 15 s) between grab samples using FIS or PTR-MS and resulted in a
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discontinuous time series of VOC measurements and corresponding vertical wind velocities, i.e.
a flux measurement that is based on a subset of the values that enter a standard eddy-covariance
calculation (Lindinger et al., 1993). The technique, dubbed disjunct eddy covariance (DEC), has
been successfully used to measure VOC fluxes over crop and forest canopies (Grabmer et al.,
2004; Warneke et al., 2002). Although validation studies have shown good agreement (within
10%) between DEC and EC data, there are still a number of impracticalities and uncertainties
(Turnipseed et al., 2009). The main drawbacks of DEC are i) the incomplete evacuation of the
canisters which leads to a carry-over effect, ii) the practicalities of mounting the system close to
the sonic anemometer, as it can disturb the air flow around the sonic anemometer, and iii) the
potential chemical interaction (i.e. losses) of VOCs with each other and with the sampling system
walls. The carry-over effect can be corrected for using the VOC concentrations and pressures in
the current and previous storage reservoirs (Langford et al., 2009). Otherwise, removing the grab
sampling system reduces the system complexity and any interference of the air flow around the
sonic anemometer. This was the basis for the development of an adapted version of DEC by Karl
et al. (2001b), termed virtual disjunct eddy covariance (vDEC), which bypasses the necessity of
sample canisters by utilizing the relatively fast response time of PTR-MS. This technique has
been used several times for measuring VOC fluxes over forest (Davison et al., 2009; Karl et al.,
2002; Langford et al., 2010a; Misztal et al., 2011; Spirig et al., 2005) and urban canopies
(Langford et al., 2009; 2010b; Velasco et al., 2005; 2009).
Capable of high frequency measurements (up to 5 Hz) a PTR-MS can sequentially
measure a set of pre-determined VOC masses creating a discontinuous time series. Due to the size
and complexity of the instrument it cannot be co-located with the sonic anemometer on the tower.
This, as well as the discontinuous measurements, introduces different problems requiring the
measurement setup to be adapted. As the PTR-MS can only measure individual masses
sequentially, the measurement time of each compound must be sufficiently fast (approx. 0.2 s) in
order to capture the flux carried by high frequency eddies. Furthermore, the length of the duty
cycle, which depends on the number of compounds measured, must be limited to a few seconds
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in order to maximise the number of data points used in the flux calculation, as this provides
stronger statistics and reduces the random error in the flux. The distance between the sonic
anemometer at the top of the tower and the PTR-MS at the foot of the tower introduces a
significant lag time between the wind speed and the corresponding compound concentration
measurements. A cross-correlation (c-c) function can help identify the temporal lag by finding a
maximum correlation between the vertical wind speed and the compound concentration, which
should occur at the moment of zero lag. Taking the above adjustments into consideration the
vDEC flux calculation is expanded to
𝑛

𝑖 − 𝑡𝑙𝑎𝑔
1
𝐹 = ∑ 𝑤′ (
) × 𝑐 ′ (𝑖),
𝑛
𝛥𝑡𝑤

(3.7)

𝑖=1

where w’ and c’ are the instantaneous fluctuations around the mean vertical wind (𝑤 −
𝑤
̅) and the mean VOC concentration (𝑐 − 𝑐̅), n is the number of VOC concentration
measurements per 30-60 min averaging period, tlag is the lag time between the wind and PTR-MS
measurements due to the transit through the sampling line, and Δtw is the sampling interval of the
vertical wind speed measurements of the sonic anemometer. The typical setup for this technique
requires the sonic anemometer and extended instrument inlet line to be located together at the top
of a mast or tower above the canopy. The minimum measurement height should be at least twice
the mean height of the roughness elements when over more heterogeneous canopies ensuring it
is outside the surface roughness layer (Grimmond and Oke, 1999). The sample air is pumped at a
high flow rate (60-80 L min-1) through a chemically inert tube (made from PTFE or PFA) to the
PTR-MS, which is usually located in a container at the bottom of the tower. The instrument
subsamples from the main line using a short tube at a lower flow rate (0.25-0.3 L min-1). Sampling
at a high flow rate ensures turbulent flow (Reynolds number, Re > 4000) is maintained which
limits the attenuation of VOC signals by the tube walls.
There are different methods to determine the appropriate lag time between the wind and
VOC measurements. Taipale et al. (2010) tested the most common methods including the
calculated (CALC), typical (TYP), maximum (MAX), average (AVG), and visual (VIS) methods.
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Both the CALC and TYP methods keep the lag time constant, which is either calculated using the
sampling flow and line dimensions (CALC) or by deducing a typical daytime value from the
median of several measurements (TYP). The maximum and average methods rely on the c-c
function and use the absolute maximum point (MAX) or the value at the time-lag at which a
running average of the c-c function peaks (AVG). The VIS method is based on manual assessment
of the correlation function and visually determining the lag time for each flux period. We further
investigated the effects of different lag time methods for data with poor signal-to-noise ratios,
which is often found when VOC concentrations are low or analyzer noise is high (Langford et al.,
2015) (Appendix II). Methods that systematically search for a maximum in the c-c function within
a given window (MAX method) can bias the calculated fluxes towards more extreme (positive or
negative) values. The study recommends using a prescribed lag time determined either through
the use of a monitored sample flow rate or by using the typical lag time derived by searching for
a maximum as this results in a random flux error but does not cause a systematic bias. Different
compounds interact with the walls of the sampling lines in different ways (i.e. they have different
adsorbtion/desorption properties). For example, compounds such as water vapour or methanol are
stickier, which results in longer time-lags. Consequently, where appropriate, time-lags should be
independently calculated for each compound measured. Failure to account for these effects may
result in a systematic underestimation of the flux. Further aspects of data post-processing and
quality control are outlined below.
3.2.1.1.2 Sonic anemometer data corrections
Usually, the horizontal or streamwise (u), lateral (v), and vertical (w) wind velocity
components are aligned with respective longitudinal (x), lateral (y), and vertical (z) directions of
a Cartesian coordinate system. A mathematical rotation of the coordinate system is applied in
which 𝑤
̅ is forced to zero as the tilting of the sonic anemometer can cause the vertical wind
component (w) to deviate from zero. A conventional rotation method of the coordinate frame is
around the z-axis, aligning the x-axis with the mean horizontal wind direction (𝑣̅ = 0) (Stull,
1988), and then rotating the x-axis to align w with the z-axis (𝑤
̅ = 0) (Baldocchi, 2003).
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Processing of the sonic data and calculations of accompanying variables such as sensible heat (H)
and momentum (τ) fluxes, friction velocity (u*), Obukhov length (L), wind speed (ws) and
direction (wd) are found in Appendix I.
3.2.1.1.3 Fulfilment of basic eddy covariance criteria and attenuation corrections
Theoretical requirements for eddy covariance flux calculations include sufficiently
developed turbulence and stationarity. Periods of insufficient turbulence, during which gases
emitted by soil and vegetation may not reach the measurement height but be advected horizontally
below the measurement height (drainage flow), can be filtered by applying a minimum threshold
based on the friction velocity (u*), whereby in this study a cut-off of u* ≤0.15 m s-1 is applied as
a typical value found during u* filter tests for CO2. The stationarity requirement states that the
statistical properties between the flux averaging periods are comparable and time independent.
They must represent those of the measured process and not be a result of the averaging period
(Dabberdt et al., 1993). A test developed by Foken and Wichura (1996) declares that a time series
fulfils stationarity when the flux equals the mean of its components (i.e. the 30 min flux ≈ the
average of fluxes calculated over five minute intervals) within predefined error bounds.
Therefore, if the mean of the flux components is >60% different to the respective 30-60 min
averaged flux, the time series is considered to breach stationarity and must be rejected. A problem
with this approach is that it tends to flag small fluxes as non-stationary and care needs to be taken
that the remaining dataset does not get biased towards larger flux values.
Flux losses due to high and low frequency attenuation can be estimated and corrected for
using the methods of Horst (1997) and Moncrieff et al. (2004), respectively. High frequency flux
attenuation can be estimated by

𝐹ℎ = 1 −

1
,
(1 + (2𝜋𝑓𝑚 𝜏𝑐 )𝛼1 )

(3.8)

where τc is the instrument related characteristic time constant (i.e. PTR-MS dwell time),
α1 is ⅞ for neutral to unstable stratification within the surface layer, and fm is the frequency of the
peak of the logarithmic cospectrum. The frequency fm can be estimated by
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𝑓𝑚 =

𝑛𝑚 𝑢̅
,
𝑧𝑚 − 𝑑

(3.9)

in which nm is the normalized frequency of the logarithmic co-spectral peak and equals
0.085 for neutral and unstable stratification, 𝑢̅ is the mean horizontal wind speed, zm is the
measurement height, and d the displacement height which equals ⅔ of the canopy height (d =
⅔zh) (Horst, 1997).
Attenuation from low frequency fluctuations for the averaged flux period (e.g. 30 min)
can be investigated by analyzing the sensible heat fluxes with progressively longer averaging
periods, e.g. 60, 90, 120 and 150 min. The coordinate rotation is applied to the joined files
individually, which acts as a high pass filter to the three wind vectors, confirming that fluctuations
of eddies with a longer time period than the 30 min averaging time do not contribute to the flux
measurement (Moncrieff et al., 2004). The fluxes are then compared back to the 30 min averaged
fluxes, which have the coordinate rotation applied before joining, again to ensure only turbulent
fluctuations of ≤30 min contribute to the flux.
3.2.1.1.4 Flux precision and limits of detection
One approach to estimating the limit of detection (LoD) of a flux measurement is to
quantify the noise of the cross-correlation (c-c) function. This is calculated using the method of
Spirig et al. (2005), where one standard deviation of the w’c’ covariance at a sufficient distance
away from the true lag time (3-4 times the integral timescale) is then multiplied by three to give
the flux precision with a 99.7% confidence interval. Unlike concentration LoDs, flux
measurement LoDs are derived from the fluctuations in the covariance function and are not
constant, due to the correlating characteristics of the sensors (i.e. sonic anemometer and PTRMS) and the instantaneous atmospheric conditions during each flux period. Furthermore, the
range of LoDs for different compounds does not only depend on the instrument sensitivities, but
also varies with ambient concentrations and background signals at a specific mass, since nonturbulent fluctuations increase the general noise of the covariance function. In Langford et al.
(2015), we discuss the use of the root mean square deviation (RMS) method from Nemitz et al.
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(in preparation) to calculate the flux detection limit that can be applied to data with different
signal-to-noise ratios.
The effect of the instrument noise on the flux detection limit can also be isolated from
other effects: for this purpose, a white noise flux with a sigma matching the instrument noise is
generated and applied to the c-c function with w’ to obtain the instrumental random noise. This
allows the separation of the instrument noise and genuine variability of VOC concentrations that
both contribute to the c-c function variability, and thus an approximation of the total random error
of a flux (Langford et al., 2015).

3.2.2 Modelled estimates and small-scale measurement techniques: Bottom-up
methods
Bottom-up estimates are widely used to report city-scale, ecosystem-scale, national or
global emissions of anthropogenic (aVOC) and biogenic VOCs. Estimates of aVOCs are based
on the emission intensity of various anthropogenic activities, which produces an emission
estimate per unit area and can be aggregated to form an emissions inventory. Emission estimates
of bVOCs are derived from models based on temperature and/or light modification factors, but
there are also physiological models of isoprene emissions, which include the budgets of isoprene
synthesis and photosynthesis. However, most models combine the light and temperature activity
adjustment factor with a term for ecosystem properties such as foliage density, seasonal
variability, species composition, and a species-specific or plant functional group-specific VOC
“base” emission rate at a given set of standard conditions of temperature and PAR. The key
component is often this base emission rate, which depends on the plant species or functional type.
The average base emission rate estimated for a particular biome is based on measurements from
leaves, chamber enclosures, or canopies from the respective ecosystem. Both types of estimates
can be compared with measured VOC fluxes or scaled up to produce regional or global VOC
emission budgets.
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3.2.2.1 Emission estimates of aVOCs using emission inventories
Anthropogenic VOC emissions are estimated using detailed emission inventories, which
provide biannual estimates of pollutants per unit area (e.g. 1 km2) based on known emission
sources from a variety of sectors. The UK National Atmospheric Emissions Inventory (NAEI),
which is commissioned by the Department for Environment, Food and Rural Affairs (Defra),
provides emission estimates for total non-methane VOCs in addition to which the priority
pollutants benzene and 1,3-butadiene are listed separately. The NAEI separates emission
contributions into 11 SNAP (Selected Nomenclature for sources of Air Pollution) sectors
consisting of industrial, commercial and residential combustion and other processes, energy
production, fossil fuel extraction, road and other transport, waste treatment, solvent use,
agriculture, nature, and point sources. SNAP sector distributions are constructed using statistics
appropriate to the type of sector. Information on large point sources are retrieved from official
UK bodies, such as the Environment Agency, whereas area sources are represented by a
distribution map generated from surrogate statistics appropriate for that sector. In the latter case
emission estimates are calculated by multiplying an emission factor with an activity statistic
representative of that particular sector. Using the example of road transport, the mass of a
pollutant emitted per volume of fuel consumed is multiplied by the amount of fuel consumed per
year. There are large uncertainties associated with the estimates depending on the accuracy of the
statistical information used to construct the activity statistic. Each estimate is accompanied by a
quality rating calculated from each source emission and overall emissions for each pollutant
(NAEI, 2014). Emission estimates are available for non-methane VOCs in kg km-2 a-1 based on
the 1 km resolution Ordinance Survey grid and a total annual emission for the UK is reported.
Limited information on indirectly speciated VOCs is available, whereby species profiles are used
to describe the chemical components of total VOC emissions from each source type.
Contributions of individual VOC species are shown as a percentage of the total emissions of the
respective source. There are large uncertainties associated with the speciated emission estimates,
as i) minor emission sources lack species profiles, ii) emission sources may contain unspeciated
components, iii) emission sources are speciated using species profiles from different sources on
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the assumption that emission characteristics are similar, and iv) species profiles are assumed to
be realistic, but may not be accurate (Bush et al., 2006; Passant, 2002).
At the national level air quality models using inventory emission estimates generally
compare well with measured ambient concentrations by automatic air quality monitoring sites
(van Loon et al., 2007; Williams et al., 2011). Currently 27 NMVOC mixing ratios are monitored
across four sites in the UK by the Automatic Hydrocarbon Network (AHN). These sites use an
automated GC-FID system providing hourly average concentrations. In areas where emissions
have high spatial and temporal variability, such as in urban centres, hourly averages fail to capture
short term (<1 h) changes in mixing ratios including high frequency maxima. Furthermore,
emission estimates require comparisons with direct canopy-scale flux measurements, which the
AHN is unable to provide. Although AHN sites most of the time fulfil the data quality objectives
set out by the Global Atmosphere Watch (GAW) of the World Meteorological Organization
(WMO), they performed poorly using the more demanding quality controls within the framework
of the European infrastructure ACTRIS (Aerosols, Clouds, and Trace gases Research
InfraStructure Network). Measurement performance in terms of uncertainty and repeatability of
measurement results from a multicomponent VOC mixture in whole air using standardized
operation procedures are as high as 20% and 15% respectively for GAW, but are set to 5% and
2% respectively in ACTRIS (Hoerger et al., 2014).
3.2.2.2 Modelled bVOC emission estimates
Emissions of dominant bVOCs, i.e. isoprene and monoterpenes, are species specific and
depend on environmental conditions, primarily temperature and photosynthetically active
radiation (PAR). In order to develop a bVOC emission model, these drivers and their effects on
emissions, as well as the emission rates themselves, must be quantified.
The base algorithm to model foliar isoprene and monoterpene emissions was developed
by Guenther et al. (1995), which was
𝐹95 = 𝜀0 × 𝐷0 × 𝛾0 ,

(3.10)
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where ε0 is the leaf base emission rate at standard conditions (30 °C and 1000 μmol m-2
s-1 PAR) in μgC g-1 dry weight h-1, D0 is the foliar density in kg dry matter m-2, and γ0 is a
dimensionless activity adjustment factor accounting for variations in PAR and temperature. An
additional canopy radiative transfer model can be used as part of γ0 to simulate the variability in
solar radiation fluxes within a vegetation canopy by computing the PAR flux density on sunlit
and shaded leaves (see Appendix I for detailed equations). The further development of this
algorithm led to the Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther
et al., 2006), which expands the previous equation to
𝐹06 = 𝜀 × 𝛾 × 𝜌,

(3.11)

where ε is the canopy emission factor at standard conditions (30 °C and 1500 μmol m-2
s-1) in mg m-2 h-1, which in this version includes the previously separate foliar density (D0), γ is
the emission activity factor that accounts for emission changes because of deviations from
standard conditions, and ρ represents a within-canopy production and loss factor.
At the regional and global scale the emission factor ε can be calculated from the dominant
plant functional types (PFT). Ideally, at the local to regional scale canopy flux measurements
should be used to determine the net ecosystem emission rate. However, before direct canopyscale measurements were developed, only leaf level cuvette measurements of bVOC emission
rates were available. This approach requires an understanding of the community composition of
the biome, as well as obtaining base emission rates for each plant species in order to produce an
accurate ecosystem-scale emission rate. Large uncertainties with both requirements lead to biased
model outputs. The main issues are related to (i) the measurement technique and (ii) the low
sample number and representativeness of the measurements. In the first instance the presence of
the cuvette or enclosure introduces additional complications such as changes to the immediate
environment of the leaves, which could alter emissions, as well as providing surfaces or
condensation for VOCs to react with. Even using improved measurement techniques such as light
and temperature controlled leaf cuvettes to maintain ambient conditions, other problems relating
to VOC chemistry and plant physiology remain. For example, as bVOCs are often light and
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temperature dependent there are physiological differences in sun and shade leaves and therefore
emissions, making the selection of leaves to be monitored a primary concern. However, sun leaves
are often at the top of the canopy and are not easily accessible.
Using branch enclosures with either static or dynamic air through-flows captures some
of the natural variability in emission rates between leaves, but it is not always possible to reach
ideal branches. The second issue concerns the representativeness of the measurements due to the
species composition of ecosystems. Often there are dominant species that emit high amounts of
either isoprene and/or monoterpenes, e.g. oak (Quercus spp.) and poplar (Populus spp.) species
in temperate deciduous forests or pine (Pinus spp.) species in boreal coniferous forests, which
have an average of 3-4 tree species km-2 (Perry, 1994). Assuming intra-species differences in base
emission rates are minimal and dominant emitting species have been identified, leaf level
measurements may suffice to accurately model total ecosystem emissions. However, in areas of
high biodiversity such as the Amazon tropical forest with an average of 250 tree species ha -1
(Valencia et al., 2004), which is a major source of bVOCs, the task of providing detailed species
inventories, as well as obtaining a sufficient sample size of representative leaf level emissions
becomes exceedingly difficult. Even in monocultures intra-species differences may be large
(Hakola et al., 2006; Tarvainen et al., 2005).
Terms describing the effects of environmental drivers on bVOC emissions (i.e. γ) have
been adapted and improved over time based on measured emission responses to PAR and
temperature, but also factors such as wind speed, humidity, and soil moisture. In the initial
versions of emission models these responses were based on investigations using temperate plants
under temperate conditions. However, this is not representative of the majority of isoprene
emissions, as the largest emissions are from tropical forests. In recent years the database has
expanded to include responses in tropical climates as data of direct canopy emissions have
become increasingly available for a range of different environments with the emergence of eddy
covariance techniques. Moreover, the importance of past light and temperature conditions has
been recognized and newer algorithms include terms which take the 24 h and 240 h prior PAR
45

Chapter 3: Methods of VOC mixing ratio and flux quantification
and temperature levels into consideration. This highlights the necessity for accurate
measurements of PAR and temperature to improve modelled emissions at the local scale.
MEGAN offers a range of methods to calculate the variables necessary for the calculation of γ.
Options include the standard method, which uses a full canopy environment model to estimate
leaf level PAR and temperature for sun and shade leaves at various canopy depths as a function
of several ecosystem parameters, as well as the current and past canopy climate. Alternative
methods provide a means with which a simple canopy environment model can be implemented
requiring less detailed meteorological and environmental measurements. The least complex
version consists of simplified parameterized canopy environment emission activity (PCEEA)
algorithm for γ and further assumptions, wherein many variables are assigned a constant value.
Newer versions of MEGAN v2.0 and v2.1 are now integrated in more widely used chemistry
transport and Earth systems models such as the Weather Research and Forecasting (WRF-Chem)
model and the Community Land Model (CLM) of the Community Earth System Model (CESM).
Overall, models using leaf or branch-level measurements, mechanistic models of leaf
emissions, or a combination thereof to extrapolate emissions have provided good insights in
bVOC fluxes for a range of ecosystems at the regional to global scale, but most are still associated
with large uncertainties (Arneth et al., 2007b; 2011; Guenther et al., 1995; 2006; Niinemets et
al., 1999; Owen and Hewitt, 2000; Räisänen et al., 2009; Simpson et al., 1995; Sitch et al., 2003).
At the local scale, modelled isoprene emissions using MEGAN over undisturbed forest canopies
generally compare well with canopy-scale flux measurements, even when simpler model versions
such as PCEEA are implemented (see Paper III, and Karl et al., 2007, Langford et al., 2010a, and
Misztal et al., 2011). When deriving basal emission rates from canopy-scale flux measurements,
care needs to be taken to use algorithms that are compatible with those used for the forward
calculations of the modelled fluxes, i.e. when deriving the base emission rate from the slope of
the regression with γ, the same version of γ must be used to model the fluxes.
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Chapter IV
4 Paper I: Concentrations of volatile organic
compounds at kerbside and background sites in
central London
This chapter details the first deployment of the PTR-MS to measure a range of
anthropogenic VOC concentrations at two contrasting urban sites, i.e. an urban background site
and a kerbside site. The measurements were taken during the winter intensive observation period
of the NERC-funded ClearfLo project in London during January and February 2012. The PTRMS was placed at the urban background site at the Sion Manning School in North Kensington
between 16 January - 25 January before being moved to the urban kerbside site at Marylebone
Rd during 25 January until 7 February, which is a site used for the Automatic Hydrocarbon
Network (AHN) in central London. The results at the kerbside site were compared with those
made by the AHN which employs a GC-FID. The comparison between sites showed that mixing
ratios were higher at the kerbside site. The instrument comparison indicated that the PTR-MS
captured high resolution fluctuations in VOC concentrations, but measurements were higher than
GC-FID measurements and therefore the instrument may suffer from humidity dependencies, for
which corrections were attempted, and isobaric interference due to additional compounds or
fragments.
The following work was submitted to the journal Atmospheric Environment on 25
January 2014 and accepted for publication on 25 June 2014. The authors’ contributions were as
follows:
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Amy C. Valach (Lancaster University): Operated the instrument during the field campaign,
processed the data, performed the analyses, and wrote the manuscript.
Ben Langford (CEH): Assisted with instrument operation, provided guidance on data processing
and analysis, and helped compile the manuscript.
Eiko Nemitz (CEH): Helped with data processing, analysis, and compilation of the manuscript.
A. Rob MacKenzie (University of Birmingham): Helped with interpretation of the results and
compilation of the manuscript.
C. Nick Hewitt (Lancaster University): Devised the research, obtained funding, helped with
interpretation of the results and compilation of the manuscript.
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Abstract
Ground-level concentrations of nine volatile organic compounds (VOCs) were measured
using a proton transfer reaction-mass spectrometer (PTR-MS) in central London at an urban
background (North Kensington, NK, during 16th - 25th Jan 2012) and a kerbside site (Marylebone
Rd, MRd, during 25th Jan - 7th Feb 2012) as part of the winter intensive observation period of the
ClearfLo project. Site comparisons indicated that VOC concentrations at the urban background
site were significantly lower than at the kerbside site (ratio MRd/NK of 2.3). At the kerbside site
PTR-MS measurements of aromatics (benzene, toluene, C2- and C3-benzenes) were compared
with the gas chromatography – flame ionization detector data from the UK Government’s
Automatic Hydrocarbon Network. Very good qualitative agreement was observed between the
two methods (r = 0.90 - 0.91, p <0.001, N = 260), although there was a significant offset between
the instruments. This was partly due to issues with humidity dependent background
measurements, but possibly also from isobaric interference of other compounds and their
fragments, giving a positive bias to the PTR-MS data. Most compounds showed strong indications
of traffic-related sources with double rush hour peaks in diurnal profiles and high correlations
with known traffic-related compounds (r = 0.68 - 0.97 at NK , 0. 48 - 0.87 at MRd, p <0.001, NNK
= 2202-2227, NMRd = 2705-2720) and CO (r = 0.80-0.96 at NK, 0.65-0.84 at MRd, p <0.001, NNK
= 223, NMRd = 256-274). Polar plots agreed with statistical analysis of wind direction dependency
and identification of potential emission sources was attempted.

4.1 Introduction
Anthropogenic sources of volatile organic compounds (VOCs) are of particular
importance in urban areas due to the intensity of fossil fuel combustion and the relative paucity
of biogenic sources in cities. A wide range of VOCs are emitted directly by the evaporation of
fuels and solvents, as unburnt fuel and as partially oxidized compounds from combustion
processes, mostly vehicle emissions (Kansal, 2009). Some VOCs can directly affect human health
(e.g. benzene, which is a known carcinogen) while others contribute to the formation of ozone
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and aerosol particles in the atmosphere (Derwent, 1995). Both have detrimental effects on human
health and the environment (Kim et al., 2001). In winter elevated VOC concentrations are
observed due to the shallow daytime boundary layer with limited dilution and mixing. In the UK,
VOC emissions are subject to control under European Commission Directive 2008/50/EC.
Monitoring networks such as the Automatic Hydrocarbon Network (AHN) provide a running
annual mean concentration for a suite of pollutants. Emissions are estimated as part of the
National Atmospheric Emission Inventory (NAEI) activity (Yardley et al., 2012).
A wide range of studies focus on VOC concentrations and air quality in cities around the
world using diverse measuring techniques (Baker et al., 2008; Jobson et al., 2010). Due to the
variety of emission sources, meteorological conditions, and often short atmospheric lifetimes of
the compounds, VOC volume mixing ratios can be associated with large variability. Slow
response instruments have identified seasonal patterns of urban VOC concentrations (Kim et al.,
2001), however only fast response instruments have been shown to record short term temporal
variability.
The aim of this study was to:
i.

Quantify a suite of VOCs at an urban background and a kerbside site in winter
and;

ii.

Compare VOC volume mixing ratios from fast response PTR-MS measurements
with the GC-FID measurements from the Automatic Hydrocarbon Network.

This study was part of the winter intensive observation period of the Clean Air for London
project (ClearfLo, www.clearflo.ac.uk), aimed to research boundary layer pollution over London
in 2011-2012 (Bohnenstengel et al., 2015). Here we report measurements of nine VOC species
measured at high temporal resolution at a kerbside and a background site in central London (16th
January - 7th February 2012).
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4.2 Methods
4.2.1 Measurement sites and meteorology
Details of both the North Kensington (NK) background and Marylebone Rd (MRd)
kerbside sites are compared (Supplementary content Table 4.A1). Air was pumped through a
PTFE inlet (and PTFE filter at MRd) attached to 1/4” OD PTFE tubing to a high sensitivity proton
transfer reaction-mass spectrometer (PTR-MS; Ionicon Analytik GmbH, Innsbruck, Austria).
Meteorological measurements were co-located with the inlet at NK (Figure 4.1 and
Supplementary content Table 4.A1). The mean UK temperature in January was 6.0 °C, i.e. 1.3 °C
above the 1971-2000 average (Met Office UK, 2012), although February experienced low
temperatures and snowfall, which is uncommon in London.
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Figure 4.1. Top: 5 min means of ambient air temperature (°C) and relative humidity (%) during
the campaign 16th Jan – 7th Feb 2012. Bottom: Frequency plots of mesoscale wind direction (%)
with subcategories of wind speed (m s-1) using 30 min mean data from the WXT520 (Vaisala Ltd)
at 190 m on the BT tower at NK (16th – 25th Jan 2012) (left) and MRd (25th Jan – 7th Feb 2012)
(right).

4.2.2 VOC sampling
VOC mixing ratios were measured on-line using a PTR-MS (de Gouw and Warneke,
2007; Lindinger et al., 1998). The instrument was operated in multiple ion detection (MID) and
mass scan (SCAN) modes (Supplementary content 4.5.A1). In MID mode the quadrupole mass
spectrometer scanned through 11 pre-determined masses, to which the following compounds were
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ascribed: m/z 21 (indirect quantification of m/z 19 primary ion count [H3O+] via isotopologue
[H318O+]), m/z 33 (methanol), m/z 39 (indirectly quantified m/z 37 first cluster [H3O+.H2O+]), m/z
42

(acetonitrile),

m/z

45

(acetaldehyde)

m/z

59

(acetone/propanal),

m/z

69

(cycloalkanes/isoprene), m/z 79 (benzene), m/z 93 (toluene), m/z 107 (C2-benzenes) and m/z 121
(C3-benzenes).
The UK national Automatic Hydrocarbon Network (AHN) station at MRd measures 29
different hydrocarbons using a gas chromatography-flame ionization detector (GC-FID,
AutoSystem XL; PerkinElmer Inc., USA). This method complies with standards set out by the
European Air Quality Directive (Broadway and Tipler, 2008). A 40 min continuous sampling
period provides hourly means (Supplementary content 4.5.A2).
PTR-MS measures in unit mass resolution and a fragment may derive from several parent
compounds, therefore each detected mass may relate to one or more compounds. Where possible,
measurements should be verified by more specific analytical techniques, such as GC-FID.
Unfortunately, only benzene, toluene, some C2- and C3-benzenes were verified by the AHN.

4.2.3 Quality analyses and data handling
The PTR-MS was calibrated over a range of concentrations using a certified multicomponent VOC gas standard (Ionimed Analytik GmbH, Austria). The measured instrument
sensitivities were then used to convert normalized count rates of RH+ to volume mixing ratios
(Langford et al., 2010a). The instrument background was quantified using a platinum catalyst and
subtracted from the ambient measurements. Since the background was determined for dry air,
corrections for humidity effects on some compounds had to be applied and were associated with
large uncertainties (Supplementary content 4.5.B).
A low pass filter was applied to smooth the data and reduce instrumental noise.
Spearman’s rank correlation coefficients and Wilcoxon rank sum tests were used in statistical
analyses due to the data distributions.
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4.3 Results and Discussion
4.3.1 VOC concentrations
VOC concentrations measured by the PTR-MS at the North Kensington (NK)
background site (Figure 4.2a) and at the Marylebone Rd (MRd) kerbside site (Figure 4.2b) are
summarized in Table 4.1a and 4.1b. At both sites methanol, acetaldehyde and acetone, all
oxygenated compounds, were the most abundant. Methanol has a variety of biogenic,
anthropogenic and atmospheric sources (Cady-Pereira et al., 2012). Acetone has some biogenic
contributions but solvents and tailpipe emissions were most likely the main sources (de Gouw et
al., 2005; Reissell et al., 1999; Warneke et al., 1999). Both have a low photochemical reactivity
with OH resulting in longer atmospheric lifetimes, which also contributed to the relatively high
mixing ratios. The compounds with the lowest mixing ratios at both sites were acetonitrile and
cycloalkanes/isoprene. Although these are emitted from vehicle exhaust, their volume mixing
ratios were much lower than other traffic-related compounds. The isoprene component of m/z 69
was estimated at 22% and presumably from traffic as the biogenic component was absent due to
the season (Borbon et al., 2001). Comparison with GC-FID isoprene concentrations at NK
inferred that cycloalkanes provided a significant contribution to m/z 69 (Supplementary content
4.5.C) (Erickson et al., 2014 ;Yuan et al., 2014). Although globally biomass burning is the main
source of acetonitrile (Holzinger et al., 2001), in urban areas emissions from vehicle exhaust are
prominent as diurnal profiles resembled a double rush hour pattern (Section 4.3.4) with some
increased acetonitrile emissions occurring at low temperatures possibly from solid fuel burning
(Section 4.3.3).
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Figure 4.2a. 5 min mean (grey) and 25 min means (black) with detection limits (dashed line) for
all measured VOCs (ppb) at North Kensington. M/z are 33 (methanol), 42 (acetonitrile), 45
(acetaldehyde), 59 (acetone), 69 (cycloalkanes/isoprene), 79 (benzene), 93 (toluene), 107 (C2benzenes) and 121 (C3-benzenes).
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Figure 4.2b. 5 min mean (grey) and 25 min means (black) with detection limits (dashed line) for
all measured VOCs (ppb) at Marylebone Rd. M/z are 33 (methanol), 42 (acetonitrile), 45
(acetaldehyde), 59 (acetone), 69 (cycloalkanes/isoprene), 79 (benzene), 93 (toluene), 107 (C2benzenes) and 121 (C3-benzenes).
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Table 4.1a. Summary of 5 min averages of VOC mixing ratios (ppb) at North Kensington, London (16 th - 25th Jan
2012). b. Summary of 5min averages of VOC mixing ratios (ppb) at Marylebone Rd, London (25 th Jan - 7th Feb
2012).
Mixing
ratios
(ppb)

a

Methanol

Acetonitrile

Acetaldehyde

Acetone

m/z 33

m/z 42

m/z 45

m/z 59

Cycloalkanes/
Isoprene
m/z 69

Benzene

Toluene*

C2benzenes

C3benzenes

m/z 79

m/z 93

m/z 107

m/z 121

1.9 d

5.9 h

b

4.3 hc

2227

2226

2225

2226

0.005

0.04

0.01

0.08

0.03

<LoD

<LoD

0.03

<LoD

0.04

0.08

0.14

0.21

0.23

0.24

1.16

0.14

0.24

0.42

0.44

0.37

0.50

1.25

0.13

0.24

0.42

0.45

0.40

0.08

0.62

1.34

0.17

0.31

0.60

0.63

0.50

8.00

0.07

0.75

1.51

0.21

0.39

0.74

0.79

0.59

10.4

0.10

3.67

6.79

0.98

2.13

4.92

4.89

3.65

1.84

0.05

0.51

0.67

0.13

0.26

0.61

0.62

0.42

Skew

0.39

2.09

2.08

3.02

1.90

2.19

2.53

2.62

2.61

Kurtosis

-0.89

6.03

5.25

13.5

4.85

6.96

8.71

9.45

9.36

N

2712

2718

2716

2705

2720

2715

2713

2708

2715

LoD

0.37

0.04

0.18

0.06

0.005

0.04

0.01

0.08

0.03

Min.

1.34

0.08

0.38

0.70

0.15

0.06

0.02

<LoD

0.05

1st
quartile
Median

3.47

0.16

0.92

0.95

0.31

0.38

0.49

0.81

0.50

5.00

0.19

1.34

1.15

0.39

0.56

0.80

1.21

0.86

Geom.
Mean
Arithm.
Mean
3rd
quartile
Max.

4.48

0.19

1.39

1.20

0.41

0.55

0.85

1.21

0.85

4.67

0.20

1.61

1.25

0.44

0.63

1.18

1.45

1.11

5.61

0.24

2.07

1.47

0.53

0.81

1.50

1.87

1.52

7.39

0.56

6.18

3.78

1.18

3.57

10.0

7.60

4.76

SD

1.27

0.07

0.92

0.38

0.17

0.35

1.13

0.9

0.79

Skew

-0.47

1.33

1.29

1.21

1.05

1.68

2.8

1.62

1.21

Kurtosis

-0.72

2.28

1.53

2.04

0.65

5.36

11.6

0.02

1.20

Lifetime
(OHa)
N

12 d

1.5 yr

8.8 h

53 d

1.4 h

9.4 d

2219

2202

2211

2213

2199

LoD

0.37

0.04

0.18

0.06

Min.

2.86

<LoD

<LoD

0.37

1st
quartile
Median

5.06

0.05

0.29

0.95

5.77

0.06

0.46

Geom.
mean
Arithm.
mean
3rd
quartile
Max.

6.17

0.07

6.40

SD

Atmospheric lifetimes with regard to OH for a 12 h daytime average OH radical concentration of 2.0 ×

106 molecule cm-3 (Atkinson, 2000).
b

Example using m-xylene.

c

Example using 1,2,4-trimethylbenzene.

Mixing ratios for most of the compounds agreed with or were lower than observations
from other urban areas, but benzene and C2-benzene concentrations were slightly higher at MRd
compared with previous observations in UK cities (Langford et al., 2009, 2010b). The
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measurement proximity to the source emissions must be considered; for example, Langford et al.
(2010b) reported concentration measurements from tall towers where the effects of dilution and
photochemical loss are greater. During both measurement periods the beginnings and ends were
marked by high pollution episodes (16th -18th, 24th -28th Jan and 3rd -7th Feb).
4.3.1.1 Site comparison
The volume mixing ratios of all compounds were significantly different (p <0.001)
between NK and MRd, except for acetone (p = 0.26). Acetone has a relatively long atmospheric
lifetime (Table 4.1a) and therefore mixing ratios are often homogenous over larger areas. Apart
from methanol, which was 1.5 times higher at NK, the remaining compounds were up to 3 times
higher at the MRd site with a mean site ratio (MRd/NK) of 2.3. This difference is related to the
proximity to sources and differences of source strengths. Comparison of both time periods using
the AHN data from MRd showed that aromatic compounds were significantly higher (p <0.001)
during the first period indicating that the differences between the sites were indeed due to the
location. These compounds are found in tailpipe emissions, which so close to a heavily trafficked
road was the main source. In general, NK represents an urban location away from major sources
and broadly representative of city-wide background concentrations, e.g. urban residential areas,
whereas MRd, an urban kerbside site next to a major arterial route, represents central urban areas
such as surrounding the congestion charge zone in London.

4.3.2 Comparisons with the Automatic Hydrocarbon Network and PTR-MS
quantification limitations
Benzene, toluene, C2- and C3-benzenes from PTR-MS measurements were compared
with the same compounds or sum of compounds with similar masses measured by GC-FID in the
framework of the Automatic Hydrocarbon Network (AHN). Due to isobaric interference within
the PTR-MS measurements the sum of available GC-FID measurements was used for compounds
with a protonated mass of m/z 107 and m/z 121. Direct comparisons of 1 h mean (±2.9-5.9% SE)
PTR-MS and GC-FID measurements (Figure 4.3) are summarized in Table 4.2. The PTR-MS
data for these compounds corresponded to within a factor of 1.3 for m/z 79, 93 and 107, and a
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factor of 2.5 for m/z 121 (p <0.001). Comparison of the time series showed that the PTR-MS
measurements closely followed the diurnal variations of the GC-FID measurements (Figure 4.3).
Table 4.2. Summary of 1h averages of compounds (ppb) measured by both PTR-MS and GC-FID at Marylebone Rd,
London (25th Jan – 7th Feb 2012).

PTR-MS
Mixing
ratios
(ppb)

GC-FID

Benzene
m/z 79

Toluene
m/z 93

C2benzenes
m/z 107

C3benzenes
m/z 121

Benzene
m/z 79

Toluene
m/z 93

C2benzenes
m/z 107

C3benzenes
m/z 121

N

274

274

274

256

302

302

302

302

LoD

0.04

0.01

0.08

0.03

0.01

0.01

0.01

0.01

Min.

0.17

0.13

0.29

0.13

0.14

0.07

0.03

0.01

1st
quartile
Median

0.39

0.52

0.87

0.46

0.30

0.38

0.57

0.13

0.57

0.82

1.23

0.91

0.42

0.61

0.83

0.24

Geom.
mean
Arithm.
mean
3rd
quartile
Max.

0.58

0.95

1.30

0.81

0.41

0.66

0.86

0.24

0.63

1.17

1.44

1.07

0.47

0.87

1.01

0.33

0.82

1.53

1.89

1.51

0.58

1.09

1.32

0.46

2.26

6.42

5.12

3.71

1.42

5.17

4.51

1.45

SD

0.32

1.01

0.81

0.74

0.23

0.83

0.63

0.29

Skew

1.30

2.06

1.38

0.93

1.53

2.33

1.39

1.27

Kurtosis

2.65

5.21

2.53

0.39

2.98

6.36

2.13

1.16

As the PTR-MS cannot distinguish between compounds with similar masses, isobaric
interference can occur, e.g. benzaldehyde can produce mass interferences for C2-benzenes
(Warneke et al., 2003). The m/z 107 likely has four contributing species: ethyl benzene, (m+p)xylene, o-xylene, and some benzaldehyde. C3-benzenes may include a wider range of compounds:
propyl benzene, two ethyl methyl benzenes and three trimethylbenzene isomers. The AHN
measurements included all of the above for m/z 107, but only three trimethylbenzene isomers at
m/z 121.
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Figure 4.3. 1 h means for benzene, toluene, C2- and C3-benzenes mixing ratios (ppb) measured
by the PTR-MS (solid line) and GC-FID (dashed line) at Marylebone Road (25th Jan – 7th Feb
2012).
Humidity dependencies on instrument sensitivities and backgrounds were thoroughly
investigated in the laboratory after the campaign. Calibrations showed no significant variations
of sensitivity with humidity. Corrections were applied to compounds showing humidity effects
on instrument background, but not all effects could be recreated and accounted for, such as
humidity effects on inlet impurities affecting aromatics (Supplementary content 4.5.B).
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Fragmentation can become a concern at higher E/N ratios (de Gouw and Warneke, 2007;
Maleknia et al., 2007; Warneke et al., 2003). An E/N ratio of 125 Td was used in this study as
this represents a compromise between reagent ion clustering and fragmentation suppression
(Hewitt et al., 2003). Some fragmentation can still occur, as several studies using a coupled GCPTR-MS with a range of E/N ratios have identified various fragment ions. Benzaldehyde, ethyl
benzene and xylene isomers with m/z 107 may produce fragments of about 30-40% at m/z 79 with
higher E/N ratios (Maleknia et al., 2007), as well as propyl benzene isomers and smaller
contributions of fragments of butyl benzene (Warneke et al., 2003). As only o-xylene was present
in the calibration standard, fragments from other compounds at that mass cannot be accounted for
and are likely to have contributed to the increased PTR-MS signal. It is estimated that with an
electrical field strength of 125 Td around 15% C2-benzenes may have contributed to m/z 79.
Interference from fragments at m/z 93 could include a range of biogenic terpenes and their isomers
(Maleknia et al., 2007).
Previous studies have shown that there is good correlation between PTR-MS and GCFID, however the quantitative agreement can be poor with differences of up to a factor of 2 (de
Gouw and Warneke, 2007; Kato et al., 2004). The value for m/z 121 is somewhat higher than
cited in the literature, which may be due to humidity effects on inlet impurities which could not
be accounted for after the campaign, as well as isobaric interference from compounds and
fragments not measured by the AHN. All four m/z showed very good correlations (Figure 4.4)
with r = 0.90-0.91 (p <0.001) in agreement with literature values (Kuster et al., 2004; Langford
et al., 2010b).
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Figure 4.4. Scatter plots of 1h mean VOC concentrations (ppb) (benzene, toluene, C2- and C3benzenes) of PTR-MS against GC-FID measurements at Marylebone Road (25th Jan – 7th Feb
2012) with Reduced Major Axis (RMA) linear regressions, ± 99th confidence intervals, 1:1 line
(dotted) with r values.
4.3.2.1 Correlations with carbon monoxide
Carbon monoxide (CO) concentrations were used for correlations and ratios with VOCs
to determine whether the VOC sources were from fuel combustion (Table 4.3), as CO is a suitable
marker for anthropogenic combustion emissions.
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Table 4.3. Mean VOC/CO ratios for volume mixing ratios (ppbv/ppbv) at NK and MRd, London (16 th Jan - 7th Feb
2012).
NKa

Compound

MRd
PTR-MSb

PTR-MS
[VOC]/[CO]

r

[VOC]/[CO]

r

Methanol

2.13E-02

0.28

1.20E-02

0.27

Acetonitrile

2.70E-04

0.87

5.21E-04

0.55

Acetaldehyde

2.14E-03

0.93

4.14E-03

0.84

Acetone

4.53E-03

0.62

3.18E-03

0.74

Cycloalkanes/
Isoprene
Benzene

5.74E-04

0.80

1.13E-03

0.82

1.08E-03

0.96

1.59E-03

Toluene

2.07E-03

0.93

C2-benzenes

2.16E-03
1.72E-03

C3-benzenes
a

GC-FIDc

b

[VOC]/[CO]

r

0.75

1.58E-03

0.68

3.09E-03

0.72

3.33E-03

0.65

0.89

3.69E-03

0.66

4.70E-03

0.58

0.86

2.60E-03

0.65

1.61E-03

0.68

c

N = 226, N = 256-274, N = 302.

High correlations for acetonitrile against CO indicate that fuel burning was likely the
primary source at NK. Correlations with CO were higher for PTR-MS than GC-FID (r = 0.65 –
0.75, p <0.001 for PTR-MS; r = 0.58-0.68, p <0.001 for GC-FID). Possibly the higher temporal
resolutions and the longer sampling time of the PTR-MS allowed the detection of short-term
variations in emission patterns.

4.3.3 VOC correlations and ratios
Correlations between the different VOCs yielded coefficients (r) ranging between -0.23
and 0.97 at NK and -0.20 and 0.87 at MRd (p <0.001). The poorer correlations involved methanol
(r = -0.23 - 0.35). Methanol has a variety of different sources, which in this case had little
commonality with the other compounds. Strong linear correlations (r = 0.67 - 0.97 at NK, 0.48 0.87 at MRd) indicate that the other compounds shared some or almost all sources, however,
bimodal distributions can relate to multiple separate sources. In winter, vehicle exhaust and, to a
small extent, evaporative emissions account for a majority of the sources. The r-values at MRd
were lower than at NK showing more scatter (Figure 4.5). This may reflect a sequential sampling
artefact due to the instrument continuously cycling through the different m/z, combined with
highly variable concentrations at this site. Alternatively, it may represent true variability in the
nearby emission source; within traffic emissions, diverse types of vehicles, fuels, and driving
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patterns result in different traffic related VOC ratios (Figure 4.5), which can be detected by online
methods as the compounds reach the inlet with little mixing (C.-C. Chan et al., 1991; C. Y. Chan
et al., 2002).

Figure 4.5. Scatter plots of representative VOC correlations measured at North Kensington (left)
and Marylebone Rd (right) (16th Jan – 7th Feb 2012) using 5 min means (ppbv) with ambient air
temperature (°C) at time of sampling (colour bar).
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Biomass burning for heating may explain a secondary source contribution to acetonitrile
at MRd, as it mostly occurs with cold temperatures and is not shared with benzene, hence is not
related to traffic emissions (Figure 4.5).
Using temperature as a third variable can illustrate temperature dependencies of source
contributions. Cycloalkanes/isoprene and benzene show a good correlation (r = 0.77 and 0.80) as
they are present in tailpipe emissions (Park et al., 2011) with a seasonally low biogenic component
(Figure 4.5). The main source of most C2- and C3-benzenes are motor vehicle emissions (Heeb et
al., 2000) which was reflected in the high correlations (0.72 to 0.97, p <0.001). These aromatics
have a shorter atmospheric lifetime making them important factors in urban photochemical smog
production (Table 4.1a).
Benzene-to-toluene (b/t) ratios can indicate the photochemical age of the pollution carried
by air masses (Warneke et al., 2001 and references therein). Due to seasonally low OH
concentrations, only changes in b/t ratios over longer periods were considered to be representative
of air mass transport.
The median (IQR) b/t ratios were around 0.6 (0.43-0.80) at both sites and agreed with
previous values (Chan et al., 2002; Heeb et al., 2000; Langford et al., 2009), as well as with those
from the AHN at MRd with a median of 0.6 (0.48-0.76) (r = 0.90, p <0.001). These b/t ratios are
consistent with the air mass footprints derived from the UK Met Office’s Numerical Atmosphericdispersion Modelling Environment (NAME) (Jones et al., 2007) using Unified Model (UM) Met
data (Figure 4.6). This model simulates the origin of the air masses affecting the ClearfLo sites
within the previous 24 h (Bohnenstengel et al., 2015). Shifts between high and low pollution
episodes often are correlated with changes in wind direction and intensity. For the low pollution
periods (19th-23rd Jan and 31st Jan-2nd Feb) strong westerlies brought air masses with regional
influences and high b/t ratios of 0.91 (0.64-1.31). The high pollution episodes (24th -25th Jan and
4th Feb) showed low wind speeds resulting in shorter travel distances of the air masses and
stronger local London influences (up to 87%, campaign average 37%) and corresponding low b/t
ratios of 0.48 (0.39-0.58).
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Figure 4.6. 24 hour back trajectories from the Met Office NAME dispersion model at North
Kensington (16th Jan-7th Feb 2012). Daily release for 3 hours from midday (20 m height) tracking
the surface layer only (0-100 m) for the 24 hours prior. Colours indicate particle concentrations
ranging from 6 x 10-7 g m-3 (blue) to 1 x 10-4 g m-3 (red). Reproduced with permission from Zoë
Fleming (NCAS, University of Leicester).

4.3.4 Diurnal averages
Meteorological conditions can mask emission patterns, therefore diurnal averages are
used to aid in their identification (Figure 4.7). Concentrations can depend on the mixing height in
the boundary layer, however LIDAR measurements showed little diurnal variation in the
seasonally shallow mixing height (500-1000 m) (Bohnenstengel et al., 2015). All compounds, bar
methanol, showed a double rush hour peak during weekdays (07:00-10:00 and 17:00-20:00 GMT)
and lower concentrations with less variability on weekends (Figure 4.7, E - H), suggesting vehicle
exhaust as a major source. At MRd, rush hour peaks were less pronounced due to the continuously
high daytime traffic density (68002 vehicles per day; Department for Transport, 2012), which
causes the road to saturate for prolonged periods during the day.
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NK

MRd

Figure 4.7. Diurnal plots of 25 min averages (ppb) for representative VOCs at North Kensington
(left column) and Marylebone Road (right column) (16th Jan – 7th Feb 2012) with the 95%
confidence interval (shaded areas), all days (solid line), weekdays (dashed line) and weekends
(dotted line).
The early morning minima (04:00 – 06:00 GMT) can be attributed to reduced human
activity which sharply increases during the morning rush hour peak (07:00-10:00 GMT) (Figure
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4.7, F – H). Methanol and acetone have numerous sources and longer atmospheric lifetimes
resulting in no clear diurnal pattern (Figure 4.7, A and B).

4.3.5 Analyses of wind direction dependence
4.3.5.1 Synoptic polar plots
Using wind speed and direction measurements from the BT tower (190 m a.g.l.), polar
plots were constructed for compound mixing ratios (Figure 4.8) using a generalized additive
model (GAM) (Hastie and Tibshirani, 1990; Wood, 2006) to interpolate between averaged data
points in the R package OpenAir (Carslaw, 2012; Carslaw and Ropkins, 2012). At NK high
concentrations for most compounds were associated with low wind speeds (i.e. <5 m s -1)
indicating local emission sources. Methanol showed high concentrations with WSW wind
directions and speeds >5 m s-1 possibly representing pollution transported to the site from a
biodiesel production facility located 1 km SW of the site. Biodiesel production from waste
cooking oil by transesterification often involves evaporating methanol.
At MRd methanol showed high concentrations with S and N winds >10 m s -1, whereas
benzene is representative of the other compounds with patches of increased concentrations at
speeds of 5-10 m s-1. The WSW and ENE patches coincide with the directional layout of
Marylebone Rd, while the SSW source may originate from traffic in the Marble Arch/Hyde Park
Corner area, which boasted the highest annual mean traffic count of 100574 motor vehicles per
day in all of Westminster, London (Department for Transport, 2012).
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Figure 4.8. Representative selection of polar plots of synoptic wind speed (m s -1) against wind
direction (°) from the BT tower (190 m) with VOC mixing ratios (ppb) as a third variable (colour
bar) for methanol (m/z 33), acetonitrile (m/z 42) and benzene (m/z 79) at North Kensington (16th
-25th Jan 2012) (top) and Marylebone Rd (25th Jan – 7th Feb 2012) (bottom).

4.3.5.2 Synoptic wind direction dependencies and comparison with NAEI
To quantify wind direction dependencies (Section 4.3.5.1) and compare measured VOC
mixing ratios at MRd with the National Atmospheric Emissions Inventory (NAEI) for estimated
emissions, general linear models were used for each compound concentration against the four
wind direction categories. There was no significant difference in wind speed with direction.
Correlations of VOC concentrations with wind speed showed weak negative relationships
(r = -0.38 to -0.14, p <0.05) indicating that a dilution effect depending on wind speed from abovecanyon air mass mixing may play a small role in street canyon concentrations.
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All species showed significant differences in mixing ratios with wind direction (F statistic
6.73 - 41.8, p <0.001 for measured compounds; F statistic = 4.48, p <0.01 for estimated benzene)
and agreed with the polar plots. Differential source density within the four sectors and fetch
variability over the city are likely reasons.
Estimated emissions and observed concentrations for benzene agreed that low emission
source densities to the N resulted in low observed mixing ratios. The largest estimated emissions
were to the E, whereas measurements indicated the S. Regent’s Park to the N and Hyde Park to
the S have large areas of low emissions reducing the estimates in these sectors. Emission estimates
also ignore background values from greater fetch across London. High localized emission sources
seen in the polar plots (Figure 4.8) could be responsible for higher measured VOC concentrations
to the W and S, which partially agrees with the high estimated emissions from the nearest westerly
grid cell. Estimated emissions from the NAEI are integrated over 1 km2 grid resolution, but
localized sub-grid scale effects may be masked by the grid averaging area. It must be emphasized
that the volume mixing ratios were measured at ground-level within the street canyon, whereas
the wind data are representative of synoptic winds above the street canyons.

4.4 Conclusion
High VOC concentrations during the winter in urban locations are mostly from traffic
emissions. This was reflected at both sites in diurnal profiles, VOC/VOC and VOC/CO
correlations and ratios, wind sector dependence analyses and polar plots. Measurements at the
NK background site indicated significantly lower mixing ratios than at the MRd kerbside site,
even though AHN data showed that kerbside concentrations were higher during the first
measurement period, suggesting site differences due to the location with different source strengths
and proximity.
Comparison of PTR-MS and GC-FID data from MRd for aromatics showed good
correlation and qualitative agreement. However, PTR-MS data were significantly higher possibly
due to some isobaric interference from additional compounds and fragments, and possibly
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systematic errors introduced during instrument background corrections. Short term variations in
the ratio of traffic related compounds from differences in traffic density, driving style, vehicle
and fuel types were observed by PTR-MS at the MRd site and higher correlations with CO for
PTR-MS than the GC-FID measurements were likely due to the fast response and longer sampling
times of the PTR-MS. The AHN can only report hourly arithmetic means due to the methods
employed, possibly leading to a reporting bias and a loss of information on short term variability.
Elevated concentrations were mostly observed when synoptic-scale wind speeds were
low at NK as dispersion of localised emissions was reduced. However, some non-local emission
sources were detected using polar plots and possible sources were identified. There were
significant differences in VOC concentrations with wind direction. When compared with
estimated benzene emissions by the NAEI, estimates were less representative when VOC
concentrations were high, as they are unable to capture the influence of city background emissions
and reduced local sub-grid emission source contributions.
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4.5 Supplementary content
4.5.A. Details on measurement sites, instrument parameters and duty cycles for
both PTR-MS and GC-FID
Extensive comparisons of the measurement sites and the mean meteorological
measurements during the two measurement periods are summarised in Table 4.A1.
Table 4.A1. Summary of site descriptions for measurements sites at North Kensington and Marylebone
Rd, London and campaign average meteorology.
North Kensington
Time period
Site category a
Area

Marylebone Road

16 - 25 January 2012
Urban background (class A)
Sion Manning School courtyard

25 January - 7 February 2012
Urban kerbside (class A)
Automatic Hydrocarbon Networkc
cabin
Coordinates (altitude)
51°31’15.18” N; 0°12’48.85” W 51°31’21.14” N; 0°09’16.59” W (35
(25 m.s.l.)
m.s.l.)
Surroundings
Residential, <10 m buildings to
Commercial, A501 Marylebone Rd
N and W, main road 95 m E and (70 000 vehicles per day) 1.5 m N,
A40 Westway 500 m S (70 000- intersection Luxborough Street,
100 000 vehicles per day)
Regent’s Park (green area of 166 ha)
200 m N
Oke 2006 (UCZb) category 3
2
Inlet height (m)
4.7
2.5
Tube length (m)
7
4
Mean temperature (°C)
7.8 ± 2.9d1
3.0 ± 2.8d2
d1
Mean RH (%)
71.8 ± 12.2
68.4 ± 12.0 d2
d1
Precipitation (mm)
3
11 d2
Mean wind speed (m s-1)
1 (at 4.7 m) d1
6.4 (at 191 m) d2
Mean wind direction (°)
205 (SSW) d1
62 (ENE) d2
a
Site classification: Category A indicates sites highly representative of emissions for intended areas.
b

Urban Climate Zone classifications by Oke (2006).

c

Permanent measurement site run by the Department for Environment, Food and Rural Affairs (Defra).

d1

Data from WXT520 weather sensor (Vaisala Ltd, Finland) at NK.

d2

Data from WXT520 weather sensor at BT tower near MRd.

4.5.A1. PTR-MS
A high-sensitivity proton transfer reaction- mass spectrometer (PTR-MS) fitted with three
Varian turbo-molecular pumps and a 9.5 cm long drift tube was used for online measurements
VOC mixing ratios. During each deployment of the PTR-MS, drift tube pressure, temperature and
voltage were kept constant at 2.06 mbar, 48 °C and 550 V respectively to maintain an E/N ratio
of 125 Td. Air was subsampled from the main line with an inlet flow rate of 0.25-0.3 l min-1. The
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primary ion count (m/z 19) ranged between 6 - 14 × 106 cps with a mean of 11 × 106 cps. The
H3O+.H2O+ water cluster ions ranged between 6.5 × 104 – 2.6 x 105 cps with a mean of 1.4 × 105
cps which represented on average 1.7% of the primary ion signal, while the O2+ signal (m/z 32)
was <2% of the primary ion signal. The 1 h measurement protocol consisted of 5 min zero air
measurements using a zero air generator (Parker Balston, UK), then 25 min MID mode, followed
by 5 min mass scans and another 25 min in MID mode (Figure 4.A1). During the MID mode, 11
selected masses were measured with a dwell time of 2 s per mass and 0.5 s for the primary ion,
resulting in a 20.5 s cycle time, whereas SCAN modes cycled through the mass range m/z 21 –
206 with a dwell time of 0.5 s each.

Figure 4.A1. Top) Representation of the PTR-MS measurement cycle used at both North
Kensington and Marylebone Rd sites. The multiple ion detection (MID) cycle lasted 20.5 s and
was repeated during 25 min. Bottom) Approximation of the measurement cycle used by the
Automatic Hydrocarbon Network GC-FID at the Marylebone Rd measurement site. Multiple
sample analyses are indicated by a (previous hour), b (hour 1) and c (hour 2). Each cycle consists
of the following stages: 1. Sample acquisition (40 min), 2. Analytes are injected into GC columns,
3. Trap cooling in preparation for the next sample acquisition (15 min), 4. GC analysis (50 min),
and 5. GC cooling in preparation for the next sample analysis (Yardley et al., 2012).
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4.5.A2. GC-FID
The GC-FID method used by the AHN has recently been linked to the QA/QC procedures
of the EU Infrastructure Project ACTRIS (www.actris.net). The method includes a TurboMatrix
thermal desorption (TD) unit with an online sampling accessory to gather samples directly from
ambient air. The TD extracts the compounds onto an adsorbent trap, which is cooled to -30°C.
The analytes are then thermally desorbed and transported through a heated transfer line by a
carrier gas to the GC. The GC contains two columns and compounds are separated by volatility
into two fractions. The flame ionization detector (FID) monitors the chromatography on two
columns. After a 40 min sampling period the sample is injected into the GC and the trap
automatically begins collecting the next sample after 20 min ensuring hourly sample acquisition.
Inter-comparisons with the VOC standards used by the AHN were not possible, therefore
uncertainties associated with the AHN standards cannot be discounted and may have contributed
to the offsets between the two methods. Especially in areas of high pollution, datasets from
automated monitoring systems using GC-FID can also be susceptible to high variability, as was
shown in Fortin et al. (2005), which would introduce additional uncertainty.
The GC-FID data were converted to ppbv using ambient pressure and temperature
measurements which may also have introduced some uncertainty in the AHN data.

4.5.B. Calibrations and instrument background determination of the PTR-MS
The multi-component VOC gas standard (Ionimed Analytik GmbH, Austria, 1 ppmv ±
5% uncertainty for all compounds) contained all VOCs selected for quantification by PTR-MS
except m/z 121. After the campaign it was independently validated against another multicomponent VOC standard (Apel Riemer Environmental Inc., CO, USA) containing the same
compounds with the addition of a 1,2,4-trimethylbenzene. Uncertainties for all compounds were
quantified in the Ionimed standard to be <10%, apart from methanol which was 15%.
The standard was diluted with air from the zero air generator. Normalized sensitivities
were between 1.4 (m/z 121) and 11.9 (m/z 45) ncps ppbv-1. The original instrument used for the
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measurements had been substantially upgraded, therefore a very similar instrument with similar
specifications and performance indicators was used to investigate relative changes in background
and sensitivity against humidity. These were thoroughly investigated in the laboratory using a
range of relative humidites and all variations in sensitivity were within the overall calibration
uncertainty (20% for methanol and <15% for all other compounds, see Figure 4.B1). Sensitivities
were comparable between instruments, although those of the original instrument started to
decrease towards the higher masses. However, overall sensitivities correlated well (r = 0.94,
p <0.001) and since the same instrument parameters and conditions as during the campaign were
maintained, it is assumed that instrument responses are comparable.
PTR-MS sensitivities of benzene and toluene in particular have been shown to depend on
changes in relative humidity, i.e. when the fraction of H3O+•(H2O) ions in the reactor change
(Warneke et al., 2001). For these two compounds the reaction with H3O+•(H2O) ions is
energetically not permitted and does not occur (Spanĕl and Smith, 2000). However, PTR-MS
sensitivities have a less pronounced humidity dependency at higher E/N ratios because the reagent
ions are dominated by H3O+ (de Gouw and Warneke, 2007). Although the absence of the reaction
with m/z 37 for these two compounds was taken into account when normalising the signals, some
humidity effects on background counts may have contributed to the offset, as humidity effects
were determined post-calibration and had to be extrapolated resulting in large uncertainties.
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Figure 4.B1. Post-campaign calibrations over a range of relative humidities (0, 30, 60, 90% ± 5%)
for all nine selected compounds (methanol [m/z 33], acetonitrile [m/z 42], acetaldehyde [m/z 45],
acetone [m/z 59], isoprene [m/z 69], benzene [m/z 79], toluene [m/z 93], o-xylene [m/z 107], and
1,2,4-trimethylbenzene [m/z 121]).

A custom built zero air generator consisting of a platinum catalyst and charcoal heated to
200 °C was used to determine instrument background values. During the campaign dry air was
used, however this was insufficient in accounting for variations due to humidity. Therefore,
humidity effects were determined by humidifying the zero air over a range of relative humidities
in the laboratory after the campaign. The instrument background for the campaign average
relative humidity (72% with IQR 64-83%) was subtracted for compounds showing moderate
humidity dependency. For compounds with stronger humidity effects a running correction based
on the m/z 37/ m/z 19 ion ratio, which is a proxy for humidity, was applied. These corrections
produced a minimal difference due to the low variability of m/z 37 counts during the campaign
(0.8-2.6% with a mean of 1.7% of primary ion signal). Impurities in the inlet system during the
campaign may have caused additional humidity dependency for aromatic species. These could
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not be accurately recreated when investigating humidity effects in the laboratory, hence this may
have resulted in the remaining background offset for m/z 79, 93, 107 and 121. The largest offset
was seen in m/z 121, which may be due to a number of factors (discussed in Section 4.3.2 in more
detail) including the fact that the instrument was only calibrated against one trimethylbenzene, as
standards for many of the other contributing compounds were unavailable to calibrate separately.
Correlations of the compound against relative humidity showed low coefficients (r between 0.08
and 0.3, p >0.05), which suggests most humidity effects were sufficiently accounted for, although
a large uncertainty associated with the quantitative measurements remains, especially for the
higher m/z.
Isobaric interferences from O2+ ions on m/z 33 due to the 16O17O+ isotope were accounted
for, as this reacts with the water cluster in the drift tube causing a decrease in the instrument
background signal with higher humidities. During the campaign, however, the O2+ counts were
always <2% of the primary ion count. Additionally, interference of a CCl4 isotope at m/z 121 was
subtracted. Since the Montreal Protocol the addition of this compound in fire extinguishers,
cleaning agents, and precursors for refrigerants is prohibited and it is uniformly distributed
throughout the atmosphere at around 0.1 ppbv. This provides a constant contribution to m/z 121
in PTR-MS which can be subtracted.

4.5.C. Comparison of m/z 69 with isoprene concentrations measured by GC-FID
Globally isoprene is the dominant component of m/z 69, however due to the season and
the urban location, the biogenic contribution was absent. Comparison of the PTR-MS data for m/z
69 against isoprene concentration measurements from a GC-FID at NK (courtesy of J. Hopkins
and R. Holmes) showed that the isoprene signal of m/z 69 was around 22% after correcting for
the instrument background signal (Figure 4.C1). However, correlations with the isoprene
concentrations were high (r = 0.94, p <0.001). The remaining offset could be from isobaric
interference from other compounds such as cyclic alkanes, which share emission sources with
anthropogenic isoprene, in which case they represent a considerable contribution to m/z 69 (Yuan
et al., 2014). Alternatively, it may be possible that, as seen in the aromatic compounds, the large
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uncertainties associated with the calibration (15% total uncertainty) or the background corrections
of the PTR-MS resulted in the offset.

Figure 4.C1. Comparison of 1 h averages of m/z 69 (ppb) measured by PTR-MS against isoprene
concentrations measured by GC-FID (ppb) at North Kensington during 16th – 25th Jan 2012
showing the linear regression with correlation coefficient (r). We gratefully acknowledge James
Hopkins and Rachel Holmes (University of York) for making the data available for analysis.
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Chapter V
5 Paper II: Seasonal and diurnal trends in
concentrations and fluxes of volatile organic
compounds in central London
This chapter details the use of the PTR-MS to measure VOC fluxes using virtual disjunct
eddy covariance in an urban environment. Measurements were made from a tower on the roof of
King’s College in the Strand, central London starting on 7 August 2012 during the summer
ClearfLo IOP and continued through to 19 December 2012. Analysis of seasonal fluxes and
concentrations suggested various source contributions and meteorological effects. The Guenther
et al. (1995) algorithm was used to model urban isoprene emissions of biogenic origin during
August and September. The flux footprint was modelled using the Kormann-Meixner-based
model and confirmed that measurements were well connected to the surface layer and included
emissions from within a radius of ca. 1 km of the measurement site. VOC fluxes were compared
to emissions estimates from the London and the National Atmospheric Emissions Inventories.
The work was submitted to the journal Atmospheric Chemistry and Physics on 6 February
2015 and accepted for publication on 30 June and published on 16 July 2015. The authors and
their contributions are listed below:
Amy C. Valach (Lancaster University and CEH): Set up the system and operated the
instrument during the field campaign, processed the data, performed the analyses, and wrote the
manuscript.
Ben Langford (CEH): Assisted with instrument setup and operation, provided guidance on data
processing and analysis, and helped compile the manuscript.
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Eiko Nemitz (CEH): Helped with data processing, analysis, and compilation of the manuscript.
A. Rob MacKenzie (University of Birmingham): Helped with interpretation of the results and
compilation of the manuscript.
C. Nick Hewitt (Lancaster University): Devised the research, obtained funding and helped with
interpretation of the results and compilation of the manuscript.
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Abstract
Concentrations and fluxes of seven volatile organic compounds (VOCs) were measured
between August and December 2012 at a rooftop site in central London as part of the ClearfLo
project (Clean Air for London). VOC concentrations were quantified using a proton transfer
reaction mass spectrometer (PTR-MS) and fluxes were calculated using a virtual disjunct eddy
covariance technique. The median VOC fluxes, including aromatics, oxygenated compounds and
isoprene, ranged from 0.07 to 0.33 mg m-2 h-1. Median mixing ratios were 7.3 ppb for methanol
and <1 ppb for the other compounds. Strong relationships were observed between the fluxes and
concentrations of some VOCs with traffic density and between the fluxes and concentrations of
isoprene and oxygenated compounds with photosynthetically active radiation (PAR) and
temperature. An estimated 50-90% of the fluxes of aromatic VOCs were attributable to traffic
activity, which showed little seasonal variation, suggesting that boundary layer effects or possibly
advected pollution may be the primary causes of increased concentrations of aromatics in winter.
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Isoprene, methanol and acetaldehyde fluxes and concentrations in August and September showed
high correlations with PAR and temperature, when fluxes and concentrations were largest
suggesting that biogenic sources contributed to their fluxes. Modelled biogenic isoprene fluxes
from urban vegetation using the Guenther et al., (1995) algorithm agreed well with measured
fluxes in August and September. Comparisons of estimated annual benzene emissions from both
the London and the National Atmospheric Emissions Inventories agreed well with measured
benzene fluxes. Flux footprint analysis indicated emission sources were localised and that
boundary layer dynamics and source strengths were responsible for temporal and spatial VOC
flux and concentration variability during the measurement period.

5.1 Introduction
Currently over 50% of the global population lives in urban areas and with increasing
migration to urban centres, air quality remains a high public health priority. In the European
Union, including in the UK, volatile organic compound (VOC) emissions are subject to control
under the European Commission Directive 2008/50/EC and emission reducing technologies have
been implemented, yet urban air pollution continues to be a concern. VOCs from both
anthropogenic and biogenic sources impact urban air quality and climate through their
contribution to tropospheric ozone and aerosol particle formation. Some VOCs, including
benzene and 1,3-butadiene are also carcinogens that can directly affect human health (Kim et al.,
2001). Most VOCs in urban areas are assumed to come from fuel combustion or evaporative
emissions (Kansal, 2009; Srivastava et al., 2005). However, in summer urban vegetation may act
as an additional source of VOCs such as methanol, isoprene and monoterpenes, even in cities with
a temperate climate and little green space such as London or Manchester (Langford et al., 2009;
2010b).
Emission inventories such as the London Atmospheric Emissions Inventory (LAEI,
http://www.cleanerairforlondon.org.uk/londons-air/air-quality-data/london-emissions-naei/roadtraffic-emissions)

and

the

National

Atmospheric

Emissions

Inventory

(NAEI,

http://naei.defra.gov.uk/data/) use a “bottom-up” approach based on activity data and emission
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factors to estimate emission rates from pollutant sources. Micrometeorologically based eddy
covariance techniques allow a “top-down” approach to quantify fluxes and these measurements
can be compared with modelled emission inventory estimates. Such comparisons are essential as
“bottom-up” emission inventories may inadvertently not include specific pollutant sources or may
use unrepresentative emission factors or activity profiles. “Top-down” approaches using Earth
observation data from satellites are also available for a few chemicals (Lamsal et al., 2011) but
not for primary VOCs. There have been few studies on VOC fluxes in urban areas, and these have
been limited in spatial and temporal extent (Langford et al., 2009; 2010b; Park et al., 2010; 2011;
Velasco et al., 2005; 2009). Due to the high technical demands of VOC flux measurements, it is
difficult to increase spatial coverage or to make measurements for long periods of time. Making
further measurements of this kind is therefore a high priority in studies of air quality.
In this study we present flux and concentration measurements of seven selected volatile
organic compounds made over 5 months in central London using the virtual disjunct eddy
covariance method. The aims of this study were to i) quantify VOC fluxes above an urban canopy
using proton transfer reaction mass spectrometry and virtual disjunct eddy covariance; ii)
investigate seasonal, diurnal and spatial differences in VOC fluxes and concentrations; iii)
examine possible major source contributions of speciated VOCs in central London; and iv)
compare measured fluxes with those estimated by both the LAEI and the NAEI.
These observations were made as part of the ClearfLo (Clean air for London) project,
which provided integrated short-term and long-term measurements of meteorology, gas phase and
particulate pollutants over London and surrounding areas during 2011 and 2012 (Bohnenstengel
et al., 2015).

5.2 Methods
5.2.1 Measurement site
Micrometeorological flux measurements were made during the period 7th August - 19th
December 2012 from a flux tower located on the roof of a building belonging to King’s College,
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University of London (51.511667° N, 0.116667° W; ground altitude 30 m a.s.l.), on the Strand in
central London. Although the site is within the London Congestion Charge Zone (an area
encompassing central London requiring road tolls to be paid and hence an area with reduced
traffic density), surrounding roads supported a medium to high traffic volume (annual average of
50000-80000 vehicles per day, (Department for Transport, 2014)) with the River Thames situated
200 m to the south. This site is classified as a local climate zone class 2 compact midrise according
to Stewart and Oke (2012) (i.e. dense mix of midrise buildings; 3–9 stories; few or no trees; land
cover mostly paved; stone, brick, tile and concrete construction materials). Land cover types (in
%) were calculated based on the Ordnance Survey map for the surrounding 9 km2 area (Figure
5.1) encompassing the site and are roads (37%), buildings (31%), other paved areas (14%),
unpaved/ vegetation (11%) and water bodies (7%).
The sampling inlet and sonic anemometer were mounted on a triangular mast (Aluma
T45-H) at approx. 60.9 m (2.3 times mean building height, zH) above ground level. The mean
building height was around 25 m and the mast was located on an elevated area in the centre of the
roof. A street canyon was located to the NW and an enclosed parking area to the SE, but generally
surrounding buildings were of equal height. The sampling point (which we call KCL) is located
37 m west of a sampling point (KSS) that has been used for long-term energy and CO2 flux
measurements (Kotthaus and Grimmond, 2012). Although the site is not optimal for
micrometeorological flux measurements due to the heterogeneity of the urban canopy, its
suitability has been assessed in detail by Kotthaus and Grimmond (2014ab). This study describes
in detail the measurement area and investigates the influence of source area characteristics on
long-term radiation and turbulent heat fluxes for the KSS site. They conclude that the site can
yield reasonable data on surface-to-atmosphere fluxes.
The weather in 2012 was somewhat cooler than the 1981 to 2010 long-term mean for
London during summer and autumn, with several cold fronts bringing up to twice as much
precipitation and associated winds as average, suppressing pollution levels. However, during the
period of the Olympic and Paralympic games (27th July – 12th August and 29th August – 9th
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September 2012) the weather was hot and dry causing sustained pollution peaks. Winter
2012/2013 was generally warmer and drier in London than the 1981-2010 mean (Met Office,
2013).

5.2.2 Instrumentation and data acquisition
The CSAT3 sonic anemometer (Campbell Scientific Inc., Utah, USA) and inlet were
faced toward the predominant wind direction (SW) to minimise flow distortion. Data from the
sonic anemometer were logged at a frequency of 10 Hz and flux measurements were calculated
using 25 min averaging periods. The rotation angle theta (θ), used to correct measurements of the
vertical wind velocity for minor misalignment of the sonic anemometer, showed no significant
disturbance of the turbulence from interactions with the building when plotted against wind
direction. Data were recorded in UTC (universal time coordinated), which is 1 h earlier than local
time in summer and coincident with Greenwich mean time in winter. However, all analyses used
local time.
VOC concentrations were measured using a high-sensitivity proton transfer reaction
(quadrupole) mass spectrometer (PTR-MS) (Ionicon Analytik GmbH, Innsbruck, Austria) with
three Varian turbomolecular pumps (see for example de Gouw and Warneke, 2007, Hayward et
al., 2002, and Lindinger et al., 1998 for more detailed description of the instrument). Air was
drawn through an inlet co-located with the sonic anemometer. Sample air was purged through a
~ 30 m ½” OD (3/8” ID) PTFE tube at a flow rate of 81 L min-1 to the PTR-MS, which was housed
in a utility room below. The high flow rate ensured turbulent flow was maintained and signal
attenuation minimised (Reynolds number, Re = 11177). During the campaign, PTR-MS operating
parameters were maintained at 1.95 mbar, 510 V and 50 °C for drift tube pressure, voltage and
temperature respectively to achieve an E/N (E is the electric field strength and N is the buffer gas
number density) ratio of 123 Td (1 Td = 10-17 V cm2). This field strength forms a compromise
between reagent ion clustering and fragmentation suppression (Hewitt et al., 2003). Further
instrument parameters and meteorological conditions are summarised in Table 5.1. The inlet flow
rate into the instrument was 0.25-0.3 L min-1.
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The logging program was written in LabVIEW (National Instruments, Austin, Texas,
USA) and operated the PTR-MS in multiple ion detection (MID) and SCAN modes for VOC
concentrations of nine selected masses and a range of the protonated mass spectrum m/z 21-206
respectively. The sonic anemometer was not directly interfaced with the LabVIEW logging
program, requiring the measurements to be synchronised during post-processing through the use
of a cross-correlation function between the vertical wind velocity w and the VOC ion counts c. A
valve system controlled the measurement cycle, which consisted of 5 min zero air (ZA), 25 min
MID followed by 5 min SCAN of sample air and 25 min MID mode. During the ZA cycle, air
was pumped through a custom-made gas calibration unit fitted with a platinum catalyst heated to
200 °C to provide instrument background values at ambient humidity. In MID mode the
quadrupole scanned nine predetermined protonated masses with a dwell time of 0.5 s each, to
which the following compounds were ascribed: m/z 21 (indirectly quantified m/z 19 primary ion
count via [H318O+]), m/z 33 (methanol), m/z 39 (indirectly quantified m/z 37 first cluster
[H3O+(H2O+)]), m/z 42 (acetonitrile, results not shown), m/z 45 (acetaldehyde), m/z 59
(acetone/propanal), m/z 69 (isoprene/furan), m/z 79 (benzene), m/z 93 (toluene), m/z 107 (C2benzenes), and m/z 121 (C3-benzenes, results not shown). The total cycle time was 5.5 s.
Secondary electron multiplier voltage, as well as O2+ (m/z 32) and photon “dark counts” (m/z 25)
signals were monitored weekly.
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Table 5.1. Summary of instrument operating parameters and average meteorological conditions during the
measurements in central London, August – December 2012.

Parameter

Unit

Mean (range)

Normalised sensitivity
(SN)a

ncps ppb-1

11.5 (m/z 33), 13.3 (m/z 45),10 (m/z 59), 4 (m/z 69), 3.6 (m/z
79), 2.5 (m/z 93), 1.5 (m/z 107)

Primary ion (m/z 19)

cps

8.31 × 106 (6.14 × 106 – 1.15 × 107)

Water cluster (m/z 37)

cps

1.92 × 105 (9.15 × 104 – 3.86 × 105)

% of m/z 19

2.3 (1.5-3.4)

O2+

% of m/z 19

<1.45 (1.11-2.01)

Temperatureb

°C

14.0 (-1.81-30.39)

Relative humidity

%

76 (50-97)

Pressure

mbar

1004.27 (968.71-1023.27)

Wind speedb

m s-1

3.35 (0.12-14.96)

Friction velocity (u*)b

m s-1

0.5 (0.01-1.50)

SD of vertical wind
speed (σw)b

m s-1

0.65 (0.15-1.62)

a

SN: Normalised sensitivity as calculated using Taipale et al. (2008).

b

Derived from measurements from the CSAT3 sonic anemometer (Campbell Scientific).

The PTR-MS cannot distinguish between different compounds with the same integer
mass; therefore, isobaric interference can occur. For example, m/z 107 may result from several
contributing C8 aromatics: ethyl benzene, (m+p)-xylene, o-xylene and some benzaldehyde
(Warneke et al., 2003). Further interferences at measured m/z from additional compounds and
fragmentation for this instrument in an urban environment are discussed in Valach et al. (2014).
Although the O2+ and water cluster ions were kept <2% of the primary ion, interferences from
17

O+ isotopes at m/z 33 were taken into account.
Single point calibrations were performed on-site once a month using a certified multiple

component VOC gas standard (Ionimed, part of Ionicon Analytik GmbH, Austria), which was
validated by cross-calibration with a second independent VOC standard (Apel Riemer
Environmental Inc., CO, USA). Before and after the campaign, multistep calibrations were
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performed with both standards. Standards were diluted with catalytically converted zero air, since
cylinder concentrations were approx. 1 ppm ± 5% uncertainty (Ionimed Analytik) and 0.5 ppm
± 10% (Apel Riemer). Error propagation resulted in a total calibration uncertainty of <20%.
Measured normalised instrument sensitivities (SN, Table 5.1) based on Taipale et al. (2008) were
used to convert normalised count rates (ncps) of protonated masses (RH+) to volume mixing ratios
(Langford et al., 2010a). Only the o-xylene isomer was present in the Ionimed standard, which
was used to determine instrument sensitivities for m/z 107, but sensitivities agreed well when
compared with sensitivities for p-xylene present in the Apel Riemer standard. Any remaining
humidity effects on calibrations were previously investigated for this instrument and were found
to be within the overall calibration uncertainty (Valach et al., 2014). Detection limits of VOC
concentrations (Table 5.2) were calculated according to Taipale et al. (2008).

5.2.3 Flux calculations and quality assessment
Fluxes were calculated according to Karl et al. (2002) and Langford et al. (2009; 2010a)
using
𝑛

𝑖−𝑡𝑙𝑎𝑔
1
′(
)
𝐹 = ∑ 𝑤 𝛥𝑡𝑤 × 𝑐 ′(𝑖) ,
𝑛

(5.1)

𝑖=1

where w’ and c’ are the instantaneous fluctuations around the mean vertical wind (𝑤 − 𝑤
̅) and
mean VOC concentration (𝑐 − 𝑐̅), n is the number of VOC concentration measurements per 25
min averaging period (n = 273), tlag is the lag time between the wind and PTR-MS measurement
due to the transit through the sampling line and Δtw is the sampling interval of the vertical wind
speed measurements of the sonic anemometer (10 Hz = 0.1 s). Langford et al. (2015) recently
demonstrated that the method used to determine the time lag becomes important where the signalto-noise ratio of the analyser is poor, showing that methods that systematically search for a
maximum in the cross-correlation function within a given window (MAX method) can bias the
calculated fluxes towards more extreme (positive or negative) values. Their study recommends
the use of a prescribed lag time determined either through the use of a monitored sample flow rate
or by using the typical lag time derived by searching for a maximum. Here the prescribed lag
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times were determined by fitting a running mean to the time series of daytime lag times calculated
using the MAX method for acetone, which had large fluxes and the clearest time lags. Prescribed
lag times for all other compounds were set relative to that of acetone, accounting for the offset
introduced by the sequential sampling of the PTR-MS.
Flux losses due to the attenuation of high and low frequency eddies were estimated for
our measurement setup. High frequency flux attenuation was estimated to be on average 11%
using the method of Horst (1997), and a correction was applied. Attenuation from low frequency
fluctuations for a 25 min flux period was investigated by reanalysing the sensible heat fluxes for
longer averaging periods of 60, 90, 120 and 150 min. The coordinate rotation was applied to the
joined files, which acted as a high pass filter to the three wind vectors, confirming that fluctuations
of eddies with a longer time period than the averaging time did not contribute to the flux
measurement (Moncrieff et al., 2004). The fluxes were compared to the 25 min average fluxes,
which had the coordinate rotation applied before joining, again to ensure only turbulent
fluctuations of ≤25 min contributed to the flux (Supplementary information Figure 5.A1). Flux
losses due to low frequency attenuation were estimated to be <1.5% and, therefore, no corrections
were deemed necessary. The error due to the disjunct sampling was estimated by comparing the
sensible heat fluxes calculated from the continuous data series with those calculated from a
disjunct data series using a set sampling interval of 5.5 s. The continuous data were averaged to
match the sampling frequency of the disjunct data (i.e. 2 Hz). The difference between the eddy
covariance and DEC sensible heat fluxes was minimal (0.01%) and thus no additional corrections
were applied.
Many of the 25 min resolved flux measurements were close to the limit of detection
(LoD), based on 1 standard deviation using the method of Spirig et al. (2005), with an average
fail rate of 82%. Various techniques to statistically analyse or replace values below the LoD have
been developed (Clarke, 1998). However, they often result in significant bias, either high or low
depending on the value substituted, because values tend to be below the LoD when fluxes are
indeed small (Helsel and Hirsch, 1992). In this study, our analysis focused on diurnally averaged
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flux profiles and we decided not to filter out individual flux values on the basis of being <LoD in
order to avoid this bias. When averaging the 25 min flux data it is appropriate to also average the
LoD which, as shown by Langford et al. (2015), decreases with the square root of the number of
samples averaged (N). Therefore, although the majority of the individual 25 min flux
measurements were below the LoD, their diurnal average profiles may exceed the LoD for the
average and thus still yield important data on the net exchange of VOCs above the city.

𝑁

1
̅̅̅̅̅ =
√∑ 𝐿𝑜𝐷 2 .
𝐿𝑜𝐷
𝑁

(5.2)

𝑖=1

The following describes the additionally applied filter criteria. 25 min flux values with a
friction velocity (u*) <0.15 m s-1 were rejected (3.4% of total data) due to insufficient turbulence.
The stationarity test and data quality rating methods of Foken and Wichura (1996) and Velasco
et al. (2005) were used, and 47% of the data files were rejected on this basis. The high number of
files rejected in the stationarity test is to be expected for eddy covariance measurements over
highly heterogeneous canopies, although horizontally averaged canopy morphology recovers
some surface homogeneity. Furthermore, the low measurement height used can cause an
increased sensitivity towards canopy roughness features resulting in non-stationarity. Since urban
environments are inherently not ideal for micrometeorological flux measurements due to their
heterogeneity, integral turbulence characteristics of this site were assessed by comparing the
measured standard deviation of the vertical wind velocity (σw) normalised by u* to the parameters
of a modelled ideal turbulence (Foken et al., 2004). Results showed that 99.6% of all the data was
rated category six or better and 0.4% was rejected using the criteria of Foken et al. (2004). This
large pass rate gives further confidence that the measurements were not unduly affected by wake
turbulence generated from the structure of the building. Erroneous meteorological data (2.6% of
total) were removed around wind directions of 14-15° due to minor turbulence interferences from
the presence of other sensors on the mast. Depending on the compound, between 40 and 61% of
flux data (N = 1934–2949) passed all of the above quality controls. Exactly 2014 h of
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concentration data (N = 4834) was obtained. For consistency, regression coefficients (R2) were
used throughout.
The traffic densities used for the analysis were obtained from a nearby site at Marylebone
Road (approx. 3 km to the NW) and consisted of hourly vehicle counts covering the period 7th 22nd August 2012. The major roads of the Strand and the Thames Embankment surrounding the
measurement site support a comparable traffic volume with an annual average of 50000 - 80000
vehicles per day (Department for Transport, 2014) and diurnal patterns in traffic are likely to be
similar across central London.
Photosynthetically active radiation (PAR) and CO2 measurements used in the analysis
were part of the long-term micrometeorological measurements at the same site and covered the
period from August to September for PAR and from August to December for CO2. Average
diurnal profiles were calculated for the boundary layer mixing height, which was measured using
three LiDARs located on rooftops within central London during an approx. 2-week period in
summer and winter 2012 (Bohnenstengel et al., 2015).
5.2.3.1 Flux footprint calculations
Although there are no operational footprint models for urban environments that take the
complex topography and spatial variability in building height and surface heat fluxes into account,
the analytical footprint model of Kormann and Meixner (2001) has previously been applied in
non-homogeneous terrain (Helfter et al., 2011; Neftel et al., 2008). The Kormann-Meixner (KM)
model determines the 2D footprint density function explicitly from micrometeorological
parameters, which are provided by the eddy covariance measurements, i.e., friction velocity (u*),
measurement height (zm), Obukhov length (L), horizontal wind velocity at the measurement height
(u(zm)), and standard deviation of the lateral wind (σv). The flux footprints were calculated for
each 25 min flux period. Neftel et al. (2008) developed a Microsoft Excel-based tool that allows
the footprint contributions (%) of user-defined spatial elements to be mapped. In this case we
used a total of nine 1 km2 grid squares to match the Ordnance Survey (OS) grid (Figure 5.1),
centred on the measurement site. This grid resolution was validated using a simple
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parameterisation model (Kljun et al., 2004) with average diurnal cycle parameters for σw, u* and
boundary layer height (zi) during the campaign, which calculated the distance of the maximum
flux contribution (Xmax) and the extent of the 90% flux footprint (X90).
The KM footprint calculation requires the Monin-Obukhov stability parameter (ζ) to be
within the interval [-3, 3], where

𝜁=

𝑧𝑚 − 𝑑
,
𝐿

(5.3)

with d (d = ⅔zH = 16.7 m) being the displacement height estimated as a fraction of the canopy
height (Garrat, 1992). The footprint estimation for cases of extreme stability is of lower quality
but still provides useful information. The vertical turbulent flux Fc(0,0,zm) measured at the height
zm is related to the corresponding surface flux area Fc(x,y,0), which is upwind of the measurement
point, such that
−∞ ∞

𝐹𝑐 (0,0, 𝑧𝑚 − 𝑑) = ∫ ∫ 𝐹𝑐 (𝑥, 𝑦, 𝑧𝑚 − 𝑑)𝛷(𝑥, 𝑦, 𝑧𝑚 − 𝑑)𝑑𝑥𝑑𝑦 ,
∞

(5.4)

0

where zm is the measurement height and the x-axis is aligned with the mean horizontal wind
direction. 𝛷(𝑥, 𝑦, 𝑧𝑚 − 𝑑) is the footprint function and includes a weighting function to describe
the influence of a unit point source on the flux from any surface location (x,y). In order to compare
VOC fluxes with estimated emissions from the London Atmospheric Emissions Inventory
(LAEI), a 9 km2 section of the 1 km2 resolution OS grid system was used, which on average
included 90% of the footprint contribution to all measured fluxes. This area was limited to central
London and partially included the following boroughs: Westminster (squares 1, 4, 5 and 7),
Southwark (2, 3 and 6), Camden (8) and the City of London (9) (Figure 5.1).
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Figure 5.1. Map of central London overlaid with the Ordnance Survey grid including the
measurement site (KCL) at King’s College (green point) with references to the geography of
Greater London and Great Britain. Grid squares correspond to the numbers (1-9) in Section 5.3.3
starting bottom left to top right. Outlines of the areas that contribute the maximum (Xmax), as well
as 75%, 90%, and 99% to the flux footprint using overall median meteorological values are shown
as black contour lines with their respective labels laid out according to the median wind direction.
© Crown Copyright. Reproduced by permission of Ordnance Survey®.

5.3 Results and Discussion
5.3.1 Diurnal profiles of VOC fluxes and concentrations
Average diurnal cycles of measured VOC fluxes and mixing ratios are shown in Figure
5.2a and 5.2b with descriptive statistics for all the data summarised in Table 5.2. Largest median
(interquartile range in parenthesis) fluxes per day were from C2-benzenes and toluene, with 7.86
(0.92-21.8) kg km-2 d-1 and 7.26 (1.83-15.3) kg km-2 d-1 respectively, followed by oxygenated
compounds, i.e. methanol with 6.37 (2.99-10.0) kg km-2 d-1, acetaldehyde 3.29 (1.52-5.62) kg
km-2 d-1 and acetone 5.24 (2.33-9.62) kg km-2 d-1. Isoprene and benzene showed the smallest
median fluxes with 2.14 (0.56-4.85) kg km-2 d-1 and 1.78 (0.06-4.34) kg km-2 d-1 respectively. The
highest median mixing ratios were of the oxygenated compounds methanol (7.3 (6.8-7.9) ppb),
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acetone (0.95 (<LoD-1.36) ppb) and acetaldehyde (0.82 (0.59-1.13) ppb), followed by aromatics
(C2-benzenes, toluene and benzene), and isoprene.
Oxygenated compounds commonly have relatively long atmospheric lifetimes and
widespread origin including anthropogenic and biogenic sources and photochemistry, resulting
in elevated concentrations and less pronounced diurnal profiles (Atkinson, 2000). Most VOC
fluxes and concentrations were comparable to or lower than those previously observed in London
(Langford et al., 2010b) and other UK cities (Langford et al., 2009), although C2-benzene fluxes
and concentrations, as well as isoprene and benzene concentrations were slightly higher. The
discrepancy in isoprene and benzene concentrations is consistent with photochemical loss during
transport to the higher measurement height of the previous studies. Compared to other cities such
as Houston Texas (Park et al., 2010) and Mexico City (Velasco et al., 2005), VOC fluxes and
concentrations were lower with the exception of C2-benzenes, which were comparable or higher;
however, it must be noted that C2-benzenes in this study represent the sum of multiple VOC
species. Unlike the other studies cited, Park et al. (2010) use relaxed eddy accumulation to
measure VOC fluxes and hence the data obtained are not directly comparable with measurements
made by EC-based methods.
Diurnal profiles of aromatic fluxes and concentrations presented two clear rush hour
peaks during the morning and evening (07:00-10:00 and 17:00-20:00 local time). Concentration
peaks are thought to be linked to additional advection of traffic-related pollution from larger
commuter roads outside of the city centre, as well as boundary layer effects and photochemistry.
VOC concentration measurements at canopy height can be affected by boundary layer depth
(Vilà-Guerau de Arellano et al., 2009). The rush hour emission peaks mostly coincide with the
boundary layer expansion and collapse and therefore the effect of each factor cannot be separated.
The morning concentration peak was slightly higher than the evening peak across traffic-related
species even though fluxes tended to be larger during the evening rush hour. Morning emissions
enter a shallow nocturnal boundary layer leading to relatively larger concentrations compared to
higher afternoon emissions entering a developed boundary layer leading to relatively lower
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concentrations. This enhanced dilution effect is found more often during summer when the
boundary layer mixing height is higher (Figure 5.2). Therefore, the regression analyses below
only refer to data from August (cf Section 5.3.1.2 for comparisons with winter). Furthermore,
increased photochemical degradation during the day removes VOCs, further contributing to the
midday minimum in mixing ratios. The diurnal flux profiles of methanol, acetone, isoprene and
to a smaller extent acetaldehyde showed one large peak just after midday (approx. 13:00 local
time), which was only reflected in the concentration profiles of acetone and isoprene.
Acetaldehyde concentrations presented a slight double peak similar to mixing ratios of aromatics.
Methanol has a relatively long atmospheric lifetime and therefore high background
concentrations, and hence mixing ratios showed no distinct diurnal profile.

96

Chapter 5: VOC fluxes in central London
Table 5.2. Summary of 25 min VOC fluxes and mixing ratios above central London during August-December 2012.
Compound (m/z)

Methanol
(m/z 33)

Acetaldehyde
(m/z 45)

Acetone/
propanal
(m/z 59)

Isoprene/
furan (m/z
69)

Benzene
(m/z 79)

Toluene
(m/z 93)

C2benzenes
(m/z 107)

Fluxes (mg m-2 h-1)
Lifetime (OHa)

12 d

8.8 h

53 d

1.4 h

9.4 d

1.9 d

5.9 h

N

2920

2811

2945

2119

1908

2315

2053

Min.

-2.91

-0.28

-1.74

-0.35

-0.64

-2.31

-3.27

1. quartile

0.12

0.06

0.10

0.02

0.002

0.08

0.04

Median

0.27

0.14

0.22

0.09

0.07

0.30

0.33

Mean

0.29

0.16

0.31

0.13

0.09

0.41

0.54

3. quartile

0.42

0.23

0.40

0.20

0.18

0.64

0.91

Max.

3.36

1.09

2.85

1.16

0.59

4.86

8.63

SD

0.25

0.15

0.34

0.16

0.15

0.53

0.86

Skew

0.86

1.27

2.08

1.18

0.32

1.75

2.33

Kurtosis

20.37

2.85

7.57

2.81

0.76

8.04

14.48

N

4834

4834

4834

4834

4834

4834

4834

Min.

5.73

<LoD

<LoD
(0.02)

<LoD
(0.03)

<LoD
(0.04)

<LoD
(0.05)

<LoD

<LoD
(0.65)

<LoD
(0.16)

<LoD
(0.18)

<LoD
(0.38)

<LoD

Mixing ratios (ppb)

(0.14)
1. quartile

6.82

0.59

(0.14)

(0.57)

Median

7.27

0.82

0.95

<LoD
(0.22)

<LoD
(0.24)

<LoD
(0.54)

0.75

Mean

7.53

0.94

1.10

0.25

0.29

<LoD
(0.65)

0.87

3. quartile

7.90

1.13

1.36

0.30

0.34

0.77

1.03

Max.

17.06

5.17

6.07

1.86

1.71

5.30

4.96

SD

1.12

0.53

0.66

0.14

0.19

0.45

0.50

Skew

2.21

2.14

1.65

1.97

2.80

3.07

2.79

Kurtosis

7.22

7.83

4.06

7.27

12.37

15.89

12.99

LoDb

0.96
0.45
0.66
0.25
0.28
0.66
0.71
Atmospheric lifetimes with regard to OH for a 12 h daytime average OH concentration of 2.0 × 106

a

molecules cm-3 (Atkinson, 2000).
b

LoD: Limit of detection calculated using Taipale et al. (2008).
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Figure 5.2. Part 1: average diurnal profiles in local time for selected VOC fluxes (mg m-2 h-1)
separated into all days, weekdays (red dashed line) and weekends (blue dotted line) with traffic
density (vehicles h-1), detection limit (patterned area) and upper and lower confidence intervals
(shaded area). Traffic density (with weekday and weekend) and boundary layer mixing height
(for summer and winter) are shown in separate panels. Compounds are m/z 33 (methanol), m/z 45
(acetaldehyde), m/z 59 (acetone/propanal), m/z 69 (isoprene/furan), m/z 79 (benzene), m/z 93
(toluene) and m/z 107 (C2-benzenes).
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Figure 5.2. Part 2: average diurnal profiles in local time for selected VOC mixing ratios (ppb)
separated into all days, weekdays (red dashed line) and weekends (blue dotted line) with detection
limit (dotted line) and upper and lower confidence intervals (shaded area). Traffic density (with
weekday and weekend) and boundary layer mixing height (for summer and winter) are shown in
separate panels. Compounds are m/z 33 (methanol), m/z 45 (acetaldehyde), m/z 59
(acetone/propanal), m/z 69 (isoprene/furan), m/z 79 (benzene), m/z 93 (toluene) and m/z 107 (C2benzenes). The mixing ratio axes start from 0 apart from that of methanol, which begins at 6.4
ppb due to the high atmospheric background.

5.3.1.1 Correlations with possible controlling variables of VOC fluxes and concentrations
Aromatic compound fluxes closely followed the diurnal profile of traffic density with
good correlations (R2 = 0.51-0.92, p <0.05) and slightly lower fluxes observed on the weekends.
In central urban areas in the UK, traffic densities — and therefore traffic-related VOC fluxes —
increase steadily throughout the day, with discernible peaks during morning, midday and evening
(Nemitz et al., 2002), which was also observed in this study. Previous studies have shown that
the Marylebone Road traffic count can be used as a proxy representative of traffic flows
throughout central London (Helfter et al., 2011).
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The aforementioned concentration dilution due to boundary layer expansion resulted in
negative correlations between boundary layer height and aromatic mixing ratios in August (R2 =
0.33-0.56, p <0.01). As aromatic compound fluxes slightly dipped around midday, the mixing
ratios were further diluted by the deep boundary layer. The above evidence suggests that trafficrelated emissions were the main contributors to fluxes and mixing ratios of aromatic compounds.
Acetone and isoprene showed peak midday fluxes, which maintained daytime mixing ratios and
produced positive correlations with boundary layer height (R2 = 0.16 and 0.59 respectively; p
<0.01). De Gouw et al. (2005) reported that changes in boundary layer meteorology could result
in greater effects on observed concentrations of methanol and acetone due to their high
background values. The mixing ratios of these compounds are, therefore, likely dominated by
advected pollution rather than the local flux. Possibly a combination of boundary layer and
photochemical effects were seen with methanol mixing ratios wherein correlations with mixing
height were negative (R2 = 0.70, p <0.01), whereas acetone and isoprene fluxes seemed to be
sufficiently high during the day to maintain peak midday mixing ratios (Figure 5.3 example of
isoprene). Vehicle emissions may have contributed to acetaldehyde and isoprene levels directly
or indirectly (Figure 5.3 example of isoprene), because correlations of fluxes with traffic density
were fairly high (R2 = 0.60 and 0.46 respectively; p <0.05). The diurnal concentration profile of
acetaldehyde to some degree mimicked those of traffic-related compounds reflecting a slight
double peak.
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Figure 5.3. Examples, using isoprene, of averaged VOC fluxes (left) and mixing ratios (right) as
a function of photosynthetically active radiation (PAR) (μmol m-2 s-1), temperature (°C), traffic
density (vehicles h-1) and boundary layer mixing height (m) based on 25 min VOC means with
linear or exponential regressions, formulae, R2 values and detection limit (shaded area for fluxes
and dashed line for mixing ratios).

VOC fluxes and concentrations plotted as a function of PAR showed strong daytime
(defined as 06:00 to 18:00 local time) correlations for methanol, acetaldehyde and isoprene fluxes
(R2 = 0.71-0.78, p <0.001) and concentrations (R2 = 0.66-0.83, p <0.001). Plotted as a function of
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temperature, high correlations with methanol, acetaldehyde and isoprene fluxes were seen (R2 =
0.75, 0.63 and 0.94 respectively; p <0.001), whereas only methanol and acetone concentrations
showed higher correlations with temperature (R2 = 0.64 and 0.81 respectively; p <0.001
respectively). Methanol fluxes correlated linearly with temperature (R2 = 0.75, p <0.001), but
acetaldehyde and isoprene fluxes (R2 = 0.64 and 0.94; p <0.01) and mixing ratios (R2 = 0.45 and
0.55; p <0.01) had exponential relationships with temperature (Figure 5.3 example of isoprene).
The relationships of mixing ratios with PAR and temperature for these compounds improved
greatly when night-time values were excluded (defined as PAR <100 μmol m-2 s-1) and when
times of low temperature (<5 °C) were excluded. This indicates either separate source
contributions or effects of boundary layer meteorology in these instances, whereby increased
mixing ratios of these compounds with low PAR and temperature likely result from reduced
dilution within a shallow boundary layer, e.g. at night or in winter, or from possible contributions
of anthropogenic sources such as exhaust emissions, which are largely independent of light and
temperature. Increases in concentrations due to high PAR and temperature suggest biogenic
sources, increased evaporative emissions and/or secondary atmospheric formation driven by
oxidation of precursor hydrocarbons (Singh et al., 1994). Oxygenated compounds have a variety
of different source contributions such as tailpipe emissions, evaporative emissions from fuel and
solvents, direct emissions from plants, leaf decomposition and secondary atmospheric production
(Langford et al., 2009 and references therein).
Modelling studies have indicated that the contribution of secondary atmospheric
formation to VOC concentrations could be more significant, especially in urban areas, during
summer, i.e. with high PAR and temperatures (de Gouw et al., 2005; Harley and Cass, 1994).
Acetone fluxes reached a maximum when PAR and temperature were around 1000 μmol m-2 s-1
and 15-20 °C respectively before declining, whereas mixing ratios increased exponentially with
light and temperature. These observations resemble measurements over forest canopies (e.g.
Schade and Goldstein, 2001). Aromatic compound concentrations and fluxes showed no
correlations with PAR. Weak negative correlations were seen between aromatic concentrations
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and temperature, and weak positive correlations were seen between fluxes and temperature likely
due to increased thermal mixing. The observed light and temperature responses associated with
isoprene fluxes and mixing ratios in August and September can be explained by biogenic sources
(cf Section 5.3.1.3).
5.3.1.2 Seasonal variability of VOC sources and meteorology
Most compounds showed larger fluxes in August and September than in October,
November and December with the exception of acetaldehyde, which also showed increased fluxes
in December (Figure 5.4 top). Increased acetaldehyde fluxes in December may have resulted from
an additional source, such as domestic biomass burning (Andreae and Merlet, 2001; Lipari et al.,
1984), although there are only few residential buildings in this area of London. Only toluene
fluxes in September were significantly higher than in other months and benzene fluxes showed
no significant seasonal differences. Seasonal variability in fluxes was likely due to increased
emissions in summer, especially for compounds with biogenic and secondary atmospheric
sources. Average monthly meteorological parameters are summarised in Table 5.3.
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Figure 5.4. Diurnal profiles by month with confidence intervals and bar charts showing hourly
averages for the respective month and representative compound (top) fluxes (mg m-2 h-1) (m/z 45,
69 and 79) and (bottom) mixing ratios (ppb) (m/z 59, 69 and 79). Letters (a-d) indicate statistically
significant subgroups using Tukey’s Honestly Significant Difference post hoc test.

Mixing ratios of aromatics were generally lower in summer and highest in December
(Figure 5.4 bottom). This is likely due to less dilution effects in winter when the boundary layer
is shallow or from advection of additional sources such as heating, since there was no increase in
fluxes. Generally, in summer the boundary layer mixing height is higher and collapses later in the
evening which maintains the dilution effect for VOC concentrations. In winter the average
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boundary layer mixing height is lower. It develops later in the morning and collapses earlier in
the afternoon, which could increase not only overall VOC mixing ratios but also individual
maxima, e.g. during rush hours. Comparing average diurnal profiles of compound mixing ratios
with boundary layer height during summer and winter shows that aromatic compound
concentrations were associated with negative correlations in summer (cf Section 5.3.1.1) which
became positive during winter (R2 = 0.10-0.33, p <0.01), while fluxes maintained positive
correlations with boundary layer height regardless of season. This suggests that boundary layer
effects may be an important driver of increased concentrations in winter. Furthermore, traffic
counts for the Congestion Charge Zone in central London indicate lower monthly average vehicle
counts in December (Department for Transport, 2014). Oxygenated compounds and isoprene
mixing ratios were highest in summer with the exception of acetone, which increased in December
likely from boundary layer effects, reduced photochemical degradation or advection. Correlations
of mixing ratios and fluxes with boundary layer height were positive for acetone and isoprene
during summer and winter, whereas methanol and acetaldehyde presented negative correlations
during summer, indicating stronger dilution effects (cf Section 5.3.1.1).
Table 5.3. Summary of site meteorology by month in central London during 2012.
Parameter

Footprinta
length (m)

Footprint
width (m)

S (54)

2417

1355

3.2

W (48)

1285

880

-0.0006

3.5

S (29)

2624

1327

51

-0.0037

3.4

S (53)

2329

1156

40

0.0047

3.4

N (32)

1804

990

Data coverage
(%)

Median
stability (ζ)

Wind speed
(m s-1)

Aug

67

-0.0086

3.3

Sep

83

-0.0154

Oct

89

Nov
Dec

Dominant wind
direction (%)

a

Calculated two-dimensional description of the oval footprint according to the KM model. Length

parameter is the length between the point nearest to the sensor where the crosswind-integrated footprint
function reaches 1% of its maximum value to the point where it drops below 1% of the maximum value.
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Increased summer mixing ratios of oxygenated compounds and isoprene indicated a
temperature-dependent, possibly biogenic source contribution. While biogenic emissions may be
advected from outside of the city, the concurrent increase in isoprene fluxes suggests the source
to be largely local to the flux footprint. The temperature-dependent fraction of observed isoprene
mixing ratios, which may include advected pollution, was estimated using the isoprene
temperature response function from Figure 9 in Langford et al. (2010b), which estimated a 30%
and 20% contribution in August and September respectively. These values were significantly
higher than for isopentane, a non-biogenic compound available from the Automatic Hydrocarbon
Network, to which the same analysis was applied. The temperature-dependent component of
isoprene in October, November and December showed no significant difference to that of
isopentane, suggesting the biogenic component was reduced or absent at lower temperatures.
High correlations of m/z 69 with light and temperature during August and September indicate that
isoprene was the likely major component during these months; however, during the rest of the
period the contribution of additional compounds such as furan and other alkenes at that mass may
have increased, thereby overestimating the isoprene signal (Yuan et al., 2014).
5.3.1.3 Modelling the biogenic isoprene contribution in London
An attempt was made to model the biogenic isoprene component during August and
September using the light and temperature algorithms of Guenther et al. (1995), hereafter termed
G95. The foliar-emissions-based model calculates VOC fluxes as follows:
𝐹 = 𝐷 × 𝜀 × 𝛾,

(5.5)

where D is the foliar density (kg dry matter m-2), ε is an ecosystem-dependent base emission rate
(μg C m-2 s-1 normalised to a PAR flux of 1000 μmol m-2 s-1 and leaf temperature of 303.15 K)
and γ is a dimensionless activity adjustment factor accounting for the effects of PAR and leaf
temperature. Ambient air temperature and PAR measurements were used to calculate the lightand temperature-controlled parameters CL and CT for γ, where
𝛾 = 𝐶𝐿 × 𝐶𝑇.

(5.6)
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The slope of the linear regression of the measured total isoprene flux and γ provided an
emission factor in mg m-2 h-1, which was converted to μg g-1 h-1 by dividing by the foliar density
(D = 0.129 kg m-2). The foliar density was estimated using the total tree leaf area as seen from
visible satellite imagery within the flux footprint and tree leaf dry weight for representative
species commonly planted in the area, such as Platanus x acerifolia (City of Westminster, 2009),
that are also high isoprene emitters (Geron et al., 1994). The resulting base emission rate ε from
the measured fluxes was 6.5 μg g-1 h-1, which compares well with the figure given in the literature
(5 μg g-1 h-1) for cities in a cool climate (Guenther et al., 1995). For details of this calculation, see
the Supplementary Information 5.5.B. These estimates are representative of the biogenic isoprene
fluxes from a highly heterogeneous canopy within the flux footprint, including both high- and
low-isoprene-emitting species as well as low average foliar density due to the sparse distribution
of urban roadside and park trees. Green areas, as defined on the OS map, comprised 9% of the
total grid area and were evenly distributed across the 9 km2. Only grid square 1 included a large
green area of 23 ha (St. James’ Park). The National Forest Inventory (NFI,
http://www.forestry.gov.uk/forestry/hcou-54pg9u) of England only included 4.4% green areas
within the grid selection. The NFI excluded individual trees in parks and avenues, which can
encompass up to 50% of trees maintained by the local authority in central London (City of
Westminster, 2009).
Figure 5.5 shows that the modelled isoprene fluxes using the calculated base emission
rate compared well with the measured fluxes by wind direction. Linear regressions from wind
directions that have a strong anthropogenic component are lower, e.g. W (R2 = 0.13, p <0.001),
than from those areas dominated by biogenic sources, e.g. SE (R2 = 0.81, p <0.001) due to the
nearby Temple Gardens. Modelled emissions seemingly underestimated observed isoprene fluxes
since these included the traffic component; however, it appears that biogenic isoprene represents
a detectable source contribution in summer.
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Figure 5.5. (Top) Time series of both measured (grey) and modelled (black) fluxes, as well as
PAR and temperature measurements for August and September 2012, and (bottom) correlation
between modelled and measured isoprene fluxes (mg m-2 h-1) by wind direction using the G95
algorithm with temperature as a third variable, ordinary least squares regression lines, 99 th
confidence intervals, formulae and R2 value.
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5.3.2 VOC/VOC correlations and ratios
Correlations of VOC/VOC fluxes (R2 = 0.40-0.62, p <0.001) indicated two groups of
compounds with good correlations within each group, i.e. compounds related to traffic sources,
such as aromatics, and oxygenated and biogenic compounds, such as methanol, acetone and
isoprene (Figure 5.6 top). Correlations of VOC/VOC concentrations (R2 = 0.13-0.84, p <0.001)
showed the highest correlations between traffic-related compounds (R2 = 0.45-0.84, p <0.001)
and good correlations between the oxygenated and biogenic compounds (R2 = 0.55-0.69, p
<0.001) (Figure 5.6 bottom). High correlations between oxygenated VOCs could indicate source
commonality or formation mechanisms that depend on similar environmental factors. Scatter
plots between aromatic compounds and isoprene/oxygenated compounds tend to show bimodal
distributions indicating separate source contributions. Using temperature or, to a smaller extent,
PAR as a third variable highlights a temperature or light dependency of the second source
supporting the existence of additional biogenic and/or atmospheric sources. In the example of
isoprene against benzene the relationship changes with temperature from 2:1 to 1:2.
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Figure 5.6. Selected scatter plots of representative correlations of VOC/VOC fluxes (top) and
mixing ratio (bottom) with temperature as a third variable showing an example of bimodal, strong
linear and medium linear correlations as commonly seen in the mixing ratio correlations with R2
values, 1:1 line, 1:2 and 2:1 lines for the bimodal example in the bottom left panel.
5.3.2.1 Benzene to toluene ratios
Benzene to toluene (b/t) ratios can help identify source types and changes in ratios can
indicate the photochemical age of an air mass as toluene reacts at a faster rate with OH in the
atmosphere, assuming sufficient OH concentrations to drive the reaction (Warneke et al., 2007).
Median (and interquartile range, IQR) b/t flux ratios were 0.21 (0.02-0.43) and median (IQR) b/t
concentration ratios were 0.45 (0.39-0.48). Individual maxima and minima were seen in the b/t
concentration ratios, examples of which are discussed below.
The observed ratios compared well with those of other European cities, which showed b/t
concentration ratios of 0.35 in Zurich (Heeb et al., 2000), 0.57 in Manchester (Langford et al.,
2009), 0.57-0.63 in London (Valach et al., 2014) and 0.1 at 190 m above London (Langford et
al., 2010b). Traffic-related emissions are considered to be an important source of benzene and
toluene in London. B/t exhaust emission ratios based on derived yearly emissions in other
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megacities, such as Mexico City, were found to be 0.4 (Zavala et al., 2006), which agreed well
with observed b/t concentration ratios in this study. Airborne flux measurements over Mexico
City have shown average b/t flux ratios of 0.31 with lower ratios of 0.07 to 0.1 over industrial
areas due to increased toluene emissions from industrial processes (Karl et al., 2009a; Velasco et
al., 2007). Evaporative emissions from gasoline or direct industrial toluene emissions may have
contributed to the lower b/t flux ratios in London. Furthermore, low b/t concentration ratios of
0.26 from diesel emissions have been reported (Corrêa and Arbilla, 2006). The widespread use of
diesel fuel in London (buses, taxis and some cars and trains) and diesel emissions from roads
which exclude passenger cars, such as Oxford Street (approx. 1.3 km W from the measurement
site), or central railway nodes, such as Waterloo railway station (1 km S), may have affected b/t
ratios.
Wind speed and direction can play a role for b/t concentration ratios by transporting
pollution over longer distances allowing more time to react with or exposure to higher OH
concentrations, thus increasing the ratio. An example of this (Figure 5.7) was seen on 12th August
when median (IQR) b/t concentration ratios reached 0.5 (0.45-0.56) with stronger SE winds (mean
3.67 m s-1) possibly advecting pollution from Benelux/northern Europe, whereas on 9th August
median b/t ratios were 0.34 (0.30-0.38) with low wind speeds (mean 1.28 m s-1) indicating higher
contributions of local sources (i.e. 60% London influence) (Bohnenstengel et al., 2015). On both
days OH concentrations above London were around 1.25 × 106 molecules cm-3 and b/t flux ratios
were not significantly different making pollution advection a likely cause of the observed
difference (L. Whalley, personal communication 2014). Calculated back trajectories using the
HYSPLIT trajectory model (Hybrid Single Particle Lagrangian Integrated Trajectory Model
(Draxler and Rolph, 2008)) were run at 3 h intervals starting at ground-level (10 m) from London
and propagated 24 h backwards in time. During periods of high b/t ratios the back trajectories
indicated that air had passed over continental Europe in the past 24 h, during which freshly emitted
pollution would have been entrained.
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Figure 5.7. Top: 24 h back trajectories from the NOAA HYSPLIT trajectory model during
selected days in August 2012 corresponding to periods of low (left) and high (right)
benzene/toluene concentration ratios. Daily release in 3 h intervals (10 m height) for 24 h prior.
Bottom: Scatter plots showing benzene-to-toluene concentration ratios during 9th August 2012
(left) and 12th August 2012 (right) with linear regression with 95th confidence interval, regression
equation and coefficient (R2).

The median monthly b/t flux ratio during the measurement period stayed between 0.18
and 0.26, which is to be expected since only local fluxes were detected; however, the median
(IQR) monthly b/t ratio for concentrations steadily increased from 0.41 (0.36-0.47) to 0.62 (0.550.70) from August to December. Advected pollution from mainland Europe may be common in
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winter or biomass burning may play a greater role in colder months, as this is associated with
higher b/t ratios, e.g. 1.67 (Lemieux et al., 2004), due to the different fuel combustion emission
profile. Furthermore, OH concentrations in London are often below the detection limit during
winter (Bohnenstengel et al., 2015), resulting in less local photochemical removal during the
winter months.
Median (IQR) concentration ratios for benzene to C2-benzenes were 0.31 (0.28-0.33) and
toluene to C2-benzenes were 0.72 (0.63-0.81), which both agree with previous values and suggest
that these masses are indeed the ascribed traffic-related compounds (Heeb et al., 2000; Warneke
et al., 2001).
5.3.2.2 VOC-to-CO2 correlations and ratios
Good correlations were found among averaged VOC fluxes plotted as a function of
averaged CO2 fluxes, which were measured concurrently at the site (R2 = 0.03-0.81, p <0.001).
Traffic-related compounds were initially among the lowest correlations with CO2 fluxes (R2 =
0.03-0.48, p <0.01). However, when points of peak CO2 fluxes were removed, the correlations
with traffic-related VOC fluxes increased significantly to R2 = 0.65-0.91 (p <0.001). Presumably,
the initial poor correlations resulted from an additional strong CO2 source, such as vents from
gas-fired boilers in nearby buildings, which have a lower source commonality with aromatic
VOCs, i.e. a lower VOC/CO2 emission ratio than that of traffic emissions for aromatic
compounds. The LAEI indicates that VOC/CO2 flux ratios for benzene are higher for traffic
emission sources (i.e. 2 × 10-5) than gas sources (i.e. 0.6 × 10-5) within the flux footprint. The
improved correlations are greater for traffic-related compounds due to the limited range of source
types contributing to this group compared with oxygenated/biogenic compounds. The regression
coefficient (R2) of benzene with CO2 fluxes increased from 0.48 to 0.91, whereas for isoprene
fluxes the increase was small, i.e. 0.68 to 0.70 (Figure 5.8), as isoprene has a range of different
sources of which only a few are commonly shared sources with CO2.
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Figure 5.8. Scatter plots showing averaged flux and concentration regressions of isoprene and
benzene as a function of CO2 fluxes and concentrations based on 25 min VOC means with linear
regressions, formulae, R2 values and detection limit (shaded area for fluxes and dashed line for
mixing ratios).

The presence of a strong separate CO2 source within the flux footprint is supported by
the high averaged VOC-to-CO2 concentration correlations for traffic-related compounds (R2 =
0.92-0.96, p <0.001). This differs from the fluxes, which are influenced only by sources in the
flux footprint, where one strong point source with a different emission ratio may have a larger
effect on emission rates of one compound but not the other. Concentrations are influenced by
advected pollution from outside the flux footprint for both CO2 and VOCs, where shared emission
sources with relatively higher VOC/CO2 ratios are more widespread. Averaged VOC to CO2
concentration correlations were lower with the oxygenated/biogenic compounds (R2 = <0.710.90, p <0.05).
Median VOC/CO2 flux ratios ranged from 1.7 × 10-5 to 7.7 × 10-5 (mg m-2 h-1/ mg m-2 h1

) with isoprene and benzene showing low ratios due to their low fluxes and toluene and C2-

benzenes showing high ratios. Highest flux ratios for all compounds were with W winds, whereas
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lowest for biogenic compounds with N and for traffic-related compounds S wind directions. Flux
ratios declined towards December as CO2 fluxes increased and VOC fluxes decreased. Similarly,
VOC/CO2 concentration ratios were between 0.45 × 10-6 and 14.6 × 10-6 (ppb/ppb) with isoprene
and benzene representing the lowest and methanol and acetone the highest ratios. Highest
concentration ratios were seen in August for oxygenated compounds/isoprene and December for
traffic-related species.

5.3.3 Wind direction and flux footprint analysis
Polar annulus and polar plots were constructed for VOC fluxes and mixing ratios
respectively and representative compounds are shown (Figure 5.9). Polar plots use a generalized
additive model to interpolate between wind direction and wind speed averaged data points within
the OpenAir package in R (see Carslaw and Ropkins, 2012, Hastie and Tibshirani, 1990, and
Wood, 2006). Polar annulus plots averaged by time of day instead of wind speed show diurnal
variability with wind direction. The majority of the time (83%), unstable and near neutral
conditions prevailed (ζ <0.2), although the frequency varied between months with 87%, 89%,
82%, 84% and 69% during August, September, October, November and December respectively.
Wind directions with mostly unstable conditions were with W and S winds and near neutral with
N or E winds. Mixing ratios were on average highest with low wind speeds (showing a negative
correlation) when pollutants accumulate due to reduced mixing, indicating local emissions
(Figure 5.9, bottom).
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Figure 5.9. Polar annulus and polar plots for isoprene (m/z 69) and benzene (m/z 79) fluxes (top)
and mixing ratios (bottom) (colour scale) by time of day (top), wind speed (bottom) and wind
direction.

Largest fluxes for all compounds were from the NW with either one daytime peak (e.g.
isoprene) or two distinct rush hour peaks (e.g. benzene) (Figure 5.9, top). On average, fluxes were
largest from the W>E≥N>S (F statistic = 60.37-227.06, p <0.001) because of increased emission
rates of specific compound sources. Separated by month, fluxes were largest from W>N>E≥S in
August and September, whereas during October, November and December fluxes followed the
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pattern W>E≥N>S. The flux footprint in this study was relatively small compared to that of
measurements previously made at 190 m height from the BT Tower in central London (Langford
et al., 2010b). Due to the relatively low measurement height in this study, flux measurements
were always closely coupled with the surface layer, unlike measurements by Langford et al.
(2010b) that were at times disconnected from the surface layer during stable night-time
conditions.
The average length of the maximum flux footprint contribution (Xmax) was around 330 m
and 90% of all the fluxes (X90) originated from within 900 m. The median footprint area was 1.8
km2. This established that the majority of emission sources contributing to the measured fluxes
must have been local. Additionally, the selected emission grid (cf Section 5.2.3.1 above)
encompassed 97% of the footprint with S and W wind directions but only 80% and 84% during
E and N winds. Grid square 5 represented the maximum contribution area because it encompassed
the measurement point. Average footprint contributions (mean ± SD) comprised of grid squares
1 (2% ± 4%), 2 (5% ± 7%), 4 (4% ± 5%) and 5 (52% ± 31%) during S and W wind conditions,
squares 6 (4% ± 9%) and 9 (4% ± 10%) indicated E wind conditions and square 8 (18% ± 27%)
N wind conditions. During October contributions from square 9 increased to 10% and were more
frequent at 30% in December. Squares 3 (0.6% ± 2%) and 7 (0.9% ± 2%) provided minimal
average contributions.
The River Thames to the S may have caused the low fluxes associated with S winds (i.e.
squares 1, 2 and 3). Contributions of traffic-related compound fluxes were statistically significant
from the W (i.e. squares 4, 5, and 7), followed by the N (square 8) and E (squares 6 and 9) likely
from the nearby heavily trafficked roads (Kingsway, Charing Cross, Strand and Blackfriars areas
respectively). Biogenic compound fluxes were highest from the W and E, which coincides with
significant nearby green areas within the flux footprint.
Correlations of fluxes with grid square contributions in the footprint can also give
information on emission source strengths within the respective grid square (Figure 5.1). Generally
positive correlations with fluxes across most compounds were seen from the W (squares 4, 5 and
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7), confirming that high emission rates from sources within these grid squares were driving the
large fluxes. The strongest correlations of fluxes with contributions from squares 4, 5 and 7 were
seen during October and November (R2 = 0.40-0.46, p <0.001), especially for masses associated
with biogenic sources (m/z 33, 45, 59 and 69). Square 8 showed positive correlations for benzene
and only in August for all compounds. Correlations of fluxes with contributions from squares 1,
2, 3, 6 and 9 were negative, indicating weaker emission sources in these squares or increased
VOC deposition.
Highest mixing ratios with wind direction were from E>N≥W>S for traffic-related
compounds, whereas oxygenated compounds/isoprene followed a similar pattern as the fluxes of
W≥E>N≥S (F statistic = 47.49-86.95, p <0.001). Easterly winds in London are often associated
with synoptic conditions that bring European continental air masses to the UK, resulting in higher
background concentrations. Furthermore, since the boundary layer was on average more stably
stratified and mixing heights were lowest (640 ± 80 m) with E wind conditions, it is likely that
pollutant concentrations were allowed to build up, resulting in the observed higher concentrations
to the E for the more ubiquitous compounds, whereas concentrations of compounds with biogenic
contributions additionally had strong sources to the W, such as several green areas (St. James’
Park, Hyde Park and Regents Park; total 331 ha).

5.3.4 Comparisons with LAEI and NAEI
The LAEI and NAEI produce yearly emission estimates over the 1 km2 OS grid for a
range of pollutants and emission sources. Total VOC emission estimates are provided, but only
benzene and 1,3-butadiene are estimated separately. Measured emissions were compared with
annual estimated emissions for the above OS grid area selection from 2012 for benzene using the
LAEI and indirectly speciated VOCs of the NAEI. Using the average flux footprint, the grid
square estimates were compared with the scaled flux measurements from the equivalent area
(Figure 5.10).
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Figure 5.10. Bar chart showing scaled comparisons of LAEI and NAEI estimates against
measured fluxes in t km-2 a-1 for speciated VOCs with error bars.

LAEI emission estimates included contributions from major (69%) and minor roads (4%)
as well as evaporative emissions (27%). No data were available on cold start emissions for
benzene. The calculated standard errors provided some uncertainty approximation. Measured
fluxes compared well with emission estimates, although the LAEI predicted slightly smaller
benzene fluxes. Comparisons of fluxes with wind directions (Section 5.3.3) agreed well with the
LAEI emission estimates for the respective grid squares with highest emissions from squares 4,
5, 7 and 8 (i.e. W and N directions). This comparison assumes that the benzene fluxes during the
measurement period were representative of annual emissions with any significant seasonal
variation in benzene emission rates captured in this 5-month period. Section 5.3.1.2 confirmed
that there was little month-to-month variability in the benzene flux.
Using speciated VOC emission contributions (percent of total VOC emissions) for 2006
(Bush et al., 2006) and emission maps from 2012 for total non-methane VOC emissions, speciated
estimates could be compared with observations (Figure 5.10). The NAEI includes a wide range
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of emission sources divided into 11 SNAP (Selected Nomenclature for sources of Air Pollution)
sectors including industrial, commercial and residential processes, transport, waste treatment,
solvent use, point sources, agriculture and nature, although the latter two were unavailable for the
London urban area. NAEI estimates for benzene exceed the LAEI due to the inclusion of a wider
range of sources beyond traffic-related emissions. Total C2-benzene emission estimates consisted
of ethyl benzene, (m+p)-xylene and o-xylene. Benzene and methanol emissions agreed very well;
however, for all the other compounds, estimated emissions were significantly lower than the
measured fluxes. Uncertainties related to the measurements, such as isobaric interferences within
the PTR-MS could have contributed to measurement overestimation, whereas uncertainties within
the modelled emissions and the use of older speciation values may have impacted the estimates.
In the case of isoprene, only minimal emissions are assumed, which do not include the biogenic
sources that contributed to the measured fluxes. It is also likely that some of the m/z 69 signal
could be attributed to cyclic alkenes, but Section 5.3.1.3 showed that biogenic isoprene provided
a significant contribution during August and September in central London.

5.4 Conclusion
Our measurements show that vehicle emissions are the dominant source of the fluxes and
concentrations of VOCs in central London, although biogenic sources and secondary atmospheric
formation may make a significant contribution, particularly in summer for some compounds.
There were observable spatial variations in flux rates, which result from the varying spatial
distribution of emission types and strengths of emission sources, such as vegetation and traffic.
Temporal variations in relative source strengths can be seen in the diurnal and seasonal profiles,
reflecting the diurnality and seasonality of some of the driving factors. The measured VOC fluxes
mostly originated from an area within a 1 km radius around the measurement site but some
instances of pollution advection were seen to affect concentrations at the site. However many of
the spatio-temporal differences in the observed mixing ratios were attributable to changes in
emission sources and strengths combined with effects of meteorological conditions. The diurnal
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and seasonal dynamics of the boundary layer mixing height are significant drivers of changes in
observed VOC concentrations at the site.
The biogenic component of isoprene emissions was modelled using the G95 algorithm,
and the calculated base emission rate closely matched previous published values for urban areas.
Even in this central urban area with a temperate climate there is a detectable biogenic component
to isoprene emissions. Because of the relative importance of isoprene in atmospheric chemistry,
its inclusion in photochemical pollution models is essential.
Close agreement between the flux footprint contributions and the LAEI for benzene
emissions, a compound which is thought to be accurately estimated in the inventory but associated
with high measurement uncertainty, gives confidence in the PTR-MS measurements. Good
agreement was also seen with methanol estimated from the NAEI, but other compounds were all
greatly underestimated in the emissions inventory.
This study provides further evidence for the successful implementation of VOC flux
measurements in heterogeneous urban landscapes when measurement sites fulfil basic eddy
covariance criteria. Further VOC flux observations are essential for the validation of “bottom-up”
emission inventories, especially as the latter are widely used for regulatory and compliance
purposes.
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5.5 Supplementary information
5.5.A. Estimation of flux losses due to low frequency attenuation (from Section
5.2.3)
Attenuation from low frequency fluctuations for a 25 min flux period was investigated
by re-analysing the sensible heat fluxes for longer averaging periods of 60, 90, 120 and 150 min.
The coordinate rotation was applied to the joined files, which acted as a high pass filter to the
three wind vectors, confirming that fluctuations of eddies with a longer time period than the
averaging time did not contribute to the flux measurement. The fluxes were compared back to the
25 min average fluxes, which had the coordinate rotation applied before joining, again to ensure
only turbulent fluctuations of ≤25 min contributed to the flux (Figure 5.A1). Flux losses due to
low frequency attenuation were estimated to be <1.5% and, therefore, no corrections were deemed
necessary.
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Figure 5.A1. Sensible heat fluxes (W m-2) measured from the roof tower of the King’s College
London Strand building calculated using 1 to 2.5 h averaging periods and compared with fluxes
calculated using the same 25 min averaging period as used for VOC fluxes.

5.5.B. Modelling the biogenic isoprene contribution in summer using the Guenther
et al. (1995) algorithm
The base emission rate was determined from the slope of the linear regression of the
measured total isoprene flux and activity adjustment factor for light and temperature (γ) (Figure
5.B1). This provided a base emission rate of 0.838 mg m-2 h-1, which was then divided by the
estimated foliar density (D) and converted to produce an emission rate in units of μg g h -1. The
foliar density was calculated from the estimated leaf dry weight divided by the tree leaf area for
trees located in the maximum flux footprint contribution area identified from visible satellite
imagery. Using a foliar density of 0.129 kg dry matter m-2, the final base emission rate of 6.5 μg
g h-1 was calculated, which compared well with the estimate of 5 μg g h-1 for urban areas in a cold
climate presented in Guenther et al., (1995).
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Figure 5.B1. The scatter plot of measured isoprene fluxes to the activity adjustment factor γ
with the linear regression used to determine the base emission rate in mg m-2 h-1.
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Chapter VI
6 Paper III: Seasonal variations in the fluxes and
above-canopy concentrations of volatile organic
compounds from a terra firma ecosystem in the
pristine Amazonian rainforest
This chapter details the first long term VOC flux measurements over the Amazon forest
using PTR-MS and virtual disjunct eddy covariance. Almost one year of continuous VOC flux
and concentration measurements were made between 1 September 2013 and 20 June 2014 at a
remote forest background site located approx. 60 km northwest of Manaus in Brazil. Analysis of
fluxes and concentrations suggest strong seasonal variations during the dry and wet seasons, as
well as changes in the atmospheric oxidation capacity determined from the concentration ratio of
isoprene oxidation products to isoprene. The base canopy emission factor of isoprene was
determined using the parameterized MEGAN algorithm (Guenther et al., 2006) at different time
resolutions, i.e. annual, seasonal, monthly and diurnal, and showed large variations. Isoprene
emissions were modelled and compared with measured fluxes. The flux footprint of the tower
was modelled showing a small local footprint extent and no anthropogenic interferences.
This chapter is a first draft of a paper to be submitted to Atmospheric Chemistry and Physics in
the autumn of 2015. The authors’ contributions are as follows:
Emily R. House (Lancaster University): Prepared, set up and operated the instrument during
the field measurements, processed the data, and contributed to the manuscript.
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Abstract
Of all ecosystems on Earth, tropical rainforests provide the largest contribution to annual
global biogenic volatile organic compound (VOC) emissions, yet flux measurements from natural
rainforests are scarce and usually only span short periods. Here we present the first long-term
continuous measurements of fluxes and above-canopy volume mixing ratios of isoprene, isoprene
oxidation products, and total monoterpenes, which were made at a remote primary forest site in
the central Amazon Basin from September 2013 to July 2014. Mixing ratios were quantified by
proton transfer reaction-mass spectrometry and fluxes calculated using the virtual disjunct eddy
covariance technique. Median daytime fluxes were 2.21 mg m-2 h-1, -0.09 mg m-2 h-1, and 0.59 mg
m-2 h-1 for isoprene, isoprene oxidation products, iox (measured at m/z 71), and total monoterpenes,
respectively. Median above-canopy mixing ratios measured at 40 m above ground level, or about
10 m above the canopy top were 3.94 ppbv, 1.02 ppbv, and 0.46 ppbv, respectively. Strong
seasonal trends were observed with increased net fluxes, and higher above-canopy mixing ratios,
during the dry season and the dry-to-wet season transition periods in September - December 2013,
and lower values during the wet season from January - July 2014. Much of the intra-diurnal
variability in flux rates was linked to changes in light and temperature with strong correlations of
VOC fluxes and mixing ratios with photosynthetically active radiation (PAR) and temperature.
Isoprene emissions were modelled using the Guenther et al. (2006) algorithm, and an
annual canopy-scale base emission rate (the isoprene emission rate at standard conditions of 1500
μmol m-2 s-1 PAR and ambient air temperature of 30 °C) of 4.8 ± 0.1 mg m-2 h-1 was obtained.
Base emission rates at higher time resolutions ranged from 2.9 ± 0.2 mg m-2 h-1 at 08:00 to 7 ±
0.9 mg m-2 h-1 at 10:00 and from 3.4 ± 0.3 mg m-2 h-1 in July to 6.3 ± 0.3 mg m-2 h-1 in October.
Modelled isoprene emissions failed to accurately account for the observed seasonal variability in
emissions when a constant base emission rate determined only from the current light, temperature
and canopy loss factors was used. This points to significant seasonal variability in emissions,
possibly associated with changes in tree phenology that have so far been ignored in the prediction
of isoprene fluxes in chemistry and transport models. Flux footprints were calculated for the entire
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measurement period and showed that 90% of the observed emissions originated from an area of
0.36 km2 to the east of the measurement tower. Air mass back trajectories confirmed that the site
experienced minimal anthropogenic contamination, any periods of which were excluded, and that
air parcels had travelled considerable distances over mostly undisturbed primary forest before
arriving at the site. The site is highly representative of large areas of lowland terra firma forest in
Amazonia in terms of its species composition, climate, topography, etc. and hence the bVOC
emissions data obtained at the site are expected to be representative of much of the Amazon
rainforest ecosystem.

6.1 Introduction
Volatile organic compounds (VOC) affect atmospheric chemistry and climate through
changing the oxidative capacity of the troposphere and contributing to secondary organic aerosol
(SOA) formation (Atkinson, 2000; Kanakidou et al., 2005). The fluxes of biogenic VOCs
(bVOCs) are thought to outweigh those of anthropogenic origin by a factor of about 10 globally.
The single most important bVOC is isoprene (2-methyl-1,3-butadiene) with estimated global
emissions around 600 Tg a-1, or about half of total global bVOC emissions (Guenther et al., 2006).
Isoprene emissions can be under circadian control, but are primarily driven by leaf temperature
and the intensity of incident photosynthetically active radiation (PAR) and emission rates are
therefore highest in areas of consistently high temperatures (Wilkinson et al., 2006). Isoprene
emissions are also highly plant species dependent, with many broadleaf tree and shrub species
being major isoprene emitters. Consequently, tropical ecoregions provide the largest contribution
of isoprene to the global flux of bVOCs.
Although the yield of SOA following isoprene oxidation in the atmosphere is probably
small (Carlton et al., 2009; Claeys et al., 2004), the very large mass emission rate of isoprene
leads to the formation of considerable quantities of SOA. Aerosols play an important role in
tropical climate and ecology by affecting the radiative balance through direct and indirect
radiative forcing, and influencing cloud condensation nuclei. Changes in aerosols have the
potential to impact on regional precipitation regimes, which control the wet and dry seasonality,
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on evapotranspiration, and therefore surface temperature. It has been postulated that bVOC
emissions in general and isoprene emissions in particular may provide a feedback between
tropical (Amazonian) rainforests and the climate system (Andreae et al., 2002; Beerling et al.,
2007; Pacifico et al., 2009).
Additionally, bVOCs play an important role in the chemistry and oxidation capacity of
the troposphere. Oxidation of bVOCs by the hydroxyl (OH) radical leads to the formation of
peroxy radicals. Under high VOC/NOx ratios, as is found in the Amazon (Lelieveld et al., 2008),
O3 formation is NOx-limited, peroxides represent the dominant radical sink and ozone is removed
by photolysis resulting in no net formation. However, increasing NOx levels may lead to lower
VOC/NOx ratios resulting in VOC-sensitive conditions, in which the formation and loss of
radicals affect the rate of ozone formation. In this regime the peroxy radicals enhance the
oxidation of NO to NO2 and lead to net ozone formation. Mediation of the OH mixing ratio may
also influence the lifetime of methane and other radiatively active gases in the atmosphere.
Recent studies have shown that tropical photochemistry and radical cycling are still
poorly understood (Lelieveld et al., 2008; Paulot et al., 2009; Peeters et al., 2009; Pugh et al.,
2010). Measurements of the flux rates of the primary isoprene oxidation products, methyl vinyl
ketone (MVK) and methacrolein (MACR), as well as of isoprene itself, can help assess the
photochemical evolution of bVOCs in the troposphere (Karl et al., 2009b) and detailed
quantification of bVOC fluxes are needed to constrain photochemistry schemes in atmospheric
chemistry models (Pinho et al., 2005; von Kuhlmann et al., 2004) and to allow the role of bVOCs
in the Earth system to be fully understood.
VOC emissions from tropical ecoregions are difficult to model due to the high
biodiversity and biome heterogeneity. The semi-empirical models of Guenther et al. (1995) and
Guenther et al. (2006) provide algorithms and base emission rates for a range of biomes, which
urgently require testing and constraining by observations. Average isoprene mixing ratios and
fluxes from observations in the tropics vary widely, depending on location, season and method
used, e.g. Geron et al. (2002), Hewitt et al. (2010), Karl et al. (2004, 2007, 2009), Kesselmeier et
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al. (2002, 2009), Kuhn et al. (2007), Langford et al. (2010b), Misztal et al. (2011), Rinne et al.
(2002). Unfortunately, the number of studies quantifying bVOC fluxes in the tropics is limited
due to inaccessibility, logistical and methodological difficulties.
Few measurements of VOCs have been made in the Amazon (Jacob and Wolfsy, 1988;
Zimmermann et al., 1988), although since the start of the Large Scale Biosphere-Atmosphere
Experiment in Amazonia (LBA) in the mid 1990s, there has been a wealth of studies on
understanding the functioning of several Amazonian ecosystems and the region’s global
importance (Betts and Silva Dias, 2010). These studies include several short-term VOC
measurement campaigns using tethered balloons (Davis et al., 1994; Greenberg et al., 2004), but
only limited and short term eddy covariance flux measurements during the different seasons (Karl
et al., 2007; 2009b; Kuhn et al., 2007; Rinne et al., 2002; Stefani et al., 2000). A detailed
understanding of the diurnal and seasonal changes in bVOC emission rates from a representative
forest site in Amazonia was, until this current study, still lacking.
Here we present the first long-term, ecosystem-scale eddy covariance bVOC flux
measurements from an Amazonian terra firma (non-flooded lowland humid tropical forest)
ecosystem. Measurements commenced in September 2013 and lasted until July 2014 using the
TT34 tower at the ZF2 site, a remote and undisturbed primary forest site in the Cuieiras Reserve
approx. 60 km north of the city of Manaus, Brazil.

6.2 Methods
6.2.1 Measurement site and climate
Measurements were made at 40 m height from the triangular tower TT34 at the LBA ZF2
site (2.594637° S, 60.209519° W, altitude 67 m) located in the Reserva Biologica do Cuieiras in
Central Amazonia, Brazil. The tower is surrounded by undisturbed, mature, terra firma tropical
rainforest with a canopy height of 25-35 m and a single-sided leaf area index (LAI) of 4.3-6.5 m2
m-2 (NEO, 2014).
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The ZF2 site in the north-western part of the Amazon is located in an equatorial rainforest
with high precipitation (average annual rainfall around 3000 mm). Climatologically, there is a
prolonged wet season from November to June, peaking in February and March (precipitation of
250 mm to 350 mm per month), and a short dry season (precipitation around 60 mm per month)
in July to October (INMET Brazil, 2014). However, there is of course considerable year-to-year
variability in timing and actual precipitation of the wet and dry seasons. The mean monthly
relative humidity ranges between 72% (October) and 86% (March). The high annual precipitation
and humidity is associated with low level convergence of moist air flowing from the east, as well
as high rates of evapotranspiration, which recycles up to 30% of precipitation (Eltahir and Bras,
1996). Generally, the sea surface temperature of the tropical Atlantic to the east and the forcing
produced by the Andes to the west are linked to the monsoon system, which is the main driver of
precipitation across the Amazon basin (Nobre et al., 2009).
Measurements at the ZF2 site during the period of observations showed average
temperatures of 25 ± 2.7 °C peaking at the end of the dry season in October (27 °C) and midday
median (and interquartile range, IQR) photosynthetically active radiation (PAR) of 930 (374 –
1430) μmol m-2 s-1, which was highest during the dry season peaking in September. The years
2013 and 2014 exhibited less pronounced seasonality compared with the 1999-2012 average, with
more precipitation during the dry season and less in the wet season (E. Alves, personal
communication, 2015; Araújo et al., 2002; Tanaka et al., 2014). In particular, November 2013
was cooler and wetter than average, whereas April 2014 was warmer and drier than the long term
mean. This means the seasonality observed in the results obtained from this study may be
attenuated compared with the long-term mean behaviour. The mean ambient pressure was 997 ±
5.6 mbar with low average wind speeds of 1.9 ± 0.9 m s-1 from mostly easterly directions, i.e.
trade winds from the equatorial Atlantic (52% frequency and monthly median directions between
84° and 144°).
The vegetation at the ZF2 site consists of evergreen broadleaf trees growing on welldrained, nutrient-poor yellow clay oxisols. The landscape is marked by lowlands interspersed by
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small plateaux ranging from 50 m to 110 m altitude with dense tall trees on the plateau where the
tower is located and open palm forests in the valley bottoms (Ribeiro et al., 1999). The
surrounding features of the reserve include a highway (BR-174) 20 km to the east, which is the
only paved land connection to Manaus, and the Cuieiras river, which is a tributary to the Rio
Negro, 13 km to the west. There are narrow strips of fragmented clearings through the forest,
representing mosaic agriculture with degraded vegetation, 12 km to the south and 18 km to the
north of the site. The plateau area around the tower and the reserve itself is very representative of
undisturbed primary rainforest in central Amazonia (Andreae et al., 2002; Pitman et al., 2001).

6.2.2 Instrumentation and Data Acquisition
A proton transfer reaction-(quadrupole) mass spectrometer (PTR-MS) (Ionicon Analytik
GmbH, Innsbruck, Austria) was deployed for mixing ratio and eddy flux measurements at TT34
from the 1 September 2013 to 20 July 2014 and a total of 4951 hours of concentration
measurements were made. Air was sampled at ~80 L min-1 through a 1/2” OD PFA (PFA-T8062-100, Swagelok) sampling tube with the inlet located close to a sonic anemometer (Model R350, axis mode, 10 Hz, Gill Instruments, UK) at the top of the tower. The sampling tube was
insulated and heated to 40 °C inside the air conditioned cabin, in which the PTR-MS was housed
at the bottom of the tower, and for the first 2 m up the tower to prevent condensation occurring.
The PTR-MS was operated with a drift tube temperature of 50 °C, pressure of 2.0 mbar and a
voltage of 550 V (drift tube length ca. 9.5 cm) with a resultant E/N (E, electric field strength, N,
buffer gas number density) of ~ 130 Td (1 Td = 10-17 V cm2), which were maintained throughout
the measurement period. The ion source current was 6.0 mA and the water flow rate was 6-8
sccm. The campaign average of the mean counts per second (cps) for the mass-to-charge ratio
(m/z) of the first water cluster H3O+(H2O) (m/z 37) as a percentage of the cps of the primary ion
(m/z 19) while recording in multiple ion detection (MID) mode was 3.4% (SD 0.4%, n = 4930).
O2+ counts were <0.40% and NO+ cps <0.15% of m/z 19 cps throughout the campaign as
determined from mass scan measurements.
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Flux measurements were made using the virtual disjunct eddy covariance (vDEC)
technique, in which a covariance function between vertical wind velocity measurements (w) and
VOC mixing ratios (c) is used to determine the flux for each selected compound (Fc), such that
𝑛

1
∆𝑡
𝐹𝐶 (∆𝑡) = ∑ 𝑤 ′ (𝑖 −
) × 𝑐 ′ (𝑖),
𝑛
∆𝑡𝑤

(6.1)

𝑖=1

where prime denotes the difference between the instantaneous and the 45 min mean
vertical wind component or concentration. Δt refers to the lag time between the concentration
measurement and the vertical wind velocity measurement. Δtw is the sampling interval of the
vertical wind velocity measurements (0.1 s) and n gives the number of disjunct samples (approx.
1350) from the PTR-MS during each 45 min averaging period. A comprehensive description of
this technique can be found in, e.g., Karl et al. (2002), Langford et al. (2009), and Rinne et al.
(2001).
PTR-MS data were stored alongside the wind data from the sonic anemometer using a
custom logging program written in LabVIEW (National Instruments, Austin, Texas, USA). This
program switched the PTR-MS into MID mode for 45 min of each hour which generated the
disjunct data used for the flux calculation. The remaining 15 min of each hour were used for a 5
min background measurement at the selected ions and dwells corresponding to the MID mode
and two 5 min periods in which the PTR-MS scanned through a range of masses (m/z 21-141)
whilst sampling ambient air and zero air alternately.
Here the measurements of three masses are presented to which the following compounds
have been ascribed: m/z 69 (isoprene, plus any furan present), m/z 71 (isoprene oxidation products,
iox comprising methyl vinyl ketone, MVK, and methacrolein, MACR, plus a possible contribution
of product ions from isoprene hydroxy hydroperoxides or ISOPOOH) and m/z 137 (total
monoterpenes). ISOPOOH represents the dominant primary oxidation products of isoprene under
low NOx conditions (Liu et al., 2013). Although there is recent evidence that m/z 71 may suffer
from interference by ISOPOOH product ions (Rivera-Rios et al., 2014), we were unable to
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quantify their contribution to the signal recorded at m/z 71 and the instrument was calibrated at
this m/z value using MVK + MACR only. The selected masses were measured in the MID mode
and corresponding background measurements in scan mode. In the MID mode m/z 69, m/z 71 and
m/z 137 were measured alongside six other m/z with a dwell time of 0.2 s each. The primary ion
was indirectly quantified via the isotopologue H318O+ at m/z 21, which together with the water
cluster (m/z 37) was measured at a dwell of 0.1 s each, resulting in a total measurement cycle of
2 s.
Background measurements were made using a commercial platinum alumina-based zero
air generator (Model 75-83-220, Parker Balston). The hourly mean background mixing ratio was
subtracted from the ambient mixing ratio measurement at the corresponding hour. When no
background measurement was available for a given hour, the median of the hourly backgrounds
measured in the same month was applied. The mixing ratio limit of detection (LoD) was
approximated from two standard deviations of the 5 min background measurement (in normalised
counts per second, ncps) for a given hour divided by the corresponding sensitivity (ncps ppbv-1).
Here normalised cps refers to normalisation to H3O+ of 106 cps and a drift tube pressure of 2.0
mbar. When no background measurement was available for a given hour the median of the hourly
LoD (ppbv) values measured in the same month was applied. Ensemble averages of the applied
background and LoD mixing ratios are given in Table 6.1, together with average sensitivities.
Fluxes and mixing ratios below the LoD were included in the analysis of averaged data, as their
removal can cause a bias towards high values, because when measurements are below the LoD
they are indeed small (Helsel and Hirsch, 1992). Methods to substitute periods of data <LoD are
available; however, these have also been shown to result in a significant bias, either high or low
depending on the values used (Clarke, 1998). The percentage and number of data points which
fail the LoD are given in Table 6.1.
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Table 6.1. Propagated averages of hourly applied sensitivities, background mixing ratios and limits of detection
(LoD). Normalised counts s-1 (ncps) refer to raw counts s-1 normalised to 106 cps H3O+ and drift tube pressure of 2.0
mbar. Mixing ratio LoDs were approximated from two standard deviations of hourly (5 min) background ncps
divided by measured sensitivities (ncps ppbv-1). The percentage and number of hours in which the mixing ratios
measured in MID mode were below the LoD is shown.

Sensitivitya

Background

LoD

% of values

(ncps ppbv-1)

(ppbv)

(ppbv)

<LoD (n)

Median (IQR)

Median

Median

(IQR)

(IQR)

Isoprene (m/z 69)

3.78 (0.35)

0.16 (0.11)

0.50 (0.17)

13 (644)

MVK+MACR+

12.02 (2.08)

0.08 (0.07)

0.23 (0.11)

22 (1066)

3.46 (0.36)

0.02 (0.02)

0.17 (0.07)

35 (1721)

ISOPOOH product ions
(m/z 71)
Monoterpenes (m/z 137)
a

Average sensitivity uncertainties for VOC mixing ratios were 20-30% depending on compound.

Sensitivities were determined from automated calibrations performed from the end of
October 2013 onward using a gravimetrically prepared standard containing 15 VOCs, including
isoprene, MVK, MACR and α-pinene, in ultrahigh purity nitrogen (Apel Riemer Environmental
Inc., CO, USA) diluted with dry zero air. A 0.015-1 standard L min-1 mass flow controller (MKS
Instruments Limited, model 1259C) was used to control the zero air dilution flow and was
automatically calibrated prior to each multipoint calibration using an electronic mass flow meter
(model MAS1009AV2, Kobold) and logged in the program. To avoid losses and/or contamination
the calibration unit was designed so that once in PTR-MS calibration mode the standard sampled
by the PTR-MS did not flow though the mass flow meter. A 0-15 standard mL min-1 mass flow
controller (model F-200DV-AAD-22-V, Bronkhorst) was used to control the VOC flow and was
manually calibrated at regular intervals using a mini-Buck flow calibrator (mini-Buck calibrator
model M-5, A-P Buck, USA).
Multipoint calibrations in which selected m/z were monitored at the dwells employed in
MID mode were interleaved by single-point calibrations undertaken in scan mode. To check for
memory effects, multipoint calibrations were performed up and down the concentration range.
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Mixing ratios of isoprene, α-pinene, MVK and MACR sampled during calibrations were in the
range of 2 to 20 ppbv each. Zero air measurements were performed before and after sampling at
each VOC concentration. The secondary electron multiplier (SEM) voltage of the PTR-MS was
optimised prior to calibrations. Calibrations were scheduled during the night when concentrations
were low and when there frequently was insufficient turbulence for flux quantification.
Humidified calibrations using either a bubbler or a dew point generator (Model LI610, LICOR)
were performed off-line. A HMP60 probe (Vaisala) in the excess flow was used to monitor
relative humidity and temperature. Humidity dependent sensitivities were applied to m/z 69 and
m/z 71 in a method analogous to that described by Insomata et al. (2008) and Kameyama et al.
(2009; 2010; 2014). The sensitivity of α-pinene did not show a humidity dependence.

6.2.3 Flux calculations and quality assessment
Post-processing of fluxes was carried out in LabVIEW using a further development of
the algorithm used by Langford et al. (2009). The applied flux limit of detection (termed Langford
LoD hereafter) was calculated following the method outlined by Langford et al. (2015). Briefly,
for each 45 min flux period an auto-covariance of c’ was used to obtain the standard deviation of
the instrument noise, ε‘. A time series of white noise with this standard deviation was generated
for each m/z and the cross-covariance function between w’ and ε’ calculated for lag times of 0 to
300 cycles. The LoD was defined as three times the standard deviation of this cross-covariance
for a given averaging period. For m/z 69, 71 and 137, 22%, 35% and 41%, respectively, of the
otherwise unfiltered fluxes were below the Langford LoD. Alternate values of the LoD (e.g.
Wienhold LoD) were estimated from three standard deviations of the covariance in the vertical
wind velocity and VOC concentration at time lags of 150 to 180 s (n = 300 cycles) for comparison
(Spirig et al., 2005; Wienhold et al., 1994).
Lag times between the vertical wind velocities and measured VOC concentrations were
determined by the MAX, AVG and PRES methods outlined by Langford et al. (2015). A
prescribed constant time lag of 8 s was applied to data presented here. This lag time was
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determined from analysis of the histogram of lag times determined from the maximum in the
cross-covariance of the isoprene concentration and vertical wind velocity (MAX method).
To identify non-stationary conditions the Foken and Wichura (1996) method was applied.
The covariance of the vertical wind and VOC concentration was divided into nine intervals of 5
min and the average compared with the covariance for the whole 45 min period. When the
difference between the covariances was greater than 60% the non-stationary data were rejected;
this was the case for 17% of otherwise unfiltered fluxes. Data from periods of insufficient
turbulence, i.e. when the friction velocity was less than 0.15 m s-1 or the wind speed was less than
0.5 m s-1, were removed. Around 39% of otherwise unfiltered data were rejected due to
insufficient turbulence. The majority of these periods occurred during the night, and only 12% of
the filtered data was from the hours between 07:00 to 17:00 local time. Application of both
filtering periods of insufficient turbulence and non-stationarity resulted in a total loss of 52% of
isoprene fluxes, 58% of m/z 71 fluxes and 57% of m/z 137 fluxes. Where averaging was applied
to fluxes, the propagated LoD was used with resultant reduction in loss of flux (Langford et al.,
2015). High frequency flux losses were corrected using the method of Horst (1997). The median
increase in the flux was 1.3%, indicating that the high frequency flux range carried a minor
proportion of the total flux at this measurement height.
Photosynthetically active radiation (PAR) fluxes were measured by the National Institute
for Amazonian Research (Instituto Nacional de Pesquisas da Amazônia, INPA) at the nearby K34
tower. K34 is approximately 1.6 km south of TT34 and values are considered to be representative
of both sites. PAR (W m-2) was measured above the canopy at 51.6 m using a LI-190, SZ Li-COR
sensor. Measurements were converted to photosynthetic photon flux density at 400 nm and 700
nm and the mean taken. 30 min values were averaged to provide hourly values for comparison
with VOC fluxes.
Ambient temperature measurements were taken from the Gill R axis-mode sonic
anemometer situated at TT34. These data were corrected by comparison with a weather station
(DAVIS Vantage Pro 2) situated at 42 m on the TT34 tower and verified against temperatures
139

Chapter 6: VOC fluxes from the Amazon rainforest
measured at K34 at 51.1 m (provided by INPA) with a Pt resistance (PT100) and Vaisala
HMP45AC temperature and relative humidity probe.

6.3 Results and discussion
Table 6.2 shows the results and descriptive statistics of the fluxes and above-canopy
volume mixing ratios of isoprene, primary isoprene oxidation products (iox), and sum of
monoterpene measurements for all the data and split by daytime, wet and dry seasons. Annual
median (with interquartile range, IQR) fluxes during the day (defined as 07:00 to 17:00 local
time) for isoprene, iox, and monoterpenes were 2.21 (0.66 to 4.25) mg m-2 h-1, -0.13 (-0.22 to 0.05) mg m-2 h-1, and, 0.59 (0.23 to 1.07) mg m-2 h-1, respectively. Median (and IQR) abovecanopy volume mixing ratios (measured at 40 m above ground-level) were 3.94 (2.02 to 6.12)
ppbv, 1.02 (0.45 to 1.80) ppbv, and 0.46 (0.27 to 0.65) ppbv, respectively. Night-time fluxes were
mostly rejected due to insufficient turbulence, therefore our analyses focus on the daytime values.
Above-canopy mixing ratios of isoprene were around 1 ppbv during the night, whereas night-time
monoterpene and, during the wet season, iox mixing ratios were below the detection limit.
Observed fluxes and above-canopy mixing ratios are comparable to those from previous
studies at similar sites in the central Amazon forest during the respective seasons (Andreae et al.,
2002; Kesselmeier et al., 2002; Yañez-Serrano et al., 2015), but higher than observations from
tropical forests in Costa Rica (Karl et al., 2004) and Borneo (Langford et al., 2010a). Largest
fluxes and highest mixing ratios were seen for isoprene. The oxidation products showed a net
deposition to the canopy - about 3% of the carbon emitted as isoprene was deposited back to the
canopy as oxidation products. However, the median volume mixing ratios of iox were a quarter of
those of isoprene. Monoterpene fluxes were four times lower than those of isoprene and abovecanopy volume mixing ratios were a tenth of those of isoprene (see Section 6.3.3) and half of
those of iox, presumably due to the higher gas-phase reactivity of monoterpene compounds.
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Table 6.2. Summary of VOC fluxes (mg m-2 h-1) and mixing ratios (ppbv) measured at 40 m above ground level (on
average 10 m above the canopy top) of all the measurements taken during September 2013 to July 2014 and
separated by daytime, dry and wet seasons.
Fluxes (mg m-2 h-1)

Mixing ratios (ppbv)

Isoprene

Σ iox

Σ monoterpenes

Isoprene

1.4 h

6.8 hb, 4.1 hb

2.6 h

1.4 h

Σ iox

Σ monoterpenes

6.8 h,
Lifetime

2.6 h
4.1 h

LoDa

0.03

0.04

0.06

0.50

0.23

0.17

1st Quartile

0.03

-0.12

0.05

0.91

0.25

0.13

Median

1.10

-0.06

0.31

2.16

0.65

0.24

Mean

2.13

-0.09

0.53

3.01

1.01

0.32

3rd Quartile

3.50

-0.03

0.87

4.61

1.42

0.47

n

2390

2029

2591

4956

4852

4923

1st Quartile

0.66

-0.16

0.23

2.02

0.45

0.27

Median

2.21

-0.09

0.59

3.95

1.02

0.46

Mean

2.87

-0.11

0.72

4.26

1.27

0.48

3rd Quartile

4.25

-0.04

1.07

6.12

1.80

0.65

n

1789

1364

1879

2269

2220

2229

1st Quartile

1.37

-0.18

0.39

3.07

1.03

0.41

Median

3.61

-0.11

0.94

5.49

1.74

0.61

Mean

4.39

-0.11

1.04

5.43

1.91

0.60

3rd Quartile

6.72

-0.04

1.52

7.53

2.77

0.76

n

461

320

485

552

551

551

1st Quartile

0.56

-0.15

0.21

1.86

0.38

0.24

Median

1.88

-0.09

0.51

3.54

0.83

0.41

Mean

2.35

-0.11

0.61

3.89

1.06

0.44

3rd Quartile

3.64

-0.04

0.93

5.69

1.45

0.59

n

1328

1044

1394

1717

1669

1678

All data

Daytime

Dry season

Wet season

a

Limit of detection: Median flux detection limit calculated using Spirig et al. (2005) and concentration

LoDs as by Taipale et al. (2008) are used respectively.
b

Atmospheric lifetimes with regard to OH are for MVK and MACR respectively (Atkinson, 1997).
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6.3.1 Temporal variability of bVOC fluxes and concentrations
6.3.1.1 Diurnal patterns
Diurnal profiles of concentrations and fluxes of isoprene, isoprene primary oxidation
products, iox, and monoterpenes are shown in Figure 6.1. Isoprene and monoterpene fluxes showed
emission throughout the day, with a strong diurnal pattern and a median midday peak (IQR) of
4.35 (0.89 to 8.42) mg m-2 h-1 and 1.08 (0.34 to 2.09) mg m-2 h-1, respectively. By contrast, iox
showed net deposition throughout the day with strongest median (IQR) deposition fluxes of -0.19
(-0.35 to -0.06) mg m-2 h-1 in the morning, which is earlier than the peak in the isoprene fluxes.
Diurnal profiles of above-canopy mixing ratios for all compounds peaked in the early afternoon
(13:00-15:00 local time) with median peak mixing ratios (IQR) of 5.52 (2.0 - 8.53) ppbv, 1.30
(0.43 - 2.88) ppbv, and 0.58 (0.28 - 0.88) ppbv for isoprene, iox, and monoterpenes, respectively.
The total monoterpene volume mixing ratios were around one order of magnitude lower than
those of isoprene, which is consistent with previous observations (Kesselmeier et al., 2002).
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Figure 6.1. Diurnal profiles (in local time) of median fluxes (mg m-2 h-1) and mixing ratios (ppbv)
for isoprene (m/z 69), isoprene oxidation products, iox (m/z 71), and monoterpenes (m/z 137),
interquartile ranges (shaded), flux precision (error bars), split by dry (dashed red) and wet (dotted
blue) seasons and detection limits (pattern for fluxes and line for mixing ratios).

Mixing ratios of isoprene and monoterpenes dropped rapidly around sunset, whereas
those of iox continued to decline more slowly throughout the night, presumably due to their albeit
reduced rates of formation from isoprene by nocturnal gas-phase chemistry and their continued
deposition to the surface. Although data on boundary layer heights are not available for the site,
and hence a detailed analysis of the role of boundary layer dynamics is not possible, it is likely
that the diurnal dynamics of the boundary layer will contribute to the observed patterns of
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compound mixing ratios. Minimum volume mixing ratios of all compounds were observed at
dawn (06:00-07:00 local time) when the concentrations from emissions of the previous day had
been degraded or deposited and before the morning emissions commenced.
The strong morning deposition fluxes of iox are likely driven by the sharp increase in
canopy-level iox mixing ratios from the oxidation of rapidly increasing isoprene emissions, and/or
the downward mixing of air from above as the boundary layer expands. Peak midday isoprene
and monoterpene fluxes were greater by a factor of approx. two between the wet and the dry
season, whereas peak morning iox deposition was around 1.5 times greater during the dry than the
wet season. The midday maxima were less pronounced during the wet season with an average
difference of 2 ppbv and 0.2 ppbv (i.e. ca. 30-40% lower than the median value for the midday
maximum during the dry season) for isoprene and monoterpene mixing ratios, respectively, and
around 1 ppbv representing a 50% decrease between the dry and the wet season for median peak
iox mixing ratios. Iox showed elevated mixing ratios also during the evening in the dry season with
an average difference around 1.5 ppbv between day and night during the dry season compared to
a day/night difference of 1 ppbv during the wet season.
6.3.1.2 Monthly variability
Monthly median fluxes and above-canopy mixing ratios of bVOCs are shown in Figure
6.2. For isoprene, iox, and monoterpenes, monthly medians ranged from 1.09 ± 0.3 mg m-2 h-1 to
4.16 ± 0.5 mg m-2 h-1, -0.06 ± 0.05 mg m-2 h-1 to -0.16 ± 0.07 mg m-2 h-1, and 0.36 ± 0.2 mg m-2 h1

to 1.04 ± 0.3 mg m-2 h-1 for fluxes and 2.8 ± 0.1 ppbv to 6.0 ± 0.2 ppbv, 0.5 ± 0.1 ppbv to 2.2 ±

0.1 ppbv, and 0.3 ± 0.1 ppbv to 0.7 ± 0.1 ppbv for mixing ratios, respectively. The results show
that fluxes and mixing ratios of all compounds followed a clear seasonality with higher emissions,
or, for iox, deposition, during the dry season when temperature and photosynthetically active
radiation (PAR) are highest. Although July is considered the start of the dry season, VOC
emissions and thus mixing ratios remained low, similar to levels during the wet season. Median
fluxes during the dry season were greater than during the wet season by almost a factor of two for
isoprene and monoterpenes, whereas iox deposition was approx. 25% lower during the wet season.
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Median isoprene and monoterpene mixing ratios were 35% lower during the wet season, and iox
concentrations presented the largest reduction of around 50% compared to the dry season. This
resulted from reduced source emissions, as well as possibly a lower atmospheric oxidative
capacity during the wet season. Monthly variability was in all cases statistically significant (F
statistics = 12.14-95.14, p <0.001, total monthly sample sizes n = 243-684). Generally fluxes and
concentrations were higher, i.e. above the annual median, or in the case of iox more negative, in
September, October, November, December and January, although November seemed to be
unseasonably cold and wet. Fluxes and above-canopy mixing ratios were lower than the annual
median in February to July, or in the case of iox fluxes showed less deposition.
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Figure 6.2. Bar chart showing monthly median fluxes (mg m-2 h-1) and mixing ratios (ppbv) of
isoprene (m/z 69), isoprene oxidation products, iox (m/z 71), and monoterpenes (m/z 137) with
lines indicating the median annual (solid black), dry season (dashed red) and wet season (dotted
blue) values respectively. Lowercase letters denote groups of statistically significant difference
using Tukey’s post hoc Honestly Significant Difference test and the coloured solid and dashed
lines in the box indicate seasonality.

Emissions peaked at the end of the dry season in October, which coincided with highest
median air temperatures and PAR. It has previously been suggested that the increase of fluxes
and mixing ratios in October may result from increased amounts of active biomass after the dry
season due to higher precipitation (Kesselmeier et al., 2002). Measurements indicate that
precipitation did increase from October onwards, however, leaf age and developmental stage may
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have resulted in higher leaf emission capacities of isoprene at the end of the dry season when
canopy flushing has been completed and young leaves have reached maturity (see Section 6.3.4).
As well as phenological development of leaves, other factors such as the oxidative capacity of the
atmosphere may affect the seasonality of emission rates of monoterpenes (Kuhn et al., 2004a).
MVK, MACR and ISOPOOH (iox) occur in the atmosphere as a result of, primarily, the gas-phase
oxidation of isoprene above and within the forest canopy and production rates, therefore, depend
on isoprene emission rates and the oxidative capacity of the troposphere (see Section 6.3.3). Direct
emissions of MVK + MACR from within-leaf or on-leaf oxidation of isoprene may provide a
minor contribution to iox fluxes during peak temperatures (Jardine et al., 2011), although we are
not able to separate out these different sources in our data. The above-canopy flux is the net
exchange composed of dry deposition, chemical formation/destruction below the measurement
height as well as direct emission. In general, published observations of iox fluxes tend to fall into
one of two categories: over temperate ecosystems iox tends to show emission that amounts to some
10% of the isoprene flux (Rinne et al., 2012). By contrast, most tropical measurements have
identified quite effective deposition at a rate approaching the limit imposed by turbulence (i.e.
with a small canopy uptake resistance) (Misztal et al., 2011). The reason for this is currently
unclear: either tropical vegetation has a higher affinity for iox compounds or the relative
contributions of MVK, MACR and ISOPOOH differ between studies and these compounds
behave very differently, possibly with ISOPOOH products adding the strong deposition
behaviour.

6.3.2 Correlations with light and temperature
Emission rates of isoprene and monoterpenes plotted as a function of averaged
temperature and photosynthetically active radiation (PAR) showed strong correlations with
regression coefficients (R2) of 0.94 and 0.94 (p <0.001) respectively for isoprene, and 0.92 and
0.85 (p <0.001), respectively, for monoterpenes (Figure 6.3). When plotted against temperature
both compound fluxes indicated a threshold temperature of 26 °C before emissions increased in
an exponential fashion, whereas when plotted against PAR, emissions increased linearly.
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Averaged iox fluxes were close to the averaged limit of detection and showed no correlation with
temperature, but a weak trend was observed with PAR (R2 = 0.48, p <0.05), where increased
deposition was related to increased PAR.

Figure 6.3. Part I: Plots showing VOC fluxes (mg m-2 h-1) plotted against averaged temperature
(left column) and photosynthetically active radiation (PAR) (right column) measurements with
standard errors, regression lines, formulae, regression coefficients (R2), detection limits (pattern
for fluxes and dotted line for mixing ratios). The range of data points (n) for each interval was
between 1-297 for temperature and 1-1680 for PAR.
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Figure 6.3. Part II: Plots showing VOC mixing ratios (ppbv) plotted against averaged
temperature (left column) and photosynthetically active radiation (PAR) (right column)
measurements with standard errors, regression lines, formulae, regression coefficients (R2),
detection limits (pattern for fluxes and dotted line for mixing ratios). The range of data points (n)
for each interval was between 1-297 for temperature and 1-1680 for PAR.

Measurements of standardised responses of leaf-level isoprene emissions to temperature
and PAR indicate initially exponential increases with temperature, which is seen in our
measurements, until a peak threshold is reached, stated as 40 °C for tropical species. The response
to PAR is assumed to be strongly logarithmic with a plateau at 1000 μmol m-2 s-1 PAR in many
emissions models, but measurements have shown that the initial response of emission rates may
not be as pronounced with a slower initial increase, but also show a lack of light saturation even
beyond 1000 μmol m-2 s-1 (Harley et al., 2004). The linear responses seen for canopy isoprene
emissions in this study indicate a slower initial response, even slower than leaf measurements,
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and no light saturation below 2000 μmol m-2 s-1. Leaf-level measurements are often made on sunexposed leaves only, which are not representative of the whole canopy, which explains the
reduced initial response. Sun-leaves show a lack of light saturation at high PAR levels, which
may be species-specific and/or depend on the leaf adaptation to the ambient light environment
(Harley et al., 2004; Kuhn et al., 2004b), but this is not expected to be seen for the whole canopy
(Harley et al., 1997; 2004; Kuhn et al., 2002; Lerdau and Keller, 1997). Our measurements
suggest a possible canopy saturation point around 2100 μmol m-2 s-1, although this remains
speculation due to the low number of data points obtained at these high values.
Monoterpene emission responses are more complex as they depend on the compound
species, as well as the source of the emissions, i.e. de novo emissions or from plant storage pools.
Emissions from storage reservoirs were considered to be only temperature-dependent, but there
is a wealth of evidence from the past 15 years showing that monoterpenes can be emitted in the
same way as isoprene, e.g. Dindorf et al. (2006), Kuhn et al. (2002, 2004), Matsunaga et al.
(2013), Rinne et al. (2002), Tarvainen et al. (2005). The total monoterpene flux in our
measurements showed similar responses as seen with isoprene, i.e. an exponential increase with
temperature, which is also assumed in monoterpene emission models (Kesselmeier and Staudt,
1999), but also a linear response to PAR, which only fairly recently has been added to emission
models (Guenther et al., 2012).
Strong correlations were seen between above-canopy volume mixing ratios and
temperature with linear regressions and coefficients (R2) of 0.98 (p <0.001) and 0.99 (p <0.001)
for isoprene and monoterpenes, respectively, whereas iox mixing ratios showed higher coefficients
with an exponential fit (R2 = 0.89, p <0.001). Slightly weaker relationships were observed
between above-canopy volume mixing ratios and PAR with R2 of 0.73 (p <0.001), 0.69 (p
<0.001), and 0.67 (p <0.001), respectively for all compounds. In the case of iox, it is likely that the
high temperature dependency of mixing ratios is an indirect driver, i.e. the temperaturedependency of isoprene emissions, and the linear regressions with PAR due to the photochemical
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involvement in the formation of these compounds, which may also account for the observed
pattern of increased iox deposition with increasing PAR.

6.3.3 VOC/VOC ratios
The median (IQR) ratio of monoterpene to isoprene fluxes was 0.28 (0.20 to 0.41). For
iox/isoprene fluxes it was -0.05 (-0.15 to 0.07). Median (IQR) ratios of monoterpene/isoprene
mixing ratios above the canopy were 0.12 (0.10 to 0.15). The ratio of iox/isoprene mixing ratios
was 0.29 (0.19 to 0.45). The fact that the monoterpene to isoprene ratio was greater for fluxes
than for concentrations indicates that the total loss of monoterpenes takes place at a faster rate
than for isoprene. No speciated measurements of monoterpenes were made as part of these
measurements, but observations from the nearby K34 tower by Jardine et al. (2015) indicate large
proportions of d-limonene and the presence of highly reactive compounds such as cis-β-ocimene,
trans-β-ocimene, and terpinolene. Mixing ratios of iox were ~30% of those of isoprene overall
with 26% during the daytime and 34% at night.
In a well-mixed system near steady-state, the iox/isoprene ratio can provide information
on the oxidant conditions during the day, as it depends on oxidation product yields from isoprene
and the reaction rates of isoprene, MVK, MACR, and ISOPOOH with OH and O3. In the presence
of NOx the oxidation of isoprene by OH yields 32% and 23% MVK and MACR respectively
(Tuazon and Atkinson, 1990). However, ozonolysis yields and reaction rates are reversed, such
that isoprene produces more MACR than MVK. Under low NOx conditions the oxidation product
yield of MVK + MACR can be significantly lower, i.e. a combined yield possibly as low as 7%,
due to the dominant HO2 pathway (Liu et al., 2013). The measured iox/isoprene concentration
ratio changed little during the day with 0.24 during the wet season compared with 0.32 in the dry
season, whereas night-time ratios were 0.28 during the wet season and 0.52 during the dry season.
The median ratio increased by a factor of 1.5 during the dry season indicating an increased
atmospheric oxidation capacity. This increase was almost proportional with isoprene mixing
ratios above the canopy increasing on average 1.5-fold and iox 2.5-fold during the dry season,
which is much lower than observed at a similar central Amazonian site (Yañez-Serrano et al.,
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2015). The measurements from Yañez-Serrano et al. (2015) do not offer a direct comparison due
to the different measurement heights used, which strongly affect iox/isoprene ratios, as well as the
much shorter duration of the measurements of around two weeks during each season.
The diurnal profile of the iox/isoprene concentration ratio peaked before dawn at 0.43,
decreased to around 0.24 throughout the day, and began to increase again after sunset (Figure
6.4). The day/night differences were more pronounced during the dry season with peak ratios
around 0.65 at night and 0.35 during the day, but the diurnality was almost lost during the wet
season when ratios remained constant throughout the day, at around 0.25. It must be noted that
effects of boundary layer dynamics between seasons are not accounted for here, as boundary layer
height measurements were not available, and may be affecting the diurnal patterns and ratios of
compounds. Higher iox/isoprene mixing ratios during the night-time dry season are likely a result
of larger relative differences in diurnal boundary layer heights between the dry and wet seasons
resulting in less dilution in the nocturnal boundary layer.
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Figure 6.4. Diurnal profile of the median ratio of isoprene oxidation products (iox) to isoprene
mixing ratios (ppbv ppbv-1) for the dry season (dashed red), wet season (dotted blue), and for the
entire period (solid black) with the interquartile range (shaded).

When compared with previous studies the measured iox/isoprene ratio of 0.29 (median)
and 0.36 (mean) in this study was somewhat lower. For example mean ratios of 0.54 were found
by Karl et al. (2004) at 42 m and 0.5-1.1 at 53 m at ZF2 by Andreae et al. (2002), but our results
are consistent with a study in Rondonia, Brazil, which reported mean values of 0.23 ± 0.09 and
0.30 ± 0.16 during the wet and dry seasons, respectively (Kesselmeier et al., 2002), as well as
with a study at a nearby site showing ratios of 0.1 and 0.3 at 40 m during the wet and dry seasons,
respectively (Yañez-Serrano et al., 2015). These ratios will, to some extent, depend on the amount
of vertical mixing and the measurement height above the canopy used. Because isoprene follows
an emission profile where daytime isoprene mixing ratios decrease with height above the canopy
(Yañez-Serrano et al., 2015), while iox shows a deposition gradient, the ratio iox/isoprene will
increase with height, the effect being more pronounced at low turbulence, when the same flux
induces a stronger gradient. Additionally, advected air masses — assumed to contain NOx
emissions from increased seasonal biomass burning, as evident from black carbon mass
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concentration measurements at the site — could have contributed to increased O3 levels and thus
higher oxidative capacity above the canopy during the dry season.

6.3.4 Modelling isoprene emissions using the Guenther algorithms (G95 and
MEGAN)
The Guenther et al. (2006) Model of Emissions of Gases and Aerosols from Nature
(MEGAN) was used to back-out isoprene base emission rates at standard conditions of
temperature and PAR from the measurements. These were compared with those produced from
the Guenther et al. (1995), termed G95, model to assess how well the model captures the temporal
variability of the measured fluxes. The basic algorithm in MEGAN is an extension of the initial
G95 model:
𝐹 = 𝜀 𝘹 𝛾 𝘹 𝜌,

(6.2)

where ε is the base emission rate (mg m-2 h-1) of isoprene from a canopy at standard
conditions of temperature and light intensity (30 °C and 1500 μmol m-2 s-1 PAR), γ is a light and
temperature dependent emission activity factor and ρ accounts for production and loss within the
canopy (Guenther et al., 2006). The base emission rate, ε, can be considered to be the
characteristic emission rate for a given ecoregion. In MEGAN, the base emission rate is modified
by factors representing instantaneous and short-term variations from standard conditions (i.e., the
emission activity, γ, and loss, ρ, factors). Any factors that can plausibly affect overall emissions
but which are not captured by the γ and ρ functions will be incorporated into the base emission
rate and will cause it to fluctuate on the time- and space-scales relevant to the un-modelled factors.
Such un-modelled factors could include seasonal phenology, circadian control, and other longterm factors (Hewitt et al., 2011). Both the G95 and the parameterised canopy environment
emission activity (PCEEA) model of MEGAN were used to determine the annual base emission
rate and model performance was compared (Section 6.3.4.2). The following results were
determined using the PCEEA model.
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The annual base emission rate at standard conditions of 30 °C and 1500 μmol m-2 s-1 PAR
was calculated from the regression slope of all the measured hourly fluxes against hourly values
of γ × ρ, resulting in an annual canopy-scale base emission rate of 4.8 ± 0.3 mg m-2 h-1 (Figure
6.5a). This is 19% lower than the value of 5.9 ± 0.1 mg m-2 h-1 previously obtained at the ZF2 site
from a limited data set during the dry season (Karl et al., 2007). Generally, estimates of the base
emission rate parameter are based on very limited data from short term observations and a
summary is provided with comparisons with previous studies (see Table 6.3). Karl et al. (2007)
took measurements during the late dry season only, and indeed the median emission factor for the
dry season determined in this study of 5.4 ± 0.1 mg m-2 h-1 agrees more closely. The canopy base
emission rate of this study was also provided for the wet season and was lower at 4.3 ± 0.1 mg
m-2 h-1. The estimates are, however, well in the range of other measured and modelled emission
rates using various techniques and model versions (see Table 6.3 or Holm et al., 2014 and
Sindelarova et al., 2014 for an extensive review).
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Figure 6.5. a) Scatter plot showing measured isoprene emissions (mg m-2 h-1) plotted against the
environment and loss factors (γ×ρ) of the Guenther et al. (2006) MEGAN algorithm with the
linear regressions, coefficients (R2), and formulae for all the data (black), the dry season (red),
and the wet season (blue) only. b) Bar chart showing monthly median canopy base emission rates
with standard errors and the annual (solid black), dry (dashed red) and wet (dotted blue) seasons
medians. Lowercase letters denote groups of statistically significant difference using Tukey’s post
hoc Honestly Significant Difference test. c) Diurnal profile of base emission rates (mg m-2 h-1)
during the daytime (07:00 – 17:00 local time) for the total period (solid black) with standard errors
(shaded), dry (dashed red) and wet (dotted blue) seasons with error bars. d) Comparison of
measured (grey dots) and modelled isoprene fluxes using the PCEEA model with base emission
rates at different temporal resolutions: annual (purple squares), monthly (blue triangles), and
diurnal (black cross).

6.3.4.1 Base emission rates of isoprene
The most decisive factor regarding the quantitative fit between the measurements and the
PCEEA model estimated emissions was the base emission rate ε. Due to the method used to derive
ε, the base emission rate represents the average canopy emission rate and this already includes
many factors, such as canopy shading effects, as opposed to an aggregated emission rate based
on individual species or genera, foliage mass, and canopy properties (Guenther et al., 1994). Both
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models underestimated the canopy average emissions as the environmental response factors in
the models were based on leaves and branches lower in the canopy and are not representative of
the entire canopy. Further differences can be seen when using hourly, daily or monthly average
temperatures and PAR, which can show a difference in total modelled isoprene emissions of up
to 70% (Ashworth et al., 2010; Wang and Jacob, 1998).
In high biodiversity ecosystems such as the Amazon tropical forest, it is exceedingly
difficult to compile inventories of individual plant species and distributions. Often genera or
family level classifications are obtained. However, this information is insufficient as a basis to
estimate bVOC emissions using a bottom-up inventory approach, since there is such high
variability in the emission capacity even within individual plant species in terms of base emission
rates, foliage properties, and environmental drivers (Harley et al., 1999; Sharkey and Loreto,
1993). Furthermore, the high biodiversity at the site means that a large number of tree species are
represented and separate leaf level emission measurements of each species would be required to
identify isoprene emitting species and distributions to accurately determine the ecosystem level
emission rates.
A study of species distributions in the Amazon forest has shown that there are often
groups of common species with high frequency and abundance that form predictable oligarchies,
which can dominate thousands of square kilometres of forest (Pitman et al., 2001). A more recent
study confirmed this by showing that regionally in the Amazon a small number of species can be
hyperdominant (Ter Steege et al., 2013). In terms of representativeness of the measurement site,
these studies support the notion that the point measurements from TT34 presented here may be
highly representative of large areas of lowland terra firma in the Amazon Basin.
The most abundant tree families at the site by both stem density (stems ha -1) and basal
area (m2 ha-1) are Lecythidaceae, Sapotaceae, Euphorbiaceae and Caesalpinaceae (Jardim and
Hosokawa, 1987; Oliveira and Mori, 1999). These families each include several hundred to
several thousand species and without species-level identification, this makes estimating isoprene
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emissions from leaf-level measurements virtually impossible, given the known inter-species
variability in isoprene emission rates.
The use of plant functional types (PFT) allows ecosystems to be divided into groups of
plants depending on their function within the system. These groupings often reflect phylogenetic
and phenological properties, as well as physical characteristics, and may not necessarily coincide
with bVOC emission capacities. Guenther et al. (2006) suggest the use of isoprene emission
factors for a range of PFTs based on the dominant species within Olson’s 867 ecoregions (Olson
et al., 2001). Global averages of individual PFTs produce representative emission factors for each
biome, however the accuracy of regional-level emission rates are strongly dependent on available
measurements, which can differ greatly within the same PFT between regions. The dominant
species within a PFT may vary, with one dominant being an isoprene emitter but another being a
non-emitter. This can result in large uncertainties in estimated emission rates on a regional scale.
6.3.4.1.1 Base emission rates at higher temporal resolutions
The PCEEA algorithm used to determine annual average base emission rates at standard
conditions can also be used to differentiate between monthly and diurnal, i.e. circadian-controlled,
canopy emission factors, which are shown in Figures 6.5b and 6.5c respectively. Monthly base
emission rates (Figure 6.5b) varied between 6.3 ± 0.3 mg m-2 h-1 in October and 3.4 ± 0.3 mg m2

h-1 in July, which was statistically significant (F statistic = 7.94, p <0.001). These followed the

seasonal pattern observed in isoprene emissions (Section 6.3.1.2), implying that not all the
seasonal factors determining isoprene emissions have been removed in the derivation of the base
emission rate. The time series is too short to allow any multi-month cycles to be characterised,
but the fact that the variation around the mean is not random is suggestive of such cycles existing.
The low base emission rate during July and resulting suppression of emissions may be due to leaf
flushing at the beginning of the dry period and has been observed using indirect quantification by
satellites (Barkley et al., 2009).
Diurnal variability in base emission rates (Figure 6.5c) followed a similar profile as those
in Hewitt et al. (2011) with a plateau between 10:00 and 15:00 local time, although rates varied
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overall between 5.1 ± 0.4 mg m-2 h-1 at 12:00 local time and 2.9 ± 0.2 mg m-2 h-1 at 08:00 local
time. Lowest hourly rates remained around 3 mg m-2 h-1 during both the wet and dry seasons,
however peak emission rates reached 7 ± 0.9 mg m-2 h-1 during the dry season and only 4.4 ± 0.3
mg m-2 h-1 during the wet season. The observed diurnal plateau corresponded to the total seasonal
emission rates of 6 ± 0.9 mg m-2 h-1 during the dry season and 4.3 ± 0.3 mg m-2 h-1 during the wet
season.
Applying diurnal emission factors for the respective seasons improved the model slope
fit (R2 = 0.78, p <0.001, slope = 0.92) and also greatly improved the reproduction of the seasonal
variability of emissions in the model, especially during the dry season, which was not fully
accounted for using a constant annual base emission rate using only light, temperature and canopy
loss factors. However, the median modelled emissions using diurnal emission factors were closer
to the measurements which represented a reduction of 18% compared with the median modelled
emissions using a constant base emission rate. This indicates that using annual average base
emission rates determined from the average of both seasons would underestimate dry season and
overestimate wet season emissions. Hence, assuming that base emission rates measured during
only one season are representative for the whole year can lead to a strong bias of modelled
emissions, either high or low depending on the season during which the measurements were made.
This would have consequences on the global or regional-scale modelling of secondary pollutant
formation such as O3 and bSOA. Using the example of O3 formation, the modelled concentration
ratio of VOC/NOx would be more variable under circadian-controlled isoprene emissions (Hewitt
et al., 2011).
6.3.4.1.2 Effects of phenology on model fit
Any differences observed in the higher resolution base emission rates are due to effects
not captured by the light, temperature and within canopy loss algorithms in the model. One
variable unaccounted for may be phenological effects. Compared with temperate deciduous
forests, there is less seasonal variation of LAI in tropical forests, despite the occurrence of leaf
flushing events (Nelson et al., 2014). The monthly LAI for the ZF2 study area obtained from the
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Terra/MODIS database varied between 4.3 and 6.5 m2 m-2, which is comparable to other tropical
forests (Maass et al., 1995). During leaf flushes, many trees become deciduous or semi-deciduous
prior to flushing. Completion of the crown flushing takes place within a month. This tends to
happen during the driest months (June - October), although the timing varies widely between tree
species and even between years. This may have a significant effect on bVOC emission rates, as
young leaves do not emit isoprene and only begin to emit isoprene days to weeks into their
development after acquiring photosynthetic competence (Sharkey et al., 2008). At this point
young mature leaves have the highest isoprene emission capacity at standard light and temperature
conditions. The isoprene emission capacity then declines with leaf age (Alves et al., 2014). Data
from 2010 and 2011 show evidence that leaf flushing at this site occurs for a number of trees
during June and July (Alves et al., 2014; Nelson et al., 2014), which would result in leaves
reaching maturity and hence peak isoprene emission capacities in September and October.
Although the MEGAN model attempts to account for leaf age (γage) using this term did
not greatly improve the model fit, presumably because seasonal foliage patterns can show high
spatial and temporal variability. To improve the qualitative model fit of the term γage for evergreen
or semi-deciduous forests would require further integrated long-term measurements to provide
information on inter-annual variability of bVOC emissions and links with tree phenology.
6.3.4.1.3 Comparisons of measured and modelled isoprene fluxes from different tropical
forests
Table 6.3 shows that the annual and seasonal isoprene emission rates measured at the site
are comparable to previous studies at the same location in the Amazon, but higher than emission
rates from natural rainforests in Borneo and other sites in Latin America. It is likely that differing
species-specific base emission rates are the cause of lower isoprene emissions from the natural
rainforest in Borneo, as average environmental drivers are similar (Langford et al., 2010a).
Measurements made from a monoculture oil palm plantation in Borneo showed very high
emission rates due to the high emission capacity of this species (Misztal et al., 2011). These, as
well as the loose definition of base emission rates (ε) for the model algorithm, may account for
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some of the differences in estimates. ε is usually either aggregated from leaf-level emission rates
of individual species or canopy-scale measurements, wherein ε is calculated from the fit with the
light and temperature parameter and canopy-loss factor. In the latter case, the entire dataset of
flux measurements can be used or subsets thereof, such as daytime (07:00-17:00 local time) or
midday (usually 10:00 – 15:00 local time) periods only, which greatly increases ε (cf., Figure
6.5c). Furthermore, estimates derived from canopy-scale flux measurements are often lower than
leaf-level emission estimates, as they already include terms for loss effects (Misztal et al., 2011).
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Table 6.3. Measured isoprene fluxes (mean ± standard deviation) and base emission rates (ε) ± standard error at
normalised conditions in mg m-2 h-1 where available, and regression coefficients of modelled fluxes using the
Guenther algorithms to measurements for eddy covariance flux studies above lowland tropical forests.
Location (site)

Season

Measure-

Mean

Mean

ment

flux

midday

duration
Amazon, Brazil

W&D

258 days

(Cuieiras Reserve)
Amazon, Brazil

D

61 days

(Cuieiras Reserve)
W

197 days

(Cuieiras Reserve)
Amazon, Brazil

LD

15 days

R2

0.78

2.87

4.79 ±

4.8

±2.7

3.3

±0.3

4.39

8.1 ±3.6

5.4

0.79

±0.1

2.35

3.73

4.3

±2.1

±2.4

±0.1

NA

7.8 ±2.3

5.9

(Cuieiras Reserve)

0.76

0.80

±0.1

Amazon, Brazil

ED

8 days

(Cuieiras Reserve)

Method

2.38

6.12

NA

NA

vDEC,

House et al.,

G06

this study

vDEC,

House et al.,

G06

this study

vDEC,

House et al.,

G06

this study

vDEC,

Karl et al.,

G06

2007

REA

Kuhn et al.,

±1.6

Amazon, Brazil

LW

3 days

1

2007
2

2.4

NA

(Tapajós)
Costa Rica (La Selva)

D

20 days

Reference

flux

±3.0

Amazon, Brazil

ε

1.35

2.9

NA

NA

DEA,

Rinne et al.,

G95

2002

vDEC

Karl et al.
2004

Borneo, SE Asia

LW, ED

48 days

(Danum Valley)
Borneo, SE Asia (Oil

0.93

1.9

±1.3
LW, ED

11 days

palm plantation)
a

G06 model using standard coefficients

b

G06 model using optimised or fitted coefficients

c

Fluxes are from an oil palm planation

4.39
±6.4

9.7 ±7.2

1.6a,

0.47a,

vDEC,

Langford et

2.5b

0.50b

G06

al., 2010a

7.8a,

0.75a,

vDEC,

Misztal et al.,

18.8b

0.91b

G06

2011c

NA, details are not available
D: dry season, W: wet season, ED: early dry, LD: late dry, EW: early wet, LW: late wet seasons.

6.3.4.2 Model details and comparisons between model versions
In order to determine the best fit between our observations and modelled fluxes the G95
and PCEEA MEGAN models were compared (Table 6.4). In all simulations the parameters were
either taken from Guenther et al. (1995; 2006) or derived from ambient and satellite
measurements. For the PCEEA the in-canopy loss parameter ρ was calculated based on friction
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velocity (u*), canopy depth (15 m), and above canopy isoprene lifetime (s), which itself was
estimated using measured average daytime OH concentrations from Vaughan et al. (2012). The
calculated campaign average of ρ was 0.95 (0.93-0.96), although a constant ρ value of 0.96 can
be assigned in the PCEEA model, since ρ ranges from 0.93 to 0.99 for most conditions (Guenther
et al., 2006).
The use of additional algorithms to replace assumed constants in the PCEEA model, such
as the calculation of leaf age (γage) and within-canopy isoprene loss (ρ), increased the regression
coefficient (R2) by <0.01, and in the G95 model, leaf temperature (Tleaf) decreased R2 from 0.51
to 0.22 (p <0.001). The leaf age algorithm is intended for deciduous canopies and is assumed to
equal 1 for evergreen trees. However, rainforest canopies undergo leaf flushing, the effect of
which may need to be taken into account via a different algorithm (see Section 6.3.4.1.2). Leaf
temperatures were estimated using Nemitz et al. (2009) and when implemented in γ and plotted
against measured fluxes, it introduced a more linear fit, although at the expense of greatly
increasing variability and hence reduced qualitative model fit.
Of all the model variations tested, the simple PCEEA most closely reproduced the time
variability of the measurements, displaying a linear regression coefficient between the total
measured and modelled fluxes of R2 = 0.78 (p <0.001). However, a slope (modelled/measured)
of 0.78 implies that the constant emission factor used with this model would need to be 20%
higher to accurately reproduce measured fluxes.
Table 6.4. A comparison of Guenther 95 and MEGAN PCEEA algorithms used to determine base emission rates (ε)
of isoprene emissions (mg m-2 h-1) at ZF2 with regression coefficients (R2) of linear regressions of measurements to
the environment adjustment and, for the PCEEA model, loss factors.

Model version

γ algorithm

γCE

R2

ε

G95

CL × CT

NA

0.51

4.9

MEGAN: PCEEA

γCE× γage× γSM

γLAI × γP × γT

0.78

4.8

Mean calculated variables used in the determination of γ for the MEGAN PCEEA version include γage = 1.01 and ρ =
0.95.
Parameters used in the MEGAN PCEEA version were taken from Guenther et al. (2006) and included γSM = 1, CT1 =
80, CT2 = 200, Anew = 0.05, Agro = 0.6, Amat = 1.125, Aold = 1, λ = 0.3.
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Monthly averages of leaf area index (LAI) based on information of the leaf canopy
spectral properties were retrieved from the NASA Earth Observations database for the 0.1 × 0.1°
area including the tower and ranged between 4.3 and 6.5 m2 m-2 (NEO, 2014). Variations in PAR
and temperature accounted for much of the average variability, the dependence of which was
evident from plots of averaged isoprene fluxes against ambient PAR and temperature
measurements, which showed strong relationships (see Section 6.3.2), but the model failed to
capture the full extent of increase during the dry season when using a constant annual or monthly
base emission rate (Figure 6.5d). Only the diurnal base emission rates for the respective seasons
reproduced the seasonal variability. This has potentially large implications as the seasonal periods
of peak isoprene emissions are not accurately represented in emission models and that the
seasonal increase may not entirely result from increased light and temperature.
In the PCEEA model, the parameter γ is derived from light, temperature and LAI
dependent terms, of which the former two parameters consider both instantaneous conditions and
the environmental conditions averaged over the respective month. The comparison between
models shows that the PCEEA MEGAN algorithms performed better than the original G95 model
for estimating isoprene fluxes in the tropics, as the G95 algorithms were developed using data
from temperate tree species.
6.3.4.3 Uncertainty estimation
An estimate of overall model uncertainty was attempted using total error propagation of
contributing parameters to the models and resulted in <16% uncertainty for the PCEEA and <10%
for the G95 model. The introduction of additional terms, which rely on estimates or observations
associated with higher errors increased overall uncertainty of the PCEEA model. The G95 light
and temperature adjustment factor stipulates the use of leaf temperature, however, as these were
not available ambient air temperature was used. Estimating leaf temperature using algorithms
from Nemitz et al. (2009) decreased the model fit markedly (R2 = 0.22, p <0.001). Detailed Monte
Carlo uncertainty simulations of various MEGAN-based model output versions have shown that
individual input parameters, especially those related to leaf temperature as used in the standard
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MEGAN and G95 models, can cause up to 61% of model output uncertainty (Holm et al., 2014).
The PCEEA algorithm was used, as it showed a closer model fit than G95. Due to the lack of
direct observations of estimated variables it is unclear whether the observed increase in
uncertainty was a result of using additional algorithms in the estimation or poor predictive
capacity of the model.

6.3.5 Flux footprint modelling
The flux footprint for each 45 min period for the whole measurement duration was
calculated using the Microsoft Excel-based tool developed by Neftel et al. (2008), which employs
the analytical footprint model of Kormann and Meixner (2001). The Kormann-Meixer model
exclusively uses micrometeorological parameters from the eddy covariance measurements to
determine the 2-D footprint density function. Individual footprints were calculated for each
measurement period using the corresponding friction velocity (u*), Obukhov length (L),
measurement height (zm), horizontal wind velocity at the measurement height (u(zm)), and the
standard deviation of the lateral wind (σv ). The upwind surface flux Fc (x, y, 0) determines the
vertical turbulent flux Fc (0, 0, zm-d) at the measurement point, i.e. the measurement height (zm)
minus the zero-plane displacement height (d = 2/3 x canopy height, h), leading to
−∞ ∞

𝐹𝑐 (0,0, 𝑧𝑚 − 𝑑) = ∫ ∫ 𝐹𝑐 (𝑥, 𝑦, 𝑧𝑚 − 𝑑)𝛷(𝑥, 𝑦, 𝑧𝑚 − 𝑑)𝑑𝑥𝑑𝑦 ,
∞

(6.3)

0

where the x-axis is aligned with the mean horizontal wind direction and ϕ(x, y, zm-d) is
the weighted footprint function describing the influence of a unit point source on an area flux
from a specific surface location (x, y). Boundary layer conditions were mostly unstable (63%
frequency), defined as ζ = (zm-d)/L <0.2, and stable conditions were mostly at night. User defined
spatial elements were mapped as a 500 m resolution grid with nearest easterly grid squares being
subdivided into 250 m long units (Figure 6.6) and footprint contributions (%) of each element
were calculated. The gridded area included on average 96% (median) and 82% (mean) of the
footprint area, which corresponded to a footprint size, defined as the area from which 99% of the
flux originates, of 0.36 km2 (median) and 0.56 km2 (mean) during daytime periods of unstable
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and near neutral stratification and 3.64 km2 at night. Low wind speeds and stable stratification at
night greatly increased the extent of the footprint area.

Figure 6.6. A visible satellite image showing the measurement site with the TT34 tower (yellow
circle), generator and living quarters (yellow squares), a 500 m resolution grid overlaid (white)
with numbered grid cells and subdivided cells of 250 m, and approximations of the calculated
median flux footprint during stable night time periods (dashed red), the daytime median area
contributing 99% to the flux (X99), 90% (X90), and the location of the daytime footprint peak (Xmax)
is indicated by the red cross with references to Manaus and Brazil. Imagery © 2015 Landsat, Map
data © 2015 Google.
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Comparisons with the Kljun et al. (2004) footprint parameterisation model using average
daytime conditions and boundary layer heights from Fisch et al. (2004) showed that the footprint
peak location (Xmax) was at a distance of 120 m from the tower during the day and 194 m at night.
The distance encompassing 90% of the footprint contributions (X90) extended to 314 m during the
day and 530 m at night. Due to the dominant easterly wind direction (52% frequency) with minor
deviations to the N (18% frequency) and S (19% frequency), the easterly squares coinciding with
Xmax contributed on average (mean ± SD) the most to the measured flux, i.e. squares 9 (18.5% ±
22%) and 14 (22% ± 26%), followed by the nearest surrounding squares 6 (9% ± 20%), 10 (3.6%
± 5%), 11 (2.6% ± 5%), 13 (7.5% ± 17%), 15 (3.7% ± 5%), and 18 (2.4% ± 4.8%), with the rest
contributing on average <1%.
The forest to the E and upwind of the flux tower is located on a small plateau, which is
flat and fairly homogeneous, providing almost ideal conditions for flux measurements. However,
there are slopes to the W and S of the tower and these lower areas had slightly different canopy
structures and heights. Wind direction analysis showed that largest fluxes were seen with E winds
followed by N, S, and W directions for isoprene and monoterpenes (F statistic = 30.32, p <0.001
and F statistic = 40.04, p <0.001 respectively). Fluxes of iox showed no statistical difference with
wind direction (F statistic = 1.56, p = 0.18). Deposition was greatest from the E and N followed
by S and W directions during the morning, but this was balanced by some afternoon emissions
from the N and E. As the heterogeneous terrain in wind directions other than from the E introduces
additional uncertainties and that the majority of the fluxes originated from the E, this analysis
remains inconclusive in determining whether the differences in fluxes resulted from terrain effects
on the micrometeorology or differing source strengths. However, the high frequency of E winds
implied that any anthropogenic interferences on VOC fluxes from the nearby living quarters and
power generators to the W were minor (Figure 6.6).
Correlating the percent contribution of each square with the measured flux can provide
information on emission source strengths, distributions and vertical mixing within the flux
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footprint, where high contributions from a square with correlating high fluxes indicate strong
emission sources or emission drivers, including micrometeorological effects. Conversely, areas
of high contributions with low corresponding fluxes reveal lower emission source strengths,
emission drivers or negative fluxes through increased removal via photochemistry or deposition.
Isoprene and monoterpenes showed a positive correlation with increasing contributions from
squares 9 and 14 and negative correlations with the remaining squares. The inverse pattern was
seen from iox with negative correlations with increasing contributions from squares 9 and 14, and
positive correlations with the rest of the squares. In this case, the source footprint area for the
majority of fluxes coincided with the extensive terra firma plateau system to the E of the tower.
This suggests that emission sources in this direction were relatively homogeneous and that the
observed spatial and temporal patterns of bVOC fluxes probably arose from meteorological
variations and photochemical processing.
The majority of photochemical conversion of isoprene to iox takes place above the
measurement height some distance above the canopy, causing the measured oxidation product
flux to be overall negative as deposition occurred (Kesselmeier et al., 2000). This was also shown
from mixing ratio measurements at various heights within and above the canopy by YañezSerrano et al. (2015), where highest iox mixing ratios were observed at 79 m above the canopy
around noon coinciding with peak isoprene concentrations at 24 m resulting in estimated peak
oxidative capacities at a height of 53 m determined from the iox/isoprene concentration ratio.
Due to the net deposition of iox the correlation was negative, resulting in lower deposition
when footprints were largest and greater deposition with small footprints. When the defined
squares included most of the footprint area, i.e. smaller footprints, isoprene and monoterpene
fluxes were larger (Spearman’s correlation coefficient r = 0.71 and r = 0.66, p <0.01 respectively)
and iox deposition was greater (r = -0.37, p <0.01), due to the increased turbulence and hence
vertical mixing.
In this study a minimum grid resolution of 250 m was required to map contributions for
the squares around the tower due to the strong positive skew of the flux footprint density function,
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with the majority of the emissions originated from these closest easterly squares. However,
beyond a distance of 500 m from the tower this grid resolution was insufficient to produce clear
trends or features of statistical significance due to the low number of data points from this area.
Therefore, a 500 m grid resolution was implemented for the outermost squares. The low number
of data points originating from most of the squares when grouped by month also caused a lack of
observable trends. As a result, further detailed temporal analysis yielded no conclusive results.

6.3.6 Air mass back trajectories and land cover
The ZF2 site in the Cuieiras Reserve represents an ideal site to study bVOC emissions
from a pristine primary tropical forest with no or minimal anthropogenic interferences. Many
bVOCs have a relatively short atmospheric lifetime with respect to oxidation by OH, ranging
from hours to several days. The combination of typically low wind speeds and distance of the site
from primary anthropogenic emission sources such as urban areas, agriculture and major roads
are sufficient to minimise contamination, as bVOC mixing ratios decline through photochemical
processing and deposition before reaching the measurement site. Although the wind direction at
this site is usually constrained to the east, calculating air mass back trajectories over several days
and comparing them with land cover maps can highlight any possible periods where advection of
pollution may have occurred as a result of the tracked air parcel passing over areas of
anthropogenic activities. Therefore, back trajectories were calculated using the HYSPLIT (Hybrid
Single Particle Lagrangian Integrated Trajectory) model (Draxler and Rolph, 2008), which was
run at 3 h release intervals starting at a height of 10 m from the site and propagated 96 h backwards
in time for the period of September 2013 to July 2014 (Figure 6.7).
Air mass back trajectories were limited to the area NE to SE of the site with some
exceptions of southerly directions in October 2013. The heights of the air parcels remained within
the boundary layer and passed over large areas of forest with some back trajectories reaching as
far as the Atlantic Ocean. Figure 6.8 shows the land cover types of this area at a resolution of 1
km2 per pixel (Eva et al., 2002). Such maps may underestimate or overestimate land cover classes
over fragmented areas depending on the spatial organisation of the respective class, but on a
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continental scale can provide representative land cover estimates. Most of the area is covered by
lowland evergreen tropical forest with some areas of freshwater flooded tropical forest and
flooded savannah along the Amazon River. This area has limited land transport connectivity, so
the river provides the main transport route for human communities. This is reflected by the areas
of mosaic agriculture and degraded forests with some intensive agriculture and patches of shrub
savannah with little or sparse vegetation along the river banks and towards the Amazon Delta.
Urbanised areas (population size in millions) along the river are Manaus (1.8), Santarém (0.2),
and Macapá (0.4). Back trajectories indicated several periods of multiple days when air masses
passed over Manaus.

Figure 6.7. Plot showing all and the average of calculated back trajectories using the HYSPLIT
model with the air mass height (m) within the boundary layer (colour bar), the measurement site
(ZF2, red dot), Manaus (yellow dot). Particles were released from the site at ground level (10 m
height) and propagated 96 h backwards. The thick black line represents the average trajectory.
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Data available on local black carbon (BC) aerosol mass concentrations by Multi Angle
Absorption Photometry were used to compare with the back trajectories, as well as to confirm
and identify further periods of possible anthropogenic influences such as from biomass burning.
The dry season is the peak fire season with increased slash and burn activities associated with
mosaic agricultural systems as identified on the land cover map. This was reflected by increased
BC concentrations during September and October 2013 somewhat extending through November,
December 2013, and January 2014.

Figure 6.8. A map of northwestern South America showing land cover types where 1 pixel
represents 1 km2 with references to the ZF2 measurement site (yellow dot) and Manaus (red dot).
Categories are given in the legend. Section reproduced from Eva et al. (2002).
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In total the following periods were considered likely to have anthropogenic interferences:
16 - 25 September 2013, 15 - 28 October, 5 - 12 December, 1 - 4 January 2014, 19 March, and 5
- 7 May 2014. There were periods (1 - 5 November 2013 and 25 June – 4 July 2014) where back
trajectories indicated a southerly course before reaching the site, however BC concentrations
during those periods remained relatively low (<0.5 μg m-3) suggesting little or no contamination
from Manaus on those days. VOC concentrations of m/z 69, 71 and 137 have short atmospheric
lifetimes and showed no anomalies during these periods suggesting that measurements of the
selected m/z at this site were unaffected by anthropogenic influences. In general, wind direction
analyses of these VOC mixing ratios followed those of fluxes, whereby isoprene and monoterpene
mixing ratios were highest from the E, followed by N, S, and W (F statistic = 1818 and F statistic
= 1295, p <0.01 respectively), whereas iox concentrations were highest from the E, followed by
S, then W and N (F statistic = 1429, p <0.001).

6.4 Conclusions
The first long-term continuous measurements of bVOC fluxes and mixing ratios by
virtual disjunct eddy covariance and proton transfer reaction mass spectrometry above a primary
tropical rainforest have yielded detailed information on temporal variability of emissions,
deposition and mixing ratios on seasonal and diurnal scales. Median emission rates of isoprene
and monoterpenes and deposition rates of isoprene oxidation products (iox) were higher during
the dry season than during the cooler wet season, by a factor of ~2 for isoprenoids and ~1.30,
respectively. Median mixing ratios measured ~10 m above the canopy top during the dry season
were higher by a factor ~1.5 for isoprenoids and ~2 for iox than during the wet season. Compound
fluxes and mixing ratios of isoprene and monoterpenes were highly correlated with
photosynthetically active radiation (PAR) and temperature. Average and peak emissions and
mixing ratios were comparable with those obtained by previous short-term measurements in the
same area of the central Amazon forest, but were substantially higher than those measured in
tropical forests in SE Asia (Langford et al., 2010a) and in Costa Rica (Karl et al., 2004). This
difference was reflected in the base emission rates at normalised environmental conditions of 30
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°C and 1500 μmol m-2 s-1 PAR, which were calculated for the whole year, for each season, for
each month and for each hour of the day during the dry and wet seasons, respectively.
The base emission rates at 30 °C and 1500 μmol m-2 s-1 PAR and canopy level emissions
of isoprene were best modelled using the PCEEA algorithm from Guenther et al. (2006). Base
emission rates were determined at diurnal, monthly and seasonal time resolutions and these
showed significant variability. For example, monthly base emission rates varied from 3.4 ± 0.3
mg m-2 h-1 to 6.3 ± 0.3 mg m-2 h-1 and hourly base emission rates varied from 2.9 ± 0.2 mg m-2 h1

at 08:00 to 7 ± 0.9 at 10:00 local time. The use of diurnally-varying base emission rates to model

annual isoprene emissions resulted in median annual emissions which matched measured
emissions and were ~20% lower than emissions obtained using an annual average fixed base
emission rate, but reproduced the seasonal variability more accurately than when using a constant
or even monthly emission rates. Using increased temporal resolutions of the base emission rates
gave some improvement to the overall model fit, but improvements were strongly biased
depending on the season. The variations in isoprene base emission rates observed from sunrise to
sunset and from one season to another indicate that using a single annual average value for the
base emission rate will produce significant errors when estimating isoprene emissions during
periods with increased seasonal variability. Hence, this has implications for the modelling of
atmospheric chemistry on a regional or global scale. Where possible, time resolved base emission
rates should be used for estimating isoprene emission rates.
Flux footprint and air mass back trajectory models showed that the observed emissions
were of very local origin and that anthropogenic influences (on both local and regional scales) on
the site were minimal. The site is surrounded by vast expanses of virtually undisturbed primary
forest and the area within the flux footprint is likely highly representative of large areas of lowland
tropical forests in the central Amazon.
This dataset is the first of its kind, consisting of continuous flux and above canopy volume
mixing ratios during the dry and wet seasons, and will continue to provide further important
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contributions to our understanding of the biosphere-atmosphere exchange of VOCs over tropical
forests.
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Chapter VII
7 Conclusions
In this thesis flux and mixing ratio measurements of volatile organic compounds (VOC)
from two contrasting atmospheric environments were made – from a polluted urban environment
in one of the world’s largest cities (Paper I and Paper II) and from a pristine background site in
the largest contiguous forest ecosystem on Earth (Paper III). In the first study the ground-level
mixing ratios of a range of anthropogenic VOCs (aVOC) and in the second study, the fluxes and
mixing ratios of aVOCs above the street canopy were quantified in central London, UK, during 4
weeks in winter 2012 and then over a period of five months beginning in August 2012. These
studies captured the temporal variability in mixing ratios at different heights and, in the latter
study, fluxes at different resolutions as well as the high spatial variability of emission sources in
a complex urban environment. The third study investigated emissions of biogenic VOCs (bVOC)
from the largest single source of VOCs globally, the Amazon rainforest. These represent the first
long-term flux measurements from a rainforest and spanned eleven months during 2013-2014.
Significant seasonalities in emission rates, fluxes and mixing ratios were observed. This chapter
will compare the results of these studies and discuss the wider implications of the main findings.

7.1 Conclusions from London
Cities are known to emit a huge number and range of different VOCs (Lewis et al., 2000),
but here we focussed on a small selection of representative compounds with a multitude of
emission sources and which are emitted with high spatio-temporal variability. The results showed
that vehicle emissions were the dominant source of aromatic VOC fluxes and resulting mixing
ratios. Oxygenated VOCs and isoprene originated from several different sources, some of which
had strong light and temperature dependencies, indicating contributions from evaporative,
biogenic or secondary atmospheric sources. The London Atmospheric Emissions Inventory
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(LAEI) estimates that solvent use and road transport are the main contributors to VOC emissions
in London and our results are consistent with this. The NAEI estimates that the selected VOCs
quantified during the flux measurements contribute 15% of total VOC emissions from London
(Bush et al., 2006). Our data do not allow us to confirm this as we have no measurements of the
total organic carbon emitted.
The combined VOC emission rate of measured species in the footprint area of central
London (± standard error) was 12.4 ± 0.3 t km-2 a-1, whereas the emission rate for the same species
and area taken from the NAEI was 9.6 ± 0.8 t km-2 a-1, which is a difference of approx. 30%.
There may be several reasons why the measured emission rates exceeded the NAEI estimated
emission rates: i) the NAEI emissions may be underestimated, if the estimates are based on
inaccurate activity information or on inaccurate emission factors, ii) the NAEI excludes specific
sectors from the urban emissions profile, such as emissions from nature, which may in fact
contribute to emissions in London; iii) the data used to speciate VOC emissions from specific
sources is out of date, and/or iv) measured emissions may be overestimating VOCs due to isobaric
interferences or other unidentified instrumental problems. Based on the measured emission rates
and assuming that the measurement period was representative of annual emissions, total VOC
emissions in central London (defined as the Congestion Charge Zone, CCZ, i.e. an area of 21
km2) would equate to 2.1 kt a-1. This estimate is again higher than the modelled emission estimate
of 1.6 kt a-1 from the NAEI for 2012, but lower than the previous estimate of 3.9 kt a-1 from the
LAEI 2010 database.
Clearly emission rates in the centre of London are higher per unit area than from the much
larger Greater London Area (GLA, i.e. 1579 km2). As traffic emissions represent a major source
in the CCZ, imposing greater restrictions on traffic volume may provide the largest improvement
in air quality.
In order to reduce the formation of ozone, it is necessary to achieve a VOC/NOx ratio that
is removed from that of optimal O3 formation. Therefore, the balance between VOC and NOx
mixing ratios must be carefully considered when designing strategies to curb air pollution.
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VOC/NOx ratios of ≤4:1 result in VOC-limited atmospheric chemistry, where greatest reductions
in O3 will result from reducing VOC emissions, but O3 concentrations will increase with
decreasing NOx. The VOC/NOx ratio in London from measurements at 60 m above ground level
and approx. 25-35 m above the surrounding roof height was 0.86. However, this ratio only
includes VOC species in the measurement selection, which as discussed above probably only
represent 15% of all VOC emissions. Additionally, the reactivity weighting of the photochemical
ozone creation potential (POCP) of individual VOC species must be considered. When both
factors are included, a VOC/NOx ratio of 1.9 is estimated from our measurements. This value
compares relatively well with the weighted total VOC/NOx ratio of 2.49 from ground-level
measurements at Marylebone Road made during the same five month period by the Automatic
Hydrocarbon Network (AHN, http://naei.defra.gov.uk/data/data-selector). A VOC/NOx ratio of
~2 represents a strongly VOC-limited atmospheric environment (Sillman, 1999), which suggests
that decreasing VOC emissions in central London would decrease the amount of O3 formed.
Further increasing NOx emissions and hence NOx mixing ratios would also lead to lower O3
mixing ratios due to NOx-titration (Bohnenstengel et al., 2015). This is not to say that increasing
NOx emissions would be a desirable air quality strategy, since NO2 is itself harmful to human
health and is a regulated pollutant, and current mixing ratios in central London exceed European
Commission Directive limit values. However, decreasing NOx emissions without concomitant
reductions in VOC emissions would increase O3 formation.
Indications of a biogenic source contribution to isoprene emissions during the summer in
central London are of interest, as although isoprene emissions are low, the high POCP of isoprene
increases the weighting of the VOC/NOx ratio in favour of O3 production. Urban biogenic VOC
emissions are not currently included in air quality models, as they are assumed to be negligible.
However, our measurements showed that up to 30% of the isoprene flux signal was temperaturedependent and likely of biogenic origin during the summer when emissions are higher. Biogenic
isoprene emissions represent 0.3% of total VOC emissions or 2.2% of the measured VOC species
in London during summer. The POCP weighting increases this contribution to total VOC

177

Chapter 7: Conclusions
emissions to 0.4% and 2.5% of measured VOC species in summer. However, the mixing ratios of
total isoprene in summer increases with the POCP from 7% to 14% of weighted VOC mixing
ratios measured at the site.
Tree density is fairly low in the centre of London, but increases with the number and size
of green areas in the GLA. Furthermore, street trees, which are common in London and other
urban centres, are not normally included in tree inventories, even though they constitute up to
50% of urban tree crowns. Estimates of biogenic VOC emissions must take individual trees into
account, since high isoprene emitting tree species, such as Platanus x acerifolia are often favoured
as street trees due to their crown size and hardiness. When selecting species for urban trees the
species specific VOC emission rates should be considered, focusing on low emitting species.
Furthermore, air masses with high biogenic isoprene mixing ratios from suburban and peri-urban
areas with extensive forests and green spaces can cause plumes of peak O3 levels when advected
over urban areas (MacKenzie et al., 1991). It is therefore important to include bVOCs in urban
air pollution models.

7.2 Conclusions from the Amazon forest
Fluxes and mixing ratios of isoprene, total monoterpenes, and the oxidation products of
isoprene (iox), including methyl vinyl ketone (MVK), methacrolein (MACR), and isoprene
hydroxy hydroperoxide (ISOPOOH) products, were measured at a pristine forest background site
in the Amazon Basin over a period of eleven months. Emission variability during both the wet
and dry seasons was clearly reflected in both measured VOC fluxes and above-canopy mixing
ratios. Isoprene and monoterpene fluxes strongly correlated with temperature and
photosynthetically active radiation (PAR) and were higher by a factor of two during the dry
season, in September and October, than during the rest of the year when rainfall was higher and
temperatures lower. Peak temperatures and PAR, and therefore peak emissions, were seen in
October, although phenological effects may have also contributed to the timing of peak emissions
(Alves et al., 2014).
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The base emission rate of isoprene determined from the MEGAN PCEEA algorithm from
Guenther et al. (2006) showed an annual canopy base emission factor of 4.8 ± 0.1 mg m-2 h-1 at
standard conditions (30 °C and 1500 μmol m-2 s-1) with large variations in monthly and diurnal
base emission rates. During the dry season the base emission rate reached 5.4 ± 0.1 mg m-2 h-1,
whereas it was 4.3 ± 0.1 mg m-2 h-1 during the wet season. These values compared well with those
from previous studies in the same geographic region, but, especially during the dry season, were
higher than from other tropical forests. The high variability in base emission rates indicates that
not all seasonal emission variability can be accounted for using only the light, temperature and
canopy loss factors in their current form in the parameterised MEGAN algorithm. The use of base
emission rates at higher temporal resolutions increased the fit of modelled isoprene emissions,
successfully reproducing the seasonal differences. The average diurnal base emission rates varied
between 2.9 ± 0.2 mg m-2 h-1 during the early morning and peaking at 5.3 ± 0.4 mg m-2 h-1 around
midday. Seasonal differences were more pronounced in diurnal base emission rates, ranging from
around 3 ± 0.3 mg m-2 h-1 at 08:00 to midday peak values of 4.8 ± 0.3 mg m-2 h-1 during the wet
season and 7 ± 0.9 mg m-2 h-1 during the dry season.
Total monoterpene mixing ratios were one order of magnitude lower than those of
isoprene, but fluxes were around 25% of those of isoprene, which demonstrates a higher gasphase reactivity of a large proportion of monoterpene compounds emitted at this site. Fluxes of
iox showed a net deposition to the canopy, which increased during the dry season. The ratio of the
iox mixing ratio to that of isoprene was 0.25 on average throughout the daytime, but increased to
0.35 at night and 0.65 during the night-time dry season respectively. Higher ratios of oxidation
products to their isoprene parent compound indicate a greater atmospheric oxidative capacity,
which changes with height within and above the canopy (Yañez-Serrano et al., 2015), as well as
environmental drivers and co-occurring compounds, such as NOx. High dry season
photochemistry was supplemented by NOx and additional VOC emissions from seasonal biomass
burning for mosaic agriculture resulting in an enhanced oxidative capacity.
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Flux footprints and modelled air mass back trajectories suggested that measured bVOC
fluxes originated locally and generally with minimal contamination from anthropogenic sources
throughout the year. Intensification of biomass burning and anthropogenic influences within the
Amazon forest will likely have significant effects on tropospheric chemistry with a potential of
large increases in ground level O3 formation as NOx mixing ratios increase. Removal of large
areas of forest may also increase regional temperatures and reduce precipitation and this in turn
might lead to increases in bVOC emission rates.
The POCP-weighted sum of bVOC mixing ratios was estimated using the measurements
made in this study for peak periods (12:00-15:00 local time) and assuming that the measured
compounds comprise only 50% of total VOCs at the site (methanol, acetone and acetaldehyde
mixing ratio measurements are not shown here). This fraction is in line with the mixing ratio
measurements of Yañez-Serrano et al. (2015). If a NOx mixing ratio of 1 ppbv is assumed, this
implies a VOC/NOx ratio of 11. However, if NOx mixing ratios are lower than 1 ppbv, then the
VOC/NOx ratio would be even higher. This suggests that the atmospheric chemistry at the site is
clearly within the NOx-limited regime with respect to O3 formation. Therefore, any increase in
NOx emissions (e.g. from enhanced biomass burning, vehicle emissions or urbanisation) and thus
increases in NOx mixing ratios at the site would lead to enhanced O3 formation and hence higher
O3 mixing ratios.
Air masses generally passed over extensive areas of mostly undisturbed primary forest
before reaching the site, which is likely to be highly representative of large expanses of lowland
tropical forest in the central Amazon Basin. Therefore, an estimate of annual net VOC emissions
from the Amazon tropical forest could be attempted. Assuming the seasonality of the
measurement site is representative for the whole forest, the sum of measured average net fluxes
of isoprene for each season (i.e. 3.6 and 1.9 mg m-2 h-1 for dry and wet seasons respectively)
scaled up according to the duration of their respective seasons and to the total area of the rainforest
(i.e. 5.5 × 106 km2) would result in a net annual emission of 55 ± 0.6 Tg a -1. The same method
applied to monoterpenes would result in net annual monoterpene emissions from the Amazon of
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around 14 ± 0.6 Tg a-1, and iox fluxes would result in a net annual deposition of 2.2 ± 0.1 Tg a-1 of
isoprene oxidation products to the canopy. Overall this leads to a net annual emission of reactive
VOCs of ~67 ± 1.3 Tg a-1. This value only represents the direct emission of isoprene and
monoterpenes and although these compounds are quantitatively dominant, many more
compounds such as methanol, acetonitrile, acetaldehyde, acetone, are known to contribute to the
overall bVOC flux. Although several of these compounds were included in our measurements,
their emissions were mostly below the detection limit and hence were not shown in the analysis.
However, due to the relatively long atmospheric lifetime of several oxygenated compounds, their
contribution to the total VOC mixing ratio may be significant, albeit their small emissions. In
light of this, it is unknown exactly how many different compounds in total are emitted from this
site, and also therefore, what the flux of total organic carbon from the canopy may be.
The scaled up emission estimates from measurements compared well with those from a
previous study, which estimated 60 Tg a-1 isoprene emissions for a 5 x 106 km2 area of the Amazon
(Rasmussen and Khalil, 1988). Few studies have scaled up isoprene emissions from the Amazon
forest individually, as many emission models use plant functional types instead of specific
locations, as these are generally composed of several functional types. Generally, the Amazon is
the single largest contributor of isoprene emissions from global tropical forests, which have been
estimated to be 95 Tg a-1, 12 Tg a-1, and 39 Tg a-1 for isoprene, monoterpene, and total other
reactive compounds respectively (Guenther et al. 1995). Determining a representative annual
emission rates specifically for the Amazon forest is therefore vital to ensure better model accuracy
and performance.
The Guenther algorithms use a scaling factor to reproduce the variations of emissions
from standard environmental conditions in conjunction with a constant base emission rate.
Modelled total isoprene emission estimates using the Guenther algorithm with a constant annual
base emission rate and assuming a 12 h emission period produce total annual emissions from
Amazonia of 58 ± 0.6 Tg a-1, which is 5% higher than the annual estimate derived from the
measurements, whereas the estimated total emissions using base emission rates at higher temporal
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resolutions such as diurnal rates lowers the emission to 52 ± 0.5 Tg a-1. These figures do not
reflect the seasonal variations, which using the constant base emission rate produces larger biases
during both seasons, whereas a varying base emission rate by time of day and season reduces both
biases. It must be noted that due to the method used to derive the base emission rates, this model
does not provide an independent comparison to the measured emissions, hence the close match,
but can be used to compare relative differences between model estimates using different base
emission rates and the model fit at higher time resolutions (see Sindelarova et al., 2014 for a more
detailed model evaluation).
Median model outputs compared overall well with measured emissions regardless of the
base emission rate used, however, determination of base emission rates at higher frequencies has
shown that using a constant base emission rate results in a significant bias, positive or negative,
between seasons. This bias is not always obvious when only considering annual model averages,
which resulted in differences up to 30% (e.g. G95 algorithm) between total annual modelled and
measured emissions. However, short-term, such as seasonal, variability can show seasonal peak
variability up to a factor of 2, which has implications if base emission rates from one season are
assumed to represent the annual average in the model. These results are consistent with previous
estimates, whereby global isoprene emissions are estimated to be up to 50% of modelled
emissions using various versions of the Guenther algorithm (Prather et al., 2001; Sindelarova et
al., 2014).
This comparison shows that depending on the method used, annual isoprene emission
estimates from the Amazon lowland forests may be over- or underestimated by up to a factor of
~2 and/or poorly reproduce seasonal differences resulting in seasonally biased estimates if
employing a fixed annual base emission rate that does not capture the seasonal and diurnal
variability. If only annual emission estimates are required then the use of either varying base
emission rates at higher time resolutions or a fixed base emission rate would provide a fairly
accurate estimate. However, if models are required to reproduce seasonal or diurnal emission
variability, then the use of diurnally varying base emission rates by season is necessary to avoid
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significant seasonal bias. These findings have large implications when isoprene emissions are
required at higher time resolutions in atmospheric chemistry or climate models.

7.3 Overall conclusions
In Chapter 2, Table 2.1 compared global estimates of VOCs and their emissions from
biogenic sources in a natural environment with those from anthropogenic sources in an urban
environment. Table 7.1 compares the similarities and differences in VOCs using the example of
the Amazon rainforest as a natural environment and London as an example of an urban
environment. The table has been expanded using estimates derived from the flux measurements
(in parenthesis and/or bold font) from this thesis and compares these with values taken from the
literature. It is important to note that in both environmental domains VOC measurements
consisted of only a few targeted compounds that were selected due to their importance (i.e.
reactivity or toxicity) or quantitative dominance. Although isoprene is the most dominant VOC
in the Amazon, there are many more species that contribute to total VOC emissions, such as
methanol, acetaldehyde, and acetone that were not included in the measurements. Short-term
measurements from a nearby site that include a wider range of compounds indicated that the sum
of the additional compounds can represent up to 50% of total VOC mixing ratios above the forest
canopy (Yañez-Serrano et al., 2015). In an urban environment such as London, the VOC
composition consists of a vast array of different species, with a majority of reactive carbon mass
originating from C6-C14 compounds, including aromatics (Lewis et al., 2000). The NAEI
speciation database estimates that ethanol represents the largest contribution, i.e. 11%, to VOC
emissions in the UK and the sum of measured compounds in London represent around 15% of
total VOC emissions in the UK. There are no data available on VOC speciation at a regional level
within the UK.
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Table 7.1. Comparison of biogenic and anthropogenic volatile organic compound species, emissions and effects
based on measurements of VOC fluxes and mixing ratios from the Amazon tropical forest and London.

Category

Amazon, Brazil

London, UK

Dominant compounds

Isoprene

C2-benzenes

emitted

Monoterpenes

Toluene

iox (MVK, MACR, ISOPOOH

Methanol

products)

Acetone

Measured emission rates

-2

-1

2.7 mg m h

1.42 mg m-2 h-1

(2.2 mg m-2 h-1 isoprene, 0.59 mg

(0.33 mg m-2 h-1 C2-benzenes, 0.3

m-2 h-1 monoterpenes, -0.09 mg m-

mg m-2 h-1 toluene, 0.27 mg m-2 h-1

2

methanol, 0.22 mg m-2 h-1 acetone)

h-1 iox)

Emission estimates:
Global

1150a TgC a-1

110h Tg a-1

Regional

146a (67) Tg a-1 global tropical

823i Gg a-1 (UK)

rainforest (Amazon forest)

1.6j (2.1) Gg a-1 (central London)

(95a (55) Tg a-1 isoprene, 12a (14)
Tg a-1 monoterpenes, 39a (-2) Tg a1

ORVOC (iox))

Typical chemical regime

NOx-limited

VOC-limited

VOC/NOx [ppbv ppbv-1]

11

1.9

1.4 h (isoprene)

5.9 h (m-xylene)

2.6 h (α-pinene)

1.9 d (toluene)

4.1 h (MACR)

12 d (methanol)

6.8 h (MVK)

53 d (acetone)

Atmospheric lifetime

1

12 d (methanol)
53 d (acetone)
POCP2

117.8 (isoprene)

108.8 (m-xylene)

18.2 (acetone)

77.1 (toluene)
20.5 (methanol)
18.2 (acetone)

Global SOA contribution

e

Ca. 90% 10-1820

e,f,g

Tg a

-1

(19.1e Tg a-1 (terpenes), 15e Tg a-1

6 ± 2% 0.4-2.6k Tg a-1
Or < 30% 3-25l Tg a-1

(other reactive VOCs), 2m Tg a-1
(isoprene))
Regional

(0.5-2.7 Tg a-1)n,o Amazon

(3-50 Gg a-1)n,o Greater London

rainforest
1

Atmospheric lifetimes with regard to OH using rate constants at 298 K taken from Atkinson (1997) and

assuming a 12 h average daytime OH concentration of 2.0 × 106 molecule cm-3.
2

Integrated photochemical ozone creation potential (POCP) relative to ethylene from Derwent et al.,

(1996).
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References: a) Guenther et al. (1995), b) Guenther et al. (2000), c) Warneke et al. (1999), d) Lipari et al.
(1984), e) Kanakidou et al. (2005), f) Goldstein and Gallbaly (2007), g) Hallqiust et al. (2009), h) Piccot et
al. (1992), i) NAEI (2014), j) LAEI (2013), k) Tsigaridis and Kanakidou (2003), l) Volkamer et al. (2006),
m) Claeys et al. (2004), n) Hao et al. (2011), o) Wood et al. (2010).

VOC emissions from the Amazon are higher both in terms of emission rates by land
surface area, as well as total source area. On a land surface area basis, emission rates are higher
by almost a factor of 2 compared to central London, and the POCP-weighted emission rates are
higher in the Amazon on an area basis by almost a factor of 4, due to the high emissions of reactive
isoprene from the Amazon rainforest. On a regional scale annual bVOC emissions from the
Amazon are 2 orders of magnitude higher than the total national aVOC emissions from the UK.
The chemical regimes of the atmosphere for the two regions present a clear contrast. The
VOC/NOx concentration ratio is very low in central London, i.e. 1.9, calculated using both
ambient above-canopy VOC and NOx measurements, compared with a ratio of 11 above the forest
canopy in the Amazon, which used above-canopy VOC mixing ratio measurements, but assumed
a NOx mixing ratio of 1 ppbv. These chemical regimes represent two extremes in the “Sillman”
continuum – central London is strongly VOC-limited and Amazonia is strongly NOx-limited. This
clearly points to the effects that changing primary emissions will have on ozone mixing ratios. In
London, increasing VOC emissions, or reducing NOx emissions, will lead to increasing ozone
concentrations. Hence, care is needed in the implementation of air quality control measures as
reductions in NOx emissions must be accompanied by appropriate reductions in VOC emissions.
In Amazonia, increasing VOC emissions (due to warming of the atmosphere) will not lead to
increases in O3, but increases in NOx emissions (from biomass burning or other anthropogenic
activities) will lead to increases in O3 concentrations.
In terms of secondary organic aerosol (SOA) formation, the compound-dependent SOA
mass yields depend on VOC emissions and ambient NOx mixing ratios. Assuming the discussed
chemical regimes in each area, the SOA yields were estimated from measured compound
emissions and showed that total annual SOA yields from the Amazon forest would be 2-3 orders
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of magnitude higher than from the Greater London Area. This is due to the larger emission source
area, the emission of compounds with high SOA forming potentials such as monoterpenes, many
of which produce a high aerosol yield, but also the large emissions of isoprene even though their
relative yield is lower. Using an average yield of a range of the most common monoterpene
species (i.e. 10 ± 2%) (Hao et al., 2011) and the mass yield of isoprene (i.e. 0.4%) (Claeys et al.,
2004) under low NOx conditions, the contribution of isoprene to the overall bSOA yield is
estimated to be ~13%.
SOA yields from aVOCs were determined using estimated speciated yields under high
NOx conditions taken from Wood et al. (2010) and showed that especially aromatic and higher
carbon compounds contributed the most to SOA yields. Overall emissions of precursor VOCs
were lower than from the Amazon forest and thus the total SOA yield was lower.
In terms of total carbon, even though the Amazon forest emits higher amounts of VOCs
and CO2, London represents a net source of carbon due to the massive emissions of CO2 from
fossil fuel combustion in the city. The Amazon is a large sink of CO2, although observations of
strong droughts in recent years have shown that increased tree mortality can release large amounts
of carbon and turn the Amazon forest into a net CO2 source (Lewis et al., 2011; Phillips et al.,
2009). The majority (70-80%) of carbon in isoprene and monoterpene emissions results from
recent photosynthesis of atmospheric CO2, assuming sufficient soil moisture, temperature and
PAR levels to drive photosynthesis and thus VOC emissions. Elevated atmospheric CO2
concentrations up to around 500 ppmv due to the net emissions of anthropogenic CO2 may
increase the amount of carbon sequestered by plants via the carbon fertilisation effect (Ciais et
al., 2013), which in turn provides carbon for bVOC synthesis(Figure 7.1). However, there is
evidence that increased CO2 concentrations may inhibit isoprene synthesis (Young et al., 2009).
Additionally, increased global mean surface temperatures and early shifts in regional climates are
generally causing more environmental stress on plants, which produce and emit bVOCs to
mitigate the effects of abiotic stress assuming sufficient nutrients are available. Furthermore,
higher contributions of bVOCs to bSOA formation may provide a negative, stabilising feedback
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in terms of global warming. Therefore, it is important to understand and be able to quantify the
effects of each element in order to determine the net ecosystem response.

Figure 7.1. Diagram showing the global terrestrial carbon cycle of CO2 emissions (taken
from Drenzek, 2007 and Le Quéré et al., 2013) supplemented by global emission estimates of
VOCs from terrestrial vegetation (taken from Guenther et al., 1995, Sawada and Tutsuka, 1986,
and Warneck, 1988) and anthropogenic sources (taken from Piccot et al., 1992) and estimated
emissions of global secondary organic aerosols (taken from Goldstein and Gallbaly, 2007,
Hallqiust et al., 2009, Kanakidou et al., 2005, Tsigaridis and Kanakidou, 2003, and Volkamer et
al., 2006) with scaled up emissions and depositional fluxes of VOCs in parenthesis representative
of the Greater London Area and the Amazon rainforest using scaled measurements taken from
Papers II and III. Estimates of further oxidation products and SOA formation in parenthesis were
calculated from scaled measurements using yields taken from the literature (Claeys et al., 2004,
Guenther et al., 1995, Hao et al., 2011, and Wood et al., 2010). Contributions from methane are
not included.

To date there are only few direct measurements of VOC fluxes above the street canopy
in urban environments. Legislation to curb air pollution strongly depends on estimated emission
inventories which studies, including this thesis, have shown can greatly underestimate VOC
emissions. Increased spatial and temporal resolution of VOC flux measurements are needed to
validate and verify VOC emission estimates. Emission estimates must be updated accordingly
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and enforcement of air quality policies must be based on the combined information from direct
measurements, emission inventories and robust models. These observations overall help to
improve the predictive capabilities of air quality models on a regional and local scale at high time
resolutions, as well as provide a more reliable foundation on which legislation can be based.
Although there are several studies of direct canopy measurements of VOC fluxes in the
tropics, the study presented in this thesis is the first that provides measurements of above-canopy
fluxes and mixing ratios during all seasons at a high temporal resolution (1 h). These
measurements give robust information on net VOC emissions, deposition of oxidation products,
and canopy base emission rates of isoprene at a high temporal resolution throughout an 11 month
period, which includes the wet and dry seasons. Generally, the results can help to constrain VOC
emission budgets, which are used in global and regional models of atmospheric chemistry and
climate. More specifically, these data are very valuable to future research, as they hold detailed
information useful to a variety of disciplines, examples of which are mentioned below.
Information on emission and deposition budgets, as well as on the oxidative capacity of
the troposphere taken from this dataset can be included in chemical box models and used to
determine surface deposition and VOC reaction and radical cycling mechanisms in the tropics, as
detailed chemical degradation mechanisms in clean environments are still not fully understood.
Further long-term measurements are needed to capture inter-annual variability, including
phenological effects, and the number of flux sites expanded to encompass the spatial variability
not just throughout the Amazon rainforest, but also from other tropical forests around the world,
which have been shown to possess very different VOC emission characteristics. The importance
of general and species-specific phenological effects on VOC emissions are largely unknown in
the Amazon forest and will require further integrated measurements of VOC fluxes and ecological
monitoring in addition to the dataset presented here to isolate their individual effects. More
detailed investigations using ecological measurements from the ZF2 site can be integrated with
the results of this study to identify possible key periods of emission related plant activity. These
data also provide information on canopy-scale light and temperature responses of VOC emissions,
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which seem to plateau at higher levels than expected from leaf level measurements under
controlled light and temperature conditions. This effect could be contributing to the
underestimation of dry season emissions by current environment adjustment algorithms in
emission models. Further investigation of leaf level VOC synthesis and leaf emission capacity
under comparable conditions recreated in the laboratory may improve emission algorithms.
Overall both datasets present measurements of VOC fluxes by virtual disjunct eddy
covariance and proton transfer reaction mass spectrometry made over periods of several months
each and provide vital knowledge to constrain bottom-up inventories, emission budgets and thus
models of atmospheric chemistry and climate.
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Appendix I
A1.1 Conservation equation
The conservation equation parameterises the four major transport processes: turbulent
exchange, horizontal advection, chemical reaction and molecular diffusion.

′𝑐′
′𝑐 ′
′𝑐′
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̅̅̅̅̅
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=−
−
−
−
−
−
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𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧

Advection

(𝐴1.1)

Divergence

where the scalar is (c), u, v, and w are the 3D wind components, D is molecular diffusion,
and S represents source and sink terms for the chemical reactions.

A1.2 Sonic data processing
Coordinate rotations of the sonic data to correct for instrument tilting were applied using
the following equations:
𝑈ℎ𝑜𝑟 = √(𝑉 2 + 𝑈 2 )

(𝐴1.2)

𝑈𝑡𝑜𝑡 = √(𝑊 2 + 𝑈ℎ𝑜𝑟 2 )

(𝐴1.3)

𝑈
𝑈ℎ𝑜𝑟

(𝐴1.4)

𝑉
𝑈ℎ𝑜𝑟

(𝐴1.5)

cos(𝜂) =

sin(𝜂) =

cos(𝜃) =

𝑈ℎ𝑜𝑟
𝑈𝑡𝑜𝑡

(𝐴1.6)

sin(𝜃) =

𝑊
𝑈𝑡𝑜𝑡

(𝐴1.7)

𝑈𝑐𝑜𝑟 = 𝑢 cos(𝜃) cos(𝜂) + 𝑣 cos(𝜃) sin(𝜂) + 𝑤 sin(𝜃)
224

(𝐴1.8)

Appendix I
𝑉𝑐𝑜𝑟 = −𝑢 sin(𝜂) + 𝑣 cos(𝜂)

(𝐴1.9)

𝑊𝑐𝑜𝑟 = −𝑢 sin(𝜃) cos(𝜂) − 𝑣 sin(𝜃) sin(𝜂) + 𝑤 cos(𝜃),

(𝐴1.10)

where U, V, and W represent the average wind components over the flux averaging period
and u, v, and w are their instantaneous values. Wind direction is dependent on the type of sonic
anemometer used, but wind speed is calculated as
𝑤𝑠 = √(𝑈 2 + 𝑉 2 + 𝑊 2 )

(𝐴1.11)

Additional variables were then calculated:
Sensible heat flux:
𝐻 = 𝑐𝑃 𝜌0 ̅̅̅̅̅̅
𝑤′𝑇′

(𝐴1.12)

where cP is the specific heat capacity of air, ρ0 is the density of air, and T is the temperature
taken from the sonic anemometer calculated from measuring the speed of sound.
Momentum flux:
𝜏 = 𝜌0 ̅̅̅̅̅̅
𝑢′𝑤′

(𝐴1.13)

A common method to calculate the friction velocity is:
𝜏
̅̅̅̅̅̅|
𝑢∗ = √|( )| = √|𝑢′𝑤′
𝜌0

(𝐴1.14)

However, the theoretical requirements of this method are not always met (Weber, 1999)
and therefore u* should be calculated as follows:
1/4

̅̅̅̅̅̅2 + 𝑣′𝑤′
̅̅̅̅̅̅2 )
𝑢∗ = (𝑢′𝑤′

(𝐴1.15)

Obukhov length:
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𝐿=

−𝑐𝑃 𝜌0 𝑢∗ 3 𝑇
𝐾𝑔𝐻

(𝐴1.16)

where K is the von Karman’s constant (0.40) and g is the acceleration due to gravity.

A1.3 Isoprene emission model algorithms
The light and temperature adjustment factor γ0 in the isoprene emission model based on
Guenther et al. (1995) is calculated from light and temperature factors as
𝛾0 = 𝐶𝐿 𝐶𝑇 ,

(𝐴1.17)

whereby CL is calculated by
𝐶𝐿 =

𝛼𝑐𝐿1 𝑄
√1 + 𝛼 2 𝑄 2

,

(𝐴1.18)

where Q is the PAR flux (μmol m-2 s-1), α = 0.0027 and cL1 = 1.066 are empirically derived
coefficients, and CT is calculated by
𝑐𝑇1 (𝑇𝐿 − 𝑇𝑆 )
𝑅𝑇𝑆 𝑇𝐿
𝐶𝑇 =
,
𝑐𝑇2 (𝑇𝐿 − 𝑇𝑀 )
1 + 𝑒𝑥𝑝
𝑅𝑇𝑆 𝑇𝐿
𝑒𝑥𝑝

(𝐴1.19)

where T is the leaf temperature (K), TS is the temperature at standard conditions (303 K),
R = 8.314 J K-1 mol-1 is a constant, and cT1 = 95000 J mol-1, cT2 = 230000 J mol-1, and TM = 314 K
are empirical coefficients. There are a number of ways to calculate or estimate the foliar density
(D0) depending on the climate and seasonality of the ecosystem, which are listed in detail
elsewhere (Guenther et al., 1995).
The MEGAN algorithm provides different versions of γ. The PCEEA algorithm was used,
which calculates γ as follows
𝛾 = 𝛾𝐶𝐸 𝛾𝑎𝑔𝑒 𝛾𝑆𝑀 ,

(𝐴1.20)

where leaf age γage and soil moisture γSM factors can be assumed to equal 1, and the canopy
environment factor γCE is calculated by
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𝛾𝐶𝐸 = 𝛾𝐿𝐴𝐼 𝛾𝑃 𝛾𝑇 ,

(𝐴1.21)

where the leaf area index variations are from

𝛾𝐿𝐴𝐼 =

0.49𝐿𝐴𝐼
√(1 + 0.2𝐿𝐴𝐼2 )

,

(𝐴1.22)

where LAI is the leaf area index of the canopy. The factor accounting for variations in
PAR flux γP = 0 if sin(a) < 0 where a is the solar angle (°), for sin(a) > 0 it is calculated from
𝛾𝑃 = sin(𝑎) [2.46 (1 + 0.0005(𝑃𝑑𝑎𝑖𝑙𝑦 − 400)) 𝜙 − 0.9𝜙 2 ],

(𝐴1.23)

where Pdaily is the daily average above-canopy PAR flux (μmol m-2 s-1) and φ is the nondimensional above-canopy PAR transmission from

𝜙=

𝑃𝑎𝑐
,
(sin(𝑎) 𝑃𝑡𝑜𝑎 )

(𝐴1.24)

where Pac is the above-canopy PAR and Ptoa is the PAR flux (μmol m-2 s-1) at the top of
the atmosphere estimated using

𝑃𝑡𝑜𝑎 = 3000 + 99 cos (6.28

(𝐷𝑂𝑌 − 10)
),
365

(𝐴1.25)

where DOY is the day of the year. Finally the factor accounting for temperature variations
γT is calculated by

𝛾𝑇 =

𝐸𝑜𝑝𝑡 𝐶𝑇2 exp(𝐶𝑇1 𝑥1 )
,
(𝐶𝑇2 − 𝐶𝑇1 (1 − exp(𝐶𝑇2 𝑥1 )))

(𝐴1.26)

where CT1 = 80 and CT2 = 200 are empirical coefficients, Eopt is calculated from
𝐸𝑜𝑝𝑡 = 1.75 exp (0.08(𝑇𝑑𝑎𝑖𝑙𝑦 − 297)),

(𝐴1.27)

where Tdaily is the daily average air temperature (K) representative of the simulation
period, and x from γT is calculated by
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1
1
[(
) − ( )]
𝑇𝑜𝑝𝑡
𝑇ℎ𝑟
𝑥1 =
,
0.00831

(𝐴1.28)

where Thr is the hourly average air temperature (K), and Topt is calculated from
𝑇𝑜𝑝𝑡 = 313 + (0.6(𝑇𝑑𝑎𝑖𝑙𝑦 − 297)).

(𝐴1.29)

A1.4 Basic reactions of ozone formation and loss
The basic synthesis and decomposition of O3 using the example of NOx, where O(3P)
represents ground-state atomic oxygen, is as follows:
𝜆<400 𝑛𝑚

NO2 + ℎ𝑣 →

NO + O( 3P)

(𝐴1.31)

O( 3P) +O2 + M → O3 + M

(𝐴1.32)

NO + O3 → NO2 + O2 .

(𝐴1.33)

The degradation reaction of VOCs initiated by the hydroxyl radical (OH) produces HO2
and RO2 radicals as shown below using a generic hydrocarbon (RCH3). Sources of OH radicals
include from the reaction of water with excited atomic oxygen from the photolysis of O3 (A1.34)
or from the reaction of HO2 with NO in polluted environments (A1.40):
𝜆 <315 𝑛𝑚

O3 + ℎ𝑣 →

O2 + O( 1D)

(𝐴1.34)

O( 1D) + H2 O → 2OH.

(𝐴1.35)

The OH radical then oxidises the hydrocarbon:
OH + RCH3 → H2 O + RĊH2

(𝐴1.36)

RĊH2 + O2 + M → RCH2 OȮ + M

(𝐴1.37)

RCH2 OȮ + NO → RCH2 Ȯ + NO2

(𝐴1.38)

RCH2 Ȯ + O2 → HO2 + RCHO

(𝐴1.39)
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HO2 + NO → OH + NO2 ,

(𝐴1.40)

wherein the HO2 and RO2 radicals convert NO to NO2 without using O3 (Equations A1.38
and A1.40). As per Equation A1.31, NO2 then photolyses to form additional O3, which overall
results in a net O3 production.
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Appendix II
Additional papers are listed below to which A. Valach has contributed.

A2.1 Meteorology, air quality, and health in London: The ClearfLo
project
The work presented in Papers I and II was made as part of the Clean Air for London
campaign funded by NERC during 2011/2012. The measurements are summarised along with
additional trace gas measurements in the gas-phase section of this paper. This paper was submitted
to the Bulletin of the American Meteorological Society, accepted on 30 Jul 2014 and published
in May 2015.
Amy C. Valach (Lancaster University): Provided data, results and contributed to the
manuscript.
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A2.2 Eddy-covariance data with low signal-to-noise ratio: time-lag
determination, uncertainties and limit of detection
VOC flux measurements from central London (Paper II) were used to develop and test a
new method of processing eddy covariance data with low signal-to-noise ratios in order to reduce
the uncertainty and avoid significant bias of the fluxes. This method was applied to calculate the
fluxes for both Paper II and III.
This paper was submitted on 26 Jan 2015, published in Atmospheric Measurement
Techniques Discussions on 18 Mar 2015 and is currently undergoing the review process.
Amy C. Valach (Lancaster University): Provided data, assisted in method testing and
contributed to the manuscript.
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A2.3 Canopy-scale flux measurements and bottom-up emission
estimates of volatile organic compounds from a mixed oak and
hornbeam forest in northern Italy
This paper reports the fluxes and mixing ratios of biogenic volatile organic compounds
above a mixed oak and hornbeam forest in Bosco Fontana, northern Italy. Mixing ratios were
measured by proton transfer reaction mass spectrometer (PTR-MS) and fluxes calculated using
the method of virtual disjunct eddy covariance. Measurements were made as part of the ECLAIRE
campaign (1 Jun to 11 Jul 2012) of the European Framework Programme 7. BVOC fluxes and
mixing ratios were also recorded using a proton transfer reaction-time of flight-mass (PTR-ToFMS) spectrometer and comparisons of PTR-MS with PTR-ToF-MS results showed that isoprene
fluxes had very good agreement while monoterpene fluxes were slightly overestimated by the
PTR-MS. A basal isoprene emission rate was calculated using the MEGAN isoprene emissions
algorithms (Guenther et al. 2006). Leaf level emissions of isoprene and monoterpenes recorded
using GC-MS combined with a detailed tree species distribution map for the site (Dalponte et al.,
2007) allowed scaled up fluxes (bottom-up method) to be compared with the top-down canopy
scale flux measurements. For monoterpenes, the two methods compared well, but the bottom-up
approach significantly underestimated the isoprene flux, compared with the top-down
measurements.
This work will shortly be submitted to Atmospheric Chemistry and Physics for
publication.
Amy C. Valach (Lancaster University): Independently operated the instrument in Bosco
Fontana for a period of 3 weeks and assisted with site setup, maintenance and data collection of
additional measurements within the campaign, as well as contributed to the manuscript.
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