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Vers une répartition améliorée des sources de méthane anthropique

PMF), des données météorologiques et des échantillons directs de gaz naturel. Le troisième chapitre présente une utilisation des méthodes de répartition des sources de CH 4 sur les mesures ambiantes des sources de CH 4 biogénique dans la région Ile de France et aide ainsi à compléter l'étude des sources anthropiques de CH 4 les plus pertinentes.

Cette thèse identifie et documente les signatures en δ 13 CH 4 de différentes sources de CH 4 sur des environnements contrastés à proximité de fermes d'élevage intensif, de stations d'épuration des eaux usées, de décharges d'enfouissement des déchets ou encore de sites de compression du gaz naturel, et étudie leur variabilité spatiale et temporelle pour faciliter la contrainte des émissions. Les résultats obtenus suggèrent que l'identification de différentes sources biogéniques et thermogéniques avec le δ 13 CH 4 est robuste et adaptable à une grande diversité d'environnements.

L'utilisation d'une combinaison d'outils est idéale pour étudier la variabilité à court terme et long terme. Cette thèse présente différentes utilisations de ces nouveaux outils pour diriger les investigations des émissions anthropiques de méthane et sont la base pour de futurs travaux dans ce domaine. Title : Towards improved source apportionment of anthropogenic methane sources Keywords : Methane isotopes, VOCs, CRDS Methane has the second largest contribution to the global radiative forcing impact of anthropogenic greenhouse gasses. Since 2007 its atmospheric growth rate, after a period of stability, has again been rising rapidly. Anthropogenic methane emissions hold a large mitigation potential, promoting efforts to curb emissions in accordance with the Paris Agreement. However, the considerable uncertainties regarding methane contributors, drivers and emission estimates even at local scales, hinder the effective implementation of methane mitigation strategies. While many approaches have been established to measure total methane fluxes, the partitioning and characterisation of methane sources by region and processes still need to be better constrained.

This thesis presents practical methods for characterising different CH 4 sources in ambient air measurements at industrial sites, as well as developing more targeted tools. The first chapter focuses on improvements to a CRDS instrument that is commonly deployed for CH 4 and δ 13 CH 4 field measurements. We propose a calibration scheme to correct for C 2 H 6 interference on δ 13 CH 4 , and enable robust C 2 H 6 measurements. The results of this work are then used to explore the added value gained when implemented on data from a natural gas compressor station, a site where high correlation of C 2 H 6 and CH 4 is expected. The second chapter continues the investigation of CH 4 sources at the same site; with focus shifted towards the application and comparison of different source apportionment methods from time series analysis based on measurements of multiple species, some co-emitted with CH 4 . Here the CH 4 and Volatile Organic Compounds (VOC) source contributions are explored through the use of isotopic analysis, receptor model analysis (PCA and PMF), metrological data and direct samples of natural gas. The third chapter applies a selection of the developed CH 4 source apportionment methods to ambient measurements at biogenic CH 4 sites in the Ile de France region and helps complete the survey of the most relevant anthropogenic CH 4 sources.

This thesis identifies and reports local δ 13 CH 4 source signatures for livestock, wastewater, landfill and natural gas and studies their spatial and temporal variability to aid the constraint of emission inventories. Our findings suggest that source apportionment from δ 13 CH 4 is robust, and adaptable to the majority of sites. Using a combination of tools is ideal for more specific source determination and for an understanding of long and short term variability. The work presented in this thesis offers example applications of these new tools to directed investigations of anthropogenic methane emissions and lays the foundation for future work in this field.
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Chapter 1 INTRODUCTION 1.1 THE ROLE OF METHANE IN GLOBAL WARMING AND CLIMATE CHANGE

The Earth's climate system depends on the fine balance between incoming short wave and outgoing longwave solar radiation on the Earth's atmosphere. Approximately half of the solar energy arriving at Earth, roughly 1370Wm -2 , is absorbed by its surface, while about 30% is reflected back into space and 20% is absorbed in the atmosphere. The Earth's surface in turn emits energy as longwave (infrared) radiation which is largely absorbed by a number of active gasses (H 2 O, CO 2 , CH 4 , N 2 O and other greenhouse gases (GHG)). These re-emit the radiation in all directions; the downward component contributing to the heating of the lower layers of the atmosphere and thus increased global temperatures. As such, greenhouse gasses trap heat in the Earth's atmosphere making them essential for life on earth. Since industrialisation (1750 onwards), global greenhouse gas concentrations within the atmosphere have been strongly increasing due to human activity, and are responsible for an additional radiative forcing of about 2.29Wm-2 [START_REF] Myhre | Anthropogenic and natural radiative forcing[END_REF], thus disrupting the Earth's radiative energy balance. In 1990, IPCC (Intergovernmental Panel on Climate Change) released its first major statement suggesting continued emissions of GHGs would likely result in global temperature and sea level rises. 25 years later, and the IPCC (and many research studies) have concluded that human activities have altered the Earth's mean surface air temperatures over the last 100 years, and that climate change can lead to an increase in the occurrence and strength of extreme weather and climate events.

Being responsible for approximately 20% of all additional radiative forcing produced by GHGs so far, Methane (CH 4 ) has been identified as one of the most important greenhouse gases. Anthropogenic emissions are those resulting from human activities (IPCC Glossary of Terms) and currently account for 60% of all methane emissions. Predominant sources of anthropogenic emissions include: Agriculture (enteric fermentation and manure being the most important), fossil fuels, and waste decomposition.

The impact of greenhouse gases is quantified by their Global Warming Potential (GWP) which is dependent on their radiative forcing and their residence time. Methane has a GWP 28-32 times that of CO 2 on a 100-year time period and even greater on shorter timescales [START_REF] Etminan | Radiative forcing of carbon dioxide, methane, and nitrous oxide: A significant revision of the methane radiative forcing[END_REF][START_REF] Allen | Methane emissions from natural gas production and use: reconciling bottom-up and topdown measurements[END_REF]. This is because CH 4 is not only a potent GHG, but also reacts with OH radicals in the atmosphere leading to the production of ozone, stratospheric water vapour and CO 2 , all of which continue to drive global warming. It does, however, have a relatively short lifetime (10 years [Patra et al., 2011]) in comparison to that of CO 2 (50 to 200 years), thus making it an appealing gas to target for efficient, short term climate change mitigation as emission reductions would yield short-term gains in radiative forcing.

THE FUTURE OF METHANE

Studies show that in recent years, unlike CO 2 , CH 4 concentrations have been rising faster than at any time in the past two decades, with a current atmospheric concentration 150% above pre-industrial levels (in 2016, the global annual mean is 1842.72 +/-0.51 ppb [Dlugokencky, NOAA/ESRL]). Since 2007, the atmospheric methane growth has increased substantially (from 0.5 +/-3.1ppb per year for 2000-2006, to 6.9 +/-2.7 ppb per year for 2007-2015 [START_REF] Dlugokencky | Trends in atmospheric methane[END_REF]), however, the relative methane contributors and drivers remain uncertain. Furthermore, annual anthropogenic CH 4 emissions are predicted to continue rising substantially; between 400 and 500Tg CH 4 in 2030, and between 430 and 680Tg CH 4 in 2050. The upper bar chart in Figure 1.1 shows the regional distribution of estimated annual baseline CH 4 emissions in 2030, by sector and world region in a continue as usual scenario. The projected increase in emissions are greatest for methane from livestock and oil and gas systems as countries with fast growing economies and populations are expected to increase energy and waste consumption [EPA 430-R-12-006, 2012]. For example, China and Latin & Central America are expected to be the dominating emitters due to extensive coal, and cattle & oil industries respectively. These projected trends are in contradiction to the 2016 Paris Agreement wherein 195 countries adopted the action plan to limit the increase of global average temperatures to 1.5degC in order to reduce the risks and impacts of climate change. Given that anthropogenic methane emissions (responsible for over half of global methane emissions) are dominantly industry related suggests a large potential to reduce emissions. Studies suggest that at present, technically feasible mitigation methods hold the potential to prevent a third [USEPA, 2014] or half of future anthropogenic CH 4 emissions by 2030 (reduction potential of about 200 Tg CH 4 ) [Hoglund-Isaksson, 2012]. Of this mitigation potential, more than 60% can be realised in the fossil fuel industry from reduced venting and leakages. Thus, regions with the largest potential for CH 4 mitigation are those with extensive fossil fuel extraction industries, in particular China, Latin America and Asia (see Figure 1.1). Other large abatement potentials are the separation and treatment of biodegradable waste to replace landfills. As mitigation calculations from these studies are based strictly on technical abatement options, reductions from agricultural sources is limited due to the requirement of changes in food production and consumption structures which are not deemed feasible on short timescale. To effectively create and implement CH 4 mitigation methods, the sources and sinks must be well characterised and understood. Unfortunately, up until now the sizes of fluxes from individual sources still remain highly uncertain.

UNCERTAINTIES IN METHANE EMISSIONS ESTIMATES

For methane mitigation, it is vital to separate sources to aid planning purposes and green investment.

Although methane emissions can now be inferred from inverse modelling as shown by recent studies [START_REF] Pandey | Inverse modeling of GOSAT-retrieved ratios of total 2009 and 2010[END_REF][START_REF] Alexe | Inverse modelling of products from GOSAT and SCIAMACHY[END_REF][START_REF] Hein | An inverse modeling approach to investigate the global atmospheric methane cycle[END_REF], identifying and attributing contributions from multiple potential sources can be challenging. Hence emission inventories can aid to generate bottom up estimates of sector specific emissions which requires three steps: Identifying the sources of emissions, collecting the activity data and associated emission factors. Currently, existing bottom-up inventories do not well explain top down trends in methane emissions observed in the atmosphere [ [START_REF] Saunois | The global methane budget 2000-2012[END_REF][START_REF] Hausmann | Contribution of oil and natural gas production to renewed increase in atmospheric methane (2007-2014): top-down estimate from ethane and methane column observations[END_REF][START_REF] Kirschke | Three decades of global methane sources and sinks[END_REF][START_REF] Nisbet | Methane on the Rise-Again[END_REF]. Both methods have high uncertainties, as can be seen in the boxplots of Figure 1.3. For bottom-up estimates this may be because although generally sources are very well identified, emissions inventories still have very high uncertainties due to the uncertainties in individual source strength estimates. [START_REF] Brandt | Methane leaks from North American natural gas systems[END_REF] While emissions factors were also found to underestimate the bottom up measurements, the results are more scattered than for atmospheric studies. Emission uncertainties are a consequence of the large variations seen in experimental data as emissions from anthropogenic sources can vary across space and time. Often inventories are based on single emissions factors for a given activity and/or from a small number of samples and point sources, e.g. IPCC Tier 1 methods, which do not sufficiently represent the areas and activities which they are applied to. For example, most studies on fugitive methane emissions from oil and gas are based on a limited number of studies specific to certain fields in the USA or Canada, however there are a number of parameters that will be country/site specific or change over time and thus without more systematic measurements their magnitudes will remain largely unknown for most major oil and gas producing countries. It is also possible that substantial sources remain outside of GHG emission inventories, for example abandoned oil & gas wells were found to contribute 5-8% of the estimated annual anthropogenic methane emissions for 2011 in Pennsylvania and are not included in the GHG emission inventory [START_REF] Kang | Identification and characterization of high methane-emitting abandoned oil and gas wells[END_REF]. Thus, the requirement to improve current estimates means the partitioning of methane sources by region and processes need to be better constrained. To do this, observations of specific, individual methane sources must be extended. The inset compares results to regionally scaled common denominator, scaled to region of study and the sector under examinations. [START_REF] Brandt | Methane leaks from North American natural gas systems[END_REF].

ANTHROPOGENIC METHANE SOURCE IDENTIFICATION

Besides dedicated emissions measurements, one important way to reduce uncertainties in methane inventories is by correctly distinguishing between emissions from various methane sources, often occurring in the same region. The formation of methane (either by biogenic, thermogenic or pyrogenic formation) dictates the individual characteristics of each methane source, e.g. their isotopic signature or species co-emitted, and as such an understanding of the processes involved in the creation of methane is particularly important.

METHANE FORMATION

Biologically produced methane arises through the decomposition of organic matter by methanogenic bacteria (archaea) under anaerobic conditions. The major anthropogenic sources arise from agriculture and waste. Agriculture, being the category with the largest contribution to anthropogenic CH 4 releases (approximately 45% [JRC/PBL, 2012]), has two predominant sources; rice paddies and livestock. Rice paddies, the lesser contributor between the two, mainly emit methane during the flooding period when the anaerobic conditions needed for methane production are present. Livestock emissions are estimated as double that of rice emissions globally, and are a result of the microbiological fermentation that breaks down cellulose and other macro molecules in the rumen [Lassey, K. 2006]. The produced CH 4 and CO 2 are released from the rumen mainly through the mouth of multi-stomached ruminants (87% of ruminant emissions) [START_REF] Saunois | The global methane budget 2000-2012[END_REF], generally cattle but can also be other domestic livestock such as sheep, goats, buffalo and camels. Emissions are strongly influenced by the total weight and diet of the animals. In addition, methane emissions arise when the livestock manure is stored or treated in systems that promote anaerobic conditions. The second biogenic category, waste, accounts for approximately 18% of total anthropogenic emissions [START_REF] Saunois | The global methane budget 2000-2012[END_REF], Bogner et al. 2008] and includes two subsources, namely wastewater and landfill. Wastewater emissions occur when anaerobic conditions exist.

This can be deliberately induced (specifically for wastewater with high organic content) or happen by coincidence [Andre et al. 2014]. In landfills, methane is produced as a waste gas due to the decomposition of organic material, and accounts for approximately 5-10% of global anthropogenic methane emissions [Bogner et al. 2008].

Thermogenic methane is typically produced during the decomposition of kerogen at depths below 1000m [Floodgate and Judd, 1991] at high temperature and pressures. In such conditions bacteria cannot survive and the process takes place without any microbial activity leading to mature gases with higher CH 4 concentrations. Its anthropogenic sources are predominantly fossil fuel methane emissions (hereafter referred to as ffCH 4 ), accounting for approximately 34% of global anthropogenic methane emissions [START_REF] Saunois | The global methane budget 2000-2012[END_REF]. Fossil fuel CH 4 emissions arise from the production and use of Coal, Oil and in particular, natural gas. , estimated between 8-12% of anthropogenic methane emissions [START_REF] Chai | Methane emissions as energy reservoir: Context, scope, causes and mitigation strategies[END_REF]] is primarily emitted during the mining process when coal seams are fractured, but emissions can also occur during post mining processing such coal waste piles and abandoned mines [Penman et al., 2000 (IPCC)]. Natural gas is composed of >90% CH 4 , thus it is not surprising that its loss to the atmosphere during extraction, processing and transport can represent a significant component of methane emissions. Natural gas is often co-located with petroleum, therefore, although on a lesser scale (in the US oil operations release one quarter as much CH 4 as natural gas systems), trapped methane is also released in large quantities during mining of petroleum (oil itself only contains trace amounts of methane so little is emitted during refinement/transportation [Smith et al., 2010]. It is estimated that emission factors for unconventional gas (gas trapped within shale formations mined via hydraulic fracturing) are larger than conventional oil and gas by 3-17%, due to higher releases in the drilling phase [Caulton, D. et al, 2014[START_REF] Schneising | Remote sensing of fugitive methane emissions from oil and gas production in North American tight geologic formations[END_REF][START_REF] Howarth | Methane and the greenhouse-gas footprint of natural gas from shale formations[END_REF].

Finally, accounting for approximately 13% of anthropogenic emissions, pyrogenic methane arises from the incomplete combustion of biomass, thus the largest sources can be considered as peat fires, biomass burning and biofuel usage [START_REF] Saunois | The global methane budget 2000-2012[END_REF]. The fraction of carbon that is released as methane depends on the fuel type and burning conditions, e.g. Burning dry savanna releases relatively small amounts of CH 4 compared with forest fires [Encyclopedia of atmospheric sciences, Volume 3].

Estimates of global and European emissions from 5 broad methane source categories is shown in Figure 1.3, taken from the study [START_REF] Saunois | The global methane budget 2000-2012[END_REF]. Agriculture and waste emissions dominate in Europe.

VOC EMISSION RATIOS

The formation of methane is often accompanied by a number of other compounds, whose abundances depend strongly on the creation conditions. Thus, it is possible to use correlations of co-emitted compounds with methane to distinguish between individual sources.

The term volatile organic compounds (VOCs) is used to denote the entire set of vapour phase atmospheric organics excluding CO and CO 2 . Given their short atmospheric lifetimes (fractions of a day to weeks) they have little direct impact on radiative forcing but are central to atmospheric chemistry, [START_REF] Saunois | The global methane budget 2000-2012[END_REF]. The inset plots the regional CH 4 budget for Europe using the same categories. In Europe, anthropogenic methane (in particular Agriculture and Waste) are dominant over natural methane sources.

participating in atmospheric photochemical reactions and influencing the air quality and climate through their production of ozone and organic aerosols. Within this thesis, non-methane hydrocarbons (NMHC), which are organic chemical compounds consisting of hydrogen and carbon atoms emitted from both natural and anthropogenic sources are used as complementary tracers for CH 4 . Here, the words NMCHs and VOCs are used interchangeably. spillage. Distinction between sources can sometimes be difficult as source characteristics vary spatially and temporally. For example, exhaust contribution to VOC levels were found to vary depending on the time of day and day of the week by Rubin et al. [2006]. Furthermore, the composition of the exhaust was found to be dependent on the type of vehicle and fuel used [Verma and des Tombe, 2002, Schuetzle et al., 1994, Zhao et al., 2011].

The use of emissions ratios is a widely-used method for determining source composition and allows for the separation of sources. In literature, this method has been predominantly used to characterise NMHCs [START_REF] So | C 3-C 12 non-methane hydrocarbons in subtropical Hong Kong: spatial-temporal variations, source-receptor relationships and photochemical reactivity[END_REF], Wang et al., 2010]. Nonetheless there has been a recent surge in publications using VOC emissions ratios to identify and distinguish between thermogenic (in particular oil and gas) methane emissions. [START_REF] Koss | Photochemical aging of volatile organic compounds associated with oil and natural gas extraction in the Uintah Basin, UT, during a wintertime ozone formation event[END_REF][START_REF] Warneke | Volatile organic compound emissions from the oil and natural gas industry in the Uintah Basin, Utah: oil and gas well pad emissions compared to ambient air composition[END_REF], Gilman et al, Petron et al., 2014]. Oil and gas sources can be identified using a number of VOC:CH 4 correlations, the predominant being ethane, (C 2 H 6 ) which is the secondary component in natural gas, as well as other light hydrocarbons C1-C5. An example of how the C 2 H 6 :CH 4 ratio can be used to identify gas of differing origins can be seen in Figure 1.4 from [START_REF] Schoell | Genetic characterization of natural gases[END_REF]. The plot indicates that thermogenic gasses formed during or directly after the formation of oil (green regions) are much richer in C2+ hydrocarbons than dry gasses formed later (pink regions).

Biogenic methane trace gases can be slightly more complex to distinguish; Yuan et al. 2017 found ammonia and ethanol to be good tracers for animal & waste emissions and feed storage & handling emissions respectively. The major co-emitted VOCs for anthropogenic methane sources can be found in 
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STABLE ISOTOPES OF METHANE

Another consequence of methane formation is that different methane processes result in different isotopic ratios of carbon ( 13 C/ 12 C) and hydrogen (D/H). It has been demonstrated that these stable isotope ratios can be used to identify methane sources because the isotopic signatures of different sources and sinks are unique [START_REF] Schoell | Genetic characterization of natural gases[END_REF]. Carbon isotopes are the most frequently measured isotope ratios in atmospheric CH 4 and are an integral part of this work, thus in this thesis I will focus on δ 13 C-CH 4 , which is also commonly abbreviated as δ 13 CH 4 .

Most methane on earth is composed of one atom of 12 C and four atoms of 1 H, however found in small quantities methane isotopologues containing heaver isotopes of carbon, namely 13 C and 14 C are also present. The abundance of the heavier isotopologues differs slightly between the land surface and atmosphere due to isotopic fractionation when methane is produced or consumed. Heavier isotopes have lower reaction rates, so emitted methane contains a lower fraction of heavier isotopes than the reaction substrate, while methane sinks lead to enrichment of reservoir CH 4 in atmospheric heavy isotopologues as the reaction consumes preferably 12 CH 4 . Thus, the isotopologue abundances of emitted methane depends strongly on the isotopic abundances in the organic matter substrate, which is relatively constant in time. Following this we can use the isotopic ratio to attribute a characteristic isotopic signature to each source process; the isotopic signature is as D and expressed as the relative deviation against the Vienna Peedee belemnite (VPDB) reference material. Because the variations that occur are on the order of one part in a thousand or smaller they are expressed in permil (‰) or parts per thousand:

δ 13 C (‰)=[( 13 C/ 12 C) sample /( 13 C/ 12 C) standard -1] * 1000 ‰ Equation 1.1
The average δ 13 CH 4 values of the contemporary atmosphere range about -47.5‰ [e.g. [START_REF] Quay | The isotopic composition of atmospheric methane[END_REF] with an annual cycle resulting from the spatio-temporal distribution of sinks and sources and atmospheric transport [START_REF] Hein | An inverse modeling approach to investigate the global atmospheric methane cycle[END_REF][START_REF] Quay | The isotopic composition of atmospheric methane[END_REF][START_REF] Stevens | Stable carbon isotopic composition of methane from some natural and anthropogenic sources[END_REF].

Using the method described by Equation 1.1 methane sources can be characterised by source specific isotopic signatures as they reflect different methane production processes. For example, methanogenisis results in emissions that are highly depleted in 13 C (δ 13 CH 4 is in the range of -60‰), whereas methane derived from biomass burning retains the isotopic characteristic of the fuel and is generally highly enriched in 13 C compared to background atmospheric methane (ranging from -27‰ to -18‰ depending on C-3 or C-4 plants). The typical ranges of δ 13 C of methane sources can be found in Table 2. Figure 1.4, taken from [START_REF] Schoell | Genetic characterization of natural gases[END_REF], demonstrates how combining information of the methane isotopic signature and the concentration of hydrocarbons can be used to identify the origins of natural gas and petroleum, thus providing a means to fingerprint such methane sources.

In this way, isotopic measurements can aid in partitioning and identifying sources when measuring site scale emissions thus improving emission inventories, and also provide an additional constraint on the large uncertainties in the present methane budget estimates because the net isotopic composition of methane emissions depends on the balance of these different sources. [START_REF] Schoell | Genetic characterization of natural gases[END_REF]. A) A schematic illustration of the formation of natural gas and petroleum in relation to the maturity of organic matter B) The relative concentration of C2+ hydrocarbons in gases in relation to 13 C concentration in methane. Biogenic gas is represented in yellow and by the letter B. There are two stages of thermogenic gas, T in light green which forms during or directly after oil formation, and deep dry gasses TT formed after the principle stages of oil formation (formed by humic, TT(h) and from marine source rocks TT(m) in light and dark pink respectively 

Figure 1.4 Genetic characterisation of natural gases by compositional and isotopic variations taken from

THESIS

The overall aim of this thesis was to test and further develop the current methods used for anthropogenic methane source identification of site scale measurements. The primary objective was to improve on present source apportionment techniques, whilst the second objective was to apply the developed methods to separate methane sources at industrial sites. Throughout the thesis, a number of measurement field campaigns were undertaken, targeting the major industries contributing to methane emissions, namely: natural gas compressor station, oil extraction, wastewater treatment plants, landfill, and agriculture. The dates, locations and species measured at these sites can be seen in Table 1.3. The aim of such measurement campaigns was to gain an insight into the characteristics of emissions from a variety of industries, and to test different measurement methods to determine the most useful instruments and techniques to measure and separate methane sources for specific sites.

INSTRUMENTATION

Predominantly two instruments were used regularly throughout this thesis; Cavity Ring Down Spectroscopy (CRDS) measuring CH 4 , CO 2 , H 2 O, C 2 H 6 , δ 13 CH 4 and δ 13 CO 2 , and Gas Chromatographs (GC) measuring light (C2-C5) VOCs. CRDS uses a single frequency laser diode to measure specific gas-phase molecules which scatter and absorb light in the near infrared absorption spectrum. By measuring the height of absorption peaks the concentrations of specific species can be determined. The CRDS instrument used throughout this thesis is a G2201-i Picarro. The GCs used in this thesis are based on flame ionisation detectors (FIDs) which measure the concentrations of organic species in a gas stream by detecting the ions formed during the combustion of organic compounds in a hydrogen flame. A manual GC (Chrompack Variean 3400) was used for measurements of flask samples while for continuous, field measurements an automatic GC (Chromatotec) was used. The instruments used and technical developments of CRDS are described in Chapter 2 which is based on the published study [START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF]. displays a small sensitivity to absorption interferences from CO 2 and CH 4 , but the predominant interference results from water vapor (with an average linear sensitivity of 0.9 ppm C 2 H 6 per % H 2 O in ambient conditions, meaning that the presence of H 2 O causes the inference of too high C 2 H 6 mixing ratios if no correction is applied). Yet, this sensitivity was found to be discontinuous with a strong hysteresis effect. Throughout the range of C 2 H 6 concentrations measured in this study (0-5ppm C 2 H 6 ), which is large enough to reflect concentrations seen at industrial sites, both CRDS instruments consistently measure concentrations double that reported by a calibrated gas chromatograph, thus we have calculated a calibration factor of 0.5. The generalizability of the corrections and calibrations were determined by repeating the experiments in the study multiple times over the course of a year on two instruments. The study found the calibration factors to be stable in time and between instruments if H 2 O is kept < 0.16%, to avoid any hysteresis effect. To demonstrate the significance of the corrections, the study tested two source identification methods based on δ 13 CH 4 and C 2 H 6 :CH 4 of air measured at a natural gas compressor station. The presence of C 2 H 6 in natural gas emissions at an average ambient concentration of 0.3ppm was found to shift the reported isotopic signature by 2.5‰. Furthermore, after correction and calibration the average reported C 2 H 6 :CH 4 ratio shifts by +0.06. These results indicate that when using such CRDS instruments in conditions of elevated C 2 H 6 for CH 4 source determination it is imperative to account for the biases discussed and corrected within this study. Both δ 13 CH 4 and C 2 H 6 :CH 4 methods were able to correctly distinguish a biogenic source from the on-site natural gas sources; moreover the study found that combining the two independent methods presented a clearer fingerprint of the sources.

INTRODUCTION

With increasing efforts to mitigate anthropogenic greenhouse gas emissions, opportunities to reduce leaks from fossil fuel derived methane (ffCH 4 ) is of particular importance as they currently account for approximately 30% of all anthropogenic methane emissions [START_REF] Kirschke | Three decades of global methane sources and sinks[END_REF]. At present, technically feasible mitigation methods hold the potential to half future global anthropogenic CH 4 emissions by 2030. Of this mitigation potential more than 60% can be realised in the fossil fuel industry [Hoglund-Isaksson, 2012]. However for effective implementation, sources, locations and magnitudes of emissions must be well known.

The global increase in the production and utilisation of natural gas, of which methane is the primary component, has brought to light questions in regards to its associated fugitive emissions, i.e. leaks.

Recent estimates of CH 4 leaks vary widely (1-10% of global production) [START_REF] Allen | Methane emissions from natural gas production and use: reconciling bottom-up and topdown measurements[END_REF] and US inventories of natural gas CH 4 emissions have uncertainties of up to 30% [EPA, 2016]. To address this issue the ability to distinguish between biogenic and different anthropogenic sources is of vital importance. For this reason methane isotopes (δ 13 CH 4 ) are commonly used to better understand global and local emissions as demonstrated in a number of studies [START_REF] Lamb | Development of atmospheric tracer methods to measure methane emissions from natural gas facilities and urban areas[END_REF][START_REF] Lowry | London methane emissions: Use of diurnal changes in concentration and δ 13 C to identify urban sources and verify inventories[END_REF][START_REF] Hiller | Anthropogenic and natural methane fluxes in Switzerland synthesized within a spatially explicit inventory[END_REF]. The discrimination of sources with relatively close isotopic composition such as associatedoil gas and natural gas, whose isotopic signatures can be separated by only ~4 ‰ [START_REF] Stevens | Stable carbon isotopic composition of methane from some natural and anthropogenic sources[END_REF], requires precise and reliable δ 13 CH 4 measurements.

Ethane (C 2 H 6 ) is a secondary component in natural gas and can be used as a marker to distinguish between different CH 4 sources. Use of the C 2 H 6 :CH 4 ratio provides a robust identifier for the gas of interest. Recent findings in the US found coal bed C 2 H 6 :CH 4 ratios ranging between 0-0.045, while dry and wet gas sources displayed differing ratios of <0.06 and >0.06 respectively [START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF], Roscioli et al., 2015].

Laser spectrometers, especially based on Cavity Ring Down Spectroscopy (CRDS) are now a common deployment for site-scale CH 4 measurement campaigns [START_REF] Yvon-Lewis | Methane flux to the atmosphere from the Deepwater Horizon oil disaster[END_REF][START_REF] Phillips | Mapping urban pipeline leaks: Methane leaks across Boston[END_REF], Subramanian et al., 2015]. However, with the advent of such novel technologies, there lies the risk of unknown interference of laser absorption which can cause biases to measurements. Some examples of which are discussed in [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF] and many others [e.g. K. [START_REF] Malowany | H 2 S interference on CO 2 isotopic measurements using a Picarro G1101-i cavity ring-down spectrometer[END_REF][START_REF] Vogel | Evaluation of a cavity ring-down spectrometer for in situ observations of 13 CO 2[END_REF][START_REF] Nara | Effect of air composition (N2, O2, Ar, and H2O) on CO2 and CH4 measurement by wavelength-scanned cavity ringdown spectroscopy: calibration and measurement strategy[END_REF]. Using a CRDS instrument we show that the presence of C 2 H 6 is causing significant interference on the measured 13 CH 4 spectral lines thus resulting in shifted reported δ 13 CH 4 values. We propose a method to correct these interferences, and test it on measurements of natural gas samples performed at an industrial natural gas site.

The CRDS instruments used throughout this study are Picarro G2201-i analysers (Picarro INC, Santa Clara, USA) whose measured gasses include CH 4 , CO 2 , H 2 O, and, although not intended for use by standard users, C 2 H 6 . This model measures in 3 spectral ranges; lasers measuring spectral lines at roughly 6057cm -1 , 6251cm -1 and 6029cm -1 are used to quantify mole fractions of 12 CH 4 , 12 CO 2 and 13 CO 2 , and 13 CH 4 , H 2 O and C 2 H 6 respectively. The spectrograms are fit with two non-linear models in order to determine concentrations; the primary fit is performed excluding the model function of C 2 H 6 while the second includes this function thus adding the ability to measure C 2 H 6 [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF]. Such a method for measuring C 2 H 6 concentrations is crude, thus the uncalibrated C 2 H 6 concentration data is stored in private archived files which until now have been used primarily for the detection of sample contamination. The measurements of δ 13 CH 4 and δ 13 CO 2 are calculated using the ratios of the concentrations of 12 CH 4 , 13 CH 4 , 12 CO 2 and 13 CO 2 respectively.

Presented here is an experimental procedure to correct the interference caused by C 2 H 6 on the retrieval of δ 13 CH 4 using such a CRDS instrument for application to in-situ or continuous measurements of δ 13 CH 4 strongly contaminated by C 2 H 6 , i.e. in the vicinity of ffCH 4 sources. The step by step procedure of the experimental methods developed to quantify the cross sensitivities and the proposed calibration for δ 13 CH 4 and C 2 H 6 are depicted in Fig. 2.1, and presented in detail in Sect. 2. Section 3 encompasses a discussion of the results, including analysis of the instrumental responses for two spectrometers with an evaluation of the stability and repeatability of the suggested corrections. Finally, field measurements were performed at a natural gas compressor station of which the aim was to identify emissions between two natural gas pipelines. In Sect. 5 the importance of the corrections for field measurements is demonstrated by applying our methods to data retrieved during this period while also revealing the instruments potential to measure C 2 H 6 . [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF]. We also define and describe a new procedure to calibrate both C 2 H 6 and δ 13 CH 4 .

METHODS

In the following chapter the general setup used for the majority of experiments is described after which we enter a more detailed description of the processes involved in each step individually.

EXPERIMENTAL SETUP

Method

Each cross sensitivity is measured by creating a gas dilution series designed to control the concentrations of the gas responsible for the interference in steps while keeping concentrations of the other gas components constant (in particular the component subject to interference). The instrument response was evaluated for a large range of concentrations and different combinations of gas components, an example of such a measurement time series can be seen in Figure S2.1. The experimental set-up used includes two CRDS instruments (Picarro G2201-i) running in parallel in a laboratory at ambient conditions (25ᵒC, 100m above sea level (a.s.l)). The instruments were used in iCO 2 -iCH 4 auto switching mode, in which we consider only the 'high precision' mode of δ 13 CH 4 throughout the study. For the dilution series, a working gas is diluted in steps using a setup of two Mass Flow Controllers (MFC) (El-flow, Bronkhorst, Ruurlu, The Netherlands), as shown in Fig. 2.2. A T-junction splits the gas flow to both instruments; the total flow is greater than the flow drawn into the instruments, hence to maintain an inlet pressure close to ambient, the setup includes an open split to vent additional gas. In order to assess variability and error, each experiment is repeated a minimum of 3 times consecutively. To detect instrumental drift between experiments, a target gas is measured before commencing each dilution sequence. An overview of each cross interference targeted, with information on the gasses used and ranges spanned in laboratory tests can be found in Table 2.1. 

C 2 H 6 CALIBRATION SETUP

In order to correctly use the C 2 H 6 data from CRDS instruments, the data must be calibrated to an internationally recognised scale. To achieve this, the set up described in Sect. 2.1 was modified to include the filling of removable samples (1L glass flasks) whose concentrations could be independently verified, as shown in Fig. 2.2. A gas mixture using the C 2 H 6 standard and an ambient air cylinder was created via two MFCs before passing through the flask on its way to the instruments inlets. Each step in the dilution series requires an individual flask, which was flushed for 20 minutes and then analysed for 10 minutes with an average precision of 0.02ppm C 2 H 6 on the CRDS instrument. The flask is subsequently sealed and removed for analysis on a Gas Chromatograph (GC) [Chrompack Varian 3400, Varian Inc, USA] which uses National Physics Laboratory (NPL) standards, and has an uncertainty better than 5%. The system is described in more detail in [START_REF] Bonsang | Nonmethane hydrocarbon measurements during the FIELDVOC 1994 experiment[END_REF].

In total 17 flasks were filled with gas mixtures spanning from 0ppm to 5ppm C 2 H 6 , covering the range expected near a leak of ffCH 4 [START_REF] Gilman | Source signature of volatile organic compounds from oil and natural gas operations in northeastern Colorado[END_REF][START_REF] Jackson | Natural gas pipeline leaks across Washington[END_REF]. In order to calibrate the linearity of the response at very high concentrations which may be expected from pure natural gas samples we conducted a measurement at 100% of the C 2 H 6 standard (52 ppm ± 1 ppm).

DETERMINING THE CORRECTION FOR ISOTOPES

Measured δ 13 CH 4 is altered in the presence of C 2 H 6 . To understand the magnitude of this effect, experiments were conducted using the method described in Sect. 2.1. The dilution series uses the C 2 H 6 standard and a cylinder filled with ambient air, i.e. with a negligible C 2 H 6 mixing ratio (<1 ppb) to create concentration values spanning from 0-4 ppm C 2 H 6 . As there is only one source of CH 4 in the experiment, the addition of C 2 H 6 should not affect the value of δ 13 CH 4 , hence any change seen is an apparent shift of δ 13 CH 4 due to C 2 H 6 interference. This concentration range was chosen as it encompasses a C 2 H 6 :CH ratio of 0 to 1, well within the likely range to be measured from fossil fuel sources [START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF].

CALIBRATION OF ISOTOPES

The reported δ 13 CH 4 was calibrated to Royal Holloway University of London (RHUL) scale using calibration gases spanning -25‰ to -65‰ that were created by different dilutions of pure CH 4 and CO with ambient air of which aliquots were measured multiple times by Isotope Ratio Mass Spectrometry (IRMS) at RHUL. The precision for δ 13 CH 4 obtainable with this IRMS is reported as 0.05‰, detailed information on the measurement system can be found in [START_REF] Fisher | High-precision, automated stable isotope analysis of atmospheric methane and carbon dioxide using continuous-flow isotope-ratio mass spectrometery[END_REF]. The calibration factor is determined from a linear regression and calibrations were performed once a day for 3 consecutive days before, and after the laboratory experiments. A target gas was measured regularly to track any drift in δ 13 CH 4 and as an independent check on the calibration quality.

RESULTS AND DISCUSSION

This study focuses on determining a reliable correction and calibration scheme for a Picarro G2201-i when measuring methane sources with C 2 H 6 interference. Findings from the experiments described in Sect. 2 are discussed in detail here.

In order to calibrate δ 13 CH 4 and C 2 H 6 values, there are a series of corrections that must take place beforehand (see Fig. 1.1). The initial correction to be applied is on C 2 H 6 due to interference from CH 4 , CO 2 and H 2 O. Particular emphasis is placed on this correction due to the discovery of significant nonlinear behaviour in the presence of H 2 O, CH 4 and CO 2 in the sample gas. Once the C 2 H 6 has been corrected, the calibration of C 2 H 6 using independent GC measurements, the C 2 H 6 interference correction on δ 13 CH 4 and finally the calibration of δ 13 CH 4 can be effected.

For our results to be applicable to future studies we examine the inter-instrument variability, stability over time, compare our results to current literature and discuss the uncertainties attributed to our results. Throughout this study we refer to raw, uncorrected C 2 H 6 and δ 13 CH 4 concentrations as "reported" to highlight that they may be influenced by interferences and are uncorrected. Within this section often negative C 2 H 6 concentrations are mentioned, we note that this is the "reported" C 2 H 6 concentration by the instrument. Unless otherwise stated, the standard deviation reported is calculated from one minute averages and depicted as error bars within figures. 

CORRECTING

CO 2 interference on C 2 H 6

For both instruments an increase in the CO 2 concentration results in lower reported values of C 2 H 6 and it is furthermore apparent, that the magnitude of this interference is dependent on air humidity. For a dry sample gas (H 2 O <0.16% -demonstrated in the left hand column of Fig. 2.5), the interference for both instruments is found to be highly stable and well characterised by a linear slope of 1x10 -4 ± 1x10 -5 ppmC 2 H 6 /ppmCO 2 with a R 2 value of 0.9. There was no measurable difference in slope at any of the C 2 H 6 concentrations tested (see Figure S2.3 in Appendix A). In contrast, for water vapour levels ≥ 0.5% H 2 O (see right hand column of Fig. 2.5) measurements exhibit a higher scatter between repetitions. This is mainly attributed to a drifting intercept however the experiments also show a smaller R 2 of 0.8. We calculate a characteristic linear slope of 3.8x10 -4 ± 1x10 -5 ppmC 2 H 6 /ppmCO 2 and 3.9x10 -4 ± 1x10 Slope = 3.8x10 -4 1x10 -5
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Figure 2.5 Relationship between reported C 2 H 6 and concentration changes of CO 2 for instrument CFIDS 2072 and 2067 at varying values of H 2 O, at 0ppm C 2 H 6 (within our instrumental precision). For each plot the bottom axis indicates the concentration of the targeted gas (CO 2 ). Plots on the left are at 0% H 2 O, on the right are experiments at varying humidities, distinguishable by colour. The legend denotes repetitions of the experiment. The error bars in

each plot denote the standard deviation of each measurement. The R 2 value for the experiments at 0% H 2 O is 0.9 and 0.8 for all other H 2 O experiments for both instruments.

CH 4 interference on C 2 H 6

The CH 4 effect on C 2 H 6 , as shown in Fig. 2.6, is less prominent by at least an order of magnitude than both the H 2 O and CO 2 interferences. At dried ambient CH 4 concentrations a typical change in reported C 2 H 6 of approximately -0.008ppm is observed within both instruments. Dried air experiments show a high scatter of points between repetitions, an R 2 value of 0.4 and 0.6 for instruments CFIDS 2072 and 2067 respectively is calculated. Despite its large uncertainty the data suggests both instruments display a similar response with a statistically significant slope within the range of C 2 H 6 concentrations tested (see Figure S2.3). In light of this we use a weighted mean to calculate a linear response of 9x10 -3 ± 2x10 -3 ppmC 2 H 6 /ppmCH 4 for dry air measurements for CFIDS 2067, and 7x10 -3 ± 5x10 
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Combining the CO 2 , CH 4 and H 2 O correction on C 2 H 6

To fully take into account all (known) C 2 H 6 cross-sensitivities, the corrections to reported C 2 H 6 need to be combined. Due to the non-linearity of the discontinuity in reported C 2 H 6 at 0.16% H 2 O and its subsequent slope we choose to report correction coefficients for the two found linear regimes, i.e. for continuous measurements with sample humidities below 0.16% and sample humidities above 0.16%.

Within each range the proposed correction formula is given as:

[C 2 H 6 ] CORRECTED = [C 2 H 6 ] RAW + A* [H 2 O] + B* [CH 4 ] + C* [CO 2 ] Equation 2-1
If the humidity is limited to less than 0.16% before and during measurements, A=0.44 ± 0.03 

ppmC 2 H 6 /%H 2 O, B=8x10 -3 ± 2x10 -3 ppmC 2 H 6 /ppmCH 4 , C=1x10 -4 ± 1x10

C 2 H 6 CALIBRATION

To make use of the corrected C 2 H 6 it should be calibrated to match an internationally recognised scale. This is achieved by measuring whole-air samples by CRDS and independently on a calibrated Gas Chromatograph, as discussed within Sect. 2. The calibration factor is determined by comparing the corrected C 2 H 6 resulting from CRDS and C 2 H 6 as confirmed by the GC, plotted in Fig. 2.7a. The relationship was found to be linear throughout the range of 0-5ppm C 2 H 6 with a slope of 0.505±0.007 and 0.52 ± 0.01 for instruments CFIDS 2072 and 2067 respectively. The results are reported in Table 2.2 from which we can see the intercept of the calibration for instrument CFIDS 2072 shifts between the experiment in February and that in October, while the slope remains constant over long periods of time.

The change in the intercept is attributed to a C 2 H 6 baseline drift which we have monitored over time using regular target gas measurements, example given in Fig. 2.7b. To account for this drift, and any elevated baselines (such as that of CFIDS 2067 -see Table 2.2) a regular measurement of a working gas is necessary, from which the instrument offset can be calculated. For the full calibration we thus suggest using Eq. ( 2), where D is the calibration factor (slope) for the instrument, i.e. for CFIDS 2072 D= 0.505±0.007 and Δ [WGS] the baseline drift determined using the working gas.

[ 
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ISOTOPIC CORRECTION

By measuring the shift of the reported δ 13 CH 4 in C 2 H 6 -contaminated samples, we have observed that the instrument reports heavier values of δ 13 CH 4 in the presence of C 2 H 6 . The shift is a result of increased reported 13 CH 4 in samples containing C 2 H 6 (see Fig. 2.8). This is most likely caused by the overlapping of spectral lines within the 6029 wavenumber region [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF]. We calculate the δ 13 CH 4 correction by taking the slope of ∆δ 13 CH 4 (the difference between the reported δ 13 CH 4 and the initially reported one of the C 2 H 6 -free gas) and the corrected C 2 H 6 to CH 4 ratio. The ratio is used to permit the calculation of the δ 13 CH 4 response function per ppm CH 4 as the magnitude of interference is dependent on CH 4 concentration [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF]. The significance of the interference on δ 13 CH 4 concentrations is illustrated in Fig. 2.9; as the C 2 H 6 :CH 4 ratio increases, the change in the reported δ 13 CH 4 increases linearly. Results obtained from tests carried out throughout the year, for both instruments are noted in Table 2.3, and plotted in Fig. 2.9. The correction equation can be expressed as:

[δ 13 CH 4 ] CORRECTED = [δ 13 CH 4 ] RAW -E *C 2 H 6 CORRECTED / CH 4 + F Equation 2-3
where E is the slope of the response function and F is the intercept. E and F are +23.6 ± 0.4 ‰ ppm CH 4 /ppm C 2 H 64 and approximately +0.4±0.2‰ for instrument CFIDS 2072 and +23.3 ± 0.7‰ ppm CH 4 /ppm C 2 H 6 and approximately -2.4 ±0.4‰ for instrument CFIDS 2067 respectively. These corrections contain the inherent δ 13 CH 4 offset of the instrument. When calibrating the δ 13 CH 4 to a known scale (as described in Sect. 2.5) any instrumental offset will be incorporated within the calibration, therefore the correction equations can be simplified to:

[δ 13 CH 4 ] CORRECTED = [δ 13 CH 4 ] RAW -E *C 2 H 6 CORRECTED / CH 4 . Equation 2-4
Also highlighted in Fig. 2.9 is the typical measurement range for the majority of ffCH 4 sources related to dry and wet natural gas relative to calibrated C 2 H 6 /CH 4 ratios given on the upper abscissa; whereby dry gas refers to natural gas that occurs in the absence of condensate/liquid hydrocarbons (C 2 H 6 :CH 4 = 1-6%) while wet gas typically contains higher concentrations of complex hydrocarbons (C 2 H 6 :CH 4 >6%) [START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF]. It is clear that within this range the bias on methane isotopic signatures is significant; dry gas will alter the reported δ 13 CH 4 by 0.8-4‰, while wet gas can cause a shift of up to 13‰ depending on its C 2 H 6 :CH 4 ratio. C 2 H 6 : CH 4 of dry and wet gas is highlighted in pink and green respectively corresponding to the top axis.

ISOTOPIC CALIBRATION

Full instrument calibrations as described in Sect. 2.4 were performed once in 2014 and 2015. The δ 13 CH values obtained for the calibration gases by RHUL are measured by IRMS and are therefore not subject to interferences. The calibration gas aliquots were measured with an average standard deviation of 0.03‰. To calibrate δ 13 CH 4 CORRECTED , the δ 13 CH 4 CORRECTED was calculated for each calibration gas and used within the linear regression. The calibrations were linear with R 2 >0.99 on both occasions and no change (within our uncertainties) was observed between the two tests. By measuring an ambient air target regularly we later detected a shift in the δ 13 CH 4 baseline. Two further calibrations were performed in 2016 to assess this incident which confirmed that the offsets of the linear regressions were significantly shifted, while the slopes agreed well with previous calibrations. Therefore to account for a baseline drift it is important to measure a target gas regularly and amend the offset of the calibration equation accordingly.

TYPICAL INSTRUMENTAL PERFORMANCE AND UNCERTAINTIES

In order to characterize the repeatability of the C 2 H 6 measured by the CRDS instrument we have measured several targets and monitored the changes of the reported C 2 H 6 signal over time. The raw signal is a measurement every 3 seconds, which displays on average a standard deviation of 90 ppb. By aggregating the data to 1 or 30 minute intervals the precision can be improved and a standard deviation of 20 ppb or 8ppb is reached respectively. Furthermore, the 1 minute standard deviation at 52 ppm C 2 H is 180 ppb, thus by assuming a linear relationship the typical performance for 1 minute averages is ppb +/-0.3% of reading.

Of course, there are some substantial uncertainties attributed with the C 2 H 6 correction and calibration which need to be accounted for when discussing the uncertainty of the calibrated C 2 H 6 concentrations.

With regards to the C 2 H 6 correction for 1 minute averages, if measuring dried ambient air the propagation of uncertainties are negligible with respect to the raw instrumental precision (20ppb).

However, if using 30 minute averages the uncertainty augments from 8ppb to 10ppb. Elevated CH 4 , CO and H 2 O signals (>5ppm, >1000ppm,> 0.2% respectively) will induce increased C 2 H 6 uncertainty regardless of aggregation time. After calibration, the correction factor increases to 2 1/2 times that of the corrected C 2 H 6 , so at ambient air concentrations calibrated C 2 H 6 has an uncertainty of 30ppb.

The repeatability of δ 13 CH 4 for 1 minute averages on our instrument is a standard deviation of 0.66‰.

Again the standard deviation is reduced to 0.29‰ and 0.09‰ by aggregating the raw data for 5 minutes and 30 minutes, respectively. For the correction of δ 13 CH 4 due to C 2 H 6 , error propagation of the factors applied in Eq. ( 4) must be taken into account. Therefore, at ambient concentrations, the uncertainty of a 1min average will increase to 0.9‰.

GENERALISABILITY OF CORRECTIONS AND CALIBRATIONS

The experiments in this study were repeated multiple times and performed on two instruments to better understand how the instrument responses change over time and how they vary between instruments. The C 2 H 6 correction and calibration, and δ 13 CH 4 correction experiments were repeated on CFIDS 2072 over the course of a year to determine any temporal drifts.

The coefficients of the C 2 H 6 correction were examined over a 4 month period. Methane, carbon dioxide and water vapour coefficients for dried gas displayed no noticeable variation over this time frame. Both CH 4 and CO 2 coefficients for undried gas also showed good stability throughout this period, however the undried H 2 O coefficient is seen to vary significantly (±0.1 ppmC 2 H 6 /%H 2 O). As discussed previously, the H 2 O correction is subject to a hysteresis effect, which makes analysis of its long term variation difficult.

As we did not find a clear temporal pattern of the variations we therefore suggest that this coefficient is not likely to be time dependant.

The calibration of C 2 H 6 was calculated twice within a 9 month period (see Table 2.2). No variation of the slope of the response function is observed within this time frame. The intercept is prone to drift in time as discussed previously.

The δ 13 CH 4 correction has been examined three times throughout a 6 month period (see The slopes derived for the C 2 H 6 calibration of both instruments correspond well, with no significant difference seen between the two. The intercepts differ by approximately 0.6 ppm, thus suggesting distinct difference between intra-instrumental C 2 H 6 baselines.

The slopes of the δ 13 CH 4 correction were found to be in good agreement between the two instruments.

Where the instruments differ is with regards to their δ 13 CH 4 baseline, thus causing the observed disparity in intercept (seen in Table 2.3) of approximately 3‰.

To the best of our knowledge, at this time there is only one published study reporting on a correction due to C 2 H 6 interference on an isotopic Picarro analyser. [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF] have studied the interference using a Picarro G2132-i, a high precision CH 4 Isotope-only CRDS analyser which uses similar analysis algorithms and spectral regions as that of the Picarro G2201-i. [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF] 

SOURCE IDENTIFICATION AT A NATURAL GAS COMPRESSOR STATION

In order to quantify the effect of C 2 H 6 contamination in a real world situation, we have applied the corrections and calibrations discussed in this paper to measurements taken at a natural gas site, with the aim of distinguishing emissions between two natural gas pipelines. In the following section we demonstrate the effect of C 2 H 6 interference on δ 13 CH 4 at a fossil fuel site, as well as discuss the alternative approach of using calibrated C 2 H 6 :CH 4 ratios to distinguish source signatures, a method which has not been previously tested on a Picarro G2201-i.

DESCRIPTION OF FIELD CAMPAIGN

Site description

Located in an industrial park in northern Europe, the campaign took place at a natural gas compressor station in summer 2014. Such stations serve the distribution of natural gas; its key purpose is to keep an ideal pressure throughout the transmission pipelines to allow continuous transport from the production and processing of natural gas to its use. The compressor site visited comprises two major pipelines with their corresponding compressors. The two pipelines carry gas of different origins to the site, where after pressurisation, they are combined for further transmission. The site topography is flat and open with the surrounding area as predominantly farm land and close proximity to a major road. FFCH 4 emissions were expected to emanate from various sources on site such as the compressors, methane slip from turbines, and fugitive emissions due to the high pressure of gas [START_REF] Roscioli | Measurements of methane emissions from natural gas gathering facilities and processing plants: measurement methods[END_REF]. Other possible methane sources in the nearby region were identified as traffic and agriculture, including a livestock holding situated less than 500m southwest of the site. The GC-FID was calibrated at the beginning and end of the campaign using a certified standard gas mixture (NPL, National Physics Laboratory, Teddington, UK). The sampling time is a 10-minute average every half an hour; 10 minutes of ambient air is measured after which the following 20 minutes are used to analyse the input.

Continuous measurements of CH

Grab sample measurements of CH 4 , δ 13 CH 4 & C 2 H 6 in pure natural gas samples

Grab samples of pure natural gas were taken of both pipelines, with the aim of characterizing the two differing gas supplies. The 0.8L stainless steel flasks were evacuated prior to sampling to a pressure of the order of 10 -6 mbar, after which they were filled to ambient pressure when sampling. The flasks were measured independently in the laboratory with a manual GC (described in Sect. 2.4) and, after dilution with zero air by the CRDS instrument.

IMPACT OF C 2 H 6 ON ISOTOPIC OBSERVATIONS AT THE FIELD SITE

To quantify the effect of C 2 H 6 interference on δ 13 CH 4 a total of 16 events were selected from the twoweek field campaign, whose criteria was defined as a peak exhibiting both increasing CH 4 concentrations and a change in δ 13 CH 4 signature for a minimum of 1 hour. Two such events are plotted in Fig. 2.10.

Event 1 represents the majority of events measured during the field campaign, in which CH 4 and C 2 H 6 are well correlated. This particular event has a maximum concentration of 11ppm CH 4 and 0.6ppm C 2 H 6 .

On average the selected events have peak concentrations of 5ppm CH 4 and 0.3ppm C 2 H 6 . The methane isotopic signature was characterized using the Miller-Tans method [START_REF] Miller | Calculating isotopic fractionation from atmospheric measurements at various scales[END_REF], in which δ 13 CH 4 * CH 4 values are plotted against CH 4 to calculate the isotopic signature of the methane source in situations where the background is not constant. In order to avoid bias stemming from using Ordinary Least Squared (OLS) regression, the York least squares fitting method was implemented thus taking into account both the X and Y error [START_REF] York | Least squares fitting of a straight line with correlated errors[END_REF]. All events excluding one were found to have δ 13 CH 4

signatures characteristic of natural gas, corresponding on average to -40‰. A single event (Event 2 plotted in Fig. 2.10) was detected with a δ 13 CH 4 signature of -59‰ ± 1.5‰. Such a signature suggests a biogenic source and, due to the south-westerly wind direction throughout the event (where the livestock holding is located), suggests the source is likely to originate from livestock, either as ruminant or manure emissions.

If the data is left uncorrected, sources containing C 2 H 6 substantially bias the calculated isotopic signature of CH 4 events. This is demonstrated in Fig. 2 

CONTINUOUS FIELD MEASUREMENTS OF ETHANE

As an independent verification of the CRDS performance we compared two time series of C 2 H 6 which were measured simultaneously by the CRDS and GC-FID during the natural gas field campaign by using a co-located air inlet. The CRDS data was averaged to identical time stamps as the GC-FID, i.e. a 10-minute average every 30 minutes. From which we calculated a Root Mean Squared Error (RMSE) of 13 ppb.

Given the precision of C 2 H 6 measured by the CRDS instrument is 10 ppb for 10 minute averages, and the uncertainty on the GC-FID is 15%, we conclude that this is extremely good agreement. Although the error associated with the later figures is unknown, the strong agreement between the two verifies our correction and calibration strategy of C 2 H 6 .

USE OF CONTINUOUS OBSERVATIONS OF C 2 H 6 : CH 4 BY CRDS

The instruments capability to now measure interference corrected and calibrated C 2 H 6 opens the door for using another proxy for source apportionment, namely the C 2 H 6 :CH 4 ratio [START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF], Roscioli et al., 2015[START_REF] Smith | Airborne ethane observations in the Barnett shale: Quantification of ethane flux and attribution of methane emissions[END_REF] 

COMBINED METHOD FOR CH 4 SOURCE APPORTIONMENT

To distinguish which pipeline the emissions originate from, we compare both the δ 13 CH 4 signature and the C 2 H 6 : CH 4 ratio source apportionment methods. The two pipelines were characterised from the whole-air samples taken on July 4 th 2014; although the gas within the pipelines is subject to change as incoming gas varies we assume here this did not occur throughout the short duration of the campaign (24 th June to the 4 th July 2014). The data collected from the aforementioned 16 events is compiled within Fig. 2.11 which illustrates the distribution of δ 13 CH 4 signature vs C 2 H 6 : CH 4 ratios. The results from the flask measurements, i.e. characteristics of Pipeline 1 and 2, are plotted as dashed purple and red lines respectively. Both methods clearly identify the biogenic source, seen as an outlier in the bottom left corner of the plot. Furthermore, both methods are able to distinguish between the two pipelines.

The isotopic signatures of the natural gas events (on average 40.2 ‰ ± 0.5‰) are clustered near the isotopic signature of Pipeline 1, which has a δ 13 CH 4 signature of 40.7 ‰ ± 0.2‰, thus suggesting the majority of the measured methane is an emission from this pipeline. When considering the C 2 H 6 :CH 4 ratio a similar conclusion may be drawn as the mean C 2 H 6 :CH 4 ratio is 0.069 ± 0.002 ppm C 2 H 6 /ppm CH 4 , much alike to that of Pipeline 1 at 0.074 ± 0.003. A future study will address the shift in measured events to left of Pipeline 1 in Fig. 2.11 by using additional VOC data from the GC-FID to aid source identification.

The uncorrected 16 events are also plotted in Fig. 2 

CONCLUDING REMARKS

This study focuses on measurements of C 2 H 6 contaminated methane sources by a CRDS (Picarro G2201i), with emphasis on correcting δ 13 CH 4 and (although not intended for use by standard users) C 2 H 6 for cross-interferences before calibration. Our extensive laboratory tests suggest that CRDS instruments of this model are all subject to the similar interferences (as expected as they scan the same spectral lines)

and that they can have a significant impact on reported concentrations and isotopic signatures if not accounted for properly, when measuring industrial natural gas sources. For now, we suggest using constant instrument specific correction factors if possible or the ones found in this study (summarised in Fig. 2.12). As our study period only encompasses one year it is clear that the stability of the correction over the full life-time needs to monitored further. To fully exploit the reported C 2 H 6 data, we suggest drying gas samples to <0.16% H 2 O, calibrating the instrument and frequent measurements of a working gas (or set of working gases) to monitor and correct for the instrumental baseline drift.

Figure 2.12 Flow chart illustrating the steps and the corresponding equations to calibrate C 2 H 6 and δ 13 CH 4 as determined from this study. The coefficients are the mean of both CRDS instruments tested. We suggest removing H 2 O from gas samples prior to analysis.

The results of our field campaign demonstrate the extent of the interferences of C 2 H 6 on δ 13 CH 4 for a real world application and also support the validity or our C 2 H 6 correction and calibration through the comparison with an independently calibrated GC-FID. In our case, when measuring wet gas emissions we detected an average shift in isotopic signature of 2.5‰ due to C 2 H 6 interference, however the extent of this bias will vary according to the contribution of C 2 H 6 therefore affecting each ffCH 4 source to a different degree which can cause problems for source determination. The results reported here are important for all future work of CRDS in fossil fuel regions (where sources consist of a C 2 H 6 :CH 4 ratio between 0-1 ppm C 2 H 6 /ppm CH 4 ) to be aware of such interferences and correct for them accordingly.

Our CRDS instrument is sufficient for measurements of strongly variable C 2 H 6 sources, where if using calibrated one minute C 2 H 6 data, concentration variations above 150 ppb are required to achieve a signal to noise ratio of 5. Thus for industrial natural gas sites it offers a new opportunity of using continuous C 2 H 6 :CH 4 observations as a means of source determination independent to δ 13 CH 4 methods.

The recently released G2210-i analyser is dedicated to C 2 H 6 :CH 4 ratio measurements and as such achieves a higher precision making it suitable for a wider variety of ethane sources.

Finally, we successfully combined both the δ 13 CH 4 and C 2 H 6 :CH 4 ratio source apportionment methods. At the natural gas compressor site both methods clearly distinguish biogenic sources from that of natural gas based sources. Combining those two independent methods yields a better finger print of the source and spurious C 2 H 6 or δ 13 CH 4 can be more easily identified. Lastly, by characterising both the δ 13 CH 4 and C 2 H 6 :CH 4 ratio of our source, we gain insight into the formation and source region of the gas [START_REF] Schoell | Genetic characterization of natural gases[END_REF].

Chapter 3 CAN WE SEPARATE INDUSTRIAL CH 4 EMISSION SOURCES FROM ATMOSPHERIC OBSERVATIONS? -A TEST CASE FOR CARBON ISOTOPES, PMF AND ENHANCED APCA.

INTRODUCTION

Methane is the second most important anthropogenic greenhouse gas, with a global warming potential 28-32 times that of carbon dioxide on a 100-year period, and even greater on shorter timescales [START_REF] Etminan | Radiative forcing of carbon dioxide, methane, and nitrous oxide: A significant revision of the methane radiative forcing[END_REF][START_REF] Allen | Methane emissions from natural gas production and use: reconciling bottom-up and topdown measurements[END_REF]]. Anthropogenic methane emissions account for 50-65% of the global CH 4 budget, of which there are a number of contributing sources, the major players being: agriculture (livestock ruminants), oil and gas production and distribution, landfill and wastewater [START_REF] Saunois | The global methane budget 2000-2012[END_REF]. The EU climate and energy package aims to reduce European greenhouse gas emissions by 20% by 2020 and 80% by 2050, thus bringing anthropogenic methane emissions to the forefront of interests as they offer a large reduction potential without major technological changes [Höglund-Isaksson, 2012].

To effectively implement greenhouse gas reduction strategies, a good understanding of source categories and their contributions is necessary.

Natural gas, of which CH 4 is the principle component, is considered as a transition fuel as countries work towards a cleaner energy future. Nonetheless, potential climate benefits may be offset if there are significant gas leaks in the gas supply chain to the atmosphere. [START_REF] Alvarez | Greater focus needed on methane leakage from natural gas infrastructure[END_REF] suggest leakage from the natural gas well to delivery system must be < 3.2% for the US to profit from net climate benefits. In 2016, the UK became the largest producer of natural gas in the EU-28 [Eurostat, 2017].

Furthermore, the national atmospheric emissions inventory estimates that over half of the UKs oil and gas related CH 4 emissions are attributed to gas leaks [NAEI inventory available at http://naei.defra.gov.uk/data]. Leaks can occur along the entire distribution network; in the UK, this consists of 23 compressor stations, which pressurise gas through more than 7 600 km of pipelines (National Transmission System, National Grid). However, due to the diffusive nature of gas leakages and few measurements, emissions estimates are highly uncertain.

Often different activities causing anthropogenic CH 4 emissions are co-located within a given region and dedicated techniques are necessary to properly identify contributions of different sources to local concentration enhancements [Roeckmann et al., 2016[START_REF] Zazzeri | Plume mapping and isotopic characterisation of anthropogenic methane sources[END_REF][START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF].

Isotopic ratios of carbon ( 13 C/ 12 C) and hydrogen (D/H) are commonly used to better understand global and local methane emissions since isotopic signatures vary by source [START_REF] Lowry | London methane emissions: Use of diurnal changes in concentration and δ 13 C to identify urban sources and verify inventories[END_REF][START_REF] Hiller | Anthropogenic and natural methane fluxes in Switzerland synthesized within a spatially explicit inventory[END_REF][START_REF] Zazzeri | Evaluating methane inventories by isotopic analysis in the London region[END_REF]. Isotopic measurements are technically challenging and thus scarcely available, therefore different methods are sometimes required for correct source identification. Another approach is based on analysing multiple co-emitted species. Typically, volatile organic compounds (VOCs) emissions are highly correlated with fossil fuel CH 4 emissions, while also exhibiting source specific emission ratios that allow identifying e.g. oil-associated natural gas, shale gas and coal-bed methane [START_REF] Helmig | Highly elevated atmospheric levels of volatile organic compounds in the Uintah Basin, Utah[END_REF][START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF], Roscioli et al., 2015[START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF]. For agriculture and the waste sector, CO 2 is known to be co-produced with CH 4 due to microbial decomposition of organic matter [START_REF] Madsen | Methane and carbon dioxide ratio in excreted air for quantification of the methane production from ruminants[END_REF][START_REF] Daelman | Methane emission during municipal wastewater treatment[END_REF]. As the source contribution to local CH 4 enhancements can often be quite complex and variable in time, a simple analysis of individual proxy gas to CH 4 ratios might not be sufficient. Studies focussing on pollution from particulate matter (PM), whose sources mix can be equally challenging, often rely on source apportionment models in order to identify and characterise sources. Principle component analysis (PCA) and Positive Matrix Factorisation (PMF) are two of the most commonly used methods for deconvolution of emission sources as they are widely available and require limited knowledge about the number and nature of pollution sources [Viana et al., 2008[START_REF] Belis | Critical review and meta-analysis of ambient particulate matter source apportionment using receptor models in Europe[END_REF], but have not been widely applied to investigate CH 4

sources, yet.

The principles of PCA and PMF receptor models are similar. Source profiles and contributions are calculated on the basis of the analysis of correlations found in the dataset, assuming highly correlated species originate from the same source. Studies comparing the results of different receptor models have found that the number and contributions of sources identified can vary depending on the model used and the characteristics of the data set (number of species measured and observations) [START_REF] Cesari | An inter-comparison of PM10 source apportionment using PCA and PMF receptor models in three European sites[END_REF][START_REF] Contini | Comparison of PM10 concentrations and metal content in three different sites of the Venice Lagoon: an analysis of possible aerosol sources[END_REF][START_REF] Zhang | Sensitivity of a molecular marker based positive matrix factorization model to the number of receptor observations[END_REF], Viana et al., 2008[START_REF] Shrivastava | Sources of organic aerosol: Positive matrix factorization of molecular marker data and comparison of results from different source apportionment models[END_REF][START_REF] Hopke | PM source apportionment and health effects: 1. Intercomparison of source apportionment results[END_REF]. Publications using simulated data, such as in [START_REF] Chen | Toward effective source apportionment using positive matrix factorization: Experiments with simulated PM2. 5 data[END_REF], [START_REF] Brinkman | Use of synthetic data to evaluate positive matrix factorization as a source apportionment tool for PM2. 5 exposure data[END_REF], Hambre et al., [2011], suggest that, although factor solutions always exist, they are not necessarily unique or correctly representative to the actual sources.

The purpose of this study is understanding the CH 4 and VOC source contributions and its temporal changes at an industrial park by applying and comparing three different source apportionment methods for CH 4 source identification: the commonly used empirical isotopic analysis and the expansion of PCA and PMF models. The aim is also to evaluate strengths and limitations of said techniques for improved CH 4 source apportionment at industrial sites in general. Although the receptor models are commonly used in air pollution studies, they have rarely been implemented for CH 4 sources, thus by systematically optimising the modelling parameters, we include modifications to the standard PCA which improve source separations to better fulfil the goal of CH 4 source identification. The methods are applied to CH 4 and VOC time series data measured at a natural gas transmission (compressor) station. Combining the analysis of in-situ observations with meteorological data and direct samples of pipeline gas to characterize its VOC and isotopic composition we can interpret and understand the estimated profiles of the CH 4 sources throughout the measurement campaign.

METHODS

DESCRIPTION OF DATASET

Natural Gas Compressor station site description

Located in an industrial park in northern Europe, the campaign took place at a natural gas 

Instruments

3ppm CH 4 , 370-500ppm CO 2 , 0.3-3ppm C 2 H 6 ) relative to WMO standards for the GHG dry mole fractions, VPDB for  13 CH 4 and NPL standards for VOC mixing ratios. More information on both instruments and the calibration protocols can be found in [START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF] and [START_REF] Gros | Volatile Organic Compounds Sources in Paris in spring 2007. Part I: qualitative analysis[END_REF]. For simplicity, we will refer to both the mixing ratios of VOCs and the dry mole fractions for the GHGs interchangeably as 'concentrations' in this manuscript and report them in ppm or ppb, signifyingumol/mol or nmol/mol, respectively.

To reduce the impact of missing data, short gaps of less than two hours (i.e. 3 consecutive data points) were linearly interpolated. This time length was chosen as it significantly increased available data for some VOCs without altering their variability. The species used within the source apportionment models were chosen from a selection process in which species with more than 15% of missing data points or more than 20% of values below the detection limit (LOD, calculated as 3sigma baseline noise, see Table B.3.1 in the Appendix B) were discarded as a reliable correlation/covariance analysis of different species would not have been possible with this data.

Three chemical species were rejected: n-Hexane (n-C 6 H 14 ), propene (C 3 H 6 ) and Ethylbenzene (C 8 H 10 ). In total, for the source apportionment models, the final dataset included 386 observations of 13 chemical species: Methane (CH 4 ), Ethane (C 2 H 6 ), Propane (C 3 H 8 ), i-Butane (i-C 4 H 10 ), n-Butane (n-C 4 H 10 ), i-Pentane (i-C 5 H 12 ), n-Pentane (n-C 5 H 12 ), Ethylene (C 2 H 4 ), Acetylene (C 2 H 2 ), Benzene (C 6 H 6 ), Toluene (C 7 H 8 ), MP Xylenes (C 8 H 10 ), and Carbon Dioxide (CO 2 ).

Meteorological data

On-site meteorological observations (wind speed and 2d horizontal wind direction) from a wind mast are available from June 30 th to July 8 th . To obtain wind data for the missing days, wind fields at 10m height were interpolated from the operational analysis of ECMWF as described in [START_REF] Staufer | The first 1-year-long estimate of the Paris region fossil fuel CO 2 emissions based on atmospheric inversion[END_REF], to have temporal resolution of 1 hour. We found good agreement (seen in Figure B1 in the Appendix B) with the on-site meteorological measurements; hourly averages of both datasets showed over 75% of wind direction measurements within the same 22.5 direction bins. For reliably measurable wind speeds (above 1m/s), modelled wind speeds agree within 1m/s and 2m/s for 60% and 91% of the time, respectively. The RMS of modelled and observed wind speed is ca. 1m/s. Dominant wind conditions during the two-week measurement period were north and eastnorth-easterly winds. The mean wind speed was 3.1m/s with minimum and maximum wind speeds of 0.05m/s and 7.5m/s respectively. A windrose plot can be seen in Figure 3.2. 

METHODS USED FOR SOURCE APPORTIONMENT

Using Methane Isotope

Many methane sources are characterised by specific  13 C-CH 4 ( 13 CH 4 ) signatures, which enable the identification of methane emissions [e.g. Zazzari et al., 2015Zazzari et al., , 2017]]. The isotopic composition is commonly reported in  notation, where  is the relative deviation of an isotope ratio R. In our case, R is the ratio of 13 C to 12 C:

Equation 3-1
Values are expressed in permil (‰) on the Vienna Pee Dee Belemnite (VPDB) scale. In this study, Miller-Tans plots [START_REF] Miller | Calculating isotopic fractionation from atmospheric measurements at various scales[END_REF] were used to calculate the CH 4 isotopic source signatures, as this data regression is adapted to identify the source signature in situations where the background of CH 4 and  13 CH 4 are not necessarily constant. The data was analysed through the implementation of a moving Miller-Tans plot, similar to the moving Keeling plot method of Roeckmann et al., [2016]. For this method, we use 10-minute averaged CRDS data which has not been reduced to GC time-steps in order to capture CH 4 concentration peaks with short term variability. Data within a moving time window (minimum 4 data points) were used to calculate the source isotopic composition if deemed as a significant CH 4 emission period. The criteria used to identify significant emissions were data points with a short change in both CH 4 concentration and  13 CH 4 of greater than 50 ppb and 0.6‰ respectively, which excludes slow concentration variations induced by diurnal vertical mixing. To specifically select well-defined isotopic compositions, only points with increasing CH 4 concentrations and Miller-Tans regressions with R 2 > 0.9 were retained. To retrieve uncertainties, a 1000 run Monte Carlo simulation was applied, by randomly adding instrumental noise (calculated as 3 sigma of 10 minute averages in 6-h measurement of a working gas as 1ppb and 0.6‰) to the time series. An example of the identification of a CH 4 peak isotopic signature is demonstrated in Figure 3.3. Grey lines represent each line of fit from 1000 MC runs. The red dashed line is the mean for fits that have R 2 >0.9. The isotopic signature determined from the slope is -41 +/-1.5 ‰.

PCA and PMF Receptor Models

The fundamental principle of receptor models is mass conservation, and using mass balance analysis to identify and apportion source contributions to observed concentrations. The mass balance equation can be written as:

Equation3-2
where x ij is the concentration measurement of the j th species in the i th sample, g ik is the contribution of the k th source to the i th sample (i.e. factor contributions), and f kj is the fraction of the j th species in the k th source (i.e. species profile) and e ij is the residual for each sample/species. Starting from a large number of observations of correlated species, the aim is to explain the variance of the data in terms of a number of independent sources (factors) by solving for factor contributions, g, and species profiles, f. This general concept has been implemented in different ways.

APCA.

Principle component analysis is a data reduction method which uses an eigenvector analysis of a correlation matrix to identify principle components (PCs) (in our case, emission source profiles) which explain the greatest part of the data variance. Principle component analysis has come under some criticism [START_REF] Hopke | It is time to drop principal components analysis as a "receptor model[END_REF] as it is based purely on mathematical constraints, and thus the PCs do not necessarily have a direct physical meaning [Harris, 1975]. Different approaches have been studied to improve the interpretability and obtain source contributions from PCA; one of the most cited in air pollution literature, and the one used in this work, is Absolute Principle Component Analysis (APCA) described in detail in Thursten and Spengler, [1985] and Bruno et al., [2001]. This method combines PCA with Varimax rotation and multiple linear regression analysis (MLRA) to determine source contributions and profiles. Examples of its applications in air pollution studies can be found in [START_REF] Tauler | Comparison of the results obtained by four receptor modelling methods in aerosol source apportionment studies[END_REF], [START_REF] Moreno | Determination of direct and fugitive PM emissions in a Mediterranean harbour by means of classic and novel tracer methods[END_REF], [START_REF] Viana | Identification of PM sources by principal component analysis (PCA) coupled with wind direction data[END_REF], and many more.

PMF.

Recently, PMF has become more commonly used than PCA in studies focusing on particulate matter (PM), predominantly due to the implementation of a non-negativity constraint resulting in more physically realistic factors which are directly interpretable, and the incorporation of error-estimates to down weight compromised data. It solves the mass balance equation by using a point by point, constrained and weighted least squares minimisation method, first described in [START_REF] Paatero | Positive matrix factorization: a non-negative factor model with optimal utilization of error estimates of data values[END_REF]. Normally there are a number of mathematically equivalent solutions that exist, thus when using PCA or PMF to solve for Equation 3.2 (i.e. cases in which the contributions g ik and number/nature f kj of sources are unknown) a certain amount of expert knowledge is needed, and subjectivity added when interpreting the solutions.

Sensitivity Studies.

As the goal of this study is specifically the source identification and characterisation of CH 4 sources, we examined the sensitivity of the APCA and PMF receptor models to a number of parameters in order to systematically optimise them for this study. The details of the sensitivity study can be found in the Supplementary material, Section 3.5; we briefly describe the key results affecting our practical application of the models here. We found CH 4 factors modelled by APCA deteriorate if species which have little to no correlation with CH 4 are included in the analysis, and that such species which do not add additional information can noticeably increase the uncertainties in the modelled factors. Although the CH 4 factors modelled by PMF are less sensitive to the number of species included than APCA, PMF factor uncertainty can also increase with a higher number of species. APCA was not affected by a reduced length of the time series used (i.e. number of data points), unlike PMF which required over 100 data points to correctly distinguish sources. We found the reconstruction of the principle component by APCA is reliable only when it explains the majority of the data variance. Finally, we found that temporal changes in the CH 4 source emission ratios were better identified by APCA when applying the model to shorter time windows.

Practical application of APCA in this study. Here, APCA was performed using the prcomp(), and varimax() functions in R (package:stats) and implemented with the Guttman-Kaiser rule to select the number of factors retained for Varimax rotation [START_REF] Cangelosi | Component retention in principal component analysis with application to cDNA microarray data[END_REF]. Consequently, only factors well correlated with CH 4 were reconstructed via MLRA. The number of species used within the analysis was subset to: CH 4 with C 2 H 6 , C 3 H 8 n-C 4 H 10 , i-C 4 H 10 for the identification of natural gas sources, and C 6 H 6 & C 7 H 8 used as tracers for traffic emissions. Receptor modelling techniques have rarely been applied specifically for the identification of different CH 4 emission sources and we thus implement two modifications to APCA to enhance the CH 4 identification potential: a) Monte Carlo (MC) simulation: a major shortcoming of PCA is its lack of error estimation. We add a MC simulation for uncertainty estimates. The simulation includes randomly added instrumental uncertainty.

For species measured by CRDS, the LOD value is applied. For VOCs, 15% of the species concentration is applied. If concentrations are below the LOD, the LOD value is used, (see Table B.3.1 in the Appendix B for information on specific species). This method will be referred to as MC-APCA from here on. 

RESULTS & DISCUSSIONS

OBSERVATIONS AT THE NATURAL GAS COMPRESSOR STATION

The full record of CH 4 (averaged to GC time-stamps) and other measured species concentration/dry mole fractions measured during the field campaign is shown in Figure 3.4. Methane concentrations vary strongly on the short-term. Typically, concentration peaks last between 30 minutes to 2 hours, and seem driven by strong sources located within proximity of the measurement site and a variable local transport. Concentration enhancements longer than this were occasionally measured and found to occur at night-time. Methane concentrations during peaks range between 3-5ppm, while on average the concentration grows from its minimum of 2 ppm during the afternoon to 2.5 ppm at night. To coherently analyse the temporal variation of the observations, we split the time series into four distinct periods (A to D) marked by dashed lines in Figure 3.4. In period A, from the beginning of the campaign until June 28 th , we find episodes with clear concentration enhancements. In period B, less variable concentrations can be observed which lasts until June 30th. During June 30 th and 31 st , another period of strong concentration enhancements is measured (period C), after which the rest of time series (period D) shows reduced CH 4 variability with minor concentration peaks on July 2 nd and 3 rd . The majority of CH 4 concentration enhancements (found in periods A and C) correspond to periods of heavier  3 CH 4 values consistent with natural gas emissions, with exception to the period on the 2 nd of July in which strong negative contributions are seen, reaching a minimum  3 CH 4 value of -59 ‰. The mean and standard deviation of observed  3 CH 4 is -47  1 ‰.

From a qualitative inspection of the time series, the figures show a generally good temporal correlation for CH 4 and some VOCs, in particular C 2 H 6 , i-C 4 H 10 , n-C 4 H 10 and i-C 5 H 12 which all have CH 4 Pearson correlation coefficients ≥ 0.9. Those gases are known to be contained in natural gas (found in the gas stream [Baudic, 2016]) and can be expected to be useful as proxies here for the natural gas contribution to CH 4 time series. Carbon dioxide concentrations are driven predominantly by a strong daily cycle of atmospheric mixing and do not exhibit short-term excursion. We also see significantly lower diurnal variations during periods B and D, as previously found for CH 4 . With CO 2 having diffuse biogenic sources in the site vicinity, and CH 4 having a localized source on the compressor station site, we do not expect a tight correlation. The correlation of CH 4 with CO 2 and the other VOCs (e.g. the combustion tracers such as Ethylene, MP Xylenes, Acetylene) is indeed not evident (Pearson's R between 0 and 0.2).

A plot of CH 4 concentration variations with wind speeds and directions is shown in Figure 3.5, revealing that the majority of events with high CH 4 concentrations predominantly originate from the north and north east of the compressor station site. As mentioned in the site description (section 3.2.1.1), the compressor station comprises of two incoming pipelines which transport gas of differing origins to the station. The gas in both pipelines has been sampled, analysed and found to have specific C 2 H 6 :CH 4 signatures and isotopic signature in  13 CH 4 (see Table 3-2) [START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF]. This can be used to identify if leakages from one pipeline system is predominantly causing the detected CH 4 enhancements.

Within this study, we aim to use the isotopic, APCA and PMF source apportionment methods to distinguish between broad categories of CH 4 emissions and also examine the possibility of identifying between very similar sources such as the different gasses arriving in the two pipelines and compare it to the known source profiles. 

ANALYSING THE TIME-SERIES USING ISOTOPIC DATA

To identify the sources of CH 4 from  13 CH 4 analyses, we use the methods outlined in section 3.2.2.1.

Twenty events fulfilled the criterions of the moving Miller Tans method, thus 6% of the observed data can reliably be analysed using this method, with typically 1 to 5 significant events per day. The isotopic signatures of those events suggest that the majority of CH 4 concentration peaks originate from natural gas, with 18 of the 20 ranging from -40‰ to -45‰. The temporal variation of  13 CH 4 can be seen at the bottom of Figure 3.6. Throughout period A, the observed isotopic source signature of CH 4 is constant with an average -41.85‰  0.6‰, strongly suggesting the CH 4 enhancements are due to natural gas emissions from pipeline 1. Throughout period B, the isotopic signatures calculated have much larger standard deviation due to the reduced CH 4 concentration enhancements. This time period corresponds with a change in general wind direction from the previously predominantly North-Easterly winds to North -Westerly winds. For this period, the uncertainties attributed to the isotopic signatures are too large to identify a specific natural gas source as the cause of emissions. The isotopic signatures in period C are well defined; peaks at the start and end of the period identify a gas source much like pipeline 1.

The isotopic signature measured on the evening of the 30 th June is suggestive of a NG source lighter than the sampled pipelines. On the 2 nd of July, in period D, an isotopic signature of -62 ± 3‰ was calculated, which can be attributed to a local biogenic source, i.e. ruminant emissions from a farm, that are known to be isotopically light and free of C 2 H 6 [START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF]. In this singular case, the prevailing wind has a south-westerly direction with high wind speeds of approximately 4m/s. The  13 CH 4 signatures are plotted in a wind rose in Figure 3.7b. Northerly winds resulted in the highest number of isotopic signatures calculated with values between -41 to -43‰. Other wind directions show similar source signatures with exception to winds from a south westerly direction where the biogenic signature is detectable.

ANALYSING THE TIME-SERIES USING MODIFIED APCA

Application of MC-APCA in the traditional way (without a moving window) provides an insight into the overall source contributions driving the concentration data. Two distinct sources are identified. The first, accounting for 77.5 ± 0.6 % of the total concentration variance is dominated by CH 4 and NG tracers. The estimated C 2 H 6 :CH 4 source ratio is 0.0639 ± 5 x10 -4 , which is in the range reported for wet gas sources [START_REF] Yacovitch | Demonstration of an ethane spectrometer for methane source identification[END_REF], Roscioli et al., 2015]. The second source, contributing to 66% of the remaining variance, has contributions from predominantly toluene and benzene and a small fraction of CH 4 , which rather suggests a traffic source. Maximum and mean absolute CH 4 residuals using this method (shown in Figure 3.8) are approximately 1 ppm and 140 ppb respectively.

A more detailed analysis of the specific time periods is achieved with the 10h-moving MC-mAPCA method (described in Section 3.2.2.2). Results suggest that the number of principal components (PCs) contributing to CH 4 variability and their source characteristics vary depending on the time period analysed. The first PC (PC1) generally explains between 60% to 80% of the total concentration variance.

Its temporal variation and that of the C 2 H 6 :CH 4 source ratio of PC1 are shown in Figure 3 ) of greater than 0.01 were excluded from the results. During period A, the source ratio is very stable, suggesting a natural gas source with a C 2 H 6 :CH 4 signature of between 0.065 and 0.075 ppm/ppm. Throughout period B, CH 4 enhancements are low. Here we find estimated source signatures to be more variable. However, they continue to suggest a natural gas source similar to that of the two pipelines (C 2 H 6 :CH 4 signature between 0.04 and 0.08). When comparing the results to the known ratios of the natural gas within the two pipelines (dashed green and pink lines in Figure 3.6), it is clear that emissions on the 26 th of June have a ratio corresponding to that of Pipeline 1, but the majority of events seem to be a mixture of the two pipelines. The data coverage is much larger than that of the isotopic analysis, resulting in a fuller understanding of the changing sources, in particular during periods of low CH 4 concentration enhancements. Overall the isotopes and C 2 H 6 :CH 4 ratios are in good agreement, suggesting Pipeline 1 as the dominant CH 4 source. On July 2 nd , the C 2 H 6 :CH 4 source ratio decreases to 0; the same period identified by the isotopic signatures as a biogenic source. Nonetheless, there are a number of concentration peaks which are indicative of Pipeline 1 when using isotopic values, but a mix of the two pipelines (60% to 80% for Pipeline 1, 40% to 20% for Pipeline 2) is observed if using source ratio values, for example in the second half of Period A. It is important to note that our analysis is more sensitive to changes in C 2 H 6 :CH 4 ratio than  13 CH 4 values. The two pipelines are separated by 3‰ and 0.02 ppm/ppm for  13 CH 4 signature and C 2 H 6 :CH 4 ratio, respectively. Yet the typical uncertainty for calculations of a single time window using the moving Miller-Tans and MC-mAPCA are 1.4‰ and 0.005ppm/ppm, respectively. Thus, a mix of 60% from Pipeline 1 and 40% from Pipeline 2 during a short period would not be easily distinguishable from pure Pipeline 1 using the  13 CH 4 signatures alone, while APCA-based C 2 H 6 :CH 4 ratios would be sensitive enough. The size of the error bars and the stability of the C 2 H 6 :CH 4 source ratio from the MC further aid our analysis by giving an idea of the robustness of modelled CH 4 source contributions. For example, during period C, in which the C 2 H 6 :CH 4 source ratio is changing from dominantly Pipeline 1 to 2 without stabilising suggests the principle component does not model the CH 4 source well. From our sensitivity studies, we find that such characteristics usually occur when there is a second type of CH 4 source explaining a similar portion of the concentration variability as the principle source (see Section 3.5, Figure S3.1). In this case, we assume the second source to be traffic emissions, which heavily impacts VOCs. Results from MC-APCA also indicate that traffic has heightened contributions during this period. The factors modelled using MC-mAPCA have maximum and mean absolute CH 4 residuals of 800 ppb and 134 ppb respectively, indicating CH 4 emissions are better modelled using the 10h moving method than MC-APCA. We find the predominant difference between MC-mAPCA and MC-APCA is the heightened level of detail of PC1 achieved with MC-mAPCA, allowing for the separation between the contributions of Pipelines 1 and 2, information which is not evident from MC-APCA. The pollution-rose (Figure 3.7a) shows the calculated C 2 H 6 :CH 4 source ratio for given wind direction and speed. The C 2 H 6 :CH 4 ratio corresponding to Pipeline 1 is found predominantly to originate from the north and north-north-east of the measurement station. Some emissions corresponding to a C 2 H 6 :CH 4 ratio of Pipeline 2 are suggested in the north-east. However, this sector primarily identifies natural gas emissions as a combination of both pipelines, which could be expected if the CH 4 originated 

ANALYSING THE TIME-SERIES USING PMF

The EPA5.0 PMF model, which is very widely used in air quality studies, does not perform optimally on short time series, (i.e. less than 100 points) but is useful to assess the contribution of sources over the total observed period. Two factors were found as the optimal PMF solution. Factor 1 contributes to 90% of the CH 4 variability. It has a characteristic, stable C 2 H 6 :CH 4 source ratio of 0.078 (0.072 and 0.079 for the 25 th and 75 th bootstrap percentiles). This value strongly suggests the source is similar to Pipeline 1.

The second factor accounts for the final 10% of CH 4 variability, and is modelled with significant contributions from the traffic trace gases, namely benzene and toluene. The base run suggests the ratio is 0.08 (0.058 and 0.066 for the 25 th and 75 th bootstrap percentiles), which is fairly similar to the first factor and also indicative of a NG source. This implies that the CH 4 component was not clearly separated between the two factors. The bootstrap mapping showed both factors with 0% unmapped. Source apportionment of CH 4 was not strongly affected by the wind direction, however periods with very calm wind speeds (< 1m/s) generally induced higher CH 4 residuals (periods A and C). The factor contributions are shown in Figure 3.8, where Factor 1 and 2 represent the NG and traffic sources, respectively. The CH 4 variability was well fitted with a mean residual of 53ppb and the r2 of regression for observed vs predicted CH 4 and C 2 H 6 greater than 0.9. The scaled residuals of all species ca be seen in 

Conclusions

The source apportionment methods evaluated in this study (isotopic analysis, MC-APCA, MC-mAPCA, PMF) enabled the correct identification of the key sources at the compressor station, in agreement with samples taken from the gas stream, and to identify minor emission sources, traffic and mixed natural gas, from roads and facilities in the vicinity. For the first time, we compared the performance of PCA and PMF receptor models specifically for CH 4 source identification on two-week measurement campaign data from a compressor station site, and include a novel method to implement a 'Monte-Carlo moving APCA' (MC-mAPCA) to distinguish the temporal variance of source contributions.

We found that the methods employed are best suited to different situations. MC-APCA and PMF tools are appropriate for analysis of longer datasets, and may therefore have had reduced functionality when applied to the short time-series here. Both methods identified the same two major sources for CH 4 and VOCs: natural gas and traffic and attributed the majority of CH 4 emissions to a natural gas source.

Although the percentage of explained variance and exact source profiles differ slightly, the temporal variation of sources was in good agreement. Our sensitivity studies showed that both MC-APCA and PMF results are sensitive to the number of components included within the analysis and the duration for which each source significantly contributes to the local concentration enhancement. Thus, when using such receptor models for source apportionment, the number and type of gas species considered should be carefully selected, and an understanding of the character of sources (e.g. sporadic high emissions or continuous emissions over a long period) is vital to choose the appropriate model. Regarding the identification of CH 4 sources, all methods (isotopes, MC-APCA, MC-mAPCA and PMF) identify a predominantly natural gas source, but sporadic peaks can only be identified by short term methods, such as the moving isotopic analysis and MC-mAPCA. However, the deviation of PMF and MC-APCA reconstruction during such a sporadic peak indicates that a joint use of PMF and MC-APCA can at least allow detecting such intermittent sources although their source signatures cannot be properly retrieved using these techniques. We find the moving isotopic calculations are very useful here in identifying such short-term sources, however the limited precision means small fluctuations in gas composition, as suggested by the MC-mAPCA, cannot be verified. Furthermore, such calculations require additional instrumentation and strong CH 4 enhancements for stable  13 CH 4 signature calculation which can leave much data un-interpreted. Unfortunately, isotopic observations are not available for all studies, while the use of APCA, mAPCA and PMF can easily be implemented on the same datasets. For a comprehensive interpretation of longer data sets, the PMF model may be more suitable, however it has difficulties separating sources with similar profiles (such as the two pipelines in our case). Generally, higher residuals are present with increased standard deviation of CH 4 , implying that the PMF method has reduced performance with large CH 4 enhancements. Furthermore, as PMF is a ready to use software, it is not flexible to develop the model specifically for CH 4 identification. Application of the MC-APCA model to the entire dataset is best used to distinguish between sources as we find the reconstruction of minor components to be fairly unreliable. The implementation of the monte-carlo approach allows us to better identify situations where classical PCA or APCA solutions are unstable. The limitations of MC-APCA are partially overcome with our implementation of a moving MC-ACPA in which temporal variations of the principle component can be tracked regardless of even changing source profiles.

Overall, we conclude that no single tool is ideal to achieve a fully correct source apportionment for our two-week campaign in a multi-source environment, where major sources were fairly similar, i.e.

predominantly from natural gas with intermittent biogenic sources. Thus, a combination of all tools (isotopes, mAPCA, APCA, PMF) and analysing both the short-and long term variations of CH 4 and VOCs is required to fully understand the underlying characteristics of the CH 4 data and for correct identification of all sources.

SUPPLEMENTAL MATERIALS: SENSITIVITY STUDIES

Major limitations of APCA and PMF models are that a) source interpretation is relatively subjective due to the dependence on the (sub-) set tracer species chosen for the analysis and b) their inability to clearly separate covariant sources [Viana et al., 2008]. Here we test the receptor models on simulated data for an understanding of the limitations associated with each model.

S3.1 CREATION OF PSEUDO DATA

To assess the abilities and shortcomings of the receptor models, pseudo data was created to compare APCA and PMF solutions with ground truth. A realistic dataset was created by basing the variability of the pseudo-data time series on the CH 4 concentration time-series measured at a natural gas compressor station (CH 4 obs ) (see section 3.1). Then VOC concentration time-series for 5 VOCs (C 2 H 6 , C 3 H 8 , iC 4 H 10 , nC 4 H 10 and Ethanol) were created using emission factors corresponding to three specific sources (see Table S3.1), using the following equation:

VOC pseudo,i = CH 4 obs • [VOC i :CH 4 ] source ratio Equation 3.3
The source ratios chosen for each VOC species reflect realistic emission ratios for a site with 2 natural gas sources and one (intermittent) biogenic source. Natural gas emissions ratios are based on values from [START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF]. For the biogenic source, C 2 H 6 :CH 4 and Ethanol: CH 4 emission ratios are taken from Allen [2016] andGentner et al., [2014] respectively. The remaining emission ratios are based on flask sample measurements of cow breath measured on a GC. The pseudo dataset was doubled as the PMF model has better performance for longer datasets.

Table S3.1 Source emission ratios used to create pseudo data based on values from [START_REF] Assan | Characterization of interferences to in situ observations of δ 13 CH 4 and C 2 H 6 when using a cavity ring-down spectrometer at industrial sites[END_REF].

SOURCE RATIO (PPM/PPM)

C 

S3.2 SENSITIVITY TESTS

In order to develop APCA and PMF models to realise the best possible CH 4 source identification potential, model performance is examined for the impact of: Impacts of items a), c) and d) were evaluated using pseudo data, described in sections S3.2.1 to S3.2.3.

While the impacts of b) were evaluated on data measured during the field campaign at a natural gas compressor station, found in Section S3.2.4.

S3.2.1 Impact of limited precision and noise

The sensitivity of the model solutions to 2 types of unbiased uncertainties were examined, namely: measurement uncertainties and source ratio variability. All measurement techniques have an attributed uncertainty. To recognise the effects that this has on the receptor models, a measurement uncertainty (  was created for all species as a percentage of their concentration. The variability of source emission ratios was included as  2 . The method used to create the pseudo data with noise can be seen in equations 3.4 and 3.5.

Measurement Uncertainty (mu): mu CH 4 pseudo = CH 4 obs +   a and mu VOC i,pseudo = [CH 4 obs

• ratio i ] +   a  Equation 3.4 Source Ratio Variability (srv): srv CH 4 pseudo = CH 4 obs +   15% and srv VOC i pseudo = [CH 4 obs • (ratio i +  2 a )] +   15%  Equation 3.5
Where   a =a • species pseudo ,  2 =a • ratio i

Pseudo data was created using the ratios from Source A (see Table S3.1) with a as 5%, 15%, 25%, 50% and 100%. For the source ratio variability, a 15% instrumental uncertainty (    (typical uncertainties of concentration for VOCs considered here) was included on top of their respective uncertainties in source ratio ( 2 a ). For the PCA, uncertainty estimates were retrieved using MC by simulating 1 000 randomly altered 'noisy' datasets for each type of pseudo data. For comparison, the sensitivity of PMF to these uncertainties was tested on one dataset for each type of pseudo data. Uncertainty estimates were obtained from evaluating the BS, DISP and BS-DISP methods included with the EPA PMF software.

S3.2.2 Duration of source contributing to CH 4 variability

A vital question to be addressed within this study is if the methods can identify intermittent CH 4 sources as well as sources that predominantly contribute to the CH 4 variability. To do this, pseudo datasets were created for Sources A, B and C using Equation 3.4 with 15% instrumental uncertainty (   Starting with the pseudo time-series of only one source (Source A), the time period of a secondary source (Source B or C, i.e. one that has significantly similar or different source ratios to Source A, respectively)

was increased in increments in order to detect the minimum duration (here data points) required for correct source determination of both sources.

This was tested on APCA by applying MC-APCA to a time series in which the contribution from the second source was increased in one hour increments. Uncertainties on the modelled factors were calculated from 100 run MC with 15% instrumental noise applied to all species. The PMF model was applied to 5 pseudo datasets where the period of the second source ranged from 20 to 400 hours.

Uncertainties were calculated using BS, DISP and BS-DISP methods, with 15% measurement uncertainty.

S3.2.3 Time window analysed

Field campaign duration can vary from a few days to several weeks, thus influencing the time window of observations. To investigate whether the time window used within APCA or PMF affects the factor solutions, the models were applied to varying time periods of pseudo data. Furthermore, to explore whether the models could distinguish between CH 4 concentration enhancements from two slightly varying gas sources, pseudo data was created using the source ratios of Source A as the predominant CH 4 source, with intermittent methane variability explained by Source B. 15% instrumental error was added to all species.

For APCA, this is analysed through a 'moving' MC-APCA (MC-mAPCA), in which MC-APCA is applied to rolling 10-hour time windows, i.e. for 20 points. For PMF analysis, the time-series was split into sections of minimum 50 points, as suggested in previous studies [START_REF] Zhang | Sensitivity of a molecular marker based positive matrix factorization model to the number of receptor observations[END_REF][START_REF] Chen | Toward effective source apportionment using positive matrix factorization: Experiments with simulated PM2. 5 data[END_REF], Pant and Harrison, 2012].

S3.2.4 Impact of chosen (sub-) set of additional VOCs

As the goal of this study is to improve specifically the identification and characterisation of CH 4 sources, we examine how the number of additional VOC species included in the receptor models affects the modelled CH 4 sources. The number of species included in the MC-APCA and PMF models was increased from only CH 4 and C 2 H 6 to all 13 species. 15% instrumental uncertainties were used for the uncertainty estimations, using BS, DISP and BS-DISP for PMF and 1000 MC for APCA.

S3.3 SENSITIVITY TEST RESULTS

S3.3.1 Sensitivity to limited precision and noise

Principle component solutions are affected to different degrees depending on whether the noise added to the pseudo datasets stems from instrumental uncertainties (  or source ratio uncertainties ( 2 ) calculated from Equations 3.4 and 3.5 respectively. We found that the percentage variability explained by the PC (in our case the Source A) was the parameter most influenced by the addition of uncertainties, specifically to  2 , where an addition of noise of 15% alters the parameter significantly from the reference simulation of 77.22% ± 0.05% to 76.65% ± 0.05%. Instrumental noise additions below 25% were in agreement with reference values. The C 2 H 6 :CH 4 ratio of the reconstructed PC was found to be less influenced by the addition of  1 and  2 . The addition of  1 and  2 up to 50% did not shift the reconstructed ratio from the reference value within the standard deviation.

Overall, the PMF shows higher stability in regards to additions of  1 and  2 . Only after the addition of 50% noise does the source apportionment stray from the reference values.

S3.3.2 Sensitivity to duration of source contributing to CH4 variability

Results from the sensitivity study described in Section S3.2.2 found that the minimum duration of a second source (contributing to CH 4 variability) needed for the models to correctly identify both CH 4 sources is dependent on the characteristics of the CH 4 sources.

When introducing a second source (Source C) significantly different to the primary source (Source A), the MC-APCA correctly reconstructs Source A while its variability contributes to approximately 90% or more of the time-series variability. In the case of the pseudo data, this is 300 hours out of a 350 hour time series. Consequently, for Source C to be correctly reconstructed, it must be present for 340 hours or more, due to the low concentration variability of species in this source. When the sources are found in evenly mixed contributions, the C 2 H 6 :CH 4 source ratio is no longer representative of either source.

This can be seen in Figure S3.1: The left-hand plot shows that whilst Source A is contributing to the most of the concentration variability (> 60%), the C 2 H 6 :CH 4 source ratio is significantly higher than that of Source A. As the variability of Source C becomes more pronounced, the C 2 H 6 :CH 4 source ratio is as a mixture of both sources. Substituting Source C with B in the simulation gives similar results. The C 2 H 6 :CH 4 ratio of either source was correctly calculated when the source represented more than 90% of the dataset. However, when both sources contribute more evenly to the variance, the reconstructed species time series do not well represent the original C 2 H 6 :CH 4 ratios, seen in the right-hand plot of For the PMF model, the minimum number of data points required by a second source for the model to correctly distinguish two sources (Biogenic and Pipeline 1, Sources C and A respectively) in the pseudo data was found to be 100 (i.e. 50 hours). The calculated C 2 H 6 :CH 4 source ratio of the natural gas factor can be seen in Figure S3.2. The number of data points of the biogenic source is increased from 2 to 400 hours, however the correct C 2 H 6 :CH 4 ratio is measured only when the biogenic source is between 50-300 hours. When substituting the biogenic source with the second NG source (Source B, in red in Figure S3.2) we found the PMF was not able to distinguish between the two NG sources regardless of the time length of the sources. 

S3.3.3 Time Period Analysed

The results above suggest that MC-APCA can correctly reconstruct the PC if it explains the majority of the variability (>90% of the data). We find that when using MC-mAPCA it is possible to correctly identify and characterise individual peaks of the two natural gas sources (see Figure S3.3); a significant improvement to the results achieved with MC-APCA.

Nonetheless, applying the PMF to a time-series split into 100 point (50 hours) sectors does not improve the modelled factors. Mean absolute methane residuals increase by a factor of 10. Confirming that optimal results are achieved by PMF with more data. 

S3.3.4 No. of Variables Included

We find that for both the APCA and PMF models, retaining more species for the analysis does not aid reductions from these sectors will be imperative to reach emission reduction goals. For effective implementation of reduction strategies, CH 4 emissions from these sources, and their temporal changes, must be well understood and characterised. Nonetheless, characterisation of such biogenic sources can be challenging as exact processes are dependent on a number of external factors. For example, in the case of CH 4 emissions from ruminants, the diet, breed, weight etc. will affect the CH 4 emission factor. In the case of wastewater or landfill, CH 4 emissions are known to vary with the type of waste, temperature, treatment processes etc. Furthermore, nation and region specific characterisation of CH 4 sources (and signatures) is rare, thus contributing to large uncertainties in emission factors. Six field campaigns at three major industrial sources are discussed in detail here; an agricultural farm, two wastewater treatment plants and a landfill site were visited for methane measurements. The aim is to characterise ruminant and waste emissions using isotopic analysis, source ratios of co-emitted species and receptor models.

CHARACTERISING CH 4 EMISSIONS FROM DAIRY FARMING IN ILE-DE-FRANCE

Methane produced by ruminants is estimated to account for half of French CH 4 emissions [START_REF] Vermorel | Evaluation quantitative des emissions de methane enterique par les animaux d'elevage en 2007 en France[END_REF]. The contributions and emission factors from dairy, beef and growing cattle are known to vary depending on weight, feed, waste management, etc. [START_REF] Vermorel | Evaluation quantitative des emissions de methane enterique par les animaux d'elevage en 2007 en France[END_REF]. Carbon isotopes can help better identify source contributions when analysing continuous observations e.g. from the French SNO-ICOS (Service National d'Observations -Integrated Carbon Observation System) network and aid inverse modelling estimates. This study aims to facilitate improved understanding and characterisation of ruminant emissions through the analysis of three measurement campaigns undertaken at an experimental farm in the Ile de France region. Measurements were taken through a mobile campaign with the objective to identify and characterise the on-site CH 4 sources (and their signatures), and 2 'fixed-site' campaigns (in Autumn and Spring) in order to compare emission characteristics between seasons. Results from Chapter 3 indicate that the greatest understanding of emissions from a NG compressor station were achieved through a combination of source apportionment methods. Therefore the same methods (modified for optimal performance) are applied here, combining isotopic and receptor model analysis. In October and November, productive dairy cows were fed a diet of 31% corn, 19% rapeseed, 18% Lucerne, 12% ground corn, 6% sugar beetroot pulp, 5% hay of Lucerne, 5% barley and 4% other. While the ruminants in the other barns were fed 30% corn, 5% rapeseed, 30% sugar beetroot pulp, 13% hay, and 20% potatoes. During April and May, the diet was changed slightly to 35% corn, 13% rapeseed, 16% Lucerne, 13% ground corn, 9% beetroot pulp, 3% hay of Lucerne, 5% barley, 4% potatoes and 2% other for productive dairy cows and 30% corn, 5% rapeseed, 30% sugar beet pulp, 

SITE DESCRIPTION OF THE GRIGNON FARM

MOBILE CAMPAIGN: 1 ST MAY 2017, 9AM -MIDDAY

Methods

The purpose of the mobile campaign was to identify the CH 4 sources at Grignon farm to aid source identification during the long-term campaigns and improve the characterisation of ruminant CH 4 sources for emission inventories through high precision isotopic measurements. This objective was reached by installing a CRDS instrument measuring CH 4 , CO 2 , C 2 H 6 , and δ 13 CH 4 (Picarro G2201-I, described in detail in Chapter 2) in a vehicle. The air inlet was fixed to the roof of the car, and ambient air was passed through a Nafion drier (Perma Pure, LLC, Lakewood, USA) followed by magnesium perchloride to ensure the moisture content was consistently < 0.1% H 2 O. All power was obtained from a 150Ah lead battery system (Yuasa, Saint-Quentin-Fallavier, France). A picture of the set-up can be seen in Image 4.4. A calibration of all species was performed before and after the mobile campaign spanning -24‰ to -66‰ δ 13 CH 4 , 1.8-3ppm CH 4 , 370-500ppm CO 2 and 0.3-3ppm C 2 H 6.

The isotopic signatures were calculated for all sources using Miller-Tans plots (see Chapter 3 for details).

As a second proxy, the CH 4 :CO 2 source signatures (abbreviated to CH 4 :CO 2 from here on) were calculated from the slope of the regression of CO 2 and CH 4 , again with X and Y errors, much like the method to calculate C 2 H 6 :CH 4 signatures described in Chapter 2.

Results and Discussion

Highest concentration offsets were measured at the Dairy Barn which at the time housed 173 lactating dairy cows. This barn was passed 3 times; the maximum CH 4 concentration measured was approximately 10ppm (see Figure 4.4). Concentration enhancements from the other ruminant barns were significantly lower. This is expected to be largely explainable by the level of aeration in the barns.

The Heifer and Sheep barns are well aerated, thus CH 4 is likely to be instantly diluted whilst the Dairy barn is relatively enclosed and sampling was taken at one of the few openings where air left the barn.

The CH 4 emitted from the cattle production system is expected to be approximately 85-90% enteric fermentation and the rest manure [START_REF] Hindrichsen | Effect of the carbohydrate composition of feed concentratates on methane emission from dairy cows and their slurry[END_REF]]. Concentrations measured from liquid and solid manure piles in Grignon were not elevated enough to calculate reliable isotopic signatures. 

Manure

The isotopic and CH 4 : CO 2 signatures were calculated for the three ruminant barns and the Biogas source, results are displayed in Table 4.1. From the mobile measurement results we find the isotopic signatures of the Dairy Barn, measured as -56.4  0.7 ‰, is significantly less negative (by approximately 5 ‰) to that of Heifer and Sheep barns (which have the same isotopic signature within the uncertainties), measured as on average -61.5  1.8 ‰. The isotopic signatures of the Sheep and Heifer barns have a higher uncertainty than the Dairy barn due to low CH 4 concentration enhancements.

Methane isotopic signatures of ruminants is known to be affected by their diet [START_REF] Bilek | Investigation of cattle methane production and emission over a 24-hour period using measurements of δ 13 C and δD of emitted CH4 and rumen water[END_REF] as plants can have significantly different δ 13 C i.e. -25 ‰ to -29 ‰ for C3 plants and -12 ‰ to -16 ‰ for C4 plants [START_REF] O'leary | Carbon isotopes in photosynthesis[END_REF]. Cattle in the Dairy Barn are fed a 50 %:50 % C3:C4 plant diet, i.e. the feed has a δ 13 C of about -19 ‰. Whilst ruminants in the Heifer and Sheep barns have a 70%:30% C3:C4 plant diet, so the feed is estimated to have a δ 13 C of ca. -22 ‰. Thus, we expect approximately 3 ‰ difference of respired CH 4 , given a constant bacterial fractionation in the rumen [START_REF] Coleman | Fractionation of carbon and hydrogen isotopes by methane-oxidizing bacteria[END_REF]. Given the uncertainties associated with our calculations, and possible fluctuations in feed ratio, fermentation rate etc. our measurements are in agreement with the theoretical calculations. Furthermore, the isotopic signatures calculated are similar to results from [START_REF] Levin | Stable isotopic signature of methane from major sources in Germany[END_REF] which found cattle with 60-80 % C4 diets have δ 13 C =-55.6  1.4 ‰ and C3 only diet as -65.1  1.7 ‰. The isotopic signature of fugitive emissions from the Biogas plant were measured as -52  3 ‰, in good agreement with measurements from [START_REF] Levin | Stable isotopic signature of methane from major sources in Germany[END_REF] which reported -51. 8  2.8 ‰.

The CH 4 : CO 2 signature suggests ruminants in the Heifer and Sheep barns produce more ppm CH 4 per ppm CO 2 than the lactating cattle in the Dairy Barn, signatures are on average 0.067  0.003 ppm/ppm and 0.143  0.009 ppm/ppm respectively. Literature of CH 4 : CO 2 for dairy cows consistently report ratios similar to these Heifer barn values; [START_REF] Lee | A time-series of methane and carbon dioxide production from dairy cows during a period of dietary transition[END_REF] calculate approximately 0.07 ppm/ppm, Bjerg et al. (2011) calculate ratios between 0.05 and 0.08 ppm/ppm, and [START_REF] Rentrop | Untersuchung natürlicher und anthropogener Quellen und Senken von Treibhausgasen im Rahmen von CarboSchools[END_REF] reports 0.07 ppm/ppm while [START_REF] Haque | Estimation of methane emission using the CO 2 method from dairy cows fed concentrate with different carbohydrate compositions in automatic milking system[END_REF] measured on average 0.09 ppm/ppm and found that CH 4 : CO 2 is not variable with diet composition, but can vary between individual cows. Given that around 180 cows were present in the stable we can assume that the variability of individual animals does not significantly change the mean CH 4 :CO 2 ratio. As the CH 4 : CO 2 ratio from the Dairy barn is significantly larger than the literature there may be an influence of CH 4 originating from manure. Assuming the CH 4 : CO 2 ratio of fresh manure is approximately 1.5 ppm/ppm [Williams, 1992], and that on average the lactating cattle have the same ratio as the heifers (0.068 ppm/ppm), we calculate manure contributes to 5.5% of the CH 4 measured from the Dairy barn. This value is in good agreement with a study by [START_REF] Kinsman | Methane and carbon dioxide emissions from dairy cows in full lactation monitored over a six-month period[END_REF] in which manure emissions were calculated to contribute to 5.8% of CH 4 emissions for a dairy cattle barn.

Recalculation of the isotopic signature for pure eructated methane from lactating cattle is therefore -57.3 ‰ (assuming δ 13 C of animal waste is -45.5 ‰ [Levin et al. 1992]). As the CH 4 : CO 2 signature expresses the efficiency of microbial fermentation into CH 4 [START_REF] Madsen | Methane and carbon dioxide ratio in excreted air for quantification of the methane production from ruminants[END_REF], combing these two parameters can create a source characterisation plot, as seen in Figure 4.5, which may be crucial when interpreting the results from the two month-long field campaigns at the fixed site. 

Methods

The objective of longer, fixed-site measurement campaigns was to gain an understanding of the temporal variation of predominant CH 4 sources at Grignon farm. Using source apportionment techniques such as methane isotopic measurements and correlations with VOCs, we attempt to distinguish between CH 4 concentration enhancements from on-site (such as biogas and ruminant sources) and off-site (e.g.traffic) activities.

The following species were measured continuously during the autumn campaign: CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4 , and δ 13 CO 2 using the same CRDS instrument (G2201-i) as in the mobile campaign. To dry the ambient air to <0.1% H 2 O a combination of Nafion dryer and magnesium perchlorate was placed before the instrument inlet. Every two days, 20 minute measurements of two calibration gases were made to calibrate CO 2 and CH 4 data and another working gas was measured every 12 hours and used as a target gas. A calibration for isotopic measurements was run prior and post the field campaign and the working gas measurements during the campaign were used to track any drift in the isotope measurements. VOCs were measured using proton transfer reaction mass spectrometry (PTR-MS) and gas chromatography (GC + FID). Calibration of the GC-FID was performed at the beginning of the campaign with a NPL (National Physical Laboratory, Tedington, UK) standard. Calibration of selected compounds was made for PTRMS with a GCU unit and its internal standard (Ionikon, Innsbruck, Austria). A list of the VOCs measured can be seen in Table 1.3. All instruments were installed in the same building (see Image 4.5) approximately 400m from the farm outbuildings. The building is marked by a star in Figure 4.1, and can be seen in Image 4.3 with co-located inlets approximately 4m above ground level.

Image 4-5 Inside the instrumental building seen in Image 4, the GC (left) and CRDS instruments (right) can be seen in operation.

Following the successful source apportionment presented in Chapter 3, here the same CH 4 identification methods are implemented: CH 4 isotopic analysis, principle component analysis and positive matrix factorisation. All methods have been discussed extensively in Chapter 3, therefore only certain details, that are specific modifications for this application will be discussed here.

Analysis of continuous δ 13 CH 4 and CH 4 :CO 2 ratio

To calculate the isotopic signatures of CH 4 concentration peaks, the moving Miller-Tans plot method (as described in Chapter 3) was implemented with the criteria of a simultaneous increase of 5 ppb CH 4 or greater, and change in δ 13 CH 4 greater than 0.7 permil. Only data points corresponding to an increase in CH 4 concentrations were used for the linear regression and only regressions with r 2 > 0.9 were accepted.

As a complimentary tracer, the CH 4 : CO 2 ratio source signatures were simultaneously calculated during the same periods. This tracer ratio was chosen as there is a known correlation in the respiration of ruminants, as confirmed from the mobile field campaign results. The calculated ratios were influenced by the large daily concentration variations present in the CO 2 time series (less present for CH 4 ), due to regional sources and the daily cycle of atmospheric mixing present. This is evident from Figure 4.4, in which CO 2 concentrations are seen to increase significantly whilst no CH 4 enhancements are measured.

For this reason, to allow investigating the signatures of the short-term concentration increases which are due to more local sources, the average diurnal cycle of CO 2 and CH 4 was removed before calculating the ratio. The lower envelope of the diurnal cycles was fitted using a percentile filter with a 20-hour window at the 10 th percentile. The uncertainty was estimated as the RMS difference between the resulting time series calculated using the percentile filter or a high pass filter to model the daily cycle.

For the calculation of CH 4 : CO 2 ratios, regressions with r 2 greater than 0.8 were accepted. The error was estimated from the 1000 run MC simulation.

Receptor Models

Two types of PCA were implemented; MC-APCA and 10h MC-mAPCA for long and short term source apportionment respectively. The subset of species included in the APCA analysis were as follows: CH 4 , CO 2 , C 2 H 6 and C 3 H 8 . This subset contains only a small selection due to the lack of correlation of CH 4 with the other measured species, and driven by the necessity of CH 4 variability being a major contributor to the principle component. Model details are the same as described in Chapter 3, with the exception of certain modifications to the 10h MC-mAPCA: a) Only components with a significant contribution from CH 4 (CH 4 contribution > mean contribution of all variables) were used.

b) Only the principle component was reconstructed (sensitivity studies described in the supplementary material of the Chapter 3 demonstrate reconstruction of the 2 nd + components are not reliable).

c) Diurnal cycles of CO 2 and CH 4 were removed before analysis (same method as above) in order to facilitate the calculation of the CH 4 : CO 2 source ratio of the principle component.

Finally, we apply the PMF receptor model from EPA. Details of this model are also discussed in Chapter 3. The following variables were selected for PMF: CH 4 , CO 2 , C 2 H 6 , C 3 H 8 , Ethylene, Propene, Acetylene, and N-Hexane. Certain variables such as Trans-2-Butene and Cis-2-Butene were excluded from the analysis due to very low concentration enhancements. The dataset was then trimmed further by excluding i-Butane, n-Butane, i-Pentane, n-Pentane and 2-Me-Pentane as these variables were not correlated with CH 4 and their inclusion did not improve the source apportionment of CH 4 .

Results & Discussion

Observed concentrations and variability

In total, 40 days of CH 4 measurements were made at Grignon farm in Autumn 2016, 30 of which simultaneously measured 17 VOCs: Ethane, Ethylene, Propane, Propene, i-Butane, n-Butane, Acetylene, Trans-2-Butene, X1.Butene, i-Pentane, n-Pentane, X1.3-Butadiene, Trans-2-Petene, X.1-Penetene, X2.ME-Pentane and n-Hexane. Mean and standard deviation of CH 4 and CO 2 concentrations throughout the campaign were 2.05ppm and 0.18ppm for CH 4 and 431ppm and 20ppm for CO 2 respectively.

Maximum concentrations observed for 30 minute averages were 4ppm and 512 ppm for CH 4 and CO 2 respectively. Methane concentrations were not significantly correlated with any of the other measured gases (Pearson's R is less than 0.5) which can also be seen from the time series in Autumn Campaign 2016 

Analysis using receptor models

The isotopic analysis describes only a portion of the data. From the work described in Chapter 3 it was found that the use of receptor models can aid in describing the characteristics of CH 4 sources, both by using moving APCA to build on the short-term analysis of isotopic data, and long term analysis from APCA and PMF which provides an overview of the predominant CH 4 sources. is not the dominant species explained by the principle component. Furthermore, highly varying ratios or ratios with greater than 100% uncertainties were also omitted. Ratios calculated during periods with no CH 4 concentration enhancements can be particularly high and do not necessarily represent a CH 4 source.

APCA

Overall, we find much of the CH 4 concentration enhancement periods un-modelled. In particular, the reconstructed CH 4 :CO 2 ratio is sparse, which is due to the large uncertainties carried forward from the diurnal cycle fitting. Nonetheless, C 2 H 6 :CH 4 and CH 4 :CO 2 ratios calculated during CH 4 peaks are generally between 0 and 0.02 and 0 and 0.1 respectively. This is as expected from the biogenic CH 4 sources located on the farm. 

PMF

For an initial idea of the number of factors (sources) to include, APCA was applied to the dataset selected for PMF (inclusion of a greater number of species than the MC-APCA datset). Results suggested between 2 to 4 principle components. Applying PMF, 4 factors were found to provide the optimal solution. Ethylene was the component least well modelled; the r 2 of the regression of oberseved vs modelled concentrations was greater than 0.75 for all variables bar ethylene for which r 2 was 0.47.

Carbon dioxide comprised the majority of Factor 1 with small contributions from CH 4 , propene, propane, ethylene and ethane. The contribution of CH 4 is associated with large DISP and BS error (uncertainty of concentration ranges between 10 -1 and 10 -4 ppm). The temporal variation suggests strongly that this factor is associated with the diurnal cycle at Grignon. factor) contributing to 3%, 32%, and 65% of CH 4 respectively.

SPRING FIELD CAMPAIGN: 10TH OF APRIL UNTIL THE 1ST MAY 2017

Methods

In order to assess the temporal variation, if any, of the CH 4 sources and source signatures at Grignon farm we conducted a second field campaign during the spring season. Continuous measurements of CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4 , and δ 13 CO 2 using a CRDS instrument (G2201-i) were made. VOCs were measured using PTR-MS and GC-FID. At the time of writing only alkane data measured by the GC-FID is available for analysis, thus the following VOCs are discussed here: C 2 H 6 , C 3 H 8 , i-C 4 H 10 , i-C 5 H 12 and n-C 5 H 12 .

The instrument location, set up and calibration was the same as described in the autumn campaign: all instruments installed within the same building (marked by a star in Figure 4.1) and with co-located inlets approximately 4m above ground level.

The methods used to analysis the data gathered during the spring campaign follow the same protocol as those described previously for the Autumn campaign.

Results & Discussion

Observed concentrations and variability

A record of the variables measured during the spring measurement campaign at Grignon Farm in 2017 can be seen in Figure 4.13. Methane shows short term concentration variations, in which peaks can typically reach between 3 to 5 ppm. Carbon dioxide measurements display a strong diurnal cycle throughout the duration of the field campaign, which is not as evident in the CH 4 time series. As with the autumn campaign, there is no evident temporal correlation between CH 4 and the other measured gases;

Pearsons R correlation coefficient is below 0.5 for all gases. The alkanes included in the analysis are often used as tracers for fossil fuel emissions, thus suggesting the CH 4 concentration enhancements measured on site are not strongly correlated with such a source.

The highest frequency of measurements were recorded during north and north-westerly winds. From these directions, low CH 4 concentration enhancements were recorded, on average between 1.8-2.1 ppm. Highest CH 4 concentrations were measured during south-westerly wind directions, as can be seen in the pollution rose in Figure 4.12. A more complete understanding of the distribution of CH 4 sources can be gained from the polarplot in Figure 4.12 in which mean CH 4 concentration is plotted according to A particular outlier, the peak on the 21 st of April, has a δ 13 CH 4 signature of -70.9  2.9 ‰. Although significantly lower than the mobile campaign measurements, we suggest the source is cattle on pastures (diet as 100% C3, thus lighter δ 13 CH 4 is expected) or possibly liquid manure (reported as -73.9  0.3 ‰ by [START_REF] Levin | Stable isotopic signature of methane from major sources in Germany[END_REF]) as wind speeds were less than 2m/s indicating a local source from the WSW. In general, between 3 to 5 points were used in the regression, i.e. short lived methane peaks of between 30 to 50 minutes. In Figure 4.15, the calculated δ 13 CH 4 signatures are plotted with respect to wind direction. This plot explains that more negative biogenic CH 4 source signatures are measured during winds from the southwest than west. We expect this to be due to the location of ruminants as explained above in the autumn campaign.

There are 30 CH 4 :CO 2 signatures calculated for the same time period and are plotted at the bottom of Figure 4.15. Here the results are less affected by diurnal CO 2 as it is more regular during this season thus allowing for a better fit and removal from the CO 2 time series using the percentile filter. The majority of CH 4 :CO 2 ratios are between 0.02 and 0.08, with a minimum of 0  0.005 and a maximum 0.08  0.01. The results suggest a source similar to that of ruminants (plotted as the light green dashed line in Figure 4.15). Haque et al., (2013) and [START_REF] Kinsman | Methane and carbon dioxide emissions from dairy cows in full lactation monitored over a six-month period[END_REF] found that CH 4 :CO 2 ratios can vary throughout the day, which many explain some of the CH 4 :CO 2 ratio variability. No anomalous variations were detected in the radon data. Furthermore, there is no correlation with wind data, thus suggesting that the CH 4 concentration peak is due to a periodic activity at the farm. Food is distributed once per day between 6am and 8am, with enough to last until the following day. [START_REF] Bilek | Investigation of cattle methane production and emission over a 24-hour period using measurements of δ 13 C and δD of emitted CH4 and rumen water[END_REF] found that that CH 4 concentrations of cattle increased 1-2 hours after feeding followed by a sharp decline. Therefore, the evening peak may be linked to a peak in food consumption; heifers and other ruminants are expected to eat throughout the day however the dairy cattle are particularly hungry after milking periods which last from 5.30am to 8am and 3pm to 6pm. Within the uncertainties, the mean δ 13 CH 4 signature does not change between the autumn to spring campaigns. Overall, the δ 13 CH 4 signatures calculated are within the range measured during the mobile field campaign. Moreover, δ 13 CH 4 signatures have been measured to vary by up to 10 ‰ over a 24-hour period (dependant on feeding times and substrate availability) [START_REF] Bilek | Investigation of cattle methane production and emission over a 24-hour period using measurements of δ 13 C and δD of emitted CH4 and rumen water[END_REF]]. At Grignon farm, feed is available throughout the day, thus we expect variation to a lesser extent over the 24-hour period. Using the CH 4 : CO 2 source ratio as a second proxy, the characterised CH 4 peaks are plotted in - 

Site description

This measurement campaign took place from the 21 st July to 6 th August 2015 at the St Thibault-des-Vignes waste water treatment site, situated to the west of Paris. The plant treats approximately 38,500 m 3 day -1 , serving a population equivalent to 400,000. Its operation is conventional, meaning that filtration and sedimentation of particles is followed by aerobic biological treatment. As air is continuously pumped and stirred into the sludge, anaerobic digestion is expected to be minimum and CO 2 is the major waste gas produced from this process. Detailed information of on-site processes is included in the Appendix C. After treatment, the plant discharges the treated water into the Marne river to the north. The site was located in an industrial area with an incinerator facility to the north and major highways to the west and south. A scale map of the site is shown above in A fixed mast with two wind sensor packages (11.9m and 3.4m) was located in an open area on the northwest of the site. Wind measurements started on the 28 th of July. Data from the fixed mast upper sensor is used throughout this study. During the measurement period, the predominant wind direction was from the west and southwest with low wind speeds as shown in the wind rose below, Figure 4.23.

Methods

The CRDS instrument was deployed from the 22 nd of July until the 5 th of August 2015, for continuous measurements of CH 4 , CO 2 , C 2 H 6 , and δ 13 CH 4 . The same set up and calibration scheme as described for the Grignon Farm field campaign was used here (Image 4.6). Here, VOCs were not measured as strong correlations between VOCs and CH 4 were not expected (suggested from measurements performed at the WWF Cergy Pontoise, see Section 4.2.2).

The instrument was located within the filtration building, with the inlet placed on the roof of the building, marked by a star in Figure 4.22. >= 2.5 2 -2.5 1.5 -2 1 -1.5 0.5 -1 0 -0.5 123 Methane source identification was analysed using the moving Miller-Tans method. For this field campaign, CH 4 enhancements were particularly low so the requirements for identification of a concentration peak were adjusted to a 3ppb increase in CH 4 and a change in δ 13 CH 4 of greater than 0.5‰.

Results and Discussion

The time series of CH 4 , CO 2 , and δ 13 CH 4 is plotted in Figure 4.24. Measurements up to the 3 rd of August are used in this analysis, after which δ 13 CH 4 measurements are seen to drift substantially and were therefore discarded from the final dataset. The CRDS continuously measured for 13 days, 9 days of which are available with simultaneous wind data. 10-minute averaged mean, maximum and minimum CH 4 concentrations are 2.01ppm, 2.84ppm, and 1.88ppm respectively and 402.3ppm, 447.6ppm and 384.0ppm for CO 2 . Only small variations were measured in the CH 4 isotopes. CH 4 concentrations were found to be similar, on average, for all wind directions. This can be seen in Figure 4.25 which plots the relationship between mean CH 4 concentration and wind speed and direction data. This plot illustrates that the highest concentrations are measured at low speeds, surrounding the instrument inlet, thus indicating that the CH 4 source is local. No significant remote sources are observed in the data. Our results are in good agreement with measurements by NPL from a second CRDS instrument measuring in intervals at 13 locations surrounding the site. 

WASTE WATER TREATMENT FACILITY: CERGY PONTOISE

Site Description

This measurement campaign took place between the 24 th October and 7 st November 2014, near the town of Cergy Pontoise, north-west of Paris. The plant treats approximately 34,225 m 3 day -1 , and implements anaerobic digestion. Initial processes of separation and filtration of organic waste are similar to St Thibault, however the sludge is processed in digesters anaerobically in order to produce CH 4 which is captured and stored for later use or flaring. All relevant buildings are annotated in Figure 4.27.

The site is located on the edge of a town, with a river along the western edge, woodland along the southern and eastern edges, and trees lining the northern edge of the site. 

Inlet

Methods

As with previous campaigns, the same CRDS instrument was used for continuous measurements using the set up and calibration schemes previously described. During this campaign, three kinds of VOC measurements were performed: on-line (using portable GC-FID systems) and off-line through sampling of air in dedicated flasks (with later analysis at the laboratory using GC-FID). Sampling of air in 2hintegrated cartridges (filled with Tenax) were analysed at the laboratory with GC-MS in order to investigate halo-carbonated VOCs. All instruments were located in the filtration building to the southeast of the site. Sampling lines of both instruments were co-located on the roof of the building, approximately 10m above ground level. The location can be seen as a star in Figure 4.27.

The moving Miller-Tans isotopic analysis method was used for identification of CH 4 sources. The same method and requirements as described for the Grignon Farm field campaign were used here. 

Results & Discussion

Continuous measurements using CRDS were made from the 25 th of October until the 6 th of November No significant correlations were observed between the measured VOCs and CH 4 . As the results of the Grignon Farm campaign analysis suggest that receptor models do not aid CH 4 source apportionment at a site with such characteristics, VOC concentrations were not analysed further here.

Due to meteorological conditions, the data coverage encompasses predominantly the south and southeast of the WWT plant. The largest CH 4 concentration enhancements were detected directly south of the inlet, indentifying the digesters and generators as the major detectable CH 4 sources. The distribution of mean CH 4 concentration with respect to wind direction and speed, as plotted in Figure 4.30.

In total, 16 CH 4 concentration peaks were calculated using the moving Miller-Tans method. On average the peaks lasted 70 minutes, and had a mean δ 13 CH 4 signature of -55  1 ‰. This is in agreement with Figure 4.31 shows the isotopic signatures with respect to wind direction. Isotopic signatures are found to be heavier when winds originate from the south, ranging between -53 to -55 ‰, and lighter when winds originate from the north, measured between -55 to -58 ‰. This suggests that CH 4 emitted from the digesters is isotopically different to CH 4 emissions emitted from the filtration system.

The CH 4 : CO 2 source ratio was calculated for 5 concentration peaks, plotted as blue markers in Figure The large difference in the overall concentration enhancements (both from CO 2 and CH 4 ) is likely further intensified by the different metrological conditions i.e. particularly stable conditions during the Cergy-Pointoise campaign, thus allowing for concentration build-up. Furthermore, the building design has surely contributed as well. At St Thibault the filtration systems are well enclosed resulting in little air exchange to ambient air, while at Cergy-Pointoise the filtration buildings had many openings, thus greatly increasing fugitive emissions. We find the mean isotopic signature of CH 4 enhancement periods to be in agreement for both WTT plants, indicating that the anaerobic digestion processes, intentional and unintentional, are similar at both sites.

LANDFILL: BUTTE BELLOT

Site Description

The investigated landfill ("Buttes-Bellot") is located in the Ile-de-France region, about 35 km from Paris.

It is situated in a predominantly agricultural area and surrounded (at a distance of approximately 1 km) by a number of small residential areas and industrial sites. In its vicinity is a second, fully covered landfill ("La Ferme") that has ceased operations. Major roads are situated south and west of the Buttes-Bellot site, while agricultural paths can be found surrounding the site (limited access to the north), as can be seen in Figure 4.32. 

Methods

The objective of this measurement campaign was to complete an inventory of isotopic measurements of anthropogenic CH 4 emission sources in the Ile de France region. A mobile measurement campaign set-up as described for Grignon Farm (see Chapter 4.1.2) was implemented here. The campaign took place on the 2 nd of December 2016, with stable weather conditions, information for which can be found in Table 4.2. δ 13 CH 4 source signatures are calculated using Miller-Tans plots as previously described.

Closed landfill La Ferme

Active landfill 

Butte-Bellot

Results & Discussion

The plumes measured down-wind of the site typically reached CH 4 concentrations of 10ppm. They are clearly associated with the emissions of the Buttes-Bellot site given the prevailing winds and lack of other major sources in the region upwind of our observations (16h15-17h00 and 17h15-18h00). Miller-Tans fits were used to derive the δ 13 CH 4 signature using the data from all 8 plume crossings combined as only one unique source was identified. For this landfill, a signature of -60.0  1.3 ‰ was calculated. Although isotopically light, this signature is comparable with literature; -59  2 ‰ for European landfills were found by [START_REF] Bergamaschi | Stable isotopic signatures (δ 13 C, δD) of methane from European landfill sites[END_REF], -54 ‰ for winter measurements in Florida by [START_REF] Chanton | Seasonal variation in methane oxidation in a landfill cover soil as determined by an in situ stable isotope technique[END_REF] and -51 ‰ by [START_REF] Lowry | London methane emissions: Use of diurnal changes in concentration and δ 13 C to identify urban sources and verify inventories[END_REF] from U.K. landfills. For Buttes-Bellot, a CH 4 :

CO 2 ratio of 0.55  0.06 ppm/ppm was calculated. This is in agreement with the reported ratio of 0.42-0.53 ppm/ppm calculated by Sonderfield et al. (2017) for the active region of a landfill site in the U.K.

Such a ratio is representative of waste decomposition under aerobic conditions.

WASTE MANAGEMENT CONCLUSION

Isotopic analysis was implemented at 3 biogenic methane field campaigns in order to identify and characterise waste management methane sources. Although the Cergy-Pointoise and St Thibault WWT plants treat incoming waste using different processes (anaerobic and aerobic digestion respectively) no difference in the isotopic characterisation of methane was measured. The results are in good agreement with literature as a δ 13 CH 4 of -55 ‰ was measured at both sites. The isotopic signature of landfill emissions measured during a mobile campaign is isotopically lighter than the wastewater emissions at -60 ‰, and also in good agreement with literature of measurements of European landfills.

- of CH 4 emissions from two WWT plants indicates that the isotopic signature of facilities using aerobic processes is not distinguishable (within uncertainties) to those using anaerobic digesters. On average -55 ‰ was calculated for both WWTP sites. Lastly, CH 4 emissions from landfill were investigated and measured to have a signature of -60 ‰.

Overall for such biogenic sources, little to no correlation of CH 4 with the 'light' VOCs was measured in this study. For this reason, receptor models are not suitable to solve these biogenic source apportionment problems, in contrast to their demonstrated value at industrial sites (see Chapter 3).

Instead it was found that CH 4 : CO 2 source ratios could be a good second proxy to aid identification.

Using a combination of both these methods it was possible to identify 5% manure emissions in the sample of gas from the Dairy barn. Furthermore, as the CH 4 : CO 2 source ratio for wastewater and landfill were measured to be significantly different, this proxy has the potential to improve source apportionment of these two sources which can be isotopically very similar. Nonetheless, this method can also be prone to high uncertainties if the CO 2 concentrations are being emitted from multiple sources, or the time series contains strong daily CO 2 cycles.

Chapter 5 THESIS CONCLUSIONS & OUTLOOKS

The emissions of CH 4 are uncertain because they proceed from complex processes like microbial decomposition and leaks in natural gas extraction and distribution systems that are particularly difficult to characterize. Future emission reductions can be implemented more efficiently through a thorough quantification and understanding of current anthropogenic methane sources. This PhD thesis combines new instrumental and analytical developments as well as methods based on time-series analysis of CH 4 concentration measurements in the vicinity of localized anthropogenic sources. It presents improved methane source identification methods at local scales, as well as their application to field campaign measurements, at sites with different source and emission characteristics. As stable isotopic analysis is key to partitioning sources on local and global scales [START_REF] Zazzeri | Evaluating methane inventories by isotopic analysis in the London region[END_REF][START_REF] Nisbet | Rising atmospheric methane: 2007-2014 growth and isotopic shift[END_REF], this thesis also increases the availability of CH 4 source isotopic signatures in Europe for future work in this field.

As cavity ring-down spectrometers become common deployment for CH 4 site scale measurements [e.g. [START_REF] Yvon-Lewis | Methane flux to the atmosphere from the Deepwater Horizon oil disaster[END_REF][START_REF] Lopez | Isotopic signatures of anthropogenic CH4 sources in Alberta, Canada[END_REF], the problem of biases resulting from unknown laser absorption interference [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF], in particular at industrial locations when gas concentrations are far above ambient, is more problematic. While the biases due to abundant gasses such as H 2 O, Ar, O 2 , have been well characterised [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF][START_REF] Nara | Effect of air composition (N2, O2, Ar, and H2O) on CO2 and CH4 measurement by wavelength-scanned cavity ringdown spectroscopy: calibration and measurement strategy[END_REF], other gases, such as C 2 H 6 (a secondary component in natural gas), have not. During this thesis, extensive laboratory analysis characterised the biases in  13 CH 4 measurements due to C 2 H 6 contaminated air from a CRDS G2201i

Picarro instrument that measures the absorption spectrum of both species with interference between them. The derived correction and calibration factors enable unbiased measurements of both  13 CH 4 and C 2 H 6 , thus offering the opportunity to combine continuous measurements of  13 CH 4 and C 2 H 6 :CH 4 ratio to improve source characterisation, in particular for the oil and gas upstream sector where CH 4 is mixed with C 2 H 6 in natural gas. As awareness and correction of this interference is important to all past and future CRDS work in fossil fuel environments, the laboratory tests are described in detail for others to calculate instrument specific correction factors, or if not possible, to use the ones in this study. These findings facilitate complementary C 2 H 6 :CH 4 characterisation with the G2201i Picarro, assisting future studies to improve spatial and temporal understanding of fossil fuel sources. Improvements to this work include the validation of the long-term stability of the proposed corrections, and a comparison with a greater number of instruments to determine their homogeneity. Further research should also be conducted into the characterisation of  13 CH 4 biases due to elevated concentrations of Ammonia (NH 3 ) [START_REF] Rella | Local-and regional-scale measurements of CH 4, δ 13 CH 4, and C 2 H 6 in the Uintah Basin using a mobile stable isotope analyzer[END_REF], a gas emitted largely from livestock manure with reported mean NH 3 concentrations of 3-8ppm for cattle houses in Europe [START_REF] Ngwabie | Multi-location measurements of greenhouse gases and emission rates of methane and ammonia from a naturallyventilated barn for dairy cows[END_REF][START_REF] Koerkamp | Concentrations and emissions of ammonia in livestock buildings in Northern Europe[END_REF].

A large factor contributing to uncertainties associated with CH 4 emissions and source signatures, is the lack of available methods to discriminate between the different production processes and co-located CH 4 sources. In this thesis, a variety of source apportionment techniques were investigated and developed to specifically improve CH 4 source apportionment, with the goal of distinguishing emissions from different systems at a NG site. As simultaneous CH 4 and co-emitted VOC data were available at this site, Principle component analysis (PCA) and Positive Matrix Factorisation (PMF) receptor models were investigated. Significant extensions were made to the classical PCA; Monte Carlo Absolute PCA 'MC-APCA' and Monte Carlo moving Absolute PCA 'MC-mAPCA' were found to be more suitable for this application. This work determined MC-APCA and PMF to be most appropriate for the analysis of longterm temporal variation of the dominant sources. Overall, both techniques agreed on the contribution (within 12%) of different CH 4 sources but could not be used to identify sporadic peaks or to separate the relative contributions of sources with very similar characteristics (such as two types of natural gas).

Reduced subjectivity was possible when PMF and MC-APCA techniques were combined. Techniques such as the moving Miller-Tans method for isotopic identification and MC-mAPCA were found to give an insight into the short-term variability of source composition. Offering the potential to identify CH 4 enhancements from sporadic sources and differentiate small fluctuations in source (in our case NG) composition. Overall, the best method to identify CH 4 sources from ambient, local measurements strongly depends on the characteristics of said source. By implementing sensitivity studies, it was possible to judge the abilities of PMF and APCA tools and determine their sensitivities to model parameters. The campaign investigated here was predominantly single sourced, and focussed on the identification of two gas streams, thus it required very sensitive analysis. In such a case, it was found that a combination of techniques provided the greatest information on the characteristics of CH 4 sources and gives confidence in the results. As no additional measurements are required, existing PMF studies can be easily enhanced with the inclusion of MC-APCA or MC-mAPCA. Further research could be done into a comparison and evaluation of the performance of these source apportionment methods when applied in a more multi-source environment, such as an urban site.

Source contributions to local CH 4 enhancements can often be complex and variable. This, in combination with the limited number of studies reporting on source characteristics contributes to large uncertainties. Thereby affecting regional to global emission estimates when using isotopic data or co-emitted tracer:CH 4 ratios to constrain CH 4 sources [START_REF] Tyler | Stable isotope ratios in atmospheric CH4: Implications for seasonal sources and sinks[END_REF][START_REF] Fletcher | CH4 sources estimated from atmospheric observations of CH4 and its 13C/12C isotopic ratios: 1. Inverse modeling of source processes[END_REF][START_REF] Schwietzke | Natural gas fugitive emissions rates constrained by global atmospheric methane and ethane[END_REF]. The signatures and temporal variability of 3 biogenic CH 4 sources (agricultural, waste water, and landfill) were successfully investigated in the Ile-de-France region using the source apportionment techniques developed. Three campaigns were conducted at the Grignon agricultural farm of which the mobile campaign was most useful to identify isotopic (-57 ‰ to -63 ‰) and CO 2 :CH 4 (~ 0.06 ppm/ppm) signatures of ruminants. Using both signatures improved source apportionment, and allowed identification of manure contaminated signals. Consequently, the measurements indicate that the rumen fractionation is independent of diet and breed, facilitating a robust way to estimate the  13 CH 4 signatures of cattle using only their C3:C4 diets. Two wastewater treatment plants had the same mean  13 CH 4 source signature of -55  3 ‰. That of an active landfill was found to be significantly more depleted at -60  1 ‰. We find that these biogenic sources have little correlation with VOCs and receptor model analysis was shown not suitable for such datasets. Furthermore, as emission enhancements were very low during some of the long-term campaigns, the isotopic and ratio analysis could not be successfully applied for large portions of the dataset. Although the CO 2 :CH 4 ratio of these sources has the potential to significantly aid source apportionment, it was a challenge to calculate from ambient measurements as CO 2 was often influenced by other sources. This issue could be resolved by the use of  13 CO 2 signatures as a second proxy in future. Nonetheless, these 3 major source categories were well characterised for the Ile de France region. The values measured are similar but not always identical to other literature (see Table 5.1). It is therefore suggested these values be used for future emission estimates for this region, and/or specific CH 4 processes. There is still the requirement for more frequent measurements of  13 CH 4 sources to assess their variability. In regards to the ruminant study in this thesis; as some of our  13 CH 4 values have high uncertainty, an improved understanding would be gained with higher precision signatures and frequent measurements to find if isotopic or CH 4 : CO 2 ratio signatures change throughout the day (as suggested by [START_REF] Bilek | Investigation of cattle methane production and emission over a 24-hour period using measurements of δ 13 C and δD of emitted CH4 and rumen water[END_REF] or possibly year. Furthermore,  13 CH 4 signatures for manure emissions of ruminants is scarce in literature. The detection of manure contributions would be more certain if  13 CH 4 signatures were better characterised with regards to time and feed.
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Figure 1

 1 Figure 1.1 AMAP Assessment 2015: Methane as an Artic climate forcer. Estimates of methane emissions in 2030 by world region from the GAINS model & maximum technically feasible reduction of methane emissions in 2030.

  find that inventories and emission factors consistently underestimate actual measured CH 4 emissions in both bottom-up and top-down studies, see Figure 1.2. The study is based on 20 years of literature on natural gas emissions in North America. Top down atmospheric studies (i.e. estimating CH 4 emissions after atmospheric mixing occurs) are plotted with a common baseline in the inset of Figure 1.2 which shows measured CH 4 emissions are systematically higher than predicted by inventories. Results from device and facility scale measurements (generally < 10 9 g CH 4 /year) are shown in the main chart of Figure 1.2.

Figure 1 . 2

 12 Figure 1.2 Inventories and emissions factors consistently underestimate actual measured CH 4 emissions across scales. Ratios > 1 indicate measured emissions are larger than expected from EFs or inventories. The main graph compares results to the EF or inventory estimate chosen by each study author.The inset compares results to regionally scaled common denominator, scaled to region of study and the sector under examinations.[START_REF] Brandt | Methane leaks from North American natural gas systems[END_REF].

Figure 1 . 3

 13 Figure 1.3 Methane global emissions from 5 broad categories (Wetlands, Biomass burning, Fossil fuels, and Agriculture and waste) for the 2003-2012 decade from top down inversion models (left light coloured boxplots) and bottom up models/inventories (right, dark coloured boxplots) in Tg CH 4 yr -1 taken from[START_REF] Saunois | The global methane budget 2000-2012[END_REF]. The inset plots the regional CH 4 budget for Europe using the same categories. In Europe, anthropogenic methane (in particular Agriculture and Waste) are dominant over natural methane sources.

Figure 2 . 1

 21 Figure 2.1 Flow chart illustrating the steps involved to calibrate C 2 H 6 , and δ 13 CH 4 .The number in the top right hand corner corresponds to the subsection in which the methods of each step are explained in detail.

Figure 2 . 2

 22 Figure 2.2 Experimental Set-up. The dilution and working gas are connected via two MFCs to two CRDS instruments in parallel. In red is the placement of an optional glass flask used for the C 2 H 6 calibration only. The flow is greater than that of the instruments inlets, therefore an open split is included to vent additional gas and retain ambient pressure at the inlets.

Figure 2 . 4

 24 Figure 2.4 The discontinuity seen for instrument CFIDS 2072 for two repetitions denoted by different colours. After the discontinuity at 0.16% the subsequent slope clearly differs between the two repetitions. Both instruments display a discontinuity at 0.16% H 2 O. Each point represents a one minute average, the error bars represent the standard deviation of the raw data.

Figure 2

 2 Figure 2.7 (a): Ethane calibration calculated from measurements of flask samples by both the GC and CRDS. The xaxis is the corrected C 2 H 6 (C 2 H 6 COR ) using the corrections described previously. The y-axis is the C 2 H 6 as measured by a manual GC. The error bars indicate the standard deviation of each flask measurement, for certain flasks error bars are smaller than their respective markers. (b): 30 minute target measurements over a period of 4 days, from 13 th November 2015, to 16 th November 2015. The standard error of each target is smaller than the plotted marker. The baseline C 2 H 6 is seen to drift with time

  Figure 3.1 Aerial view of the natural gas compressor station and the location of the presumed principle natural gas sources from Ars et al. 2017 © Google Maps. Location of sampling inlet is indicated by circular red marker.

Figure 3 . 2

 32 Figure 3.2 Wind data plotted as a windrose for the period of the 25 th of June 2014, to 3 rd July 2014. Wind speed is shown by the colour in m s -1 , the contribution from a certain wind direction is given on the y-axis, in percent.

Figure 3 . 3

 33 Figure 3.3 Monte Carlo simulation of Miller-Tans plots to calculate the isotopic signature of a single peak.Grey lines represent each line of fit from 1000 MC runs. The red dashed line is the mean for fits that have R 2 >0.9. The isotopic signature determined from the slope is -41 +/-1.5 ‰.

Figure 3 .

 3 Figure 3.5 a) Pollution rose of mean CH 4 concentrations plotted by wind speed and direction bins. Minimum number of values in each bin is 2.b) Frequency of points in each bin.

  testing facility located to the ENE. The stability of the reconstructed C 2 H 6 :CH 4 source ratio was not influenced by the wind speed.

Figure 3 . 6 Figure 3

 363 Figure3.6 Temporal results plot. From top to bottom, a temporal plot of the total concentration variance explained by PC1 (black) and PC2 (red), the reconstructed C 2 H 6 :CH 4 ratio of PC1 (dotted lines indicated the source signature of gas from pipeline 1 in dark green and pipeline 2 in pink), the isotopic signatures calculated from moving Miller-Tans plots.Error bars are the standard deviation.

  Figure B.2.3 in the Appendix B. Examining an input of 3 factors to the EPA PMF model did not result in a robust separation of factors (factors were no longer independent). The temporal variation of factor contributions can be seen in Figure B.2.4 in the Appendix B. We found the traffic factor remained similar, however the CH 4 factor is split into two highly correlated and co-varying factors unlikely to represent the real sources. The result is in agreement with our sensitivity studies which indicated PMF could not distinguish between two sources representing Pipelines 1 and 2. Nonetheless, a major limitation to the application of PMF for this case study is the short time-series (only 386 points), potentially affecting the identification of sources. During periods A and B, Factor 1 and ethylene concentrations, which can be produced during the heating of natural gas. No other significant correlations of CH 4 and VOCs are seen during periods that less well modelled by PMF and MC-APCA. The first difference in temporal variation between the PMF and MC-APCA modelled factors is seen during period D for Factor 2, in which the PMF attributes concentration enhancements from the biogenic source (as distinguished by MC-mAPCA and moving isotopes) within Factor 2. Periods which show disparity between the modelled factors from PMF and MC-APCA can be used as an indicator for CH 4 contributions from undefined sources.

Figure 3 . 8

 38 Figure 3.8 Modelled factors from the PMF analysis. Top: A temporal plot of CH 4 residuals. Bottom: Temporal plot of the normalised source contribution from each source. The pure NG source in blue, and the source with traffic emissions in red.

  a) Limited precision and noise (i.e. measurement uncertainties and varying source ratio) b) Choice of (sub)set of additional VOC species included in the analysis (3-13 species) c) Duration and types of sources contributing to CH 4 variability (1h-350h sources, biogenic and natural gas sources) d) The time window applied for APCA/PMF analysis (10h periods or entire dataset)

Figure

  Figure S3.1. Overall, correct reconstruction of the PC is possible only if it contributes to the majority of the dataset, whilst reconstructions of species time series from the second principle component are rarely correctly attributed.

Figure S3. 1

 1 Figure S3.1 The change in the C 2 H 6 :CH 4 source ratio of PC1 (top), and the variability explained by the principle components 1 and 2 (bottom), as a secondary source is introduced to Source A (Pipeline 1) time-series only. The biogenic (left), and natural gas (right) sources are increased in one hour time-steps. Error bars represent the standard deviation of a 1000 MC simulation with instrumental error of 15% on all species.

Figure

  Figure S3.3 Y-axis is the pseudo dataset of C 2 H 6 concentration enhancements from Pipeline1 and 2 in red and black, respectively. Light blue markers (right hand y-axis) are the reconstructed C 2 H 6 :CH 4 ratio of the PC calculated by 10h MC-mACPA. Error bars are the standard deviation from 100 MC simulations. The horizontal dashed lines denote the source signature of pipeline 1 (red) and pipeline 2 (black).

Figure 4 . 1

 41 Figure 4.1 Arial image of Grignon farm and surrounding area. The star marks the location of instruments and sample inlet used during the long term measurement campaigns. A small town is approximately 2km South. © Google Maps.

Figure 4

 4 Figure 4-2 (Top) Fluctuation of the expected CH 4 emissions (kg/d) estimated using IPCC Tier 1 method.(Bottom) Weekly measurements of the live weight (metric tonnes) of each ruminant subgroup.

Figure 4 - 3

 43 Figure 4-3 Wind Rose for October and November 2016 for the Autumn campaign(left) and April and May for the Spring campaign (right) at Grignon Farm. Frequency is shown on left hand axis as percentage.

Figure 4 - 4

 44 Figure 4-4 Time series of mobile campaign at Grignon Farm. Methane (left axis) and CO 2 (right axis) in top plot, and δ 13 CH 4 in the bottom plot. The sources identified are annotated with their corresponding measurement times.

  Figure 4.6 in which the temporal variation of CH 4 concentration enhancements is not in agreement with the other measured species. Methane concentration peaks are short lived and sporadic with minimal diurnal variation when compared to CO 2 . The highest frequency of data was measured during West and South-Westerly wind directions; the majority of elevated CH 4 concentrations occur during South and particularly South-Westerly winds as shown in the pollution rose in Figure 4.7. The polarplot in Figure 4.7 models the mean CH 4 concentration with respect to wind speed and direction. In agreement with the pollution rose, elevated mean CH 4 enhancements are measured during winds from the South-West at speeds between 0-6m/s. The strongest enhancements occur at lower wind speeds suggesting the CH 4 sources are local.

Figure 4 Figure 4

 44 Figure 4.6 (left) Methane excess rose at Grignon during the Autumn 2017 campaign. Y-axis signifies the count. (right) Polar plot of mean CH 4 concentration with respect to wind speed and direction. Coloured bins require 2 or more data points. Grey areas signify single data points.

  Figure 4.11 PMF results for autumn campaign at Grignon: Factor 2 profile [biogenic CH 4 factor. Top) concentration and percentage of species contributing to the factor. Bottom) temporal variation of normalised contributions of factor.

  wind speed and direction. The plot indicates a methane 'hotspot' located in close proximity, southwest of the measurement station. Thus suggesting the farm outbuildings are the main source of CH 4 emissions.

Figure 4 .

 4 Figure 4.12 (left) Methane pollution rose for spring campaign at Grignon. X-hand axis is the count. (right) Polar plot of mean CH 4 concentration with respect to wind speed and direction. Each bin has 2 or more data points, grey bins have only one data point.

Figure 4

 4 Figure 4.16 Temporal variation of (Top) Methane variability (Bottom) Reconstructed components modelled by MC-APCA. The principle component (PC 1) in black, and the second component (PC 2) in red.

Figure 4 .

 4 Figure 4.17 10h MC-mAPCA results for the spring campaign. Temporal variation of CH 4 plotted in black on x-axis. Z-axis: (Top) Modelled C 2 H 6 :CH 4 and (Bottom) CH 4 : CO 2 source ratios of the principle component. Points with high uncertainty are plotted with higher transparency.

Figure 4 .

 4 Figure 4.19 Hourly, daily and weekly temporal variation of mean CH 4 concentration for the spring and autumn Grignon campaigns. Shaded regions represent 95% confidence interval in mean.

Figure 4 .

 4 Figure4.20. The majority of points are clustered to the left of the plot. Source ratios calculated from the autumn campaign are less robust as it was difficult to fit the diurnal CO 2 cycle, likely due to the large influence of CO 2 respiration from the ecosystem in winter. Characteristics of spring sources correspond to the lactating cows, and isotopically to sheep and heifers as well. In autumn, isotopically, sources are strongly correlated to the lactating cows. A number of points found in the top left hand of the plot have significantly heavier δ 13 CH 4 signatures which are expected to be associated with biogas emissions.

Figure 4 .

 4 Figure 4.20 Methane source characterisation plot. δ 13 CH 4 signature on the y-axis and CH 4 : CO 2 ratios on the x-axis. Methane concentration peaks are plotted in dark and light blue for the spring and autumn campaign respectively.

Figure

  Figure 4.22 St Thibault-des-Vignes WWT site map. Inlet location is marked by a yellow star.

Figure 4 .

 4 Figure 4.23 Wind rose from wind data at St Thibault WWTfacility from the 28 th of July to the 5 th of August. Wind speed is in m/s. Percentage frequency is shown on the y-axis.

  Figure 4.26 plots the concentration roses for each Image 4-6 : (Left) Set-up of CRDS instrument with calibration and target gases located within the filtration building. (Right) location of inlet on the roof of the building, image faces north.

Figure 4 .

 4 Figure 4.26 Methane concentration rose for measurements at inlet. Concentration in ppm.

Figure 4 .

 4 Figure 4.25 Methane concentration roses for measurements by NPL at 13 locations surrounding the WWT facility.

Figure 4 .

 4 Figure 4.27 Cergy Pointoise WWT site map

Figure 4 .

 4 Figure 4.28 Windrose for the duration of the Cergy-Pointoise WWT campaign. Count is shown on the y-axis. Wind speeds are measured in m/s.

  the signatures calculated at St Thibault WWT plant and literature. A CH 4 concentration peak measured on the 3 rd of November at 7am has a significantly lighter δ 13 CH 4 of -65  5 ‰. Such a signature is typically measured from enteric fermentation or animal waste and cannot be explained by the surrounding sources.

Figure 4 .

 4 Figure 4.30 Mean CH 4 concentrations (ppm) with respect to wind speed and direction.

Figure 4

 4 Figure 4.31 Isotopic signature with respect to wind direction. Y-axis is the count.

Figure 4 .

 4 Figure 4.32 Overview of experimental area of Buttes Bellot mobile measurement campaign. © Google Maps

Figure 4 .

 4 33 plots the 8 plume crossings that were measured downwind of the Buttes-Bellot site. Increases in CH 4 concentration are clearly correlated with lighter periods of δ 13 CH 4. During measurements on the roads west of Buttes-Bellot (between 17h00 and 17h15), i.e. downwind of the closed landfill, no significant plumes were measured, indicating that it does not contribute to CH 4 concentration enhancements in the area. During the plume measurements on the agricultural road south of the landfill, CH 4 concentrations range from 2ppm to 12ppm and atmospheric δ 13 CH 4 values range from -43 ‰ to -57 ‰.

Figure 4 .

 4 Figure 4.33 Time-series of δ 13 CH 4 measured downwind of the active landfill (Buttes -Bullot) using mobile measurements.

Figure

  FigureS2.4: Isotopic signal (raw and corrected) from the CRDS for varying mixtures of CH4, CO2 and C2H6 at ~0% H2O. The top and bottom x-axis represent the CO2, and CH4 concentration respectively. The y-axis represents the methane isotopic signal before and after correction, shown by empty and filled markers respectively. For each dilution series, CO2 and CH4 were altered while C2H6 concentration was kept constant at different concentrations (ppm), represented by the coloured markers. The raw δ 13 CH4 signal is subject to large biases, while the corrected δ 13 CH4 maintains the standard value, -55.7 +/-0.2 (highlighted in yellow).

Figure

  Figure B.2.3: Histogram of the scaled residuals from PMF analysis.

Figure

  Figure B.2.4: Factor contributions from PMF analysis when defining three factors. Here factors 2 and 3 are not clearly separated and co-vary significantly

  Figure S.4.1.4: Factor 1 profile [fossil fuel factor], (top) concentration and % of species contributing to the factor (bottom) temporal variation of normalised contributions of factor.

Figure

  Figure S.4.1.5: Factor 3 profile,, (top) concentration and % of species contributing to the factor (bottom) temporal variation of normalised contributions of factor.

  

  

  

  

  

  

  

  

  

  

  

  

  

  CH 4 correction due to C 2 H 6 . ...................................... Table 3-1 Summary table specifying the implementation of the 3 identification methods used. ............................... Table

  The majority of VOC emissions are related to natural sources which originate from nearly exclusively (approximately 90%) vegetation[START_REF] Lamb | Development of atmospheric tracer methods to measure methane emissions from natural gas facilities and urban areas[END_REF]. Nonetheless, global emissions of anthropogenic VOCs is approximately 186 Tg/year[EDGAR 2005], of which a number of sources are shared with methane. The ratio of methane to light VOCs is very high for biologically produced methane because the

biochemical mechanism for methanogensis are very specific, whereas in thermogenic reactions substantial amounts of ethane and propane can also be produced. VOCs can be separated into a number of sub-categories which can be used as trace gasses to identify methane sources, namely: alkanes, alkenes, alkynes, aromatics and oxygenated VOCs (OVOCs). The main sources of alkane emissions, such as ethane and propane, are from exploitation and distribution of natural gas, petrochemical industries and biomass burning. Fossil fuels contain only small amounts of alkenes, thus such VOCs (e.g. ethene and propene) are emitted predominantly from vehicle exhaust (due to incomplete combustion), from biofuel combustion and biomass burning. Aromatics, such as benzene, toluene, xylenes (BTEX) are components in fossil fuels, and are predominantly emitted by vehicle exhaust from fuel evaporation and

Table 1

 1 

.1.

Table 1 -1 An example of co-emitted VOCs that can be used as tracers to identify specific methane sources. The VOC:CH 4 ratio can depend on many environmental factors e.g. temperature, location etc., and thus can vary for each individual source and in time.

 1 

  a,b Ethane c

	Landfill	Dichloroethene, carbon monoxide, hydrogen
		sulphide, propane, toluene c
	Biomass Burning	Carbon Monoxide & small oxygenated VOCs d

a)Ngwabue

Ngwa et al,2007 

Volatile organic compound emission and other trace gases from selected animal buildings. b)

Yuan et al., 2017. 

Emissions of volatile organic compounds from CAFOs c) David Allen 2016. Atributing atmospheric methane to anthropogenic emissions sources d)

Warneke et al., 2010. VOC identification and inter-comparison from laboratory biomass 

Table 1 -2 Anthropogenic Methane sources and their indicative isotopic signatures , taken from Denmanm et al., 2007.

 1 

	Anthropogenic Sources	Indicative δ 13 CH 4 (‰)
	Coal Mining	-37
	Gas, oil Industry	-44
	Landfills & Waste	-55
	Ruminants	-60
	Rice Agriculture	-63
	Biomass Burning	-25
	C3/C4 vegetation	-25/-12

Table 1 -3 Date, location, species measured and instrumentation used for the 6 measurement campaigns undertaken throughout the thesis.

 1 

	Industry	Dates	Location	Variables Measured	Instruments
					Used
	Natural Gas Compressor Station	δ 13 CO 2 , C2-C5 VOCs. 25.06.14-3.07.14 Northern England CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4 ,	CRDS, GC
	Wastewater	24.10.15-7.11.15	Ile de France	CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4,	CRDS, GC
	Treatment Plant		(Cergy-Pointoise)	C2-C5 VOCs.	
	Wastewater	21.07.15-6.08.15	Ile de France	CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4	CRDS
	Treatment Plant		(Saint Thibault des		
			Vignes)		
	Agriculture	19.10.16-	Ile de France	CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4,	CRDS, GC,
		27.11.16 &	(Grignon)	C2-C5 VOCs.	PTRMS
		10.04.17 -1.05.17			
	Landfill	2.12.16	Ile de France	CH 4 , CO 2 , C 2 H 6 , δ 13 CH 4	CRDS
	1.5.2 SOURCE APPORTIONMENT: DEVELOPMENTS AND TESTS	
	The improvement and evaluation of source apportionment techniques specifically for methane source
	identification is explored in Chapter 3. Three methods are applied to continuous measurements of CH 4
	and VOCs taken at a natural gas compressor station campaign, and compared, namely; carbon isotopes
	in methane, principle component analysis (PCA) and positive matrix factorisation (PMF). PCA and PMF
	are linear receptor models often used in PM studies to identify contributions of different sources to local
	concentration enhancements. Source profiles and contributions are calculated on the basis of

Table 2 -1 Description of the gas mixtures used to determine the cross sensitives of the interference of CH 4 , H 2 0, CO 2 on C 2 H 6 and the interference of C 2 H 6 on δ 13 CH 4 . The respective ranges spanned during laboratory test, and the typical range at a natural gas site are noted on the right-hand side. Method Dilution Gas Working Gas Lab Concentration Range Typical Range at NG site

 2 

	H 2 O	<0.16% (Dry)	Magnesium					Ambient Air	0-0.5% H 2 O
	Interference	≥0.16%	Perchlorate Dilution Series &	N/A				Zero Air	0.25-2.5% H 2 O	0-2% H 2 O
	on C 2 H 6	(Wet)	Humidifier						
	CO 2	<0.16% (Dry)	Dilution Series		2000ppm CO	2 , 1.7ppm CH	4	,	0-1500ppm CO 2
	Interference	≥0.16%	Dilution Series &	Zero Air	< 1ppb C 2 H 6 and 50ppb CO in	0-1500ppm CO 2 ,	400-1000 ppm
	on C 2 H 6	(Wet)	Humidifier					natural air	0.5-1.5 % H 2 O	CO 2
	CH 4 Interference	<0.16% (Dry) ≥0.16%	Dilution Series & Ascarite Dilution Series,	Zero Air	6ppm CH 310ppb N 4 , 360ppm CO 2 O, < 1ppb C 2 H 6 , 2 and 50ppb CO in natural air	0-6ppm CH 4 0-6ppm CH4,	2-20 ppm CH 4
	on C 2 H 6	(Wet)	Ascarite &							1%H 2 O
			Humidifier						
	C 2 H 6 Interference on	Dilution Series	Natural Air	C	2 H	6	standard of 52ppm in	0-1.5 ppm C 2 H 6	0-0.3 ppm
		δ 13 CH 4	(CRDS)	Matrix (<1ppb C 2 H 6 )				Nitrogen	/ppm CH 4	C 2 H 6 / ppm CH 4
			Dilution Series	Natural Air	C	2 H	6	standard of 52ppm in	0-5ppm C 2 H 6	0.3-3 ppm
	C 2 H 6 Calibration	(CRDS & GC)	Matrix (<1ppb				Nitrogen	C 2 H 6
				C 2 H 6 )					

.1.2 Determination of C 2 H 6 corrections from H 2 O, CH 4 and CO 2 interference

  

	the second a H 2 O scrubber (Magnesium Perchlorate, Fisher Scientific, Loughborough, UK). As an
	independent check on the linearity of the response functions each dilution sequence was repeated at
	two humidities, (0% H 2 O and 1% H 2 O), and four C 2 H 6 concentrations (between 0-1.5ppm).
	The CO 2 interference on C 2 H 6 was measured with a dilution series ranging 0-1500ppm CO 2 created by
	mixing zero air and a working gas of 2000ppm CO 2 , 1.7ppm CH 4 and 50ppb CO in natural air. Any
	interference due to CH 4 was accounted for during data processing. This test was repeated at 4 water
	vapour levels (0%, 0.5%, 1% and 1.5%), and five C 2 H 6 concentrations (between 0-2.5 ppm).
	The value of C 2 H 6 based on the standard CRDS data processing package (hereafter, the raw value) is
	biased by cross-sensitivities with H 2 O, CO 2 and CH 4 . Experiments where conducted at different constant
	C 2 H 6 concentrations so that any shifts in the raw C 2 H 6 is due to the cross sensitivity to other components
	in the measured samples. To alter the water vapour content of a sample, the experimental setup
	described in Fig. 2.2 was modified by incorporating a humidifier. The humidifier consists of a liquid flow
	controller (Liqui-flow, Bronkhorst, Ruurlu, The Netherlands) and a mass flow controller (El-flow,
	Bronkhorst, Ruurlu, The Netherlands) fed into a controlled evaporator mixer (CME) (Bronkhorst, Ruurlu,
	The Netherlands). The tube departing the CME contains a gas flow of 2L/min and is heated to 40ᵒC to
	prevent any condensation. A short description and diagram of the humidifying bench can found in
	Laurent et al., (2015).
	The H 2 O interference on C 2 H 6 was measured by using the humidifier to vary the H 2 O content of zero air
	gas in the range of 0.25%-2.5% H 2 O, representing the range of real world conditions. The humidifier set
	up cannot reliably reach humidity's below 0.2% H 2 O, a range frequently reached when measuring
	cylinders or dried air. This low range was attained using a H 2 O scrubber (Magnesium Perchlorate, Fisher
	Scientific, Loughborough, UK) connected to the CRDS instrument inlet while measuring ambient air. As
	the efficiency of the scrubber decreases over time, a slow increase of H 2 O spanning low concentrations
	in the range of 0%-0.5% can be observed.
	The CH 4 interference on C 2 H 6 was measured by creating a dilution series of variable CH 4 content using
	zero air and a working gas of 6ppm CH 4 , 360ppm CO 2 , 310ppb N 2 O and 50ppb CO in natural air. Methane
	concentrations ranged from 0 -6ppm. To keep other causes of interference at a minimum the gas
	mixture passed through two scrubbers; the first a CO 2 scrubber (Ascarite(ii), Acros Organics, USA), and

  H 2 O content was found to be the dominating source of interference to reported C 2 H 6 ; its presence decreases the reported concentration of C 2 H 6 with increasing H 2 O concentration. Furthermore, the response function exhibits a hysteresis effect, which, although small, can be considerable when An example of the results from a H 2 O interference experiment spanning the range 0-1% H 2 O. The reported C 2 H 6 is altered due to the addition of water vapour when measuring zero air (<1ppb C 2 H 6 ). Dark and light blue markers signify the response when dried and undried ambient air have been measured overnight by the instrument prior to the experiment respectively. Error bars signify the standard deviation of each measurement
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					72 ± 0.03 ppm C 2 H 6 /%H 2 O
	and -1.00 ± 0.01 ppm C 2 H 6 /%H 2 O with R 2 values of 0.98 and 0.99 respectively. The hysteresis effect is
	evident when measuring with undried air; the slope was seen to shift after each repetition, in total by
	0.1 ppm C 2 H 6 /%H 2 O.				

changing from dry to undried air samples (e.g. between dry calibration gas and undried ambient air).

There are two distinct instrumental responses, dependant on if measuring dried or undried ambient air during the night preceding the experiment, depicted in Figure

2

.3 by light and dark blue markers respectively. When the CRDS instrument measures dry air prior to the experiment, a discontinuity is observed at 0.16% H 2 O. Figure

2

.4 shows this effect in more detail; prior to 0.16% H 2 O the response function exhibits a stable linear response. The correction within this low range was found to be the same for both instruments, 0.44 ± 0.03 ppm C 2 H 6 / % H 2 O. After passing the 0.16% H 2 O threshold the response exhibits a discontinuity whose magnitude and subsequent slope are also dependent on the air moisture beforehand. This is seen in Fig.

2

.4 whereby the discontinuity of two repetitions (A and B depicted by dark and light blue markers respectively) differs in magnitude by 0.1ppm reported C 2 H 6 . The discontinuity occurs when the instrument passes the 0.16% H 2 O threshold, both when moving from dry to wet air, or vice versa (see Figure

S2

.2). If measuring undried air before the experiment, the interference due to H 2 O can be described well by a linear response (blue markers in Fig.

2

.3), and potentially causes large biases from the true C 2 H 6 . For example, if measuring at 1% H 2 O both instruments display a change in reported C 2 H 6 of approximately -0.9ppm. Individually the response function calculated for instruments CFIDS 2072 and 2067 differed showing -0.

  -5 for ≥0.5% water vapour for instruments CFIDS 2072 and 2069 respectively. Therefore, when measuring undried ambient air the presence of CO 2 at a level near 400 ppm will induce a shift in the reported C 2 H 6 of approximately -0.15 ppm C 2 H 6 , whereas if the air is dried the reported shift is much smaller, being approximately of -0.04ppm C 2 H 6 .

  -3 ppmC 2 H 6 /ppmCH 4 for CFIDS 2072. The results obtained at 1% H 2 O show little correlation (as shown in the right hand column of

Fig.

2

.6), with both instruments displaying a R 2 value of 0.2. An ANOVA test suggests the slopes are not significantly different from zero, thus we omit a CH 4 correction for this case.

  Relationship between reported C 2 H 6 and concentration changes of CH 4 for both instruments at 0ppm C 2 H 6 (within our instrumental precision). For each plot, the bottom axis indicates the increase in concentration of the targeted gas. The vertical bars in each plot denote the standard deviation of each point. The legend denotes repetitions of the experiment. Plots on the left are at 0% H 2 O. The R 2 value is 0.4 and 0.6 for instruments CFIDS 2072 and 2067 respectively. Plots on the right show the response at 1% H 2 O. These two plots have a R 2 value of 0.2.
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  -5 ppmC 2 H 6 /ppmCO 2 . Both instruments demonstrated good agreement for all the correction factors calculated at <0.16% H 2 O. A=0.7 ± 0.03 ppmC 2 H 6 /%H 2 O, B=0 ppmC 2 H 6 /ppmCH 4 , C=3.8x10 -4 ± 2x10 -5 ppmC 2 H 6 /ppmCO 2 for CFIDS 2072 and A=1 ± 0.01 ppmC 2 H 6 /%H 2 O, B=0 ppmC 2 H 6 /ppmCH 4 , C=3.9x10 -4 ± 2x10 -5 ppmC 2 H 6 /ppmCO 2 for

	CFIDS 2067.

Corrections for measurements undertaken at concentrations higher than or equal to 0.16% H 2 O are:

  Figure 2.8 During a dilution sequence of ambient gas with C 2 H 6 , the CH 4 concentration decreases from its nominal concentration 1948.7ppb ± 0.32 ppb as the contribution from C 2 H 6 is increased. Thus both 12 CH 4 and 13 CH 4 undergo a similar decrease as the gas is diluted. However what is observed is an increase in the reported value of 13 CH 4 , suggesting C 2 H 6 interference. The 12 CH 4 axis is plotted to the left in light green, whereas the 13 CH 4 axis is plotted to the right in dark green at a different scale. Error bars represent the standard deviation, the 12 CH 4 markers are larger than their associated error bars. The effect of C 2 H 6 on reported δ 13 CH 4 . The slopes of reported δ 13 CH 4 vs the C 2 H 6 CORRECTED :CH
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4 ratio are shown for three tests taken throughout the course of one year. Triangular markers imply whole air sample measurements, while square markers are derived from direct measurements. Error bars indicate the standard deviation. In the presence of C 2 H 6 the instrument reports heavier values of δ 13 CH 4 . The typical range of

(calibrated) 

Table 2

 2 

	.3). The

coefficients with the exception of the undried H 2 O coefficient at >0.16% H 2 O. For this coefficient we calculate a difference of 0.3 ppmC 2 H 6 /%H 2 O between that of CFIDS 2072 and CFIDS 2067. The variance may be the consequence of spectrometer differences, a long-term hysteresis effect or due to differences in their past use up to our tests (mostly dried samples on CFIDS 2072 and mostly undried samples for CFIDS 2067).

Table 2 -2 Summary of C 2 H 6 calibration factors calculated for both instruments CFIDS 2072 and 2067.

 2 

	C 2 H 6 Calibration		CFIDS 2072		CFIDS 2067
		Slope	Intercept (ppm)	Slope	Intercept (ppm)
	Feb,15	0.49 ± 0.03	0.00 ± 0.01		
	Oct,15	0.51 ± 0.01	-0.06 ± 0.04	0.52 ± 0.01	-0.12 ± 0.01

Table 2 -3 The various response functions calculated for the δ 13 CH 4 correction due to C 2 H 6 . *Flask measurement.
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	δ 13 CH 4	CFIDS 2072	CFIDS 2067
	Correction				
		Slope(‰CH 4 /C 2 H 6 )	Intercept (‰) Slope(‰CH 4 /C 2 H 6 )	Intercept (‰)
	July,15	+24 ± 2	0.5 ± 0.6	-	-
	Nov,15	+23 ± 1	0.2 ± 0.6	+23 ± 1	-2.3 ± 0.7
	Nov,15 *	+24 ± 1	0.6 ± 0.6	+24 ± 2	-2.5 ± 0.8

4 , δ 13 CH 4 & C 2 H 6

  Lakewood, USA). The δ 13 CH 4 was calibrated using the method described previously in Sect. 2. 20 minute measurements of two calibration gases were made every two days to calibrate the CH 4 and CO 2 data and to track any drift in the isotopes. A C 2 H 6 free working gas was measured every 12 hours and used simultaneously as a target gas for the calibration of CH 4 and CO 2 , and to track any drift in the C 2 H 6 baseline for the calibration of C 2 H 6 .

	Two instruments were utilised for continuous measurements throughout the two-week field campaign:
	a CRDS instrument (CFIDS 2072, characterised in detail in previous sections) and an automatic Gas
	Chromatograph with a Flame Ionization Detector (GC-FID) (Chromatotec, Saint-Antoine, France)
	measuring VOCs (light fraction C 2 -C 6 hydrocarbons), described in detail in Gros et al., (2011). Both were
	located at a distance of approximately 200m-400m from both the pipelines and compressors.
	The air measured by the CRDS instrument was dried consistently to <0.16 % H 2 O using a Nafion (Perma
	Pure LLC,

  blue for the corrected δ13 CH 4 due to C 2 H 6 , and red representing uncorrected δ 13 CH 4 . Event 1 includes elevated C 2 H 6 emissions and thus displays a difference between the slope before and after C 2 H 6 correction, corresponding to a shift in isotopic signature. Event 2, with no C 2 H 6 shows no alteration in slope. The slopes of C 2 H 6 vs CH 4 are shown in the bottom panel, signifying the C 2 H 6 : CH 4 ratio of the emission. Error of both the isotopic and C 2 H 6 : CH 4 signatures are calculated from the standard error of the slope.
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.10 where, for Event 1, the slope of points after C 2 H 6 correction (in blue) is shifted in comparison to the slope derived from points left uncorrected (in red); signifying a modification of the δ 13 CH 4 signature. Corrected δ 13 CH 4 suggests a signature of -40.0‰ ± 0.1‰, while uncorrected values imply -37.8‰ ± 0.08 ‰. When no C 2 H 6 is present, i.e. Event 2, there is no disparity between the raw and corrected δ 13 CH 4 slope, resulting in a δ 13 CH 4 signature of -59‰ ± 1‰ for both methods. For the 15 natural gas related events, the average shift induced due to uncorrected data is 2‰. Consequently the bias in isotopic signatures due to C 2 H 6 means that uncorrected data will always overestimate the source, when a simple two end-member mixing model between is applied. Figure 2.10 Ethane and Methane content of two selected peaks. Methane and Ethane 1 minute averaged time series is shown in the top two panels. Miller-Tans plots of the corresponding peaks are shown in the third panel,

  Furthermore, the flask samples, taken on the 4 th of July 2014, were measured by the CRDS to have a C 2 H 6 : CH 4 ratio of 0.074 ± 0.001 ppm C 2 H 6 /ppm CH 4 and 0.046 ± 0.003 ppm C 2 H 6 /ppm CH 4 for the gas within Pipeline 1 and Pipeline 2 respectively. That same day gas quality data from the onsite GC recorded a C 2 H 6 : CH 4 ratio of 0.075 ppm C 2 H 6 /ppm CH 4 and 0.048 ppm C 2 H 6 /ppm CH 4 respectively.

  . The C 2 H 6 :CH 4 ratio that characterises each source is determined by the slope of the C 2 H 6 to CH 4 relationship. This method was applied to the 16 events identified within If the C 2 H 6 data is left uncorrected and un-calibrated the C 2 H 6 : CH 4 ratio calculated is significantly shifted by approximately +0.06. The average raw C 2 H 6 : CH 4 ratio for the 15 natural gas events is 0.132 ± 0.007 ppm C 2 H 6 /ppm CH 4 , while the biogenic events C 2 H 6 : CH 4 ratio calculated is negative and thus impossible.

the natural gas field campaign, again using the York linear regression method taking into account both X and Y error. Two examples of this method are displayed in the bottom panel of Fig.

2

.10. Event 1, representing a natural gas emission has a measured C 2 H 6 : CH 4 ratio of 0.068 ± 0.002 ppm C 2 H 6 /ppm CH 4 suggesting a wet gas source. Biogenic events, such as Event 2 are absent of C 2 H 6 (within our detection limit) thus resulting in a C 2 H 6 : CH 4 ratio of 0 ± 0.2 ppm C 2 H 6 /ppm CH 4 . Excluding the biogenic event, on average the 15 natural gas emissions detected have a weighted mean C 2 H 6 : CH 4 ratio of 0.069 ppm C 2 H 6 /ppm CH 4 with an average uncertainty on each event of 0.006 ppm C 2 H 6 /ppm CH 4 . This figure agrees well with the median value for conventional gas ratios measured by

[START_REF] Roscioli | Measurements of methane emissions from natural gas gathering facilities and processing plants: measurement methods[END_REF]

.

  .11 as circular markers. These are found in the top right hand corner of Fig.2.11 and do not correspond well with either of the Pipelines, thus re-confirming the importance of the corrections.
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	Figure 2.11 Distribution of 16 events according to their C 2 H 6 : CH 4 ratios and isotopic signature. The red and purple
	dashed lines signify the characterisation of Pipeline 1 and 2 respectively as measured by the CRDS instrument from
	flask samples taken on the 4.07.14. For corrected and calibrated data (square markers), both the isotopic signature
	and C 2 H				

6 : CH 4 ratios identify the biogenic source

(bottom-left point) 

and suggest the natural gas emissions emanate from Pipeline 1. Circular markers represent the uncorrected data which does not agree with the flask sample measurements of Pipelines 1 or 2. The error bars indicate the standard error of the slope calculated from Miller-Tans and C 2 H 6 vs CH 4 plots for δ 13 CH 4 signature and C 2 H 6 : CH 4 ratio respectively.

Table 3 -1 Summary table specifying the implementation of the 3 identification methods used.

 3 

		Isotopic Analysis	PCA Model	PMF Model
	Software	R	R (using prcomp() & varimax()) EPA PMF 5.0
	Method	Miller-Tans plots	APCA & MLRA	Multilinear Engine
	Species	CH 4 & δ 13 CH 4	CH 4 , C 2 H 6 , C 3 H 8 , n-C 4 H 10 , i-	CH 4 , C 2 H 6 , C 3 H 8 n-C 4 H 10 , i-
	Included		C 4 H 10 , C 6 H 6 and C 7 H 8	C 4 H 10 , C 6 H 6 and C 7 H 8
	Error	MC of 1000 runs	MC of 100 runs	Bootstrap & DISP of 100
	Estimates			runs
	Time Window Moving (minimum	Moving 10h & Entire	Entire
		40min)		
	Data	10 min averaged (4	30 min averages (20 / 386	30 min averages (386
		points)	points)	points)

Table 3 -2 Characteristics of gas taken from the two pipelines at the compressor station, from Assan et al. 2017.
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	Gas source	Isotopic signature (‰)	C 2 H 6 :CH 4 ratio (ppm/ppm)
	Pipeline 1		
	Pipeline 2		

Figure 3.4 Time series of 30min average concentrations of CH 4 , δ 13 CH 4 , CO 2 , VOCs and wind direction and speed measured at the measurement campaign at the natural gas compressor station. The Pearson correlation coefficient of each species with methane is indicated on each plot.

  The concentration profiles of both factors can be seen in Figures B.2.1 and B.2.2 in the Appendix B. The toluene: benzene ratio is 4.02 (4.00 and 3.63 for the 25 th and 27 th bootstrap percentiles respectively) indicative of vehicle exhaust emissions [Johanssonet al., 2001], much higher than the ratio associated with wood burning emissions[McDonald et al., 2000, Hedberg et al., 2002]. Its associated C 2 H 6 :CH 4 source ratio has high uncertainties.

  2 H 6 /CH 4 C 3 H 8 / CH 4 iC 4 H 10 / CH 4 nC 4 H 10 / CH 4 Ethanol/ CH 4

	SOURCE A (PIPELINE 1)	0.075	0.019	0.0018	0.0029	negligible
	SOURCE B (PIPELINE 2)	0.04	0.013	0.0014	0.0025	negligible
	SOURCE C (BIOGENIC)	0.008	0.0022	0.0005	0.0002	0.018

  Figure S3.2 The C 2 H 6 :CH 4 source of the NG source A calculated by PMF as the time of an additional source in the time-series is increased (x-axis.) The original time series is NG source A only and a secondary source is added in varying time steps, a biogenic source in blue, and NG source B in red. Boxes represent the 25 th and 75 th percentiles from 50 runs, and the diamond markers represent the run identified by PMF as the best solution (lowest Q value).
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  This is probably due to the increase of noise and uncertainties as the number of species augments. The MAD of residuals is reduced from 306 ppb to 137 ppb when using all, or NG related species only respectively. If only NG species are included, CH 4 variability is split between NG components. Nonetheless, when including non-NG related species (e.g. Ethylene, Benzene) only one NG component is detected. Including un-correlated species also results in a reduction of the goodness of fit of modelled CH 4 variability.The number of species included also affects the PMF modelled factors, residuals increased by a factor of 10 when changing from 3 to 13 species respectively (allocation of 2 and 5 factors respectively). Including species which do not add extra information reduces the goodness of fit primarily due to additional noise and uncertainties which are carried forward to the modelled factors.Chapter 4 FUGITIVE METHANE SOURCE CHARACTERISATION OF BIOGENIC SOURCES IN THE ILE DE FRANCE REGION.fourth chapter of this thesis combines the improved instrumental and data analysis methods for methane source apportionment (the focus of Chapters 2 and 3) and applies them to field measurements of anthropogenic methane emissions from biogenic sources in the Ile de France region. The two major contributors to the biogenic sector are the agriculture (ruminants) and waste (wastewater treatment and landfills) industries. Combined, these aforementioned sources accounted for 74% of anthropogenic methane emissions in France in 2006-2007 according to UNFCCC reporting, and ca. 34% globally for 2000-2012[START_REF] Saunois | The global methane budget 2000-2012[END_REF]]. As countries are set to reduce greenhouse gas emissions, CH 4
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CH 4 attribution and can degrade the modelled CH 4 factors. The MC-APCA tests show that including four CH 4 co-varying species (i.e. other natural gas tracers such as iC 4 H 10 , nC 4 H 10 ) results in the best reconstructed CH 4 variability. Increasing the number of NG tracers after this degrades the modelled CH 4

Table 4 -1 Results of source signatures from the mobile field campaign at Grignon Farm

 4 Methane source characterisation plot from mobile campaign at Grignon Farm. δ 13 CH 4 signature on the y-axis and CH 4 : CO 2 source ratios on the x-axis. Highlighted bands are δ 13 CH 4 results from *[START_REF] Levin | Stable isotopic signature of methane from major sources in Germany[END_REF] 

	Figure 4-5

  Application of the MC-APCA model on the selected dataset suggests two principle components. The first describes 64% of the total concentration variance, predominantly explaining CO 2 , C 2 H 6 and C 3 H 8 , (with some contribution to CH 4 ) variation. This component describes the daily cycle due to atmospheric mixing and therefore includes all variables. The second component explains 28% of the total concentration variance, and approximately 60% of CH 4 concentration enhancements. Its temporal variation is very well correlated with that of the CH 4 data. This component has little contribution from other species, suggesting that the CH 4 source is not correlated with CO 2 , C 2 H 6 or C 3 H 8 . Short-term variation of the C 2 H 6 :CH 4 and CH 4 :CO 2 ratios calculated from the reconstructed principle component modelled by the 10h MC-mAPCA is plotted in Figure4.10. Gaps in the ratios occur when CH 4

	Figure 4.9 Isotopic signatures of CH 4 concentration enhancements calculated from the moving Miller-Tans plots by
	wind direction.

  The temporal variation of δ 13 CH 4 is plotted in Figure4.14 (top). Negative changes in the isotopic data are correlated with peaks of CH 4 concentrations, the largest change in δ 13 CH 4 was measured on the 11 th of April in which δ 13 CH 4 dropped from background levels of -48 ‰ to -55 ‰. The δ 13 CH 4 signatures of the CH 4 concentration peaks calculated from the moving Miller-Tans plot method are plotted alongside the CH 4 concentration time series in Figure4.14 (middle). In total, 35 δ 13 CH 4 signatures were calculated. The average and standard deviation is -60 ‰ and 4 ‰ respectively. All of the δ 13 CH 4 signatures calculated are suggestive of biogenic sources. Overall a larger number of CH 4 enhancements are isotopically more similar to the heifers and sheep than lactating cows. Throughout the spring campaign a number of the δ 13 CH 4 signatures calculated are lighter than that measured for ruminants during the mobile campaign.
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	Figure 4.13 Temporal concentration data of the species measured during the spring measurement campaign
	at Grignon Farm. From top to bottom: CH 4 , CO 2 , C 2 H 6 , VOCs (Propane, n-Butane, i-Butane, i-Pentane, n-
	Pentane) and wind direction (black) and speed in m/s (red, z-axis).				

  Isotopic data measured during the spring Grignon field campaign. From top to bottom, the time series of δ 13 CH 4 , the time series of CH 4 with corresponding δ 13 CH 4 signatures (right hand axis) calculated from moving Miller-Tans plots, and the time series of CH 4 with corresponding CH 4 :CO 2 source ratio (right hand axis). Green horizontal lines are measured values for biogenic sources (Heifers in light green, lactating cows in dark green. Blue dashed line signifies the manure contaminated measurement.
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  For consistency with the autumn 2016 campaign, the same subset of variables were selected for the APCA analysis of the Spring 2017 campaign. The application of MC-APCA modelled two dominant components; all species contribute to the first component which accounts for 67% of the total variability, while the second component contributions are derived predominantly from CH 4 and accounts for 16% of the total concentration variability. The reconstruction of these two components is plotted in Figure4.16. The principle component (plotted in black), has a clear diurnal cycle and may be considered as the component describing the variation of VOC, CO 2 and CH 4 concentrations due to atmospheric mixing and changes in the boundary layer height. This suggests sources of CH 4 , CO 2 , C 2 H 6 and C 3 H 8 are located within proximity but do not necessarily originate from the same source. The second component (plotted in red in Figure4.16), describes a similar temporal variation to that of the CH 4 concentrations, and describes 55% of CH 4 concentration enhancements, very similar to the 60% calculated for the autumn campaign.
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	Figure 4.15 Variation of δ 13 CH 4 signatures with respect to wind direction. X-axis represents count number.

  By using the source ratios calculated from 10h MC-mAPCA, the short-term variation of sources during the spring campaign is visible. The temporal variation of the reconstructed C 2 H 6 :CH 4 ratio of PC1 is plotted in Figure4.17. Its application was more successful than the autumn campaign, although a number of periods still lack data as CH 4 was not a dominant species present in the principle component during such 10-h time windows. On average the C 2 H 6 :CH 4 ratio is 0.01  0.01, again implying a predominantly biogenic source. Periods with C 2 H 6 :CH 4 ratio greater than 0.02, and the majority of periods for which calculation of the CH 4 :CO 2 ratio was possible, occurs when CH 4 concentration enhancements are minimal and therefore should not be interpreted as CH 4 sources. One CH 4 peak which stands out occurs on the 23 rd of April. It corresponds with peak concentrations of propane, and I & n butane and has a C 2 H 6 :CH 4 ratio of 0.03 ppm/ppm. Periods for which the calculation of CH 4 :CO 2 ratios were possible are infrequent due to large uncertainties on the data points.both campaigns are compared in Figure4.19. A prominent feature in the daily cycle is a large methane concentration peak at approximately 6 pm measured during both campaigns. To evaluate whether this concentration peak originates from onsite activities or the transport and mixing in the atmosphere, the CH 4 daily cycle was compared to that of radon (measured from the ICOS measurement tower in Saclay).
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  The moving analysis (MC-mAPCA) detect and identify specific CH 4 concentration enhancement events, long term techniques such as the PMF and MC-APCA on the other hand determine the source contributions of the whole signal, and therefore also attribute a background CH 4 source.This study found isotopic analysis to provide the greatest insight into emission characteristics for our fixed field campaigns, as typical CH 4 emissions were short lived and strongly enhanced compared to background concentrations. The CH 4 : CO 2 ratio is less reliable as it is easily influenced by daily cycles of concentration data. It is not recommend to use short term analysis with m-APCA at such a site, due to minimal VOC and CH 4 source correlation. Finally, CH 4 source contributions were found to be well calculated using PMF and APCA receptor models however in the case of this measurement campaign, isotopic analysis was necessary for detailed CH 4 source identification.4.2. CH 4 EMISSIONS FROM THE WASTE MANAGEMENT SECTORMethane emissions due to anaerobic decomposition of organic waste from waste management accounted for ca. 4% of the global GHG emissions in 2010[UNEP, 2012]. Approximately half of which originate from municipal solid waste (MSW) landfills and half from waste water treatment (WWT)[JRC, and PBL, 2012]. According to UNFCCC reports for 2001-2006 the contribution from the waste sector to total annual emissions in France is even higher, estimated at 14%[START_REF] Bergamaschi | Inverse modeling of European CH4 emissions 2001-2006[END_REF]]. Waste management is therefore a major factor contributing to anthropogenic CH 4 emissions. However, such emissions depend on a number of factors including temperature and production process resulting in significant uncertainties in emission factors. This work aids future regional CH 4 source apportionment studies by characterizing the CH 4 source signature at 3 waste management sites in the Ile de France region; two waste water treatment plants and one landfill.
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	Figure 4.21 Comparison of δ 13 CH 4 signatures from ruminants depending on their diet measured in this study and
		literature. Square markers represent cattle, while circular markers represent sheep.

  Datemeasurement location confirming that the CH 4 source is centrally located on the site, surrounding our instrument location. The daily cycle of CH 4 is not very well defined, suggesting a distinct emission source within the site. In contrast, CO 2 has a clear diurnal variation peaking at approximately 4am at 410ppm, and dropping lowest at midday to approximately 390ppm. This indicates the lack of a distinct CO 2 emission source within the site. The highest concentrations are measured during periods of very low wind speed which is indicative of stable atmospheric conditions with very little dispersion of local sources (stagnant conditions). During the campaign, 11 CH 4 concentration peaks occurred that met the requirements of the moving Miller-Tans method. On average the CH 4 peaks have a δ 13 CH 4 signature of -55  3 ‰. Although uncertainties are large due low CH 4 concentration enhancements, these values are in good agreement with previous studies. For example,Levin et al. (1999) calculate an isotopic signature of -55.4  1.4 ‰ for waste emissions in Germany, and[START_REF] Lowry | London methane emissions: Use of diurnal changes in concentration and δ 13 C to identify urban sources and verify inventories[END_REF] derive an average signature for WWT of -57  3 ‰ from a compilation of 13 studies.
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	Figure 4.24 Continuous observations of CH 4 , CO 2 , δ 13 CH 4 and metrological data at St Thibault WWT plant during the

measurement campaign. Isotopic signatures are calculated from moving Miller-Tans and plotted as green points corresponding to top z-axis.

  2014, resulting in 13 days of measurements. The time-series of 10-minute average concentrations of CH 4 , CO 2 and δ 13 CH 4 are plotted in Figure4.29. Extremely high concentrations of CH 4 were measured throughout the measurement campaign, with a mean of 5.1 ppm. The maximum concentration was measured on the 29 th of October as 11.3 ppm, whilst the minimum concentration of 2.2ppm is a value well above background concentrations for the Ile de France region (measured as 1.95 ppm-2.1 ppm at the SNO-ICOS station in Saclay in Gif sur Yvette). Mean, maximum and minimum CO 2 concentrations during the campaign were measured as 711.4 ppm, 1144.5 ppm and 419.5 ppm respectively.Concentration enhancements of both species show a similar diurnal cycle, and were found to have good correlation, with Pearsons R of 0.85. This indicates that besides experiencing similar atmospheric mixing, the emissions can be expected to be co-located due to a similar production processes (microbial activity). The isotope observation revealed a clear anti-correlation of δ 13 CH 4 with CH 4 concentration enhancements, in which the local source is strongly discriminated from the atmospheric background, as can be seen in Figure4.29.
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.29 Continuous observations of CH 4 , CO 2 , δ 13 CH 4 and metrological data at Cergy Pointoise WWT during the measurement campaign. Green points are the periods for which isotopic signature was calculated. Blue points are periods for which both the isotopic signature and CH 4 :CO 2 ratio was calculated.

  4.29. The average ratio is 0.022 ppm/ppm. In a comparison study of 35 Australian WWT plants,[START_REF] De Haas | Energy and greenhouse footprints of wastewater treatment plants in south-east Queensland[END_REF] report CH 4 : CO 2 emission ratios of ca. 0.09 ppm/ppm for anaerobic treatment processes and ca. 0.28 ppm/ppm for sites with co-generators. This study uses an emission model that assumes a 1% leakage rate from the digester system. Measurements of CH 4 at a WWT plant with anaerobic digesters (Kralingseveer) indicate annual emissions of 109.2 tCH 4 , while CO 2 annual emissions (estimated based on CH 4 consumption), are 1500 tCO 2[START_REF] Daelman | Methane emission during municipal wastewater treatment[END_REF]; corresponding to an emission ratio of 0.046ppm/ppm. Emissions from other Dutch WWT plants are reported as 38.4 tCH 4 /5820 tCO 2 (Kortenoord) and 29.2 tCH 4 /3458 tCO 2 (Papendrecht), which correspond to ratios of 0.016ppm/ppm and 0.021ppm/ppm respectively[START_REF] Daelman | Methane emission during municipal wastewater treatment[END_REF]. The observed range at Cergy Pontoise of 0.0086  0.0004 ppm/ppm to 0.031  0.002 ppm/ppm is significantly closer to these studies, which might indicate that emission model reported factors cannot be directly compared to observed ratios e.g. due to over or underestimation of emission factors in some WWT plant emission models.

  ComparisonThe two WWT plants analysed in this Chapter are relatively similar in size and region, however certain key characteristics differ. The initial processing of waste for both facilities is the same, but sludge treatment at St Thibault is aerobic, while anaerobic digestion is applied to sludge at the Cergy-Pointoise site, where CH 4 is produced and stored onsite. The results from St. Thibault suggest that water treated at aerobic WWT plants still undergoes some anaerobic digestion processes, as clear (although low) CH 4 concentration enhancements were measured surrounding the filtration buildings. Methane enhancements were also measured surrounding the filtration buildings at Cergy-Pointoise, however there the digesters were identified as the predominant CH 4 source. Measurements from Cergy-Pointoise showed a much stronger correlation of CH 4 and CO 2 in comparison to that of St Thibault; Pearsons R of 0.85 and 0.57 respectively. This is in agreement with what would be expected from concentration enhancements driven predominantly by anaerobic digestion process at Cergy-Pointoise in which CH 4 and CO 2 are produced in unison, illustrated in Eq. 4.3. Whilst in St Thibault the dominant process is aerobic digestion, converting organic material into CO 2 , without production of CH 4 as shown in Eq. 4.4.

	2CH 2 O -> CO 2 + CH 4	Equation 4-3
	CH 2 O + O 2 -> CO 2 + H 2 O	Equation 4-4

Table 4

 4 

		-2 Weather conditions on 2.12.2016	
	Variable (unit)	Typical value (during	Range of value
		measurement)	(min/max)
	Temperature (°C)	5	0/5
	Air Pressure (mbar)	1024	1023/1028
	Wind speed (m/s)	2.7	1.8/4.4
	Wind direction (degrees)	NNE	ENE/NNE
	(coming from the direction)		
	Rain (mm)	0	0

Table 5 -

 5 1 Summary of isotopic source signatures for methane sources in Western Europe, and the values from this thesis.As present day research attempts to reduce source emission uncertainties and quantify emissions that are relevant for regulations as well as international agreements, large efforts are being made towards the understanding and accuracy of  13 CH 4 measurements. Projects which aim to identify and evaluate methane emissions using mobile measurements, isotopes and modelling will greatly increase the temporal and spatial understanding of  13 CH 4 signatures in Europe. A number of findings from this thesis can be useful for such future studies including; improved calibration strategies for  13 CH 4 on CRDS, improved CH 4 specific source apportionment methods for different sites, and the first coverage of  13 CH 4 signatures for the Ile-de-France region. Figure S2.2: Time series of the discontinuity for instrument CFIDS 2067, the H 2 O content is increased and decreased crossing the 0.16% H 2 O threshold twice. The point at which 0.16% H 2 O humidity is reached is marked by red dashed lines. The discontinuity is present when moving from dry to wet air, and inversely from wet to dry air.Figure S2.3: Relationship between the reported C 2 H 6 and concentration changes of CO 2 (left) and CH 4 (right) at 5 C 2 H 6 concentrations for instrument CFIDS 2072. The concentration change (from background levels) of the targeted gas is plotted on the x-axis, while the change in reported C 2 H 6 is plotted on the y-axis. Markers represent a 20 minute average, with error bars denoting the standard deviation. For each dilution series, C 2 H 6 concentration was kept constant at different concentrations, represented by the coloured markers. The CH 4 correction was examined up to 1.5 ppm C 2 H 6 to sustain a C 2 H 6 :CH 4 ratio <1, well above the upper range expected from natural gas sources. At all C 2 H 6 concentrations examined, for both ∆CO 2 and ∆CH 4 , the response function agreed within the uncertainties to that calculated at 0 ppm C 2 H 6 . The red line represents the linear fit taking into account both X and Y error; Pearson's R is -0.99 and -0.89 for concentration changes of both CO 2 and CH 4 respectively.

	Methane Source	European  13 CH 4 (‰)	Reference	This Study (France, ‰)
	Wastewater	-54 (Germany)	(Levin at al. 1999)	-55  3
		-53  3 (U.K)	(Zazzeri., 2015)	
	Landfill	-60.3  2.3 (Germany)	(Bergamaschi et al.	-60  1
			1998)	
		-50.8 to -52.6 (U.K.)	(Lowry et al., 2001)	
		-58  3 (U.K)	(Zazzeri, 2015)	
		-57.4  1.7	(Bergmaschi et al.,	
		(Netherlands)	1999)	
	Cattle, (100% C3 Diet)	-65.1  1.7 (Germany)	(Levin et al 1999)	-63.9  3.5 (70% C3)
		-67.6  1 (Switzerland)	(Klevenhusen et al,	
			2010)	
	Cattle, (100% C4 Diet)	-56.5  1 (Switzerland)	(Klevenhusen et al.	-57.3  0.7 (50% C4)
			2010)	
	Sheep ( C3 diet)	-70.6 ( Germany)	(Levin et al 1999)	-60.6  2.2 (70% C3)

APPENDIX A: CHAPTER 2 SUPPLEMENTARY MATERIAL Figure S2.1: Time series of CO 2 interference experiment at varying H 2 O concentrations. As H 2 O and CO 2 are altered, the reported C 2 H 6 is expected to be constant given there is no C 2 H 6 input. However due to interference the corresponding shifts of reported C 2 H 6 are evident

Table B .

 B 3.1: Species specific LOD values used throughout the study and % instrumental uncertainty. Instrumental uncertainties of CH 4 & CO 2 are overestimated in comparison to Picarro specifications for a G2201-I Analyser [https://www.picarro.com/products_solutions/isotope_analyzers/13c_for_ch4_co2] and were used in the PMF analysis only. Table B.3.2. Signal/Noise ratio of selected species in PMF analysis. *Although toluene has a S/N ratio below 2, it was categorised as 'strong' for the PMF analysis after empirical tests showed no significant improvement in the modelling of the species when altering its weighting or increasing the analytical uncertainty.

	Species CH 4	CO	C 2 H 6	C 3 H 8	iC 4 H 1	nC 4 H 10	i /n	nC 6 H 14	C 2 H 4	C 3 H 6	C 2 H 2	C 6 H 6	C 7 H 8	C 8 H 10
		(ppb)	2	(ppb)	(ppb)	0	(ppb)	C 5 H 12	(ppb)	(ppb)	(ppb)	(ppb)	(ppb)	(ppb)	(ppb)
			(ppm			(ppb)		(ppb)						
			)											
	LOD	1	0.1 0.07	0.075 0.05	0.05	0.05 0.025 0.075 0.15 0.15 0.01	0.01	0.015
				5									5	5
	Instrumental uncertainty	1% 1% 15% 15%	15%	15%	15%	15%	15% 15% 15% 15% 15% 15%
							Species		Signal/Noise				
							CH 4		9.5					
							C 2 H 6		5.3					
							C 3 H 8		5.2					
							iC 4 H 10		4.3					
							nC 4 H 10		4.8					
							C 7 H 8		1.8*					
							C 6 H 6		3.3					

solutions modelled by PMF and MC-APCA are in good agreement, particularly the modelled PMF factors have very low residuals, an average of only 21ppb. In periods C and D there are a number of peaks which are not well characterised by the two sources, specifically the period around the

st of June where residuals of up to 1.2 ppm are calculated. Notably, this period correlates with a spike in
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b) 10h moving APCA coupled with Monte Carlo (MC) simulation (MC-mACPA): This method is used to investigate the short-term variability of CH 4 source contributions. Similar to the moving Miller-Tans regression approach for the  13 CH 4 source identification (Section 3.2.2.1), MC-APCA is applied using the method described above to data within a moving time window of 10h (20 data points). The PC was reconstructed for each 10h window.

Practical application of PMF in this study. In this study, PMF was performed using the EPA PMF5.0 software [Norris et al., 2009]. The Multilinear Engine is the underlying program used to solve the PMF problem in EPA PMF and version me2gfP4_1345c4 has been developed by Pentti Paatero at the University of Helsinki and Shelly Eberly at Geometric Tools (http://www.geometrictools.com/). To enable a comparison with the MC-APCA, the same subset of species used in MC-APCA is used for PMF.

The signal to noise (S/N) ratio of all species was greater than 2 and therefore weighted as 'strong' following the approach suggested Paatero and Hopke [2003], species specific S/N ratios can be found in the Appendix B.3. The uncertainty matrix was calculated following [START_REF] Norris | EPA Positive Matrix Factorization (PMF) 5.0 fundamentals and User Guide Prepared for the US Environmental Protection Agency Office of Research and Development[END_REF]. For concentrations below the LOD, the species-specific LOD value is used. The number of factors was determined by combining results from MC-APCA, the analysis of the parameters IM (maximum individual column mean), IS (the maximum individual column standard deviation) obtained from the scaled residual matrix and the physical meaning of the factors obtained. In this case study, 2 to 4 factors were examined to find the optimal PMF solution. Finally, two factors were chosen for the following three reasons: the MC-APCA analysis suggested 2 sources, a higher number of factors resulted in factors which were not rotationally ambiguant and with unrealistic source profiles (even though CH 4 was better fitted), and sensitivity studies show the PMF cannot distinguish two similar NG sources (see Section 3.5).

Rotational ambiguity of the PMF factors was investigated between the rotations of 1 to -1. No significant improvements were gained, thus the final solution contained 2 factors, with the standard value 0 rotation. The uncertainties of PMF factors were calculated using Bootstrap and DISP of 100 runs with random seed.

Source Signature measurements: Isotopic & CH 4 : CO 2

The time-series of methane isotopic measurements can be seen in Figure 4.8; the mean, standard deviation, minimum and maximum values measured during this period were -47.7 ‰, 0.7 ‰, -54.8 ‰ and -46.4 ‰ respectively. The majority of CH 4 concentration enhancements are correlated with lighter periods of δ 13 CH 4 . The time-series of isotopic signatures calculated from the moving Miller Tans method is plotted in Figure 4.8. In total, 24 isotopic signatures of CH 4 enhancement were calculated, with a mean of -56.5  5 ‰, strongly suggesting a predominantly biogenic CH 4 source similar to that of the Dairy Barn (lactating cows and manure). Five CH 4 concentration peaks are isotopically similar to the Dairy Barn/lactating cows, whilst two are suggestive of Heifer and Sheep emissions. The majority of values are too uncertain (caused by very low concentration enhancements) to distinguish between such similar biogenic sources. The majority of Miller-Tans plots consist of between 3-5 data points, indicating short lived CH 4 enhancements lasting approximately 30-50 minutes. This is likely due to changing meteorological conditions. Figure 4.9 shows the spread of δ 13 CH 4 signatures with wind direction.

Lightest δ 13 CH 4 are measured during southerly winds with an average of -65  2 ‰, whilst the signature is seen to be less negative during winds from the West or North. This can be explained by cattle on pastures to the South and Heifers in the South-West, both of which are expected to have lower δ 13 CH 4 signatures than the lactating cattle which are located West-South-West of the instruments. One isotopic signature measured on the 12 th of November was found to be significantly heavier than the average, with δ 13 CH 4 of -41 6 ‰. More information is required to identify the methane enhancement is due to manure or possibly a fossil fuel source.

The secondary proxy, the CH 4 : CO 2 ratio signatures, were calculated during the same CH 4 enhancement periods and display on average 0.02  0.02. Such ratios are lower than expected, and do not correlate with the ratios measured at the ruminant barns during the mobile campaign. This can be attributed to strong CO 2 concentration variations from other processes (e.g. uptake or variations in background concentration) which lead to an irregular daily CO 2 cycle. Thus resulting in an imperfect fit of the daily cycle, which prevents the calculation of the ratio based on the excess CO 2 alone.

PMF

Positive matrix factorisation was applied to the spring campaign with 7 variables: CH 4 , CO 2 , C 2 H 6 , C 3 H 8 , i-C 4 H 10 and i & n-C 5 H 12 . These were chosen as they were the available measurements at the time of writing and displayed the most significant concentration enhancements. Principle component analysis suggested between 1 to 3 principle components to describe up to 89% of the concentration variability.

Using PMF the optimal fit was achieved with a 3-factor solution. This is one factor less than the autumn campaign due to the absence of n-hexane in the input species. Factor 1 predominantly explains the variance of alkanes (contributions are >90% for all VOCs), and approximately 30% of CO 2 variance. The CH 4 contribution is modelled as negligible in the base run, however DISP and BS error suggest concentrations of CH 4 and CO 2 are not stable for this factor; concentrations vary by a factor of 10 -2 to 10 - 4 and 10 1 to 10 -4 for CH 4 and CO 2 respectively. The contribution of alkanes to this factor implies a fossil fuel source, however the diurnal variability underlying its variation suggests the source does not necessarily originate from the farm. Factor 2 accounts for approximately 83% of CH 4 concentrations, and has little to no contributions from other variables. The temporal variation is in agreement to the CH 4 concentrations measured on site, correlation of the two datasets has an r 2 greater than 0.9. Errors for this factor are predominantly in regards to the CO 2 concentrations, ranging from 10 0 to 10 -4 . As this factor has no correlations with the measured VOCs, and due to our previous analysis using APCA and isotopic measurements we can allocate this factor as the biogenic CH 4 source. The largest contributor to Factor 3 is CO 2 , (73% of CO 2 ) with small contributions from CH 4 (DISP and BS error suggest between 10 -2 and 10 -4 ), C 2 H 6 and C 3 H 8 . The temporal variation is diurnal. The contribution and concentration of each species, including the temporal variation of the CH 4 only factor (Factor 2) is plotted in Figure 4.18.

Contributions of Factors 1 & 3 are shown in Appendix C. Factors 1 and 3 show some rotational ambiguity (to be expected as they both exhibit a periodic daily cycle), which was examined through Fpeak rotations of -0.5 to 1.5. Improved rotational ambiguity was achieved with Fpeak rotations of -0.5 and -1 in which CH 4 contributed to all factors; Factor 1 (fossil fuel factor),2 (biogenic CH 4 factor) and 3(diurnal factor) by 22%, 67% and 9% respectively.

COMPARISON OF AUTUMN & SPRING CAMPAIGNS

Overall, the characteristics of the variables measured during both fixed-site campaigns were very similar. Methane enhancements were more variable during the spring campaign where 10-minute averaged data shows maximum concentration peaks of 10.5ppm, in comparison to 5.8 ppm during autumn. Methane concentrations during both campaigns exhibit a small daily cycle, although more pronounced during the spring; on average reaching a maximum and minimum of 2.15ppm and 1.95 ppm and 2.06ppm and 2.00ppm for the spring and autumn campaigns respectively. Furthermore, when comparing Figures 4.7 and 4.12, the local source is more clearly identified in spring given the high mean CH 4 enhancements originating southwest of the measurement station. Calculating the expected CH 4 emissions using IPCC Tier 1 emission factor data, total emissions should be less during spring as the average live weight of ruminants is significantly decreased (see top of Figure 4.2). Thus, the higher CH 4 enhancements measured are most likely due to changes in meteorological conditions; in particular wind speeds which were significantly lower during the spring campaign. Daily, hourly and weekly averages for 

Receptor models

The factors calculated by the two receptor models were in very good agreement for both the spring and autumn campaigns. MC-APCA calculates a CH 4 only component explaining between 50-60% of the total CH 4 variability while for the PMF this is 66%. Large uncertainties are associated with CH 4 contributions to the fossil fuel PMF factors for both campaigns. Results from the short-term variation of CH 4 sources modelled by MC-mAPCA found the method to be sub-optimal for a measurement site in which CH 4 is not correlated with other variables, resulting in missing data for most of CH 4 concentration enhancements.

GRIGNON FARM CONCLUSION

Measured values of δ 13 CH 4 signatures of ruminants, as influenced by diet type, is scarce in many countries. Through the use of a mobile measurement method, this study identified characteristic δ 13 CH 4 signatures of dairy cattle for the Ile de France region as -57.3  0.7 ‰ and -61.5  1.8 ‰ for a 50% or 30% C4 plant diet respectively. We found good agreement with values published previously in literature;

from cattle in Germany (Levin et al. 1992), Japan [START_REF] Bilek | Investigation of cattle methane production and emission over a 24-hour period using measurements of δ 13 C and δD of emitted CH4 and rumen water[END_REF] and Switzerland [START_REF] Klevenhusen | Experimental validation of the Intergovernmental Panel on Climate Change default values for ruminant-derived methane and its carbon-isotope signature[END_REF], see Figure 4.21. The effect of the C3:C4 plant ratio in cattle diet is visible in the δ 13 CH 4 signatures.

Given the CH 4 eructated from cows is dependent on the diet of C3:C4 plants, where maize (the C4 plant component in the feed) has a δ 13 CH 4 = -13 ‰, and C3 plants have on average δ 13 CH 4 = -27 ‰ [START_REF] Vogel | Fractionation of the carbon isotopes during photosynthesis[END_REF], the isotopic fractionation taking place in the ruminants can be calculated using the following formula:

 COW/DIET = (δ 13 CH 4 Cow + 1000) / (δ 13 CH 4 Diet + 1000) Equation 4-1

The fractionation factor for lactating cows is calculated as  COW/DIET = 0.9622  0.001, and  COW/DIET = 0.958  0.003 for heifers. Uncertainties are derived from the maximum and minimum fractionation factors using 5% feed uncertainty (highlighted yellow in Figure 4.21), and isotopic signature uncertainty for lactating cows and heifers respectively (highlighted red in Figure 4.21). The fractionation factor calculated for heifers is in good agreement to the cited literature (above) and the lactating cow signature after correction for manure. Indicating fractionation is constant with regards to diet and cattle type within the uncertainties. Consequently, the fractionation factor can be used to estimate the δ 13 CH 4 signature of ruminant emissions for a given C3:C4 diet, or vice versa.

Furthermore, the calculated values for CH 4 : CO 2 source ratio can be useful to estimate CH 4 production if other parameters are unknown by using the equation below:

Where a is CO 2 produced by the animal (l/day), and b is the concentration of CH 4 in the air mix, c is the concentration of CO 2 in the air mix, and d and e are the concentrations of CH 4 and CO 2 in background air.

[ [START_REF] Madsen | Methane and carbon dioxide ratio in excreted air for quantification of the methane production from ruminants[END_REF]. Such a method enables an easy alternative/comparison to calculations using IPCC emission factors.