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Abstract

Mitigating anthropogenic methane emissions is one of the available tools for reaching
the near term objectives of the Paris Agreement. Characterizing the isotopic signature of the
methane plumes emitted by these sources is needed to improve the quantification of
methane sources at the regional scale. Urbanized and industrialized regions such as the
Paris megacity are key places to better characterize anthropogenic methane sources. In this
study, we present the results of the first mobile surveys in the Paris region, assessing
methane point sources from 10 landfills (which in the regional inventory are the main
emission sector of methane in the region), 5 gas storage sites (supplying Paris) and 1 waste
water treatment (WWT) facility (Europe’s largest, second worldwide). Local atmospheric
methane concentration (or mixing ratio) enhancements in the source plumes were quantified
and their 8°C in CH, (further noted &*CH,) signature characterized. Among the 10 landfills
sampled, at 6 of them we detected atmospheric methane local enhancements ranging from
0.8 to 8.5 parts per million (ppm) with 8*CH, signatures between -63.7 + 0.3 permils (%o) to -
58.2 £ 0.3 %. Among the 5 gas storage sites surveyed, we could observe that 3 of them
were leaking methane with local methane concentration enhancements ranging from 0.8 to
8.1 ppm and &'*CH, signatures spanning from -43.4 + 0.5 %o to -33.8 + 0.4 %o. Dutch gas
with a 8CH, signature of -33.8 + 0.4 %o (typical of thermogenic gas) was also likely
identified. The WWT site emitted local methane enhancements up to 4.0 ppm. For this site,
two 3"°CH, signatures were determined as -51.9 + 0.2 %o and -55.3 + 0.1 %o, typical of a
biogenic origin. About forty methane plumes were also detected in the Paris city, leading to
local concentration enhancements whose origin was in two cases interpreted as natural gas
leaks thanks to their isotopic composition. However, such enhancements were much less
common than in cities of North America. More isotopic surveys are needed to discriminate
whether such urban methane enhancements are outcoming from gas line leaks and sewer
network emanations. Furthermore, our results lead us to the conclusion that the regional
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emissions inventory could underestimate methane emissions from the WWT sector. Further
campaigns are needed to assess the variability and seasonality of the sources and of their
isotopic signature, and to estimate their emissions using methods independent of the
inventory.

Keywords: methane sources, isotopes, mobile campaigns, Paris

Highlights:

* CHA4 plumes were located on anthropogenic sites in the Paris megacity

« A mobile CRDS analyzer was used to detect local methane enhancements in the plume

« CRDS and GC-IRMS measurements were performed to provide source isotopic signatures
* These results provide independent constraints to quantify regional methane sources.

1- Introduction

Methane (CH,) is, after carbon dioxide (CO,), the second anthropogenic greenhouse
gas (GHG) contributing to human-induced global warming. According to Saunois et al.
(2017), more than 60% of global CH, emissions are attributed to human activities. Mitigating
anthropogenic methane emissions is therefore of importance for reaching the near term
objectives of the Paris Agreement and fighting climate change. Since the pre-industrial era,
the global average atmospheric concentration (or mixing ratio) of methane has more than
doubled to reach almost 1850 parts per billion (ppb) in 2017 (Dlugokencky, 2018). Methane
has a global warming potential much larger than that of carbon dioxide (~28 times more on a
100-year horizon ; Saunois et al, 2016), despite its shorter (=10 years) atmospheric lifetime
(Gasser et al., 2017). Therefore, effective measures to decrease CH, emissions to the
atmosphere are expected to have a rapid impact on mitigating global warming, making CH, a
target for immediate emission reduction efforts (Montzka et al., 2011 ; Nisbet et al., 2019).

After a fast increase of atmospheric methane in the 20™ century followed by the
stabilisation of the CH,4 global mean concentration between 1999 and 2006, a rapid increase
in the atmospheric methane concentration has occured again since 2007 (Nisbet et al., 2014;
Nisbet et al. 2016). However, the causes for the changes in the methane growth rate are
poorly understood. A major effort is needed in quantifying individual methane sources
(Houweling et al., 2017 ; Dlugokencky et al., 2011), taking into account the high variability of
methane emissions at the regional and global scales.

Anthropogenic methane emissions come from leaks from the fossil fuel sector such as
oil and gas extraction sites, coal mines, gas storage facilities and distribution network,
refineries, (Schwietzke et al., 2017), landfills, waste water processing plants and ruminants
(Saunois et al., 2017). Emissions data are mostly developed using a “bottom-up” approach,
which combines local activity statistics (e.g.volume of gas used, etc.) multiplied by a specific
emission factor for each emission sector. The source quantification and partitioning for
methane emissions is mainly based on such bottom-up inventories that may underestimate
emissions by 50 to 70% at the national level (Miller et al., 2013 ; Karion et al., 2013). Also,
these estimates are often reported without uncertainties, as the lack of independent data
makes it not possible to assess those correctly. Furthermore, emission factors are most often
defined from measurements carried out on a limited number of sources that are taken as
representative of an emission sector, or based upon benchmarked measurements or
theoretical calculations. The IPCC guidelines provide default (Tier 1) emission factors



88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

113
114

115
116
117
118
119
120
121
122

estimates that are used in most emission inventories, if Tier 2 or Tier 3 (i.e. region-specific or
site-specific emission factors) is not available (IPCC, 2006). However, these Tier 1 estimates
do not reflect the variability of emission factors for the different sources at the regional or
national scales. Therefore, assessing emissions inventories by independent methods is
needed.

Atmospheric  “top-down” approaches, based on a combination of surface
measurements with atmospheric transport modeling, represent an appropriate tool to
estimate CH, emissions (e.g. Houweling et al., 2017). The analysis of carbon stable isotopes
in CH,4 provides a further independent constraint on the budget of atmospheric methane, as
the *C content of methane is source dependent (e.g. Lassey et al., 2011), allowing different
source types to be distinguished : biogenic/microbial methane sources are strongly **C
depleted (5™CH, = -70 to -50 permils, noted %.) while pyrogenic CH, sources (from
incomplete combustion) and thermogenic sources (oil and gas) are less depleted in **C
(5"°CH, = -30 to -15 %o and -50 to -30 %o, respectively) (e.g. Lopez et al., 2017 ; Zazzeri et
al., 2015 ; Zazzeri et al., 2017). This information can be used in atmospheric modelling to
independently evaluate and improve emissions estimates at the global and regional
scales (e.g. Mikaloff Fletcher, 2004; Bousquet et al., 2006; Monteil et al., 2011 ; Nisbet et al.,
2016 ; Schwietzke et al., 2016). However, the uncertainties on the d"CH, source signatures
used as inputs in the global modeling framework are large, as each source type can vary
substantially at the regional scale in function of several factors (methane geographical
origine, formation process, season, secondary alteration - e.g. Whiticar, 1999 ; Fisher et al.,
2011 ; Zazzeri et al., 2015 ; Lopez et al., 2017). Therefore, the determination of the specific
5"CH, signatures of regional sources is needed (and their time variation, ideally) for a
source apportionment of methane emissions at the regional scale.

80274 o4
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1- Landfill (solid wastes) 7-0.91_
6-0.93_  \

5119 =
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m 4- Enteric fermentation
m 5- Gas storage stations
16- Road & airborne traffic
m 7- Organic compounds extracted from animal excretion
8- Urban heating facilities
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= 11- Water treatment facilities in ktCH/yr

Figure 1. Sources of methane in lle-de-France, in ktCH,/yr (AIRPARIF, 2013 inventory).

As most of methane emissions come from human activities, urbanized and
industrialized regions are key regions to carry out atmospheric surveys. Cities are the major
source of GHG emissions globally and constitute important targets for GHG emissions
mitigation [Duren and Miller, 2012]. Reducing urban emissions of CO,, the most important
GHG, has been the focus of several cities, but methane emissions have been largely
neglected until recently (e.g. von Fischer et al., 2017; Weller et al., 2018). We do not know
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precisely which sources and how much these sources contribute to cities methane budget.
This makes the use of global modelling for the estimation of regional sources in urbanized
areas quite complicated (Townsend-Small et al., 2011b; Townsend-Small et al, 2012), as for
example in Los Angeles where large scale transport models underestimate the observed CH,
concentration (Hsu et al., 2010). Urbanized and industrialized regions are equipped with
facilities that represent widespread sources of methane, including landfill sites, gas storage
and distribution networks, WWT plants, heating systems and vehicles. Stable isotopic
signatures provide an important constraint in the evaluation of local methane sources.
Previous 8>CH, sources studies in urbanized areas have been carried out through intensive
field campaigns, for example in the London region (Lowry et al., 2001 ; Zazzeri et al., 2017),
in Boston (Phillips et al., 2013 ; Boothroyd et al., 2018), in Washington DC (Jackson et al.,
2014) and in Los Angeles (Townsend-Small et al., 2012).
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Figure 2. Methane emissions in IDF according to the AIRPARIF 2013 emissions inventory.
Losanges indicate the positions of landfills, squares the ones of the gas storage sites and the
circle the one of the Acheres waste water treatment facility, that were all surveyed in the
framework of this study. Another gas storage site located out of IDF further in the North was
also surveyed (see Table 2).The symbol size is calibrated to the emissions given by
AIRPARIF inventory.

To our best knowledge, this study is the first one on characterizing the individual
methane sources and their 8°CH, signature in the Paris megacity region, and on assessing
possible leaks from the Paris gas network underground lines as it was done in other urban
areas (e.g. Phillips et al., 2013 ; Jackson et al., 2014). With 12 million inhabitants, Paris is the
third biggest megacity in Europe and a large source of GHG (e.g. Xueref-Remy et al., 2018).
It is located in the lle-de-France region (IDF) which represents 2% of the national territory.
According to the regional air quality agency (AIRPARIF, http://www.airparif.asso.ft/),
methane emissions in IDF (Fig.1) are 36.5 ktCH,/yr and contribute for 2% of GHG emissions
from IDF. Fig. 2 shows the methane annual emissions per square kilometer from the
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AIRPARIF 2013 inventory. According to this inventory, 45% of these emissions result from
solid waste landfills, 25% from oil/gas distribution in vehicles refuelling stations, 15% from
combustion processes in buildings and 5% from ruminants. Then follows the gas storage
sector estimated to emit 3% of the regional methane emissions. Note that there is no coal
mine in the Paris region. Several other minor sectors follow, including water treatment
facilities estimated to emit 70 kg CH,/yr i.e. 0.2% of CH, emissions in IDF (a surprising low
estimate). Unlike diffuse sources (e.g. enteric fermentation, buildings, traffic) which are
widely distributed, landfills, WWT sites and gas extraction and compression facilities are
intense localized sources. By using atmospheric measurements, methane plumes from those
sources can be detected and isotopically characterized (e.g. Zazzeri et al., 2015 ; Lopez et
al., 2017). Note that fuel service stations are also point sources, but they are so numerous in
IDF that this makes it difficult to survey them exhaustively. Furthermore, according to
previous studies (Phillips et al., 2013 ; Jackson et al., 2014 ; Eijo-Rio et al., 2015 ; McKain et
al., 2015 ; Boothroyd et al., 2018), urbanized areas may also be affected by leaks on gas
storages sites and gas distribution urban networks, as well as sewer networks within the city
itself whose emissions are not reported in the inventories.

In this study, we report the 3*CH, emissions signature from non-agricultural intense
localized sources (landfill, gas storage and WWT sites, cf Fig.2) in the Paris megacity region
calculated by combining CRDS (Cavity Ring Down Spectroscopy) and GC-IRMS (Gas
chromatography and Isotope Ratio Mass Spectrometry) measurements. We also assessed
whether gas distribution lines and sewer networks were also sources of methane in the Paris
city. The measurements were collected between December 2012 and December 2015
through several intensive campaigns using mobile in-situ CRDS CH, and &3CH, analyzers
and an air bag sampling set-up onboard a vehicle for accurate measurements of °CH, in
the laboratory with GC-IRMS, using a similar design as the one described in Zazzeri et al.
(2015). The material and methods are detailed in Section 2. Results are presented in Section
3. We discuss and compare our results with those of previous studies and the AIRPARIF
2013 inventory in section 4. We conclude on the benefits and limitations of such mobile
campaigns and CRDS and GC-IRMS technics for better inferring regional CH4 budgets.

2- Material and methods
2.1 Methodology

The isotopic **C composition of 16 individual intense localized methane sources (5
gas storage sites, 10 landfills and 1 large WWT site) and prospective line sources from the
gas network underground lines and sewer networks of the Paris megacity region was
analyzed through a series of 6 mobile car campaigns (17-20 December 2012 ; 12-15 May
2014 ; 10-11 August 2015; 8-9 September 2015; 19-23 November 2015; and 7-10
December 2015) through a Keeling plot approach (Keeling, 1958). Each site was studied
individually. CH,4 concentration measurements were carried out accross the atmospheric CH,
plume emitted by each site according to wind direction and speed measurements performed
simultaneously, allowing us to quantify the local enhancement of methane concentration
above background downwind of each source. Since these enhancements are quite large, the
methane concentration is given in parts per million (ppm), which is the unit commonly used in
similar studies and delivered by the CRDS analyzer (e.g. Zazzeri et al, 2015). If the CH,
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enhancement was strong enough (= 0.5 parts per million (ppm), we performed isotopic
measurements along the concentration gradient. Note that this study did not aim at
characterizing precisely the amplitude of the source plume, which depends largely on
meteorological conditions and conditions of sampling. The objective of the present study was
rather to detect the source plume emitted by each site and to characterize its &CH,
signature.

The isotopic measurements must have a sufficient precision to be used for source
apportionment. The difference between the different 5'3*CH, sources signature is about 10-15
%o. The spatio-temporal variability for each source type is a few %o (2-7 %o ; e.g. Arata et al,
2016). Given these numbers, the ideal precision we aimed at was smaller than = 0.8 %o on
the source defined by a Keeling Plot approach (Keeling, 1958) : this requires a high precision
on the 8°CH, measurements, achievable using the GC-IRMS facility of RHUL, given a CH,
concentration enhancement along the emission plume higher than 0.5 ppm above
background (Zazzeri et al., 2015). The GC precision on the concentration measurements is +
0.5 ppb and the IRMS precision on the isotopic data is + 0.05 %. for each measurement ;
using these data, a precision as low as + 0.1 %o on the &°CH, source signature could be
obtained for certain sites by the Keeling plot approach (see sections 2.4.2 and 3.1). The
CRDS analyzer (model G2132-i by PICARRO) could not reach such a precision but could be
used for the source 3CH, signature determination if the increase in the CH,4 concentration
due to the studied source is higher than 1.5 ppm (PICARRO, personal communication).
According to PICARRO, the precision of the datasets used in this study is 5 ppb + 0.05% of
reading on the 5 min average concentration measurements ; + 0.8 %0 on 5 min average
isotopic measurements ; and a resulting precision of £ 2.0 %o to £ 3.7 %o on the source
signature.

On the majority of landfill sites and gas storage sites, and on the WWT site, and
whenever the local methane concentration enhancements were above 0.5 ppm, air samples
were collected into bags (integration time of about 30 seconds) then analyzed by GC-IRMS
at RHUL. Such samples were collected during 4 days in December 2015 campaign, thanks
to the INGOS TNA program (https://www.ingos-infrastructure.eu/access/). CRDS data were
collected during all the campaigns presented in this study in the framework of the
CARBOCOUNT-CITY project. Regarding the assessment of possible leaks from Paris
underground gas lines and sewer networks and from the WWT site, mobile CH,
measurements were conducted in the Paris city streets to detect possible CH,4 plumes and to
attempt to characterize their 3"*CH, isotopic signature, but only using CRDS measurements.

Furthermore, over the recent years, some studies reported that CRDS 5CH,
measurements are affected by the presence in the sampled air of ethane together with
methane (Rella et al., 2015 ; Assan et al., 2017). Ethane is co-emitted with methane from
fossil fuel sources. Unfortunately, we did not have ethane measurements to apply the
correction for ethane on methane CRDS measurements proposed by Assan et al. (2017).
Therefore, the isotopic composition of the air samples collected on 6 of our selected sites,
analyzed by GC-IRMS, was compared to the isotopic CRDS data for cross-validation of both
methods and to assess independently the uncertainty of the CRDS data.

2.2 Site identification and selection
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In this study, we focus on the main regional landfills, on the four gas storage sites plus
a fifth one located outside IDF but that contributes to feed the Paris natural gas network,
Paris city underground gas lines and sewer networks, and a peri-urban WWT site that is the
biggest one in Europe. According to the AIRPARIF 2013 emissions inventory, localized
intense sources are the main emitter of methane in IDF (Fig.1). These sources are mostly
landfills for solid wastes, and represent the most important methane emissions sector in IDF
(Fig.1). In landfill sites, part of the wastes that cannot be recycled nor valorized energetically
or biologically (e.g. compost) is first treated to reduce its potential toxicity and then buried in
soil. Landfills are estimated by the AIRPARIF 2013 inventory to emit 16.54 ktCH,/yr from 10
sites. 44 % of those are emitted by landfills located in the Seine-et-Marne department (77)
alone (AIRPARIF emissions inventory, 2013), the eastern part of IDF.

Another type of point sources are gas storage sites. There are 4 of them in IDF and a
5" one in the Hauts-de-France (HDF) region just north of IDF, which all supply the Paris
megacity gas network (https://www.storengy.com/countries/france/en/our-sites.html). These
sites are reported to leak and emit 1.17 ktCH.,/yr by the inventory which corresponds to more
than 98% of the fossil fuels extraction and compression sectors (Fig.1).

A third type of point methane sources of interest is WWT facilities. The IDF region
comprises the biggest WWT plant in Europe, which is located in Achéres (Table 4). In the
AIRPARIF 2013 inventory, the WWT facility sector comprises one emission point that
corresponds to the Achéres facility with estimated emissions of 0.066 ktCH,/yr i.e. 0.2 % of
the regional methane emissions. The access to these sites are usually restricted and
requires specific authorization. However, the methane plume coming from the site can be
detectable while driving downwind of it.

The diffuse source types given in Fig.1 contain road and airborne traffic, but gas leaks
from gas distribution pipes, sewer networks and residential buildings are not considered in
the AIRPARIF 2013 emissions inventory. These are very poorly known potential sources,
and have been shown to represent large non-reported sources in other cities like in Boston
(Phillips et al., 2013) and in New-York City (Jackson et al., 2014). In this study, a systematic
street survey in Paris was carried out in order to check for possible methane leaks from the
gas distribution lines and sewer networks.

2.2.1 Landfill sites

In landfills, the decomposition of the organic waste by fermentation occurs in a
ground-dug locker after it has been compressed. It produces a mix of gases named
« biogas », mostly made of methane (50 to 70%) in the case of French facilities (e.g.
https://www.notre-planete.info/ecologie/dechets/methanisation-biogaz.php). French emission
regulation policies state that landfill managers should install inside the locker efficient biogas
capture systems, once the locker is fully filled and recovered by a re-vegetalisation process.
The captured biogas is then used to produce energy (e.g. burned to produce electricity, or
some cases for heat co-generation). However, these systems use only part of the trapped
biogas. The rest is being flared using processes that are not stricly regulated by the law.
Furthermore, despite the vegetal cover set on the filled lockers, biogas might leak into the
atmosphere, contributing to diffuse methane emissions from the landfill site
(https://www.oieau.org/eaudoc/system /files/documents/45/226168/226168_doc.pdf).

The main landfill sites of IDF included in the AIRPARIF 2013 emissions inventory
match the 10 sites for storage of non-dangerous wastes existing in IDF identified in the Atlas
delivered by the Regional Observatory of Wastes (ORDIF, 2013), except one, which
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according to Airparif, is located outside of IDF. This site very likely corresponds to the 10"
site of the ORDIF (2013) Atlas, called Isles-les-Meldeuses.

Table 1 gives the list of the 10 sites that we selected for our mobile survey, their
location, and emission estimates from the Airparif 2013 emissions inventory. 9 sites out of 10
are the largest landfills currently active in IDF (Brueil-en-Vexin and Guitrancourt are counted
as one in the table as both sites are very closed one from each other and the second one
now replaces the first one). The 10" selected site is Epinay-Champlatreux, a landfill for non-
dangerous wastes that was closed on 31 December 2008 and that is counted as an active
methane source in the Airparif 2013 inventory
(http://www.dechetcom.com/comptes/jcamille/env_idf3.pdf).

Site code Name (region, ktCH 4/yr Latitude (°N) Longitude (°E)
department code) (AIRPARIF)
L1 Claye-Souilly (IDF, 77) 5.58 48.954 2.724
48.955 2.732
L2 Le Plessis-Gassot 5.00 49.026 2.410
(IDF, 95) 49.047 2.410
L3 Vert-le-Grand 1.33 48.577 2.356
(IDF, 91) 48.587 2.381
L4 Soignolles-en-Brie 0.93 48.657 2.695
(IDF, 78) 48.641 2.739
L5 Epinay-Champlatreux 0.83 49.080 2411
(IDF, 95) closed on 49.051 2.421
31/12/2008.
L6 Monthyon 0.77 49.025 2.807
(IDF, 77) 49.022 2.798
L7 Fouju-Moisenay - Blandy 0.58 48.576 2.749
(IDF, 77) 48.576 2.751
L8 Brueil-en-Vexin (IDF, 78) 0.50 49.034 1.823
from 1974 to 24/2/2014, 49.017 1.805
now replaced by 48.989 1.796
Guitrancourt ' '
Hirancod 0.22 49.011 1.796
L9 Isles-les-Meldeuses 0.41 48.908 1.729
(IDF, 77) 49.002 3.031
L10 Moisselles* (IDF, 95) 0.32 49.053 2.342
Real location : Attainville 49.050 2.352

Table 1. List and coordinates of the main landfill sites in IDF for the storage of non-
dangerous wastes, obtained by combining the AIRPARIF 2013 emissions inventory and
ORDIF (2013) information, and their annual CH, emissions estimates from AIRPARIF 2013
inventory. The actual geographical coordinates are given on the second line of each site.

2.2.2 Gas storage sites

There are 4 big gas storage sites in lle-de-France (according to the EPA
classification, these would fit into the “city gates” and “underground gas storages” terms of
the transmission source sector - see https://www.epa.gov/natural-gas-star-
program/overview-oil-and-natural-gas-industry). These sites are filled in summertime and
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used in wintertime to supply gas to the IDF and Normandie (West of IDF) regions. A 5" gas
storage site located in the Hauts-de-France (HDF) region (North of IDF) partly supplies gas
to lle-de-France as well. These sites are operated by STORENGY, a sub-contractor of Gaz
De France (http://www.storengy.com/fr/qui-sommes-nous/nos-implantations-
industrielles.html). They are made of a number of sinks filled with compressed gas. Table 2
gives for each site the location, capacity of gas storage, number of sinks operated, emission
estimates from the Airparif 2013 emissions inventory, ordered by the site capacity, from the
largest to the smallest.

Site Name (region, Capacity (Mm %) ktCH /yr Latitude Longitude

code department code) & sinks number ' (AIRPARIF) (°N) (°E)
S1 Gournay-sur- 3500 - - -

Aronde (HDF, 60) 59 49,528 2.701
S2 Germigny-sous- 2200 0.32 49.059 3.176
Coulombs (IDF, 77) 22 49.056 3.173
S3 Saint-llliers-la-ville 1200 0.23 48.979 1.537
(IDF, 78) 31 48.985 1.551
S4 Beynes (IDF, 78) 1185 0.32 48.854 1.865
36 48.844 1.874
S5 Saint-Clair-sur-Epte 1000 0.30 49.204 1.684
(IDF, 95) 14 49.204 1.707

Table 2. List and coordinates of the gas storage sites ordered by their capacity as given by
STORENGY. The first lat/long line of each site indicates the position given by the AIRPARIF
2013 emissions inventory. The actual geographical coordinates are given on the second line
of the corresponding cell. The Gournay-sur-Aronde site is located in the Hauts-de-France
region (HDF) and not in the IDF region, therefore it is not listed in the AIRPARIF database.

2.2.3 Gas distribution lines (and sewer networks)

The gas distribution in lle-de-France is at the charge of GRDF (Gaz Réseau
Distribution France, https://www.grdf.fr/). Detailed map of gas pipelines is not available. The
most detailed available map we could find is available from the following link:
http://www.cre.fr/reseaux/infrastructures-gazieres/description-generale#section5. The main
pipelines of lle-de-France appear to be sited along highways. Secondary pipelines are likely
distributed along streets in urbanized areas, but a higher resolution map was not available.
According to previous studies, gas leaks can occur anywhere in a city (Phillips et al., 2013 ;
Jackson et al., 2014). We thus sampled streets in one to several districts in the Paris inner
city area for each campaign day. We also sampled on the road that encompasses Paris city
and also the city of Montrouge close to Paris in the south/southeast (Table 3). Note that there
is a possibility that the sewer networks would also emit methane, but then the methane
isotopic signature would be much more depleted than the one outcoming from gas leaks.
This property can be used to discriminate gas line and sewer network sources.

Site code Location
Gl BP (ring road)
G2 Paris districts
G3 Montrouge (SSE of Paris)

Table 3. List of the gas line sites (and sewer network sites)

2.2.4 Water treatment site
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WWT involves the degradation of organic matter of the effluents in anaerobic
conditions that releases biogenic methane emissions. The different steps are explained in
details for instance in Ars (2017). The SIAAP (Syndicat Interdépartemental pour
I'Assainissement de I'Agglomération Parisienne) is the main operator of WWT facilities in
IDF. There are 5 WWT plants (Seine Crésillons, Seine Aval, Seine Amont, Seine centre and
Marne Aval) in IDF, the biggest WWT facility being Seine Centre, located at Acheres
(http://www.veoliaeau.com/medias/ dossiers/acheres.htm). It is is also the biggest in Europe
(and the second worldwide). The Acheres WWT facility is located on two sub-sites which
coordinates are given in Table 4. Methane emissions from this facility have not been
isotopically characterized before this study and therefore it was a target of our mobile
campaigns. In this study, we were able to characterize the °CH, signature of the second
sub-site (48.986°N, 2.124°E).

Site code Name ktCH ,/yr (AIRPARIF) Latitude (°N) Longitude (°E)
w1 Achéres  0.066 48.973 2.167

48.973 2.166

& 48.986 & 2.124

Table 4. Coordinate of the selected WWT site and its annual methane emissions estimate
from the AIRPARIF (2013) inventory. The first lat/long line indicates the position of the site
given by the AIRPARIF inventory. The actual geographical coordinates of the site are indeed
double and are given on the second and third lines of the lat/long cells.

2.3 Instrumentation

During the mobile campaigns, we used the Picarro Investigator™ Unit (proprietary
product of Picarro) which is made of hardware components and a cloud based software for
providing an integrated solution to 1/ treat and control the datasets ; 2/ detect and locate
methane enhancements above background ; and 3/ distinguish between biogenic and
thermogenic methane sources of these enhancements (Arata et al, 2016). The hardware
components consist of a car equiped with a Picarro G2132-i CRDS (Cavity Ring Down
Spectroscopy) analyzer (https://naturalgas.picarro.com/overview). This analyzer was
customized by PICARRO specifically for the Investigator Unit to support mobile
measurements. The analyzer was powered directly from the car through a 12-220 V power
transformer. The air inlet was attached on a 1-m height mast mounted on the roof of the
vehicle. It was made of a % inch outer diameter (O.D.) and 2-m length Nylon tube equiped
with a 2 um Swagelock particle filter and connected to the entrance of the analyzer inside the
car. The car was also equiped with a Climatronics sonic anemometer for wind measurement
and a Hemisphere GPS receiver fixed on the mast, which allowed a precise determination of
the car location. The analyzer was calibrated before the campaigns with a tank supplied by
Matheson whose methane concentration was 19.6 +/- 0.015 ppm and *3C content was -32.6
+/- 0.05 %0. During the campaigns, this tank was used to detect any instrumental drift, but the
Picarro analyzer showed a stable behavior. This instrument was designed to monitor in two
modes separately. In the first mode, only CH, concentrations were monitored while the car
was moving. The analyzer flow rate was increased to 3.5 L/min and its frequency to 4 Hz to
get a fast instrumental response, which gives a transport time in the tubing of 2 s. The
datasets were corrected for this delay. The car drove at 50 km/h or less, which gives a
maximum uncertainty of 28 m on the source location regarding the vehicle speed. Once a
methane enhancement above background was detected, we drove again into it and much
slower to make sure it was occurring at the same location. The occurrence of the methane
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enhancement was also confirmed by the isotopic measurements. To perform isotopic
measurements, the car was stopped and the CRDS analyzer was turned into its second
mode : the analyzer was coupled to a « Megacore » set-up based on a Dekabon tubing of 10
m, that was collecting air while we were driving in the plume. In this second mode, once we
were sure that we detected a persistent enhancement above background concentrations, the
car was stopped, and the air of the « Megacore » was analyzed for its isotopic content at a
flowrate of 25 mL/min. The flowing time of the air in the analyzer was used to reconstruct the
location of each data point.

The data were collected through a bluetooth connection into a central onboard
computer, which was also used to monitor the CH, concentrations during the survey. The
CRDS data were instantaneously sent by 3G or 4G connection to a cloud server. On this
latter, a complex software called Pcubed (proprietary product of Picarro) was applied on the
datasets to detect isolated peaks that could be attributed to an instrumental artefact (e.g. cell
pressure or temperature instabilities) from longer methane enhancements above background
that could be attributed to a methane source. Usually, the vibrations of the car do not
generate peaks but could damage the mirrors and laser of the cavity ; however, no such
damage was observed during our campaigns.

After a methane enhancement was detected by CRDS, the car was driven back into it
to collect air samples into bags at different locations of the enhancement and outside of it for
background assessment. The concentration and 3*C content of atmospheric methane in the
sample bags were analyzed at the RHUL laboratory straight after the sampling campaign,
using the material and methods described in Zazzeri et al. (2015). The car was stopped
during each bag sampling. The bags, made of Tedlar (5 L) were filled with outside air during
30 s each using a battery operated pump (KNF Neuberger), pumping air through a ¥ inch
O.D. Nylon tube attached to the mast in the car. Before the filling, the full set-up was flushed
with ambient air for 4 minutes in order to reach equilibrium between gas and solid phases.
Five to twelve bags were filled for each identified plume. In total, heighty samples were
collected. The isotopic measurements and Keeling plot analysis allowed calculation of a
distinct isotopic signature for the main methane sources in the Paris region. The observed
source isotopic signatures can be used also for the characterization of methane emissions in
more densely populated areas and for regional modelling (see section 1).

The location of both CRDS analyser and air sampling inlets on the mast prevented
the measurements to be contaminated by the car exhaust. When not driving during bag
sampling, we paid attention to choose favorable conditions in order to prevent that the car
exhaust plume was advected or thermally uplifted to the air line inlets location.

2.4 Data analysis
2.4.1 8°CH,

By definition, the isotopic composition of methane is expressed in terms of a ratio in
per mil (%), using the & notation (Pataki et al., 2003) :

8=(RalRsta—1)x1000
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where R, denotes the isotopic ratio **C/**C in CO, derived by combustion of the methane
sample. Ry is the corresponding ratio in the V-PDB (Vienna Pee Dee Belemnite) standard.
Isotopic signatures can vary over time and season : this is the case for landfill sites, due to
changes in landfill management that result in the modification of the fraction of CH, oxidised
in the topsoil, and thus, of the 8*CH, signature. This is also the case for natural gas which
isotopic signature depends on the geological origin of the gas (e.g. Lopez et al, 2017).

2.4.2 Keeling plot approach

We used the Keeling plot method to infer the the 5'*CH, signature for each emission
source (Keeling, 1958). This approach consists in plotting the atmospheric 8'°C in CH,
values against the inverse of simultaneous atmospheric CH, concentration data. The
intercept value of the linear relationship between the two variables constitute the isotopic
signature of the source which generated the methane signal over background (Pataki et al.,
2003). The relative uncertainty of the source signatures were computed by the BCES
(Bivariate Correlated Errors and intrinsic Scatter) estimator (Akritas and Bershady, 1996),
which accounts for correlated errors between two variables and computes the error on the
slope and intercept of the best interpolation line (for additional information on the method,
see Zazzeri et al., 2015).

3- Results

3.1 8'3CHj, signatures

The CH,; maximum local concentration enhancement above background detected in
the emission plume of each site and its isotopic signature are summarised in Table 5. This
enhancement is defined as the maximum minus the minimum concentrations that we
measured by driving downwind of the site. In the following, all uncertainties are given as
twice the standard deviation (2-0) of the mean source signature calculated by the Keeling
Plot method.

Site  Name (region, Dates Windspeed ACH,  &°C (°/*°) 3°C (°/°°)
code department of in km/h (ppm) CRDS GC-IRMS (2-0)
code) survey (direction) (2-0)
Landfill sites
L1 Claye-Souilly 11 Aug 2015 <5(N) 0 - -
(IDF, 77) 9 Dec 2015 5(8w) 14 - -59.8+0.1
L2 Le Plessis- 19 nov 2015 10 (NW) 35 -53.0+2.0 -
Gassot 10 Dec 2015 10 (S) 3.8 -59.442.0 -58.240.3
(IDF, 95)
L3 Vert-le-Grand 18 Nov 2015 15(SW) 35 -56.0£2.0 -
(IDF, 91) & -61.5+2.0
8 Dec 2015 10 (S) 3.5 -61.942.0 -61.3+0.2
L4 Soignolles-en- 9 Sept 2015 15 (E) 2.8 - -
Brie (IDF, 78) 8 Dec 2015 10 (S) 0.6 - -63.240.1
L5 Epinay- 19 Nov 2015 5(N\W) O - -

Champlatreux
(IDF, 95) closed
31-12-08.

L6 Monthyon 19 Nov 2015 5(NW) 0 - -
(IDF, 77)
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L7 Fouju-Moisenay 13 May 2014 10 (Sw) 35 -59.0+2.0 -
- Blandy 9 Sep 2015 15(E) 3.7 -57.9+2.0 -
(IDF, 77) 18 Nov 2015 10 (NW) 3.2&5.2 -65.0+2.0 -
8 Dec 2015 10 (S) 35&85 -65.312.0
& -59.4+2.0 -59.6+2.6
L8 Brueil-en-Vexin 8 Sep 2015 10(NE) O - -
(IDF, 78) from 19 Nov 2015 1I0(NW) O - -
1974 to 24-02-
2014
L9 Isles-les- 8 Sep 2015 10(NE) 35 -60.6+2.0 -
Meldeuses 9 Dec 2015 5 (SW) 7.2 -65.9+2.0 -63.740.3
(IDF, 77)
L10 Moisselles* 19 nov 2015 5 (NW) 0 - -
(IDF, 95)
Real place :
Attainville
Gas storage sites
S1 Gournay-sur- 11 Aug 2015 <5(N) 8.1 -31.8+2.0 -
Aronde 10 Dec 2015 10 (S) 5.7 -31.7£2.0 -33.840.4
(HDF, 60)
S2 Germigny-sous- 8 Sep 2015 10 (NE) 35 -40.4+2.0 -
Coulombs (IDF, 9 Dec 2015 5 (SW) 0.6 - -41.61+2.4
77)
S3 Saint-llliers-la- 8 Sep 2015 10 (NE) 0 - -
ville (IDF, 78) 19 Nov 2015 10 (NW) 0 - -
sa Beynes 8 Sep 2015 10 (NE) 4.8 - -
(IDF, 78) 7 Dec 2015 <5 (SE) 35 -45.8+2.0 -43.410.5
S5 Saint-Clair-sur- 8 Sept 2015 10 (NE) 0 - -
Epte (IDF, 95) 19 Nov 2015 10 (Nw) 0 - -
Gas distribution lines
Gl BP (ring road) 12 May 2014 10 (SW) 0.5-0.8 - -
G2 Paris city 17-20 Dec 2013 10 (SW) 0-14 - -
districts 12-15 May 2014 10 (SW) 0-2.0 -39.1+2.0 R
11 Aug 2015 <5(N) 0-0.6 &-41.842.0 _
20-23 Nov 2015 10 (W) 0-05 -
G3 Montrouge 11 Aug 2015 5 (NE) 0.7 - -
Waste water treatment site
W1 Achéres* 17 Dec. 2012 2 (E) 4.0 -53.24+3.7 -
(IDF, 78) 11 Aug. 2015 <5 (N) 35 -51.042.0 .
10 Dec. 2015 10 (S) 0.4& - -51.9+0.2
0.5 &-55.30.1

Table 5. Synthesis of our results. The precision on CRDS CH, concentration reported by
PICARRO is + 5 ppb + 0.05% of the measurement and + 2.0 %o (2-0) on the Keeling plot
(KP) source signature but for one case noted * for which source uncertainty is -3.7 %o.. The
precision calculated from the GC-IRMS KP source signature depends on each site, as
indicated in the corresponding column. The local CH4; concentration enhancement noted
ACH, is calculated as the difference between the maximum and the minimum CH,
concentration measured downwind of each site. For cases where both CRDS and GC

signatures could be measured, the CH, enhancement is calculated from GC data.

3.2 Landfill sites

Ten landfill sites were surveyed among which Claye-Souilly and Le Plessis-Gassot

being by far two main landfills in IDF with emissions five to ten times larger than other
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landfills. Among those, only 6 of them were shown to emit plumes of methane that ranged
from 0.8 ppm to 8.5 ppm above background concentrations recorded off site. No methane
plume could be detected on 4 landfills : Epinay-Champlatreux (site L5) and Brueil-en-Vexin
(site L8), that were closed in 2008 and 2014 respectively, and Monthyon (site L6) and
Moisselles (site L10, which is indeed located in Attainville). For Brueil-en-Vexin, Monthyon
and Moisselles, the exposure of the instrumentation regarding these sites was not satisfying
(instrumentation upwind of the site, or no road closer to the site than 1.5 km away, limiting
the possibility to cross the site plume if any). For Epinay-Champlatreux, the wind exposure
was satisfying as our instrumentation was close to the site and downwind of it. We can
conclude that 1/ the Brueil-en-Vexin, Monthyon and Moisselles sites should be surveyed
again with more favorable plume exposure conditions; and 2/ the Epinay-Champlatreux site
does not seem to emit methane, which can be explained by its closure several years ago in
2008.

The &'°C signatures of the methane plumes for the 6 landfills from which we were
able to detect a methane plume could be characterized both by CRDS and GC-IRMS. The
signatures otained by GC-IRMS range from -63.7 + 0.3 %o to -58.2 + 0.3 %.. The ones
measured by CRDS span a range from -65.9 + 2.0 %o to -53.0 + 2.0 %o. Both techniques give
average signatures that are consistent within the error bars. These are typical from biogenic
methane emissions and in agreement with the litterature (e.g. Lassey et al., 2011; Zazzeri et
al., 2015). The mean signature calculated from CRDS data relies on 12 surveys on 4 sites,
against 6 surveys on 6 sites for the one obtained from GC-IRMS data. 4 surveys were
common to both methods on 4 different sites. On these 4 common sites the mean signature
(x 2-0 variability) obtained from GC-IRMS measurements equals to -60.7 = 4.7 %o, which is
very close to the mean signature calculated from CRDS data of -61.7 %o (+ 6.1 %0). The 2-0
variability of the measurements obtained by GC-IRMS is lower than by CRDS. This could
come from differences in the two instrumental set-ups (flow rate of 25 mL/mn by CRDS vs 5
L/mn for the sampling bag set-up ; lengths of tubing of 10 m for CRDS, 2 m for bag sampler),
a higher precision on the GC-IRMS measurements and a sampling time uncertainty
estimated to be 5 seconds between the clocks of the two sampling systems.

4 of the 6 emitting sites were surveyed twice to five times with the Picarro analyzer,
on different years and months and revealed a variability of the signature in the range of 5.2 to
7.0 %o per site (2-0). Indeed, several parameters control the isotopic signature of a landfill
such as temperature, waste composition and how strong is the methane oxidation level due
to methanotrophic bacteria in the top-soil cover (Zazzeri et al., 2015; Liptay et al., 1998).
Changes in these parameters could explain the observed seasonal to annual variability of the
&"*C signature of each landfill site. Note that the variability on one single landfill site can be
higher than the spatial variability inferred by CRDS between these 4 sites (6.2 %o, 2-0).

Claye-Souilly being the largest landfill emitter in the Airparif inventory (Table 1) was
sampled twice. On the first survey (11 August 2015), no CH4 plume could be detected,
although the car passed at the edge of the site downwind of it. Windspeed was low (< 5
km.h™), helping for the stay of the plume on the site, but the temperature at the moment of
that survey in summer afternoon was relatively high (>25°C), favouring the vertical dispersion
of the plume by turbulence processes over the site. Back there in Dec. 2015, we could detect
by CRDS a local methane concentration enhancement of 1.4 ppm above background (Fig. 4
site L1) and measured a signature of -59.8 + 0.1 %0 by GC-IRMS (Fig.3a), typical of biogenic
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sources. The cold winter and low windspeed conditions (< 5 km.h') favorized the
accumulation of the plume at low altitudes over the site. The amplitude of the methane
enhancement that we were able to detect on this site is relatively low compared to other sites

and at such low windspeed.
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Figure 3. 0°CH, signatures obtained by the Keeling plot method from GC-IRMS
measurements on landfill sites on which methane plumes could be detected. Error bars are

not shown as these are smaller than point marks.

The second largest site named Le Plessis-Gassot was sampled twice and showed
local methane concentration enhancements above background of the order of 3.5 ppm. Fig.4
(site L2) shows the CRDS measurements done on this site on 19 Nov. 2015, with a 3*CH,
signature of -53.0 + 2.0 %.. Both CRDS and GC-IRMS data were collected in Dec. 2015 and
gave consistent isotopic signatures. The p-value calculated on the CH, concentration
measurements made simultaneously by GC and CRDS is 0.23 (n=14), showing no
statistically significant difference between both datasets. Fig. 3b shows the Keeling plot of
the GC-IRMS signature. The plume sampled in Nov. 2015 was studied by CRDS only and
the isotopic signature was -53.0 + 2%., which is notably above the Dec. 2015 values. This
can be explained by the fact that the plume was not sampled at the same exact location and
the wind was not exactly blowing from the same direction, highlighting the possibility of
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different isotopic signatures on large landfills that could come from the type of waste and/or
level of fermentation.

Site L1 [CH4] (ppm)
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44
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Figure 4. CRDS measurements on the 6 landfill sites on which methane plumes were
detected. The date of the survey is labelled on the figure together with the site code. The
color indicates the atmospheric CH, concentration according to the color scale, which is
automatically adapted to each survey by the Picarro investigator unit software. The J°CH,
signature was inferred by Picarro from a Keeling plot analysis (uncertainty is £ 2.0 %o). The
blue arrow indicates the wind direction together with wind speed. For site L3, the A and B
letters indicate the possible locations of the two methane sources that were detected on that
site that day.

Vert-le-grand (3" emitting landfill in Table 1, site L3) was sampled twice. In each case
a methane plume with a local CH, concentration enhancement of 3.5 ppm above background
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was detected and with a signature of -61.5 £ 2.0 %o (18 Nov. 2015) and -61.9 + 2.0 %. (8
Dec. 2015) by CRDS and -61.3 £ 0.2 %0 by GC-IRMS (8 Dec. 2015) (Fig.3c). Although the
CRDS and GC-IRMS methods give signatures that are very close one from each other, the
p-value calculated on the CH, concentration measurements made simultaneously by GC and
CRDS is 0.019 (n=16), which means there is likely a statistically significant difference
between both datasets. In Nov 2015, a second plume could be detected by CRDS close to
the first one with a signature of -56.0 £ 2.0 %0 (Fig.4, site L3). Wind was blowing from the SW
on 18 Nov.2015, while it was blowing from the S on 8 Dec. 2015. In regards to this, the
signature of -61.5 + 2.0 %0 (CRDS value) could be attributed to a source located in the A part
of the site (Fig.4) while the -56.0 £ 2.0 %o sighature (CRDS data) could be coming from a
methane source located in the B part of the site (Fig.4). The two distinct signatures
measured by CRDS on the same site highlight here as well the possibility of the co-existence
of various biogenic signatures on a same site.

The Soignolles-en-Brie landfill, estimated to be the fourth landfill emitter (Table 1),
was observed to emit a CH, plume with a local methane concentration enhancement of 2.8
ppm above background in Sept. 2015 (Fig.4, site L4). A technical issue did not allow us to
characterize the isotopic signature of this enhancement by CRDS. We went back to the site
in Dec. 2015 and measured a local methane concentration enhancement of 0.8 ppm above
background and a source signature of -63.2 £ 0.1 %0 by GC-IRMS, typical of biogenic
methane emissions (Fig.3d). Note that additional surveys were carried out on this site in
December 2016 with a CRDS analyzer by S. Assan et al. (https://tel.archives-ouvertes.fr/tel-
01760131/document), for which a signature of -60.0 + 1.3 %, was reported with local
enhancements ranging from 2 to 12 ppm above background atmospheric methane
concentration.

Fouju-Moisenay-Blandy showed the largest variability (but was the one the most
sampled), with CRDS &"*CH, signature values ranging from -65.3 + 2.0 %o to -57.9 * 2.0 %o
and measured over 4 surveys between 13 May 2014 and 8 Dec. 2015. The CRDS
measurements for 18 Nov. 2015 are shown on Fig. 4 (site L7), where a signature of -65.0 +
2.0 %o was measured. On 8 Dec. 2015, two distinct plumes were detected by CRDS at this
site with signatures of -59.4 + 2.0 %0 and -65.3 + 2.0 %.. The GC-IRMS signature equals -
59.6 + 2.6 %0 (Fig.3e) and matches well the first CRDS plume signature, which corresponds
to a local methane concentration enhancement of 8.5 ppm above background, the largest
one detected on this site, but also on all of the landfills that we surveyed in this study. The p-
value computed on the corresponding CH,; concentration measurements made
simultaneously by GC and CRDS is 0.024 (n=16), revealing likely some statistically
significant difference between the two datasets.

Isles-les-Meldeuses was sampled twice (Sept. and Dec. 2015) and was shown to
produce a local methane concentration enhancement reaching 7.2 ppm above background.
The GC-IRMS mean signature measured in Dec.2015 (-63.7 £ 0.3 %o) is higher than that
from CRDS (-65.9 = 2.0 %0) shown on Fig.4 (site L9), but both means superimpose within the
measurements error bars. Indeed, the p-value of 0.145 obtained on these simultaneous
CRDS and GC measurements does not reveal any statistically significant difference between
the two datasets. Fig.3f shows the Keeling plot drawn from the GC-IRMS measurements.
The CRDS signature measured in Sept. 2015 is notably higher (-60.6 + 2.0 %0). The
difference could be explained by the wind direction which was not the same, so that we did
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not sample exactly the same plume, highlithing here again the possible variability of the
signature of one same site.

3.3 Gas storage sites

The five gas storages sites were surveyed twice, firstly in Summer 2015 and secondly
in Winter 2015. On two of them (Saint-llliers-la-Ville, S3, and Saint-Clair-sur-Epte, S5) we did
not detect any local enhancement of the methane concentration. At Saint-Clair-sur-Epte
during both surveys the car passed at least 450 m away downwind of the site and could not
get closer to it. This could explain why we did not detect any methane plume there, but there
is a possibility too that the site does not emit any methane plume at all. At Saint-llliers-la-
Ville, the car passed at different places within the site and was well exposed downind of it.
Therefore, it seems very likely that this site does not leak methane to the atmosphere.

Site S1
11 Aug 15

Site S2 [CH4] (ppm)
8 Sep 15 5.5
46
3.9
3.2
2.8
1.8

[CHa] (ppm)
10.0

8.5
7.0
5.0
3.5
1.8

'l. ”\

Figure 5. Left : Methane concentration measured by CRDS on 11 Aug. 2015 at Gournay-sur-
Aronde (site S5) showing a local methane enhancement of 8.1 ppm above background
concentration with a 83CH, signature of -31.8 + 2.0 %.. Right : Same but at Germigny-sous-
Coulombs on 8 September 2015 at Germigny-sous-Colombs (site S2) showing a local
methane enhancement of 3.5 ppm above background with a 6*CH, signature of -40.4 + 2.0
%0 (CRDS, 8 September 2015). The blue arrow and label indicate wind direction and speed.
The color scale is automatically adapted to each survey by the Picarro investigator unit
software.

The three other sites (Gournay-sur-Aronde, S1, Germigny-sous-Coulomb, S2, and
Beynes, S4) emitted methane plumes with local CH4 concentration enhancements ranging
from 0.6 ppm to 8.1 ppm over background concentrations. The &°CH, signature of the
methane plumes detected on the three leaking gas storages sites are highly variable. The
signature obtained from the CRDS data ranges from -45.8 + 2.0 %o to -31.7 £+ 2.0 %o. Using
GC-IRMS data, it ranges from -43.4 £ 0.5 %o to -33.8 = 0.4 %o depending on the site and on
the period but all stay within the expected range for natural gas of -50 %o to -30 %o as given
by the literature (e.g. Dlugokencky et al., 2011 ; Zazzeri et al., 2015 ; Sherwood et al., 2016).

Among the gas storage sites, the highest concentration was measured by CRDS on
the Gournay-sur-Aronde on 10 August 2015, leading to an enhancement of 8.1 ppm above
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background with a signature of -31.8 + 2.0 %0 (Fig. 5, site S1). According to the Airparif 2013
emissions inventory, Gournay-sur-Aronde is the most emitting gas storage site of IDF (Table
2). This site was sampled once again on 10 Dec. 2015 with local methane concentration
enhancements higher than 1.5 ppm above background, allowing us to measure the 5°CH,
signature of the methane plume by CRDS during both surveys. The CRDS signature is
consistent for both measurements (-31.7 + 2.0 % and -31.8 £ 2.0 %o). Bag samples were
also taken and analyzed by GC-IRMS on 10 December 2015, which gave a &CH, signature
of -33.8 £ 0.4 %o, at the lowest edge of the CRDS error bar (Fig. 6a). The p-value computed
on the CH,; concentration simultaneous measurements made by GC and CRDS is 0.046
(n=10), revealing likely some statistically significant difference between the two datasets.
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Figure 6. o0°CH, signatures obtained by the Keeling plot method from GC-IRMS
measurements on gas storage sites on which methane plumes could be detected. Error bars
are not shown as these are smaller than point marks.

The Germigny-sous-Coulombs site (S2) is the second most emitting gas storage site
in the Airparif inventory (Table 2). We measured plumes with local CH, enhancements
ranging from 0.6 to 3.5 ppm above background. CRDS measurements gave a &°CH,
signature of -40.4 + 2.0 %o in September 2015 (Fig. 5, site S2), and GC-IRMS measurements
provided in December 2015 a source signature of -41.6 + 2.4 %o (Fig. 6b). The main leaks
were mostly detected along the road (likely from underground pipelines) northeast of the site
(Fig. 5, site S2). These values are lower of several %o, than the signature of the methane
plume detected on the Gournay-sur-Aronde site (see section 4.2).

The last gas storage site on which a CH, plume could be detected was Beynes (S4),
with local methane concentration enhancements ranging between 1.5 and 4.8 ppm above
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background (Fig. 7). The 3°CH, signature of the plume was measured on 7 December 2015
both by CRDS (45.8 + 2.0 %0) and by GC-IRMS (-43.4 + 0.6 %o) (Fig. 6¢). Opposite to the two
other leaking gas storage sites, the GC-IRMS signature is here higher than the CRDS one
and out of the upper edge of the CRDS measurement error bar. The p-value calculated on
these CH,4 concentration measurements made simultaneously by GC and CRDS is 0.003
(n=24), revealing likely a statistically significant difference between both datasets.
Unfortunately, a technical problem did not allow us to characterize the plume signature by
CRDS on 8 September 2015 survey. The existence of a possible bias due to ethane co-
emitted with methane in the CRDS &"CH, signature calculation is evaluated in Section 4.
According to the wind direction, the two surveys show that the methane plume are likely
emitted from the surface facilities of the site (zone A on Fig. 7) rather than from the wheels
(zones B and B’ on Fig. 7) that are connected to the 2 deep aquifer storages of natural gas of
this site (https://www.storengy.com/countries/france/images/  contenuFR/nos_sites/
stockage_en_ nappe_aquifere.jpg).

[CHy] (ppm) [ S ( [CHy] (ppm)
5.0 L3y 35
4.0 ; 3.1
3.2 26
25 | W 4 2.1
1.8 . 1.8

Figure 7. Methane concentration measured by CRDS at Beynes (S4) on 8 Sept. 2015 (left)
and 7 Dec. 2015 (right) revealing local CH, enhancements. On the second survey the
signature of the enhancement was characterized as -45.8 £ 2.0 %o by CRDS and -43.4 + 0.5
%o by GC-IRMS. Unfortunately the signature was not characterized on 8 Sept. 2015. The
blue arrow and label indicate wind direction and speed. The A letter indicates the location of
the surface facilities of the site (compressors, pumps, pipelines...). The B and B’ letters
indicate the location of wheels connected to two deep aquifer storages of natural gas. The
color scale is automatically adapted to each survey by the Picarro investigator unit software.

3.4 Gas distribution network of Paris

About 1000 kilometers were driven to survey the streets of Paris and surrounding
suburbs (Fig. 8, Table 3). No methane plume was detected on the Paris ring road but one at
Porte d'Orléans (south of Paris) with a local CH; enhancement of ~0.7 ppm above
background. Furthermore, more than forty local CH, enhancements were detected in streets
of Paris. In two places in the Northern districts of Paris (Fig. 8b) the local methane
concentration enhancements were strong enough (3.5 and 3.9 ppm above background to
characterize their isotopic signatures by CRDS (-39.1 + 2.0 %0 and -41.8 + 2.0 %o).
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Figure 8. Picarro CRDS atmospheric methane concentration measurements in the districts of
the Paris city (site G2) performed between December 2013 and November 2015 (colored
points indicate the atmospheric CH4 concentration according to the color scale in ppm, that is
adapted automatically to each survey by the Picarro investigator unit software) — (a) mostly
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Paris 1%, 2™ 3 4™ 6" 7™ 8" 9™ and 10" districts ; (b) North of the center of Paris (mostly
18", 19" and 20" districts) with CRDS isotopic signatures of the detected leaks — (c) Paris
11" to 17" districts survey — (d) and (e) along the Seine river — (f) Paris 13", 14" and 15"
districts. Blue dots represent periods of measurement interruption due to isotopic analysis.

These values are close to the value measured on the gas storage of Germigny-sous-
Coulombs and are typical of thermogenic methane. Here we can exclude a biogenic origin of
methane and therefore emanations from the sewer networks. We can clearly attribute these
signatures to natural gas, proving the existence of leaks on the gas pipelines of the Paris
network. In about 40 other places, very local methane concentration enhancements were
also found but they were too small for CRDS isotopic analysis (< 3.5 ppm) and they would
have required bag sampling to distinguish leaks from the natural gas network or emanations
from sewage facilities.

3.5 Waste water treatment site

Site W1
- 17Dec12

[CH,] (ppm)

6.0
4.4

(s 51 [OOSR 510 %
12 : § Google eart 1.8 O

Figure 9. Left : Google Eath view of methane plumes detected by CRDS on the Acheres
WWT facility on 17 Dec. 2012 (site W1) revealing several local methane concentration
enhancements above background (background concentration is 1.9 ppb and maximum
concentration is 5.9 ppm). The white ellipse indicates the location of the right figure. Right :
methane concentration measured on the same site (white ellipse on the left figure) by CRDS
on 11 Aug. 2015 showing a methane enhancement of 3.5 ppm above background and
0*CH, signature of -51.0 + 2.0 %..The blue arrow indicates wind direction together with
windspeed. The color scale is automatically adapted by the Picarro investigator unit software.

The Achéres WWT facility (site W1) was first surveyed by the Picarro mobile unit on
17 December 2012 (Fig. 9). Both weak wind conditions (wind speed ~ 2 km.h™) and cold
temperatures (~5°C) favorized the accumulation of the methane plume on the site. The
background concentration is in the range of 1.9 ppm and the maximum concentrations reach
5.9 ppm. A local CH; methane concentration enhancement of 4.0 ppm above background
was detected on this site, as in Ars (2017) with a 8CH, signature of -53.2 + 3.7 %o on that
day. The same plume was detected again on 10 August 2015 and 10 December 2015 with
enhancements of 3.5 ppm (windspeed < 5 km.h') and 0.4 ppm (windspeed ~10 km.h™),
respectively, and a signature of -51.0 + 2.0 %o (CRDS) and -51.9 + 0.2 (2-0) %0 (GC-IRMS)
(Fig. 10), respectively.

A second plume (Fig. 10) with a different isotopic signature was detected on 10
December 2015 with a local methane concentration enhancement of 0.4 ppm above
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background (windspeed ~10 km.h™) and a signature of -55.3 + 0.1 (2-0) %o (GC-IRMS). Al
these isotopic hese values are typical of biogenic sources. We note here that the lower the
windspeed is, the higher the methane enhancement is, as the car was able to pass at the
edges of the site and could easily catch the methane plumes.
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Figure 10. J°CH, signatures obtained by the Keeling plot method from GC-IRMS
measurements on the Achéres WWT site (W1) on 10 December 2015. Two plumes could be
identified, both with a J*CH, signature typical of biogenic sources. Error bars are not shown
as these are smaller than point marks.

4- Discussion and conclusions
4.1 Overview

Fig.11 synthesises the local CH,4 concentration enhancements that we measured and
their 5*3CH, signatures on the landfills, gas storages, gas lines and WWT facility in the Paris
megacity region that we characterized for the first time, by CRDS and/or by GC-IRMS.
Overall, methane plumes could be detected on 6 over 10 landfills surveyed, 3 over 5 gas
storage sites studied and on the surveyed WWT facility. About forty local CH, enhancements
were also found in streets of Paris city as well as in Montrouge in the South-West surburbs of
Paris, and on the Boulevard Périphérique : using CRDS we could assign a 8**CH, signature
typical of natural gas to 2 of them, but we did not have the fundings to characterize the
precise signature of all of them by GC-IRMS. Very likely, these 2 enhancements come from
leaks on the pipelines of the Paris natural gas distribution network.

4.2 Comparison of CRDS and GC-IRMS results

The studies of Rella et al. (2015) and Assan et al. (2017) demonstrated the
importance of a careful determination of cross sensitivities and a good calibration strategy for
precise isotope measurements with a CRDS analyzer. A few recent studies reported that the
methane concentration measured by PICARRO CRDS analyzers could be biased by the
presence of ethane with methane (e.g. Rella et al., 2015; Assan et al., 2017; Lopez et al.,
2017). This bias would generate an error on the determination of the &°CH, signature of
sources. It is difficult to make a comparison of the concentrations measured directly by
CRDS and the concentrations of the samples collected at the same time measured in
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laboratory, because the bag sampling took about 30 seconds of sampling, atmospheric
concentration enhancements within the plume were often highly variable and we could not
measure that time with a precision higher than several seconds. We thus compared the
&"*CH, signatures obtained from the CRDS and GC-IRMS measurements, which represent
the main focus of this study, but not the values of the CH; enhancements obtained by both
technics, as the precise quantification of these enhancements is not the aim of our study as
mentioned earlier. Fig.12 synthesises the &°CH, signatures measured by CRDS and GC-
IRMS, which we can use to assess any error in the CRDS measurements, taking the GC-
IRMS signature as a reference. We compare here only the 6 cases when both CRDS and
GC-IRMS samples were taken simultaneously, indicated by black-framed markers on Fig.12.

Atmospheric ethane sources are mostly fossil fuels, biomass burning and biogas (e.g.
Assan et al., 2017). There is no ethane source known from landfills. An additional survey in
2016 in Soignolles-en-Brie revealed no ethane source on that landfill (F. Vogel, personal
communication), supporting this hypothesis. For this type of sites, the CRDS minus GC-
IRMS &"CH, signature difference ranges from -0.2 to 2.3 %o with a mean value of 1.0 + 2.2
%o (2-0). The mean difference and its standard deviation are higher than the GC-IRMS data
mean uncertainty (0.85 %o) but stay close to the CRDS mean uncertainty (2.0 %o). While for
two landfill sites (Le Plessis-Gassot and Isles-les-Meldeuses) no statistically significant
difference was found, for two others (Fouju-Moisenay and Vert-le-Grand), the p-values
calculated from the methane concentration simultaneous measurements made by CRDS and
bag sampling / GC analysis indicate likely a statistically significant difference between both
datasets, although both match within the CRDS error bars. This difference could be
explained by the much higher precision and accuracy of the GC dataset.

Conversely to landfills, methane leaks in gas storage sites are found together with
ethane leaks, as natural gas is one of the main natural biogenic sources of ethane (Assan et
al., 2017). On these sites, the CRDS — GC-IRMS difference ranges from -2.1 to 2.5 %0 with a
mean difference of -0.7 + 4.2 (2-0). The standard deviation of the mean is higher than the
CRDS and GC-IRMS data uncertainties (2.0 %o and 1.13 %o, respectively) and this could be
explained by ethane — methane cross-sensitivity in the CRDS analyzer (but no ethane data
were available to verify this hypothesis). On both gas storage sites where CRDS
measurements and bag samples / GC analysis were performed, the p-values indicate likely a
statistically significant difference between both datasets, which could be due to the presence
of ethane, but also to the higher precision/accuracy of the GC dataset. For the WWT site,
there was no simultaneous CRDS and GC — IRMS results. However, WWT facilities are not
known to be ethane sources.

For the gas storage sites, we thus recommend not to use the 3°CH, signature
obtained by CRDS measurements but rather the GC — IRMS ones, as some bias larger than
the instrumental uncertainty could explain the CRDS — GC-IRMS differences observed here,
which might depend on the amount of ethane content into each methane plume. The landfills
and the WWT plant signatures do not overlap with the gas storage sites ones. Overall, the
mean signature of both source types can be disentangled by GC- IRMS and even by CRDS.
But in two cases (L2 and L3 sites in Nov. 2015), the individual signatures obtained by CRDS
for landfills overlap the WWT facility signature measured by GC-IRMS and CRDS. We
therefore recommend to better use GC —IRMS also for landfills and WWT facilities, which
provides more precise measurements than the CRDS ones. It would be also interesting to go
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back regularly to L2 and L3 sites to conduct a deeper study on the temporal variability
observed on these sites, as discussed further below.

ST . o
L10:0 ppm g L5 -8

A )r‘\\_,\,f'-v
 £2: 3.8 ppm3 ; L6: 0 ppm S .0
; > ' ‘ R
Q. L9:7.2 ppm \
LA 08PPM . [636520.28 %)
59,8 0.1%o ) ¥

L4:3.3ppm ¢
® -63.2 + 0.1 %o
o L7 : 8.5 ppm :
+59.6 + 0.3 %0 & -65.2+ 2.0 jo/ -

1
©2018.Google 7
Image Landsat/ Copernicus .y s a2
Data SIO; NOAA U.S NavyuNCA-GEBEO A ot

Figure 11. Synthesis of our results showing the maximum of methane concentration
enhancements measured in the local plumes (in ppm above background) and their 5*CH,
signature (in %o) on the sites surveyed in this study. Sites code are the following ; Landfills :
L1 = Claye-Souilly, L2 = Le Plessis-Gassot, L3 = Vert-le-Grand, L4=Soignolles-en-Brie, L5 =
Epinay-Champlatreux, L6 = Monthyon, L7 = Fouju-Moisenay-Blandy, L8 = Brueil-enVexin, L9
= Isles-les-Meldeuses, L10 = Moisselles — Attainville ; Gas storage sites : S1 = Gournay-sur-
Aronde, S2 = Germigny-sous-Coulombs, S3 = Saint-Clair-sur-Epte, S4 = Beynes, S5 =
Saint-llliers-la-Ville ; WWT facility : W1 = Acheres ; and Paris streets : G2.
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Figure 12. Synthesis of the §'*CH, signatures of the plumes emitted by several landfills, gas
storages, gas lines and WWT sites of the Paris megacity region and measured by CRDS and
GC-IRMS technics. The CRDS and GC-IRMS results obtained on the same date are
indicated by black-framed markers. One specific point indicated with a dashed-line frame
corresponds to a second plume detected on L7 site by CRDS on the same day that the
joined CRDS — GC-IRMS measurements. The error bars are given according to Table 5.
Error bars for sites L1 and L4 are smaller than the mark size.

4.3 Source attribution

Regarding landfills, the GC-IRMS mean signature that we measured (-61.0 £ 2.2 %o)
show some variability which is partly due to landfill emissions seasonal variability (Borjesson
et al., 2001) that relies on several parameters : temperature, the waste composition and the
strength of the methane oxidation level due to methanotrophic bacteria in the top-soil cover :
methanotrophic bacteria in the upper soil layers, under aerobic conditions, mineralize
methane to CO,, leaving the residual methane that diffuses through the soil cover relatively
13C enriched, as methanothrophs use preferentially the lighter isotope (Zazzeri et al., 2015 ;
Liptay et al., 1998). Zazzeri et al. (2015) reported a signature of -58 + 3 %o (2-0) for waste
disposal and landfills in SE England. Bergamaschi et al. (1998b) reported for German and
Dutch landfill signatures ranging between —59.0 £ 2.2 %0 and —45.9 + 8.0 %o (where the most
enriched signature was attributed to the activity of methanotrophic bacteria). Phillips et al.
(2013) reported signatures of -57.8 = 1.6 %o for landfills in the Boston area. Our results are
close to the values reported by Zazzeri et al. (2015), Phillips et al. (2013) and also by
Bergamaschi et al. (1998b) in no presence of methanotrophic bacteria. Following this first
study, more surveys are needed to assess the seasonal variability of the sources, and
possible landfill management changes. Note that landfill practice has changed greatly, and
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topsoil oxidation that drives heavier the isotopic signature of residual emitted methane is no
longer a significant source in NW Europe (D. Lowry, personal communication).

The largest variability in the 8°CH, signature is observed on the gas storage sites.
Our dataset do not allow us to assess the temporal variability of the 3*CH, signature on
each gas storage site. By computing a mean signature including the GC-IRMS values for the
sites S1, S2 and S4, we obtain a mean signature and its associated 2-o variability of -39.6 +
10.2%o0 (2-0). The CRDS mean signature and its associated 2-o variability are -38.4 + 11.2%o
(2-0). While our mean value is close to the one of -39.1 + 1.1 %o reported for the natural gas
signature in Paris by Widory and Javoy (2003), it is characterized by a large variability
between the sites and possibly the temporal variability at each site. This variability can be
explained by the geological origin of the natural gas. According to SEDS (2018), natural gas
is delivered to France by Norway (40 %), Russia (26 %) followed by the Netherlands (11 %),
Algeria (9 %) and a few other countries. Gas from Norway and the North Sea has a reported
signature spanning a large range from -43.9 %0 (Sherwood et al., 2016) to -24 %0 (Zazzeri et
al., 2015) and typically around -35 %0 (Dlugokencky et al., 2011). Natural gas from Russia is
more *C depleted with a signature that can reach -50 %o (Dlugokencky et al., 2011), and
reported as -46.4 %0 by Sherwood et al. (2016). Natural gas from the Netherlands has a more
3C enriched signature ranging from -32.8 %o (Sherwood et al., 2016) to -29.5 + 0.1 %o
(Zazzeri et al., 2015). Eventually, natural gas from Nigeria is reported with a 5**CH, signature
of -43.1 %o (Sherwood et al., 2016).

The gas storages sites that we surveyed are distributed among 3 zones defined by
the gas exploitation company Storengy (https://www.cre.fr/Gaz-naturel/Reseaux-de-gaz-
naturel/Presentation-des-reseaux-de-gaz-naturel). The natural gas sampled in the Gournay-
sur-Aronde site has the heaviest 8°CH, signature (-33.7 + 0.44%o) of the 3 emitting gas
storages sites surveyed in this study. Its 3*CH, signature is indeed typical of thermogenic
gas coming from the Netherlands and the North Sea. According to STORENGY
(https://www.storengy.com/countries/france/fr/nos-sites/gournay-sur-aronde.html), this site is
the only one in France is supplied by the Netherlands. Therefore, according to our results,
this information pushes for attributing from this study a signature of -33.7 + 0.4 %o to Dutch
gas ; but this possible attribution should be confronted with further investigation on the Dutch
gas signature. Gournay-sur-Aronde is part of the north zone called « Sediane B » by
Storengy and is effectively on the path of the main gas line of the North of France that
receives gas from the Netherlands. Natural gas in Germigny-sous-Coulombs and in Beynes
is more °C depleted (-41.6 + 2.4 %o and -43.4 + 0.5 %o, respectively). Germigny-sous-
Coulombs is part of the so-called STORENGY « Seréne Nord » north-east zone, which is
connected to gas lines from Russia ; therefore this source of methane could be attributed to
Russian gas. Beynes is part of the north-west « Sediane » north-west zone of STORENGY
which is connected both to the gaselines from Russia and to the methane terminal of
Montoir-sur-Bretagne, where natural gas from Nigeria and other African countries is shipped
to France; the signature of this site can likely be attributed to Russian gas or less likely to
Nigerian gas. However, although we provide the most probable picture of the natural gas
distribution network, STORENGY does not clearly indicate the gas origin for the Beynes and
Germigny-sous-Coulombs sites. As these sites are interconnected to all the gaslines network
of the north of France, their isotopic signature could either be attributed to gas from Norway,
North Sea, Russia or African sources, which signature is not uniqgue and could match with
our measurements. Furthermore, the isotopic signature of sources can change with season
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(e.g. Zazzeri et al., 2015), as well as the source itself. Therefore, further surveys are needed
to assess the seasonal variability of the gas storage sites signature.

For the street survey measurements, we only collected CRDS measurements which
are not much reliable. The mean signature that we measured from 2 local methane
enhancements among the forty ones that we detected is -40.5 + 2.0 %o. This signature is
clearly not biogenic and eliminates an attribution to methane emanations from sewage
facilities. It is typical from natural gas (thermogenic source) and in agreement with the value
of -39.1+ 1.1 %o reported by Widory and Javoie (2003) for the gas supply in Paris as well as
with the **CH, signature that we found for the gas storage site of Germigny-sous-Coulombs.
Among the 1000 km that were surveyed in the Paris city, we found very local methane
enhancements on about ~forty locations only, unlike in other cities of the United States of
America where numerous and occasionally large methane leaks on the natural gas
distribution network were found, such as in Boston (Phillips et al., 2013 ; Boothroyd et al.,
2018), in Washington DC (Jackson et al., 2014) and in Los Angeles (Townsend-Small et al.,
2012). Additional surveys are needed using the bag sampling technic/ GC-IRMS to attribute
sources (gas pipelines leaks, sewage emanations) to the ~forty of local methane
enhancements that were detected in the Paris streets.

The two plumes detected at the WWT site of Achéres give an average signature of -
53.6 £ 3.4 %0 by GC-IRMS. By comparison, Phillips et al. (2013) measured a mean signature
of -53.1 %o for Boston main WWT plant that is consistent with our results. Toyoda et al.
(2011) reported &“CH, enriched signatures of -50.7 %o for WWT facilities in Japan.
Townsend-Small et al. (2012) reported even heavier signatures of -46.3 %0 and -47.0 %o for
WWT facilities in Los Angeles and Orange counties. The causes of enrichment in **C of
these plants compared to Achéres and to the Boston’s WWT facility is not clear. As
mentionned by Townsend-Hall et al. (2012), this could be linked to denitrification processes
and requires dedicated studies. However, our study reports for the first time the 3°CH,
signature of the Achéres emission plumes. More surveys should be performed to assess any
variability in the 8"*CH, signature of this source.

4.4 Comparison to the regional inventory

In this section, we compare the location of the sites and more qualitatively the
strength of the methane emissions observed in our study with those of the AIRPARIF 2013
methane emissions inventory.

The AIRPARIF 2013 IDF methane emissions inventory includes all the sites that we
surveyed appart the gas storage site of Gournay-sur-Aronde, which is located outside the
IDF region. The location of the sites (cf Tables 1 to 4) could be slightly revised in order to
reach a better accuracy when estimating emissions using fine-scale regional top-down
modeling approaches. Indeed, differences of more than 10 km between the position given in
the inventory and the actual position were detected, while the inventory is delivered at the 1
km scale. The latitude of the lIsles-les-Meldeuses landfill is not given in the AIRPARIF
inventory, although its longitude matches with the one of landfill L9. As we could not find any
large landfill at the position given by AIRPARIF, we suggest that possibly the inventory does
not report correctly the Isles-les-Meldeuses latitude which is located about 130 km eastern
than suggested for landfill L9 in the inventory. Finally in the inventory, the name of Moisselles
should be replaced by Attainville.
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Regarding landfills, methane plumes with local CH, enhancements of several ppm
above background were detected on 6 of the 10 main landill sites given by the inventory. The
Claye-Souilly site showed a local methane concentration enhancement that was smaller that
the one measured at the other landfill sites, while it is supposed to be the biggest methane
emitter within the landfill sector. On that site, we might have not been close enough to the
source and might have missed the strongest plume, due to the roads configuration, and/or
meteorological conditions not favorable. This site would benefit from additional surveys in
order to verify our results. At comparable windspeed and plume downwind exposure
conditions, the Fouju-Moisenay and Isles-les-Meldeuses sites show local methane
concentration enhancements as high as the landfills of Le Plessis-Gassot and Vert-le-Grand,
while, according to the AIRPARIF 2013 inventory, these two first sites emit 2 to 10 times less
methane that the two latter sites. But of course, we can not correlate directly the amplitude of
atmospheric concentration enhancements with the intensity of source emissions. This would
require dedicated atmospheric tools: it would be very interesting to investigate each emitting
site further by calculating their emissions rate, for example by coupling a tracer release
technique and local-scale transport modelling (Ars et al., 2017). Among the 10 sites that we
studied, no local methane enhancement could be detected. For 3 of these 4 sites (Brueil-en-
Vexin, Monthyon and Moisselles), as the sampling conditions were not satisfying, additional
surveys with favorable conditions are needed on these sites (see section 3.2). The 4" site
(Epinay-Champlatreux) was closed in 2008 and this can explain why we did not detect any
methane plume downwind of this old landfill. Finally, the Guitrancourt site that now replaces
the Brueil-en-Véxin site should be surveyed in a future study.

Regarding the gas storage sites of IDF, our study demonstrated the occurrence of
methane leaks giving rise to local methane concentration enhancements of several ppm
above background in Germigny-sous-Coulombs and Beynes, which are both estimated to
emit 0.32 ktCH,/yr by the inventory. We did not detect any leak at the Saint-llliers-la-Ville and
Saint-Clair-sur-Epte sites. For Saint-llliers-la-Ville the sampling conditions were favorable to
detect any methane plume. For Saint-Clair-sur-Epte, the car was maybe passing to far away
from the site (see section 3.3) which could explain that we did not detect any methane
enhancement on this site ; but this could be the case that this site does not emit methane at
all. For these two sites, the emission rates given by AIRPARIF 2013 are 0.23 and 0.30
ktCH,/yr, respectively. One explanation could be that these sites are equipped with high
performance compression technology that cuts out the emissions of greenhouse gases to the
atmosphere, conversely to Germigny-sous-Coulombs and Beynes
(https://www.storengy.com/countries/france/en/our-sites.html) - note that the Germigny-sous-
Coulombs site should benefit of such improved technology in the near future. But at the
Saint-Clair-sur-Epte site, as the car did not pass closer than 450 m downwind of the site,
more surveys closer to the site downwind of it are needed there to validate this
hypothesis.Therefore, we conclude that 1/ the AIRPARIF emissions inventory should be
revised for the Saint-llliers-la-Ville for zero emissions, 2/ additional surveys are needed on
Saint-Clair-sur-Epte closer to the site ; and 3/ the Germiny-sous-Coulombs and Beynes sites
should be surveyed to monitor emission mitigation resulting from future technological
improvements.

Regarding the Paris streets, about forty methane concentration enhancements above
background were detected and two of them could be attributed to natural gas network leaks
from 3>CH, measurements. These urban methane enhancements are much less numerous
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and intense than in some cities in North-America (Phillips et al., 2013 ; Boothroyd et al.,
2018 ; Jackson et al., 2014 ; Townsend-Small et al., 2012). It is possible that the technology
used to ensure the tightness of the gas lines seals in Paris is much more performant than the
one in the USA. However, additional surveys are needed to attribute all of the methane
enhancements detected in the Paris streets to either natural gas pipeline leaks or sewage
emanations. Such leaks should then be quantified by independent top-down methods and
taken into accout in the AIRPARIF inventory.

Regarding the Achéres WWT site, we detected large local methane enhancements of
several ppm above background. According to the inventory, this site emits only 0.066
ktCH,/yr. This is much lower compared to gas storage or landfills sites that are also observed
to emit methane enhancements of similar extent to the WWT site for similar wind exposure
and sampling distance conditions. There could be an underestimation of methane emissions
from this facility and from the WWT sector in the AIRPARIF 2013 emissions inventory, but
this should be assessed by independent emission quantification methods such as the ones
proposed in Ars et al. (2017). We thus conclude that dedicated campaigns should be
performed on the sites surveyed in our study in order to compute estimates of their methane
emissions and to answer whether the AIRPARIF inventory can be validated or should be
revised.
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