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Abstract Ethane can be used as a tracer gas to distinguish methane sources, both at the local and global scale. Currently, ethane
can be successfully measured using flasks or dedicated in-situ analyzers. In our study, we consider the possibility of using the
CRDS Picarro G2201-i instrument, dedicated to isotopic CH4 and COo, for suitable measurements of ethane:methane ratio in
mobile field, near-source conditions. Our work was divided into three steps. First, laboratory tests were run to characterize the
instrument in stationary conditions. Then the instrument performance was tested in the field, as part of a controlled release
experiment and finally during mobile measurements focused on gas compressor stations. The results from the field are
compared with the results from other instruments, dedicated to ethane measurements. Our study clearly shows the potential of
using the CRDS G2201-i instrument to determine the ethane:methane ratio in methane plumes in mobile condition with an
ethane uncertainty of 50 ppb. Assuming typical ethane to methane ratio ranging between 0 and 0.1 ppb ppb* we conclude that
the instrument can correctly estimate the “true” ethane to methane ratio within 1-sigma uncertainty in CH, enhancements of

1 ppm or more as can be found in the vicinity of strongly emitting sites (such as natural gas compressor station).

1. Introduction

Methane (CHa) is the second most potent anthropogenic greenhouse gas, and its global average mixing ratio reached 1.876
ppm in the atmosphere in March 2020 (Dlugokencky, 2020), approximately three times more than during the pre-industrial
era. Anthropogenic methane emissions amount to half of the total input of methane to the atmosphere and include a range of
sources such as landfill, wastewater treatment plants, agriculture, coal, oil, and natural gas industries (IPCC, 2018; Turner et
al., 2019; Saunois et al., 2020). Large uncertainties remain in the quantification of these sources magnitudes and locations
(Saunois et al., 2016). The variety of methane sources and their geographical overlap increase the difficulty of closing the

present methane budget from global to local scales.
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Some methane sources also co-emit other gases that can be used as tracers to identify them. For instance, ethane (CzHs) is
associated with thermogenic methane and it is therefore co-emitted during extraction of coal, oil and natural gas as well as
transportation of the latter (e.g., Aydin et al., 2011; Hausmann et al., 2016; Helmig et al., 2016; Schwietzke et al., 2014;
Sherwood et al., 2017; Simpson et al., 2012). In the case of the natural gas industry, a range of values for ethane:methane
(C2Hs:CHy) ratio are observed according to the geological reservoir from which the gas has been extracted and by its eventual
processing. The reported ratios depend on the type of facilities and type of the reservoirs: between 0.01 and 0.06 for gas leaks
and gas compressors (Lopez et al., 2017; Lowry et al., 2020; Yacovitch et al., 2014), or higher than 0.3 for processed natural
gas liquids (Kort et al., 2016; Yacovitch et al., 2014). Also, different ratios are observed in the case of dry gas (0.01-0.06) and
wet gas (>0.06). In the case of offshore oil and gas platforms, C,He:CHy ratios typically were around 0.05, but ratios equal to
0.002 and 0.17 were observed as well (Yacovitch et al., 2020). On the contrary, biogenic sources such as landfills and cattle
farms show null to very small C2Hg:CHy ratio (< 0.002) (Assan et al., 2017; Yacovitch et al., 2014).

At the local scale, observing changes in C,Hg:CHj ratio provides additional information about specific methane enhancement
source, especially in areas with multiple CH4 enhancements from unknown origins (Assan et al., 2017; Lopez et al., 2017;
Lowry et al., 2020; Yacovitch et al., 2014, 2020). The currently available techniques, such as Gas Chromatography with Flame
lonization Detector (GC-FID) and Fourier-Transform Infrared Spectroscopy (FTIR) provide access to long-term or short-term
measurements of ethane and other components in stationary conditions (Bourtsoukidis et al., 2019; Gros et al., 2011;
Hausmann et al., 2016; McKain et al., 2015; Yang et al., 2005). Additionally, laser-based instruments, such as the Los Gatos
Research (LGR) Ultraportable Methane:Ethane Analyzer (UMEA), based on a cavity-enhanced absorption technique, the
Picarro Cavity Ring Down Spectroscopy (CRDS) analyzers (Rella et al. 2015) and the tunable infrared laser direct absorption
spectroscopy (TILDAS) analyzer (Smith et al., 2015; Yacovitch et al., 2014) make it possible to perform measurements of
ethane using a mobile platform.

Previous studies already showed the possibility of using a laser based cavity instrument to determine the C2He:CH, ratio (Rella
et al. 2015; Assan et al. 2017; Lopez et al. 2017, Lowry et al. 2020). In the study of Assan et al. (2017), a CRDS G2201-i
dedicated to the measure of 2CO,, 13CO,, ?CH4, **CH, and H,O was located stationary nearby natural gas facilities. Over two
weeks, dried ambient air was measured simultaneously by CRDS G2201-i and GC-FID, using the 10-minute averages for 16
“events” of high methane mixing ratios lasting more than 1 hour. The CoHs:CH4 ratio separated events of biogenic or
thermogenic origin. Moreover, during that study, flask samples were collected and further analyzed in the laboratory. The
laboratory values showed good agreement between field CRDS G2201-i and GC-FID results (Assan et al. 2017).

Rella et al. (2015) and Lopez et al. (2017) used the CRDS instrument as part of a mobile setup enhanced with a storage tube,
called AirCore (Karion et al. 2010). This storage tube allows to improve time resolution and hence precision. The mobile
measurements can be made in two modes using this setup. During the “monitoring mode” the air is split and injected at the
same time directly to the instrument and to the AirCore. In the “replay mode”, air from the AirCore is measured. Using the
AirCore with a lower flow rate increases the sampling frequency. The replay mode is only used after observation of a methane
plume (Rella et al. 2015; Lopez et al. 2017; Hoheisel et al. 2019). In the study by Lopez et al. (2017), CoHg:CHa ratios were

2



65

70

75

80

85

90

95

https://doi.org/10.5194/amt-2020-410 Atmospheric
Preprint. Discussion started: 17 October 2020 Measurement
(© Author(s) 2020. CC BY 4.0 License. Techniques

Discussions
By

estimated for natural gas facilities. For gas pipelines, the CRDS G2201-i results were compared with results obtained from
flask measurements analyzed by gas chromatography. The results showed good agreement between the two methods (Lopez
etal. 2017).

Here, the main purpose of this study is to evaluate the performance of the CRDS G2201-i and the applicability of making
short-term, direct, continuous, mobile measurements of ethane in methane-enriched air, with sufficient precision during near
source (“pollution plume conditions™) surveys. To achieve this goal, following Assan et al. (2017), the first step consists of
laboratory tests to calculate the calibration factors and also to check the instrument performance in stationary, laboratory
conditions. The second step is to investigate the performance of the instrument during field measurements. A tracer release
experiment was performed where a methane and ethane mixture with known C,:C; ratio and emission flux was emitted and
compared to measured ratios from CRDS G2201-i and LGR UMEA. Thirdly, the instrument has also been evaluated in real
field conditions, during surveys conducted at gas compressor stations and one landfill. In this step, measured values are
compared to values from gas chromatography and those provided by the owner of the gas compressor stations. These extensive
and complex tests allow for a full characterization of the CRDS G2201-i instrument to ethane measurements and provide
broader knowledge about the limitations of this instrument when measuring C»Hg:CH, ratios.

Subsequently, after presenting material and methods for these three steps (section 2), their results are presented (section 3) and

discussed (section 4).

2. Material and Methods:

The CRDS G2201-i (Picarro Inc., Santa Clara USA), used during this study, is dedicated to the measurements of the mixing
ratio of 12C00,, 13C0,, 12CtH,, 1*C'H, and *H,*0 (further H,0). It operates in three spectral lines: 6057, 6251 and 6029 cm-
! As there is an interference of *2C,'Hs (further CoHs) on 3CH, in the absorption spectra, this instrument also measures CHg
to correct this interference. Due to observed interferences with 2C60, (further CO;), H.O and >CH,, measured C,Hs values
must be first corrected. The study performed by Assan et al. (2017) provided the strategy to determine the factors to correct
the measured C,Hg mixing ratio due to the interference with other species:

C2Hs corrected = C2He raw +A-H20 + B-CHy + C+CO; ().

Based on their tests, the interference of other species on C,Hs changes in relation to the water vapor level in the measured
sample. The correction factors were determined for two different CRDS G2201-i devices (CFIDS 2067 and CFIDS 2072) (see
Assan et al. 2017). According to that study, if the water vapor level in the measured gas is less than 0.16% (“low humidity
case”), then interference correction factors are the same for both devices. In the presence of water vapor (=>0.16%, “high
humidity case”), the correction factors were different for each device. The threshold of 0.16% corresponds to 26.14% of
relative humidity in standard conditions of temperature and pressure. Due to these differences, drying air is strongly
recommended before making measurements (Assan et al. 2017). In the study presented in this article, the correction factors,
determined by Assan et al. (2017) are used.
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Ethane measured by the G2201-i must eventually be linked to a widely used scale, to ensure comparability and traceability.
Finally, corrected and calibrated C,Hs values can be used to determine the C;Hs correction on 8**CH4 mixing ratio or, as in
this study, to determine the ethane to methane ratio. Here, the same device (CRDS G2201-i CFIDS 2072) was used as by
Assan et al. (2017); which allows checking possible long-time drift in previously-calculated calibration factors. As outlined in
the introduction, three different setups were used to test the instrument capability: laboratory, controlled-release experiment,

and field experiment.

2.1. Laboratory setup

We conducted four different tests: the first one to determine the calibration factors, then the others to evaluate the instrument
continuous measurement repeatability (CMR, commonly known as precision), Allan variance, time drift and water vapor
sensitivity (Allan, 1966; Yver Kwok et al., 2015).

Here, the calibration factors are calculated using the approach presented by Hoheisel (2018), where a synthetic gas mixture of
known C;Hs (“target”), is diluted with a dilution gas with known CO, and CH4 mixing ratios and applying the following

equation:

1/ CH co
CoHe true = (1 - ;( AREAS  ——Zmeas )) " C2He target ).

CHy dilution €Oz dilution

where CaHs e IS the ethane mole fraction obtained by mixing air from two cylinders, one containing ethane at a known value
(C2H6 targer) (without presence of methane or carbon dioxide) and one without ethane but with typical ambient mole fraction
methane and carbon dioxide mixing ratio (dilution gas) using a mass flow controller (MFC). CH4 gilution @nd CO2 gilution are the
mixing ratio of the dilution gas. CHa meas CO2 meas are average measured mixing ratios after dilution. This calculation is repeated
for different CoHe:CHa ratios, determined using the MFCs. The calibration factors are calculated as the slope and intercept of
the linear regression of measured C;Hs versus true CzHe.

The calculation of the calibration factors is implemented through a linearity test, where the C;Hs:CHy ratio is gradually
increased from 0.00 to 0.15 and measured for 20 minutes for each step. This measurement cycle is repeated three times. To do
so, based on the setup presented by Assan et al. (2017), a working gas with ethane mixing ratio ~50 ppm is mixed with the
dilution gas via two mass flow controllers. As the flow rate of the measured gas is greater than the instrument’s inlet allowance,
an open split is installed before the analyzer to vent the generated mixture and maintain an ambient pressure at the instrument
inlet. This test was repeated twice: in January 2018 and April 2019. The central 15 minutes of each 20-minute measurements
are kept for further analysis. Then, the calibration factors are calculated as a regression slope and an intercept of the linear
fitting, of theoretical (Eq. 2) against measured C,Hg with already applied correction factors from Equations 1.

The CMR test has been made by measuring a working gas continuously over 24 hours and CMR s calculated as the one
standard deviation (SD) over different averaging times (see Yver Kwok et al., 2015). This test was made twice: first using a
working gas with negligible amount of ethane and the second time with a gas mixture where C,Hg:CHj ratio was equal to 0.05.

This test helps to determine the CMR and instrument noise in the absence or presence of ethane. Moreover, the Allan deviation

4
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is also calculated to determine the noise response of the instrument over different averaging times. Typically, the Allan
deviation decreases for increasing averaging time. However, depending on the instrument, with increasing of averaging time,
the instrument drift can contribute to the increase of the Allan deviation. Thus, the optimal averaging time can be identified
(Allan, 1966).

Also, another target gas, traceable to the WMO X2004A CH, scale, has been measured during 20 minutes, with a CHa mixing
ratio about 10 000 ppb and a C,Hg mixing ratio about 1 000 ppb. The CH4 mixing ratio was measured with a CMR of about
1 ppb, while for C;Hs the CMR of the measurement was about 50 ppb (Section 3.1). This test allows us to determine the
linearity and short-time precision of the instrument for a gas with a higher mixing ratio than that of ambient air, both of C;Hs
and CHa.

The drift of the C;Hs baseline between December 2018 and May 2019 has also been investigated. The known working gas
(dry atmospheric mixing ratio of CH4 with negligible C2Hg) was measured during 11 randomly chosen days, 20 times over
that period, about 20 minutes each time. That measurement was made systematically as part of the mobile-measurement
protocol (described below). The gas was measured before and after surveys to check instrument stability and influence of
switching it on and off.

We finally ran a water vapor sensitivity test to revise the parameters of the correction (Eq. 1) in wet air. The target gas had a
negligible C,Hs mixing ratio. During the test, the target gas was progressively humidified (0 to 3 %) by steps of 0.25%, using
a liquid flow controller (Liquiflow, Bronkhorst, Ruurlu, the Netherlands) and MFC coupled to a controlled evaporator mixer
(CME). Each step lasted 20 minutes. The cycle was repeated three times. During data analysis, the interference correction
factors determined by Assan et al. (2017) were applied. Three cases were tested: no interference correction (“Protocol 17),
high humidity case (“Protocol 2”’) and low humidity case (“Protocol 3”) (excepted for the first step with dry air, where only

the low humidity correction was applied).

2.2. Controlled-release experiment setup

This section describes the car-based instrument set-up in a controlled gas release experiment. The measurement set-up used
here is the same as in the field (Section 2.4). The general principle of the setup is comparable to the previous works (e.g.,
Hoheisel et al., 2019; Lopez et al., 2017; Rella et al., 2015). As the instrument is not dedicated to C,Hs measurements, the
vibrations induced by the motion of the car cause noise in the instrument readouts. Such a constraint can be overcome using
two approaches. First, by stopping the car and standing some time inside the plume. Second, by accumulating air in the AirCore
(Karion et al. 2010; Rella et al. 2015; Lopez et al. 2017) while moving through the plume and eventually reinjecting the
AirCore’s air into the analyzer while stopped. Previously, the AirCore tool was successfully used as part of a mobile
measurement setup to determine the isotopic composition of the methane source (Rella et al. 2015; Hoheisel et al. 2019; Lopez
et al. 2017) and to determine C,Hs:CHa ratio (Lopez et al. 2017).
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For all mobile measurements, the background mixing ratios are calculated as the 1% percentile of the data sampled just before
and just after the plumes, both for CH4 and C;Hs. Then the data with CH4 enhancements above background are further
analyzed. The C,Hs:CHa ratio is calculated for each release as the slope of the linear regression of C,Hs against CHa.

In September 2019, during five days, a gas release experiment was conducted by the National Physical Laboratory (NPL, UK)
and the Royal Holloway University of London (RHUL, UK). The experiment took place in Bedford Aerodrome, UK. The
description of experimental setup configuration can be find in Gardiner et al. (2017) The goal was to evaluate the methods for
calculating C,He:CHa ratios, emission flux and isotopic composition during local mobile measurements. Each release lasted
about 45 minutes. During the experiment, the parameters of each release: CoHg:CHs ratio (0.00 to 0.07), emission flux (until
70 L/min) and the source height (ground or ~4 m source) could vary. Here, results from 10 releases with known parameters
and varying ethane:methane ratios are presented.

Seven releases were measured using the mobile setup (AirCore and standing in the plume). Air was dried before entering the
analyzer using a magnesium perchlorate cartridge. Due to the limited time of the releases, the time of standing inside the peaks
field was in the range of 15 to 20 minutes. After correcting raw data according to Eq. (1), following Protocol 3 (low humidity
case), the calibration factors (section 2.1) are applied for the trace release and field work datasets.

Three other releases were measured using sampling bags (5 liters’ skc flexfoil sample bags) only. Between 1 and 3 bags
sampled inside the plume and one sampled outside as a background sample. Afterward, bags samples were measured in the
laboratory using the CRDS G2201-i. The samples were measured without drying and the correction was applied for water
vapor higher than 0.16% (Protocol 2). Then the C,Hgs:CH4 enhancement ratio was calculated for every bag separately and also

as a regression slope of C,Hg against CH4 values.

2.3. Field experiment setup

As a final step to evaluate G2201-i performance in mobile, real field conditions, the mobile-measurement set-up, described in
Sect. 2.2 has been used during surveys made in the Paris area (see Defratyka et al., 2020, submitted). During spring and summer
2019, 6 surveys focused on three gas compressor stations (one survey for one of them and two surveys for the other two) and
one landfill (one survey). All measurements were made outside of the sites, from the closest public road. To measure C,Hg:CH4
ratio, the car was stopped inside the plumes for about 35 minutes, and the central 30 minutes were analyzed. Part of the
measurements was made with magnesium perchlorate as a dryer before the instrument inlet and part of measurements without
dryer. For each measurement site, three previously evacuated 800 mL flask samples were also taken to be measured within
three weeks after sampling at LSCE (Assan et al., 2017). Measurements were performed with a GC-FID (HP6890) equipped
with a CP-Al,03 Na;SO4 column and coupled to a preconcentrator (Entech 2007) to allow automatic injections. A standard
cylinder (Messer) containing 5 non-methane hydrocarbons including ethane was used to check the stability of the instrument,
while calibration was done against a reference standard from NPL (National Physics Laboratory, Teddington, UK). A previous
characterization of the system had shown that the detection limit is a few ppt, the reproducibility of measurements is about 2%

and the precision is better than 5% (Bonsang and Kanakidou, 2001).
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3. Results and discussion
3.1. Laboratory work

3.1.1. Ethane calibration
During the first part of the laboratory work, the calibration slope and intercept were calculated using linear fitting of C,Hs true
(Eq. 2) versus C2Hg observed and compared with the factors previously obtained. The calibration factors were determined after
applying the interference correction (Eg. 1). Table 1 compares new calibration slopes and intercepts for the specific CRDS
G2201-i device CFIDS 2072 obtained in 2018 and 2019 with previous results by Assan et al. (2017). The calibration factors
have not changed significantly between 2015 and 2019.
Figure 1 shows the time series of working gas measurements with a low amount of C,He during the period of December 2018
- May 2019. The C;Hg mixing ratio does not change here significantly and is equal to 23 £ 12 ppb (Figure 1). It is in contrast
to Assan et al. (2017), where a time drift of the baseline was observed. This difference can be caused by fact that during
previous studies, the drift was determined for corrected but not calibrated data. Here, we applied both correction and calibration
before determination of time drift. Moreover, during previous studies bigger changes in determined calibration factors were
observed over time. Therefore, in the following analyses, no baseline drift correction is applied.

Table 1. Summary of the calibration factors for CRDS G2201-i device CFIDS 2072

C2Hs
calibration Slope Intercept [ppm] Reference
February 2015 0.49+0.03 0.00+0.01 (Assan et al. 2017)
October 2015 0.51+0.01 -0.06 £ 0.04 (Assan et al. 2017)
January 2018 0.51+£0.01 -0.03 £ 0.01 This study
April 2019 0.54 +0.01 -0.03+£0.01 This study
150 |
100 |
T 501
=
e | I -
o 0f
-50
-100 , , ‘
Jan Mar May
time
12-12-18 15:55 29-05-19 16:36

Figure 1. Working gas 20 minutes measurements over half a year, for each measurement point: squares represent averaged value,
error bars — 1 standard deviation
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3.1.2. CMR and Allan variance
210 We determined the instrument CMR and Allan variance by measuring a working gas for 24 hours. It was also measured by
GC-FID coupled to a preconcentrator, and its C2Hgs mixing ratio equals 2.2 ppb. Using the CRDS G2201-i, the corrected and
calibrated value is different and steadily equals 33.2 + 1.7 ppb over the 24 hour duration. This value suggests a bias of the
CRDS instrument of 31 ppb at low concentrations.
As the result of the 24 hour test, CMR and Allan deviation (Figure 2) are calculated for target gases with different C,Hs mixing
215  ratios: low mixing ratio, 100 ppb and 1 000 ppb. In all cases, increasing the ethane mixing ratio does not affect the determined
CMR and Allan deviation. Looking at raw data (one data point every 3.7 s) for different mixing ratios, CMR and Allan
deviation are about 50 ppb and 25 ppb, respectively. Increasing averaging time improves these parameters and for 1 minute
average, all achieve about 13 ppb. For CRDS model G2132-i, also not dedicated to the measure of ethane (Rella et al. 2015),
the CMR in 1 min is about 20 ppb and Allan deviation in 1 minute is about 25 ppb. Currently, new CRDS instruments dedicated
220 to ethane measurements are available, for example, the CRDS 2210-i, which also measures $**CH,4. Recently (in February
2020), at the ICOS Atmosphere Thematic Centre (ATC) Metrology Laboratory (MLab), the CRDS G2210-i was tested and
for C,Hs its CMR and Allan deviation are equal to 0.9 ppb and 0.8 ppb in 1 minute (ATC Mlab, personal communication).
The comparison between instruments are presented in Table 2
Table 2. CMR and Allan deviation for G2201-i G2132-1 and G2210-i.

. . G2132-i G2210-i (ATC
Averaging I G2201-i 33301';0 ffozoz(())l-lb (Rellaet al., MLab)
time Low CzHs C |_[|)p C pr 2015) (personal
216 2rie communication)
Raw data CMR [ppb] 51 50 50 NA 4.6
Allan deviation o5 o5 26 NA NA
[ppb]
10second  CMR [ppb] 30 29 30 NA NA
Allan deviation 29 29 NA NA
_ [ppb]
Iminute  CMR [ppb] 13 12 12 20 0.9
Allan deviation 13 12 12 o5 0.8
[ppb]
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Figure 2. Allan deviation for corrected and calibrated C2He. Left: Measurement of working gas with negligible C2Hs mixing ratio,
right: measurement of the mixture of working gas with ~100 ppb of C2Hs.

With a 30 ppb bias and a CMR of 50 ppb, the CRDS G2201-i cannot be used to measure ethane absolute value. However, this
instrument can be used to observe ethane enhancement near the source and to estimate ethane to methane ratios. From these
numbers, we can deduct that the smallest enhancement that the analyzer can measure with significant precision at the highest
possible data acquisition frequency is 50 ppb. This value was obtained both for gas with a low and high C2Hg mixing ratio
(~100 ppb and ~1 ppm). We can assume that a C,Hs enhancement is significant when the maximum C,Hs mixing ratio in the
peak is higher than 2xSD, i.e., 100 ppb above background.

3.1.3. Sensitivity to water vapor

We also verified the cross-sensitivity correction proposed by Assan et al. (2017) in the presence of water vapor. Equation 1
corrects the interference of H,O, CO, and CHy4 in the absorption spectrum and dilution to report C,Hg mixing ratio in dry air.
Figure 3 shows that without interference correction (Protocol 1), the C2Hs mixing ratio is underestimated and the instrument
displays a negative correlation with water vapor (r = -0.96). In Protocol 2 (high humidity interference correction), C2Hs is
overestimated and increases with increasing water vapor (r = 0.86). Regarding Protocol 3 (low humidity interference
correction), C2Hs shows the smallest dependency on water vapor (r = -0.19). Applying Protocol 3, the C;Hs average value is
28 + 61 ppb, which is similar to the C,Hs average value obtained during the previously described CMR test (33 + 51 ppb for
raw data), in dry air. Overall, according to this study, after applying Protocol 3, the water vapor has the smallest impact for
observed C,Hg mixing ratio and its averaged value is similar to the one obtained in the absence of water vapor. Therefore, the
correction factors determined for the low humidity case (Protocol 3) should also be used in water vapor presence. Our results
differ from the findings of Assan et al. (2017), where they observed changing values of the interference correction depending
on the humidity. In the absence of further tests to conclude, we recommend drying air for the C2Hs measurements with the

CRDS G2201-i instrument. Details of the water vapor tests are presented in appendix A.
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Figure 3. H20 influence on corrected C2Hes. Water vapor is increased in small steps for 4 hours while measuring a target gas. The
three panels show the result of applying different water correction protocols for next steps: a) no correction (Protocol 1) b) high
humidity interference correction (Protocol 2) ¢) low humidity interference correction (Protocol 3). In all cases, for H20= 0.00%,
C2Hes is corrected using low humidity interference correction. The red line represents 0 ppb.

3.2. Controlled release experiment

Figure 4 shows ethane to methane ratios measured in situ during the controlled release experiment (see Section 2.2). During
these 7 releases, the CoHg:CHa ratio was set to ~0.032 for one release, ~0.00 for two releases and ~0.07 for four releases. For
measurements with the car stopped inside the plume, most of the data from the CRDS G2201-i are found lower than known
emitted C,Hg:CHg ratio, (mean absolute deviation = 0.011, standard deviation = 0.004) with residuals in the range -0.018 to -
0.002 for raw data (Table 3). The observed underestimation can be caused by an insufficient number of measurement points
(15-20 minutes of measurement). For AirCore measurements, there is more discrepancy than for the plume standing situation,
with residuals in the range -0.025 to 0.027 (mean absolute deviation = 0.017, standard deviation=0.009). For 10 s averaged
data, the range of residuals is only marginally modified, ranging from -0.019 to -0.002 and from -0.022 to 0.027 for plume
standing and AirCore, respectively. Additionally, the mean absolute deviation and standard deviation are also marginally
modified for both measurement situations. For example, for stationary plume standing, the absolute deviation improves
marginally from 0.0111 to 0.0107. The plume standing set-up shows less noisy data and a smaller range of residuals than
AirCore results. Moreover, the plume standing approach has a (small) regular bias (mean bias = -0.011), higher than in the
AirCore approach (mean bias = -0.004). These results show that in the case of CoHs:CH4 ratio measurements, standing inside
the plume gives results closer to the reality than AirCore sampling. The example of observed CH4 and C;Hg mixing ratio while

standing inside the peak during one of the gas releases is presented in appendix B.
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Figure 4. C2He:CHa ratio observed using G2201-i as a part of a mobile setup. Left: measured standing inside the plumes. Right:
measured using AirCore. Red points: known released C2Hs:CHa ratio. Error bars represent 1 standard deviation. The uncertainties

of released values are invisible on the graph.

We also investigated the sensitivity of the Co,Hg:CH. ratio to emission rates. During releases there were two different emission

rates: 38 L/min and about 70 L/min. In the latest category, the releases while the emission rate was equal to 72 L/min and 73

L/min are grouped. The ethane to methane ratio is better estimated by the measurements for higher emission rates (bias is

divided by more than 2 when increasing flow rate from ~38 to ~70 L/min). This is true both with stationary measurements and

using AirCore sampler. However, only 2 different emission rates were implemented and most of the released occurred at the

rate of 70 L/min, limiting the representativity of this sensitivity.

Table 3. Residuals between measured and released C2Hes:CHa ratio, comparison of results made using CRDS G2201-i
and LGR UMEA, AC- AirCore measurements. * Small amount of ethane impurity in the methane

emitted Source LSCE CRDS G2201-i RHUUNLIEL'ER
Cfm;tgg“ emfllzs)l(on height Residuals  Residuals | Residuals Residuals Residuals
) [L/min] [m] n CoHe:CHs CoHe:CHs | CoHe:CHs  CoHs:CHa4 CoHe:CH

1s AC 1s 10s AC 10s e
0.0355 + 0.0011 70 4 382 -0.002 0.027 -0.002 0.027 -0.004
0.0788 + 0.0025 72 4 149 -0.011 -0.008 -0.009 -0.009 -0.006
0.0790 + 0.0025 73 0 220 -0.018 -0.010 -0.016 -0.010 -0.001
0.0758 + 0.0028 38 0 142 -0.017 -0.020 -0.018 -0.022 -0.007
0.0758 + 0.0028 38 4 191 -0.018 0.019 -0.019 0.020 -0.015
0.0005 + 0.0006* 70 0 350 -0.005 -0.025 -0.005 -0.022 -0.004
0.0005 + 0.0006* 70 4 202 -0.007 -0.010 -0.006 -0.009 -0.001

Mean residuals -0.011 0.004 -0.011 -0.004 -0.0051

In Table 3 we also report the residuals of C,Hs:CH, ratio independently measured by RHUL using an LGR UMEA in another
car. The residuals in C2Hs:CH, ratios of LGR UMEA are in the range [ -0.015 to -0.001], and their mean is -0.0051 (mean
absolute deviation = 0.0051). Therefore, the LGR UMEA is predictably more accurate than the CRDS G2201-i standing inside
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the plumes (CRDS residuals in range -0.018 to -0.002 with mean -0.011). Despite the observed differences, results obtained
by these two methods are comparable and both instruments are capable of resolving the variation of C;Hs:CHa in the release
experiment.

Additionally, three releases were measured offline using 5 liters’ bag samples filled with air from the plumes. The bag samples
were measured afterward in the laboratory without drying. During release one and two, emitted C,He:CH, ratio was equal
0.00, the third release having a CoHs:CHa ratio about 0.032. In all cases, for background samples, the C2Hg mixing ratio was
found higher than for the bag samples collected inside the plumes. Due to that, results from the bag samples are rejected from
further analysis. There are two possible reasons for the incorrect values obtained with bag samples. First, these bags could not
be adapted for storing ethane. Secondly, as the samples were wet, the H,0, CO; and other species interferences on C2Hg could
be higher and not linear. Thus, the applied interference correction did not improve the measured C2Hg mixing ratio. In appendix

C, the table of results from bag sampling is presented.

3.3. Field work

As a final step, the CRDS G2201-i was evaluated in real field conditions. Measurements were collected in the Paris area
downwind of three gas compressor stations (referred to as A, B, C) and one landfill (D). All measurements in this section were
done stationary inside the plume.

Table 4 presents only values based on raw data (~3.7 s). We postulate that mobile applications usually aim at the highest
possible acquisition frequencies. However, as the 10 s averaging increases r? fitting by about a factor two, comparison of raw
data and 10 s averaged data is presented in appendix D.

Table 4. Ratio measured at three different gas compressor stations (A, B, C) and a landfill (D); Numbers after
identification letters refer to different surveys. *: Al, B1 and B2 (wet air) and ** C1 (low enhancement) are rejected
from further analysis (see text). ACH4 and AC2Hs are defined as the difference between background value (1st
percentage) and the observed value inside the peak

max ACHs  max AC2Hs  CzHs:CHa ratio n (data

id r2 fittin : Data
[ppm] [ppm] 1s g point)
A2 1.737 0.269 0.060+0.005  0.195 533 16.05.2019
A3 5.85 0.414 0.045+0002 0489 495 15.07.2019
B3 1.454 0.260 0.052+0007 0082 613 12.07.2019
B4 1677 0.236 0.046+ 0008 0086 336 12.07.2019
D1 1516 0.266 0+ 0.006 0 712 16.05.2019
AL* 1.486 0.309 00700013 0.162 138 16.05.2019
B1* 7314 0.878 00900001 0852 811 27.05.2019
B2* 0513 0.323 0.085+0022 0024 594 12.07.2019
C1 0.495 0.284 0091+ 0037 0037 711 28.05.2019

Campaigns Al, B1 and B2 (Table 4) were made without using a dryer before the instrument inlet. Due to previous results that

have cast doubts about the water vapor correction, the high humidity measurements have been rejected from further analysis.
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Surveys B2 and C1 exhibited the highest uncertainties in the estimated ratio and the lowest correlation between the two species.
These two surveys had the lowest CH4 enhancements above background, about 0.5 ppm. Based on error propagation (Taylor,
1997) and using 2x CMR (100 ppb) as C2He detection threshold, for a typical C,Hs:CH, ratio of interest about 0.1, the minimal
CH,4 enhancement above background would also be equal to 1 ppm. It suggests that a minimum CH4 enhancement of 1 ppm
could be required to calculate ethane to methane ratio in field conditions. As our observations are in line with the error
propagation, we use 1 ppm CH4 enhancement above background as a detection limit to use the CRDS G2201-i to determine

ethane to methane ratio in the field conditions close to the methane source, and exclude B2 and C1 from subsequent analysis.

04{ A2 04{B3 0.4 D1
CzHaZCH_»l 0.06 CzHE\IICHgl 0.052 C2HGICH; 0
.03 —. 0.3 —. 0.3
£ £ £ .
o o Q
=" = =T e
w0 0.2 w0.2 w 0.2 (i
L L T
Q Q Q
3 3 3
0.1 0.1 0.1
0.0 » 0.0 0.0 += 7. -
0 1 2 3 4 5 6 2 3 4 5 ] 1 2 3 4 5
ACHy [ppm] ACHy4 [ppm] ACHy [ppm]
04{ A3 . 04{B4
CoHg:CH,4 0.045 : T C,Hg:CH,4 0.046
.03 03
£ £
o o
=" =
:5(20.2 35(20.2 o
Q Q *
3 3
0.1 0.1
004 !. 0.0
0 1 2 3 4 5 6 2 3 4 5
ACH4 [ppm] ACHy [ppm]

Figure 5. C2Hs:CHys ratio for gas compressor stations (A and B) and the landfill (D), calculated for non-averaged data. Linear fitting
(red line) with confidence intervals (black lines)

Figure 5 presents observations from the valid cases. We compared the observed ratios with the values provided by the owner
of the gas compressor stations. The comparison is presented in Table 5. The residuals between values measured by CRDS and
values provided by the owner (considered as the “true” values) are in the range -0.006 to 0.009. This range is more
symmetrically distributed around the released value than for the controlled release experiment (-0.018 to 0.002, Section 3.2).
The uncertainty of C,Hg:CHj, ratio measured using the CRDS G2201-i in the field conditions is smaller than the differences
between the ratios of CH4 sources (e.g., biogenic sources C,Hs:CH4 ~0.00, natural gas leaks and compressors stations ~0.06,
processed natural gas liquids ~ 0.30). These results clearly show that C,He:CH. ratio measured by the CRDS G2201-i can be

used to portion the origin of the CH4 during mobile measurements.
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Table 5. Comparison of results obtained by CRDS G2201-i with the values from the operator company.
CRDS 1s Operator data Residuals

id C2Hs:CHa ratio C2Hs:CHa ratio C2Hs:CHa ratio Date

A2 0.060 £ 0.005 0.051 0.009 16.05.2019
A3 0.045 £ 0.002 0.049 -0.004 15.07.2019
B3 0.052 £ 0.007 0.052 0.000 12.07.2019
B4 0.046 £ 0.008 0.052 -0.006 12.07.2019
D1 0+ 0.006 NA NA 16.05.2019

Finally, C2Hg mixing ratios measured by the CRDS G2201-i are compared with results from GC-FID. Three flask samples
were taken from every surveyed site and measured afterward in the laboratory using GIC-FID. Then, the average of these three
measures was calculated and for all sites their standard deviation is smaller than 1 ppb. On Figure 6, flask results are compared
to results obtained by the CRDS G2201-i during the time of flask sampling. One should keep in mind that due the very short
time sampling (<3s), the comparison of concentrations is only indicative. For landfill D, the Co.Hs mixing ratio measured by
GC-FID is 4.9 ppb. For A and C gas compressor stations, the CoHg mixing ratio is 20.5 ppb and 13.7 ppb, respectively. Due
to the instrument noise, for the landfill and two compressor stations (A and C), C,Hg mixing ratio measured by CRDS is higher
than measured by GC- FID (Figure 6) and averaged observed overestimation for these three sites is about 40 ppb. This
discrepancy is similar to the one observed in laboratory conditions, where CRDS result has been higher by about 30 ppb
(section 3.1). A different situation is observed in the case of the gas compressor station B where higher C,Hg mixing ratio is
observed. The results from flask samples are higher by about 7 ppb than from CRDS analyzer, what suggest a better agreement
between instruments in the higher C2Hs mixing ratio. For all sites, in the case of CRDS measurements the standard deviation
is almost equal to the averaged value over the sampling time. It is caused by high instrument noise (~50 ppb CMR and 25 ppb

Allan deviation for raw data) and short sampling time (less than one minute).
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Figure 6. Comparison of the C2Hs mixing ratio measured in-situ by CRDS G2201-i and in the laboratory by GC-FID from flasks
measurements. CRDS G2201-i measurements during the time of flask sampling. Uncertainties (1 SD) are indicated both for CRDS
and GC-FID.

4. Discussion: Overall comparison with other instruments and methods

Based on the series of tests conducted in our study, using the CRDS G2201-i in a mobile set-up to measure C2Hg:CHa ratio in
methane plumes appears possible and can provide useful scientific results under specific conditions. In laboratory conditions,
during measurements of gas containing C,Hs, the CRDS G2201-i has a better CMR (12 ppb in 1 min) and a smaller noise
calculated from Allan deviation (=10 ppb in 1 min) than the CRDS G2132-i, which are equal 20 ppb and 25 ppb, respectively,
in 1 min timeframe (Rella et al. 2015), where both instruments are not dedicated for C,Hs measurements. However, both
instruments have lower performance than the CRDS G2210-i, dedicated to CoHe measurement. For the latter instrument, both
CMR and Allan deviation are smaller than 1 ppb (ATC Mlab test, personal communication). Additionally, based on a literature
comparison, for both CRDS instruments, CMR and noise are higher than those obtained for the instrument based on the TLDAS
method, dedicated for mobile measurements of C,Hs (as described by Yacovitch et al. 2014). For that instrument, the CMR is
as low as 19 ppt in stationary conditions, and 210 ppt in motion.

Based on Assan et al. (2017), the correction of the sensitivity to other species is necessary (Eg. (1)) to account for the different
instrument responses to water level lower or higher than 0.16% (low and high humidity). In this study, during laboratory work,
the water vapor sensitivity was evaluated and results showed that applying interference correction factors determined for low
humidity gave better results, including for more humidified air measurements. It is in opposition to results obtained by Assan
et al. (2017). Therefore, we consider that water presence should be avoided and we recommend drying air before C,Hs
measurement using CRDS G2201-i.

Previously, the CRDS G2201-i device CFIDS 2072 has only been used in stationary field work over two weeks (Assan et al.
2017) to make continuous measurements of CHa4, 8*CH4 and C,He from gas facilities. The CRDS G2201-i and GC-FID
measured air simultaneously from the shared inlet and were located 200 — 400 m from the gas facilities (pipelines and
compressors). The GC-FID used in Assan et al. (2017) was a field instrument described in Gros et al. (2011) and Panopoulou
et al. (2018) which has an overall uncertainty estimated to be better than 15%. For GC-FID 10 minutes of ambient air collection
was measured during 20 minutes. Thus, for that instrument, the sampling time is 10 minutes sampling average over 30 minutes.
To have identical timestamps as GC-FID, corrected and calibrated CRDS data were averaged for 10 min every 30 min. Flask
samples were taken as well during that field work. That study was the first attempt to propose a protocol to use CRDS G2201-
i to measure C,Hg:CHj4 ratio, both from flask sampling and from continuous measurements, and found a good agreement
between CRDS and GC-FID measurements (Assan et al. 2017). In our study, we went one step further and considered the
constraints associated with a mobile setup within a car. As the instrument noise increases during the motion of the car, we
decided to stop the car for about 35 minutes inside the plume to acquire the observations. As it is not possible to stop the car

in every place where measurements are made, it is a limitation for this application of the instrument, compared to other
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instruments able to measure C,Hs while moving across the plume, like the LGR UMEA (Lowry et al. 2020) or the instrument
based on TILDAS method (Smith et al., 2015; Yacovitch et al., 2014, 2020).

During our trace release experiment, C2Hs:CH4 ratio was calculated from measurements made when the car was standing
inside the plume. With this approach, measured ratios were underestimated. However, using the LGR UMEA instrument,
dedicated to mobile C;Hs:CH, ratio measurements, some discrepancy between the measured and released value was also
observed, albeit smaller. Indeed, in the case of the LGR UMEA measurements, the residuals between measurements and
released value were in the range -0.015 to -0.001, where using the CRDS G2201-i the residuals are in the range -0.018 to -
0.002. It is also worth noting that the more precise instrument, presented by Yacovitch et al. (2014), also inferred a systematical
underestimation of the C,Hg mixing ratio by ~6% of the measured value. In their study, this systematic error was added as a
reported statistical error (Yacovitch et al. 2014).

In our study, during the trace release experiment, we also compared results obtained by stationary standing inside the plume
and by sampling air with an AirCore system. The absolute deviation is equal to 0.011 and 0.017 for stationary mode and
AirCore mode, respectively. The residuals between released and measured values are from -0.018 to -0.002 for stationary
mode and from -0.025 to 0.027 for AirCore mode. Thus, the agreement with released C,Hs:CHy ratio is better for measurements
made by standing inside the plumes than with AirCore sampler. However, during previous studies where CRDS instruments
were used (Rella et al. 2015; Lopez et al. 2017), C>Hg:CHa ratio was also measured using AirCore sampler. In the study made
by Lopez et al. (2017) for pipelines measurements, gas flasks were also collected and measured at INSTAAR (Boulder, CO,
USA) using gas chromatography. Overall, AirCore sampler results were in good agreement with the results for flasks
measurements. During these measurements, the CRDS was flushed continuously with a flow rate of 1000 mL/min and a mass
flow controller was part of the setup. During AirCore analysis, the airflow rate was equal to 40 mL/min. This change allowed
to increase the number of measurements point by 25, when the replay mode was used. In our study, in the monitoring mode,
we flushed the CRDS instrument with a flow rate of 160 mL/min and in the replay mode, we increased the number of points
only by 3. These differences could contribute to explaining the discrepancies between measured and released C,Hs:CHj ratio.
Further decreasing the flow rate will increase the number of sampling points and could improve the agreement between
AirCore-based estimations and actual ratios. This should be tested to conclude the optimal use of AirCore setup to improve
the characterization of methane sources.

Finally, the C2Hs:CHy ratios obtained by standing inside the plumes are accurate and allow to separate the different releases at
the resolution of the conducted experiment. They are also comparable with results obtained using LGR UMEA. This agreement
between measurements and reality has also been confirmed during real field conditions mobile measurements. During these
measurements, residuals for dry air sampling were between -0.006 and 0.009. Additionally, during field work, flasks samples
have been taken and measured by GC-FID in the laboratory. During the time of flask sampling at the two gas compressors
stations, the C,Hs mixing ratios were below the value of the instrument CMR (~50 ppb). For the third gas compressor station,
the C,Hs mixing ratio was above the detection threshold and C,Hs mixing ratio measured by GC-FID was higher than measured

by CRDS. Nevertheless, due to the short sampling time of the flasks, these first comparisons are only indicative and more
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comparison campaigns should help to understand the discrepancies between these instruments. In all cases, the standard
deviation of C,Hg measured by CRDS was close to the averaged value. It shows the CRDS G2201-i should not be used for the
measurements of the absolute value of the C2Hg mixing ratio.

Overall, using C2Hg:CHj4 ratio measured by the CRDS G2201-i, it is possible to separate methane sources between a biogenic
origin (C2He:CH4 ~ 0.00), natural gas leaks and compressors (C2Hs:CH4 ~ 0.06, can vary between 0.02-0.17) and processed
natural gas liquids (C2Hs:CH4 ~ 0.3). CoHs:CHa ratio of natural gas can vary on origin and processing. Thus, determining the
exact source of methane inside the industrial site, with a lot of potential methane emitters, can be more challenging to achieve.
However, looking at the results of our study, if the differences between C,Hg:CHy ratios are higher than 0.01, it is still possible
to determine the source of the observed CH4 plume using C,Hs:CHj, ratio measured by the CRDS G2201-i.

5. Conclusions

The instrument CRDS G2201-i measures 2CO3, 1*CO,, ?CH,, 3CH4, H,0 and C;Hg, the latter being initially present to correct
13CH, measurements. This study investigates the possibility to make ethane measurements, made by a CRDS G2201-i
instrument, useful for methane source apportionment. The interest is to be able to better constrain methane sources at the
laboratory and in the field with only one instrument. Before any analysis, CoHs raw data must be corrected and calibrated. The
linearity test showed good stability over time, with only a small change of calibration factors over 4 years. Contrary to the
previous studies (Rella et al. 2015; Assan et al. 2017), we do not observe any time drift of the C,Hg baseline. Nevertheless,
regular calibrations and target measurements are advised.

The controlled release experiment revealed a small systematical underestimation of measured ratios inside the plumes
compared to released ones. The larger discrepancy from released C,Hs:CHa occurs in the case of AirCore samplings. Due to
that, we recommend standing inside the plumes instead of taking AirCore samples to measure C,Hg:CHj4 ratios. However,
decreasing the flushing flow rate of the CRDS can improve the performance of the instrument during AirCore sampling and
should be further investigated in the next campaigns.

In this study, we find some limitations of using CRDS G2201-i to measure C,Hg:CH.. First of all, we found that we need at
least a peak maximum of 100 ppb in ethane to get useful results to help portioning methane sources. Additionally, the required
maximum CH, enhancement above background should be higher than 1 ppm. This threshold is determined using error
propagation for a typical CoHs:CHa ratio equal to 0.1. In the field conditions, this threshold was successfully used for CoHg:CH4
ratio close to 0.05. For weak sources with enhancements below 1 ppm, this limitation prevents providing C,Hs:CHs ratio
measurements using our approach. Secondly, we have observed significant changes in observed C;Hs mixing ratios in the
presence of water vapor and we strongly recommend drying air before making measurements.

Third, due to an increase of the instrument noise during the motion of the car, it is not possible to measure C,Hs:CHy ratio

when moving across plumes as currently made to estimate methane emissions (e.g., Ars et al. 2017). Other dedicated
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instruments have to be used in this case for ethane (Yacovitch et al. 2014; Lowry et al. 2020). To fix this problem, C2Hg:CH4
ratio can be measured by standing inside the plumes or by AirCore sampling after solving the flushing issue.

Despite these limitations, this study shows the possibility of using the CRDS G2201-i to measure C,Hs:CH, ratio in the field
conditions in strong methane enhancements, using mobile platforms. Even though the instrument is not dedicated for CoHe:CHa
ratio measurements, after applying correction and calibration factors, when the air is dried and methane maximum in a peak is
1 ppm above background, the CRDS G2201-i gives results comparable with released values in controlled experiments.
Therefore, under these conditions, the CRDS G2201-i instrument can contribute to better constrain methane sources deploying

only one instrument.
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Figure Al. H20 influence on CO2, CH4 and C2He.

The results, presented in Figure 3 in the paper, were obtained using wet CH4 and CO; values. In the next step, the analysis of
the water vapor sensitivity test was repeated using dry CH4 and CO; values. These dry values are corrected by default already
in the instrument. For all three cases, using dry or wet CH4 and CO- values did not change the C;Hs values, which suggests a
bigger influence of H,O than CH4 and CO; on C;Hs. When the interference correction for low humidity was applied for all
steps, the average C,Hs mixing ratio is equal 28 + 62 ppb and 28 + 61 ppb for wet and dry CH4 and CO, respectively. Figure

A2 presents a comparison of wet and dry CO, and CH4 values.
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Figure A2. Dry (manufactured correction) and wet values of COz and CHa. Green — dry values, red — wet values. Left: CO2 mixing
ratio, right CH4 mixing ratio.

Appendix B

8

04

2 =
g 1 g
a | =%
: 4 . 0.0 ©
T =
9] 3]
= A
=-0.2
24
& 1o
g
e
o4 3
T T T T -0.6
50:00 55:00 00:00 05:00
time [UTC]

Figure B1. CH4 and C2Hs mixing ratio observed during standing inside the plume

0.34
E 02 £
2 K=
©w [{=}
& &
g 01 g

0.04

0 1 2 3 i 5 [ [i] i 2 3 ] 5 [
ACH4 [ppm] ACH4 [ppm]

450 Figure B2. C2Hs mixing ratio vs. CH4 mixing ratio observed while standing inside the plume. Left: non-averaged data. Right: 10 s
averaged data. Green line: linear fitting

19



https://doi.org/10.5194/amt-2020-410

Atmospheric

Preprint. Discussion started: 17 October 2020 Measurement
(© Author(s) 2020. CC BY 4.0 License. Techniques
Discussions
Appendix C
Table C1 CzHs:CHys ratio with interference correction for high humidity. * background samples
name.id CO2 CH4 BCH4 H20 C2Hs CzHe:_CHA
[ppm] [ppm] [%o] [%6] [ppm] ratio

1.1b 402 2.23 -47 1.25 0.27 £ 0.06 0.12 £0.03

1.2b 397 2.01 -47 1.22 0.27 £ 0.06 0.13+0.03

1.3b 399 3.34 -45 1.22 0.39+0.06 0.12 £0.02

1.4b* 395 1.96 -48 1.23 0.44 £ 0.06 0.22 £0.03

1.5b 399 231 -46 1.29 0.43+0.06 0.19+0.03

1.6b 399 5.25 -43 1.29 0.45 +0.07 0.09+0.01

1.7b 402 5.19 -44 1.29 0.62 +0.09 0.12 +0.02

1.8b* 396 1.98 -48 1.25 0.55+0.08 0.28 +0.04

2.1b 420 3.25 -45 1.27 0.55 +0.07 0.17 £ 0.02

2.2b* 397 197 -49 1.17 0.72+0.15 0.36 + 0.08
Appendix D

Comparison of raw data and 10 s averaged data from measurements in the lle-de-France region

Table D1. Field work analysis A, B and C- gas compressor, BB — landfill; *: A1, B1 and B2 rejected from further

analysis (wet air) and ** Clre

jected from further analysis

low enhancement), raw and 10 s averaged data

id max ACH4 Argjl')_('6 1s r 10s r2 n data
Al* 1.486 0.309 0.070 £0.013 0.162 0.066 £ 0.018 0.235 138 16.05.2019
A2 1.737 0.269 0.060 £0.005 0.195 0.059 £ 0.007 0.303 533 16.05.2019
A3 5.85 0.414 0.045+0.002 0.489 0.044 £0.003 0.645 495 15.07.2019
B1* 7.314 0.878 0.090£0.001 0.852 0.091 £ 0.002 0.927 811 27.05.2019
B2* 0.513 0.323 0.085+0.022 0.024 0.083+0.029 0.044 594 12.07.2019
B3 1.454 0.26 0.052+£0.007 0.082 0.05 +0.009 0.15 613 12.07.2019
B4 1.677 0.236 0.046 + 0.008 0.086 0.05+0.011 0.174 336 12.07.2019
Cl1** 0.495 0.284 0.091 £ 0.037 0.037 0.09 £0.021 0.082 711 28.05.2019
D1 1.516 0.266 0 £0.006 0 0 £ 0.007 0 712 16.05.2019

455 Data availability

Data from the field work and most of the laboratory tests are available on the Carbon Portal and waiting to obtain a DOI

number. Data from time drift test are available on demand.
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