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Abstract. In efforts to improve methane source characteri-
sation, networks of cheap high-frequency in situ sensors are
required, with parts-per-million-level methane mole fraction
([CH4]) precision. Low-cost semiconductor-based metal ox-
ide sensors, such as the Figaro Taguchi Gas Sensor (TGS)
2611-E00, may satisfy this requirement. The resistance of
these sensors decreases in response to the exposure of reduc-
ing gases, such as methane. In this study, we set out to char-
acterise the Figaro TGS 2611-E00 in an effort to eventually
yield [CH4] when deployed in the field. We found that differ-
ent gas sources containing the same ambient 2 ppm [CHy4]
level yielded different resistance responses. For example,
synthetically generated air containing 2 ppm [CH4] produced
a lower sensor resistance than 2 ppm [CH4] found in natu-
ral ambient air due to possible interference from supplemen-
tary reducing gas species in ambient air, though the specific
cause of this phenomenon is not clear. TGS 2611-E00 carbon
monoxide response is small and incapable of causing this ef-
fect. For this reason, ambient laboratory air was selected as a
testing gas standard to naturally incorporate such background
effects into a reference resistance. Figaro TGS 2611-E00 re-
sistance is sensitive to temperature and water vapour mole
fraction ([H>O]). Therefore, a reference resistance using this
ambient air gas standard was characterised for five sensors
(each inside its own field logging enclosure) using a large
environmental chamber, where logger enclosure tempera-
ture ranged between 8 and 38 °C and [H>O] ranged between
0.4 % and 1.9 %. [H,0] dominated resistance variability in
the standard gas. A linear [H,O] and temperature model fit
was derived, resulting in a root mean squared error (RMSE)

between measured and modelled resistance in standard gas of
between +0.4 and £1.0 k2 for the five sensors, correspond-
ing to a fractional resistance uncertainty of less than £3 %
at 25°C and 1% [H,O]. The TGS 2611-E00 loggers were
deployed at a landfill site for 242 d before and 96 d after sen-
sor testing. Yet the standard (i.e. ambient air) reference re-
sistance model fit based on temperature and [H>O] could not
replicate resistance measurements made in the field, where
[CH4] was mostly expected to be close to the ambient back-
ground, with minor enhancements. This field disparity may
have been due to variability in sensor cooling dynamics, a
difference in ambient air composition during environmental
chamber testing compared to the field or variability in natu-
ral sensor response, either spontaneously or environmentally
driven. Despite difficulties in replicating a standard reference
resistance in the field, we devised an excellent methane char-
acterisation model up to 1000 ppm [CH4] by using the ratio
between measured resistance with [CH4] enhancement and
its corresponding reference resistance in standard gas. A be-
spoke power-type fit between resistance ratio and [CHy4] re-
sulted in an RMSE between the modelled and measured re-
sistance ratio of no more than +1% Q Q™! for the five sen-
sors. This fit and its corresponding fit parameters were then
inverted and the original resistance ratio values were used to
derive [CH4], yielding an inverted model [CH4] RMSE of
less than £1 ppm, where [CH4] was limited to 28 ppm. Our
methane response model allows other reducing gases to be
included if necessary by characterising additional model co-
efficients. Our model shows that a 1 ppm [CH4] enhancement
above the ambient background results in a resistance drop of
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between 1.4 % and 2.0 % for the five tested sensors. With
future improvements in deriving a standard reference resis-
tance, the TGS 2611-E00 offers great potential in measuring
[CH4] with parts-per-million-level precision.

1 Introduction

Methane (CHy) is a potent greenhouse gas (Mitchell, 1989)
with many poorly characterised sources (Jackson et al.,
2020). Yet as global background levels of atmospheric
methane mole fraction ([CH4]) are increasing (Rigby et
al., 2007; Nisbet et al., 2014), improved source flux quan-
tification is required (Saunois et al., 2016; Nisbet et al.,
2019; Turner et al., 2019). This necessitates improvements in
fast-response (less than 1 min) and high-frequency (at least
0.1Hz) in situ [CH4] sampling. CHy4 is a trace gas with a
low natural ambient atmospheric background (defined to be
2+ 1 ppm from here on), which is 2 orders of magnitude
lower than global background levels of carbon dioxide mole
fraction ([CO,]) (Dlugokencky et al., 1994; Lan et al., 2023).

Fast-response in situ [CH4] sampling techniques span
many capabilities and costs (Hodgkinson and Tatam, 2013;
Schuyler and Guzman, 2017). The best measurements are
achieved using tuneable infrared (IR) lasers (Baer et al.,
2002; Frish, 2014), but cheaper broadband IR can also be
used in techniques such as non-dispersive IR spectroscopy
(Hummelgard et al., 2015) at the expense of precision (Shah
et al., 2019). Alternatively, semiconductor-based metal ox-
ide (SMO) sensors have been available for several decades
(Fleischer and Meixner, 1995; Barsan et al., 2007; Reinelt
et al., 2017; Ponzoni et al., 2017). Though they are mar-
keted for low-precision applications, their low cost of less
than EUR 100 (Eugster and Kling, 2012; Riddick et al., 2020)
merits a thorough assessment of their fast-response [CHy4]
sampling capability (Collier-Oxandale et al., 2018; Honey-
cutt et al., 2019).

SMO sensor resistance is influenced by gas exposure
(Kohl, 1990). For n-type sensors containing metal lattices
in their most oxidised state (Kohl, 2001), oxygen surface
chemisorption forms 0%, O, or O™ (depending on temper-
ature), thus decreasing near-surface electron density in the
conduction band (Barsan et al., 2007; Das et al., 2014). This
catalyses SMO surface oxidation of reducing gases, thereby
releasing electrons into the conduction band to lower resis-
tance (Kohl, 1989; Ponzoni et al., 2017). For CHy, this ini-
tially produces a hydrogen atom and methyl radical (Kohl,
1989) before eventual formation of carbon dioxide (CO,)
and water (Suto and Inoue, 2010; Chakraborty et al., 2006;
Glockler et al., 2020).

Typically, n-type SMO sensors may contain tin, vanadium
or zinc oxides (Hong et al., 2020). As tin oxides (SnOy) are
poorly CHgy-selective (Kim et al., 1997; Collier-Oxandale et
al., 2018), catalysts may be introduced (Hong et al., 2020).
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Noble metals such as platinum (Pt) and palladium (Pd) influ-
ence sensitivity and selectivity (Kohl, 1990; Xue et al., 2019),
often by catalysing oxygen dissociation (Kim et al., 1997;
Navazani et al., 2020; Wang et al., 2010). For example, Hari-
das and Gupta (2013) improved CHy detection by uniformly
applying Pd clusters to SnO,, whereas Suto and Inoue (2010)
employed a Pt-black catalyst layer to block hydrogen and
carbon monoxide (CO). This yielded 40.004 ppm [CH4]
agreement with a high-precision reference (HPR) instrument
in background conditions (Suto and Inoue, 2010). Elsewhere,
Yang et al. (2020) printed zeolite film on their Pd-loaded
SnOy sensor to catalytically oxidise CO and ethanol.

Most SMO sensors contain packed grains (Ponzoni et al.,
2017; Hong et al., 2020), with sufficient touching grains to
facilitate bulk conduction (Kohl, 2001). Smaller grains or
more pores amplify surface area and thus sensitivity (Wang
et al., 2010). This was achieved by Kim et al. (1997), who
mixed SnO, powder with alumina- or silica-supported noble
metals (detecting 500 ppm [CH4]). Some SMO sensors in-
stead utilise films (Suto and Inoue, 2010; Haridas and Gupta,
2013; Yang et al., 2020); for example, Moalaghi et al. (2020)
applied SnO, layers on alumina chips, whereas Chakraborty
et al. (2006) painted iron-doped SnO, layers on alumina
tubes. The Chakraborty et al. (2006) sensor exhibited peak
1000 ppm CHy sensitivity at 350 °C, but peak 1000 ppm bu-
tane sensitivity at 425 °C (depending on Pd content). Xue
et al. (2019) printed a Pt flower pattern on silicon dioxide
film for maximal surface area. Zhang et al. (2019) deco-
rated 2 % SnO, on uniform hexagonal nickel oxide sheets
in their p-type CH4 sensor to optimise sensitivity and se-
lectivity. Gagaoudakis et al. (2020) developed a transparent
100 nm thick polycrystalline p-type nickel oxide sensor us-
ing aluminium. However, ultraviolet radiation was required
to restore resistance after gas exposure (Gagaoudakis et al.,
2020).

Nanotubes and graphene structures may alternatively be
used (Ponzoni et al., 2017; Hong et al., 2020) for better sur-
face adsorption (Navazani et al., 2020). Kooti et al. (2019)
tested one-dimensional nanoscale rods, to be mixed with
porous graphene nanosheets, where CH4 could diffuse into
the small pores, improving selectivity. Navazani et al. (2020)
made an SnO, sensor 28 times more CHjy-sensitive (at
100 ppm) by combining it with Pt-doped multi-walled carbon
nanotubes. Elsewhere, Das et al. (2014) used 2.4 nm SnO,
quantum dots to detect as little as 50 ppm [CH4]. A high
surface-to-volume ratio and quantum effects enabled low-
temperature (150 °C) CHy sensitivity (Das et al., 2014).

Most SMO sensors operate at up to 400 °C (Barsan et al.,
2007) to enable oxygen vacancies to diffuse into the bulk ma-
terial (Kohl, 1990). Airflow may consequently cause indirect
sensor effects (Eugster et al., 2020). Cooler 150 °C sensors
have also been developed, for example by Das et al. (2014)
described above or by Kooti et al. (2019), which detected
down to 1000 ppm [CH4]. Elsewhere, Xue et al. (2019)
sampled 500 ppm [CHy4] with their 100 °C sensor. Room-
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temperature sensors have also been trialled (Navazani et al.,
2020); for example, Haridas and Gupta (2013) developed a
sensor using ultraviolet radiation to generate photo-induced
oxygen ions. This improved 200 ppm CHy sensitivity by 3 or-
ders of magnitude (Haridas and Gupta, 2013). Conversely,
Moalaghi et al. (2020) developed a hot (700 up to 850°C)
SnO, thermal decomposition sensor to theoretically detect
50ppm [CH4]. The thermal stability of CH4 enhanced its
selectivity compared to hydrogen and CO (Moalaghi et al.,
2020).

Water also influences SMO sensors (Collier-Oxandale et
al., 2019; Navazani et al., 2020; Rivera Martinez et al., 2021)
by competing for oxygen absorption sites (Kohl, 1989) at
the expense of sensitivity (Wang et al., 2010; Yang et al.,
2020). This effect may be temperature-dependent, whereby
heat enhances water desorption (Kohl, 2001). While dry sam-
pling may resolve this (Kohl, 1989; Suto and Inoue, 2010;
Sasakawa et al., 2010), some sensors require wet air for
normal operation (Eugster and Kling, 2012; Riddick et al.,
2020).

Following robust physical sensor characterisation, empiri-
cal gas testing may then be performed in preparation for field
deployment (Kim et al., 1997; Barsan et al., 2007; Honey-
cutt et al., 2019; Zhang et al., 2019; Daugela et al., 2020).
A field-ready SMO sensor includes a sensitive layer, a sub-
strate, electrodes (Barsan et al., 2007; Kooti et al., 2019;
Glockler et al., 2020) and a logger (Ferri et al., 2009; Collier-
Oxandale et al., 2018). Concurrent measurement of environ-
mental conditions is invaluable (van den Bossche et al., 2017,
Daugela et al., 2020; Cho et al., 2022). As an example of ac-
tual field application, Sasakawa et al. (2010) deployed nine
Suto and Inoue (2010) sensors in Siberian wetlands. Thanks
to regular calibrations, [CH4] measurements contributed to
regional surface flux emission estimates (Sasakawa et al.,
2010). Gonzalez-Valencia et al. (2014) mapped landfill sur-
face fluxes using flux chambers containing a suite of IR and
SMO sensors. Daugela et al. (2020) used Hanwei Electron-
ics Co., Ltd. (Zhengzhou, China) MQ2 and MQ4 sensors
to crudely localise landfill emission hotspots. Honeycutt et
al. (2021) utilised MQ4 sensors within a sampling network
for autonomous deployment, with a 1000 ppm [CHy] tar-
geted detection limit. Kim et al. (2021) exploited low SMO
sensor mass for unmanned aerial vehicle deployment to de-
rive landfill CHy4 hotspots and surface fluxes. The sensor was
laboratory-tested up to a maximum [CH4] of 200 ppm (Kim
et al., 2021).

Figaro Engineering Inc. (Mino, Osaka, Japan) produce
fast-response grain-based SMO sensors (Ferri et al., 2009;
Eugster and Kling, 2012), which have been shown to be
more stable than the MQ4 (Honeycutt et al., 2019). Figaro
sensors require wet air for normal operation; for example,
Rivera Martinez et al. (2021) found Figaro Taguchi Gas Sen-
sor (TGS) resistance to be abnormally high at 0% water
vapour mole fraction ([H>O]) compared to 1% and 2.3 %
[H,O]. Meanwhile, Eugster and Kling (2012) reported that
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TGS response is unpredictable at a relative humidity below
35 %. Consequently, this rules out the possibility of con-
ducting dry calibrations (Riddick et al., 2020). Eugster and
Kling (2012) therefore performed Figaro TGS 2600 field
characterisation with an HPR over an Arctic lake, yielding
a deterministic model capable of discerning diurnal features,
but with a coefficient of determination (R%) of 0.2 com-
pared to the HPR. CO cross-sensitivity caused complica-
tions (Eugster and Kling, 2012), as encountered by Collier-
Oxandale et al. (2018), elsewhere. The TGS 2600 sensor
is also hydrogen-sensitive (Ferri et al., 2009). Eugster et
al. (2020) yielded £0.1 ppm model agreement with an HPR
from 7 years of background [CH4] Arctic sampling with a
TGS 2600, although this model was not valid below freezing,
where [H,O] was naturally very low. Riddick et al. (2020)
deployed the TGS 2600 for 3 months at a gas extraction
site, sampling up to 6 ppm [CHy4], with a derived £0.01 ppm
[CH4] measurement uncertainty, following laboratory HPR
characterisation. They initially attempted to use the Eugster
and Kling (2012) model but could not derive a fit, due to ei-
ther model shortcomings or the sensor-specific nature of this
model, and instead opted for a different non-linear determin-
istic model which also resulted in an R? of 0.2 (Riddick et al.,
2020). The Collier-Oxandale et al. (2018) study, which sam-
pled in background [CH4] conditions (i.e. at 2 ppm), used
a period of HPR sampling for model training and a period
for model testing, although a sufficient training dataset is re-
quired to avoid model overfitting. They found that different
models are suited to different sampling environments, deriv-
ing a root mean squared error (RMSE) range between +0.2
and £0.6 ppm [CH4] compared to an HPR (Collier-Oxandale
etal., 2018).

Collier-Oxandale et al. (2019) found that the TGS 2600 is
additionally highly responsive to CO, benzene and acetalde-
hyde. They therefore also used training and testing periods
from a combined dataset of Figaro TGS 2600 and TGS 2602
(non-CHy) sampling to improve CHy selectively and to com-
bat cross-sensitivities (Collier-Oxandale et al., 2019). They
obtained a deterministic model with an R? of 0.6 and an
RMSE of £0.24 ppm when sampling up to 5ppm [CH4]
(Collier-Oxandale et al., 2019). Casey et al. (2019) applied
a similar field HPR training and testing approach to 10 pack-
ages containing various sensors (including a TGS 2600 and
TGS 2602), which were deployed across an oil and gas ex-
traction region. Linear and artificial neural network (ANN)
models were both able to derive [CH4], but correlated gas
emissions from the same source may have confounded model
output in this multi-sensor approach (Casey et al., 2019).
Eugster et al. (2020) also tested an ANN model, which
performed better in warmer conditions. Rivera Martinez et
al. (2021) used 47d of TGS 2600, TGS 2611-C00 and
TGS 2611-E00 sampling to derive background [CH4] with
ANN models. 70 % of sampling was used for HPR training,
typically resulting in less than +0.2 ppm RMSE, but the po-
sition in time of the 30 % testing window affected model per-
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formance (Rivera Martinez et al., 2021). Elsewhere, Rivera
Martinez et al. (2023) produced laboratory-generated CHy
spikes between 3 and 24 ppm over 130d, which were sam-
pled by four different TGS 2611-C00 and TGS 2611-E00
loggers. 70 % of the data were used to conduct HPR train-
ing of linear, polynomial and ANN models to replicate the
CH4 spikes, with a target RMSE [CH4] of £2 ppm (Rivera
Martinez et al., 2023).

The Figaro TGS 2611-E00 is a more CHy-selective sen-
sor as it incorporates a CO filter (van den Bossche et al.,
2017; Bastviken et al., 2020; Figaro Engineering Inc., 2021;
Furuta et al., 2022) at the expense of CHy sensitivity (Eu-
gster et al., 2020). Furuta et al. (2022) found that both the
Figaro TGS 2611-E00 and the MQ4 exhibited a better gen-
eral correlation with [CH4] from an HPR than the TGS 2600,
TGS 2602 and TGS 2611-C00 when tested up to 10 ppm
[CH4], though this may in part be due to the dominant effect
of [HyO] variability on these other sensors during testing.
Elsewhere, van den Bossche et al. (2017) tested a TGS 2611-
EO00 in background [CH4] (i.e. at 2 ppm) for 31d, follow-
ing laboratory calibration, resulting in —1 ppm accuracy and
+1.7 ppm precision, where variations in [CH4] were, in re-
ality, no more than £0.2 ppm. Cho et al. (2022) sampled
simulated gas leaks using 19 TGS 2611-E00 units for 4d,
applying a universal laboratory calibration to all sensors,
with a 100 ppm [CHy4] targeted detection limit. Jgrgensen et
al. (2020) sampled up to 90 ppm [CH4] while HPR field-
testing a TGS 2611-E00 for 100h on the Greenland Ice
Sheet, resulting in £1.69 ppm RMSE. It then sampled au-
tonomously for 18 d in very stable environmental conditions,
where [CH4] estimates were in a similar range as those ob-
served during HPR testing (Jgrgensen et al., 2020). Bastviken
et al. (2020) tested various TGS 2611-E00 calibration mod-
els up to 700 ppm [CH4] for use in surface flux chambers.
Sieczko et al. (2020) deployed TGS 2611-E00 flux chambers
over three boreal lakes to characterise CH4 emission vari-
ability. Although they calibrated each sensor, strong diurnal
environmental outcomes were inferred from this imprecise
sensor (Sieczko et al., 2020).

Due to its superior CHy selectivity, we characterised the
TGS 2611-E00, with the eventual objective of measuring
[CH4] during outdoor field deployment. In order to derive
[CH4] with confidence, we conducted a series of robust lab-
oratory characterisation tests to understand the core princi-
ples of sensor response to various external factors. Our sensor
characterisation approach was thoroughly tested using 338 d
of field sampling. Two logging systems were used, as de-
scribed in Sect. 2: one for autonomous field sampling and the
other for controlled testing of multiple sensors. Our overall
characterisation process is outlined in Fig. S1 (see the Sup-
plement). As a first step, sensor response to different stan-
dard gas samples was characterised in the absence of CH4 en-
hancements (see Sect. 3.1 and 3.2). The [H,O] and tempera-
ture response was then characterised in a large environmental
chamber in Sect. 3.3. A specific [CH4] enhancement model
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fit was derived in Sect. 3.4. Sensor CO, CO; and oxygen re-
sponses were also tested (see Sect. 3.5, 3.6 and 3.7). Then, to
test sensor applicability in field conditions, 10 sensors were
deployed at a landfill site, providing a prolonged dataset with
which to test our characterisation approach. [H,O] and tem-
perature measurements were used to model field resistance
for five of these sensors for comparison with actual resistance
measurements (see Sect. 4). The quality of the environmental
resistance model fit is discussed in Sect. 5, and we summarise
our outcomes in Sect. 6.

2 Materials and logging methods
2.1 Sensor overview

Here we describe the basic operating principles of the Figaro
TGS 2611-E00, referred to hereafter as “Figaro”, unless oth-
erwise stated. The Figaro is an SMO sensor, sensitive to hy-
drogen and light hydrocarbons (including CHy), featuring an
incorporated CO and ethanol filter (Figaro Engineering Inc.,
2021). The Figaro internal heater and SMO element both op-
erate at a 5.0 £ 0.2V supply voltage (V;). Figaro resistance
(R) reacts to surrounding gas exposure, which can be inferred
by measuring the precise voltage drop (Vy) across a resis-
tor of fixed load resistance (Rjoad), connected in series with
the Figaro sensor electrodes (see Fig. S2 of the Supplement
for a circuit diagram), using Eq. (1) (Collier-Oxandale et al.,
2018).

V.
R = Rioad - (—5—1) (D
Va

Vq is effectively used to gauge current flow, thereby quantify-
ing resistance at a set V. Rjoag may take a minimum value of
0.45k<2 (Figaro Engineering Inc., 2021). However, to max-
imise sensitivity, Rjoad should be selected to target a similar
order of magnitude as R, depending on the sensor type and
the predicted sampling conditions. A higher Rjoag permits
better sensitivity at lower [CH4], but limits precision when
detecting larger [CH4] enhancements.

2.2 Field logging system

To measure Figaro resistance in the field, we used 10
Systematic Observations of Facility Intermittent Emissions
(SOOFIE) logging systems (referred to hereafter as Sys-
tem A) manufactured by Scientific Aviation, Inc. (Boulder,
Colorado, USA). The 10 systems (illustrated in Fig. 1, for
example) are labelled from LSCEO001 to LSCEO10. Each sys-
tem enclosure includes a Figaro sensor, hard-wired in series
with a 5k load resistor. This 5k load resistance is sim-
ilar in order of magnitude to load resistors used in previ-
ous work (van den Bossche et al., 2017; Jgrgensen et al.,
2020; Furuta et al., 2022). Air is drawn towards the Figaro
using a downwards facing fan, in a style similar to Cho
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et al. (2022). An SHT85 environmental sensor (Sensirion
AG, Staefa, Switzerland) records System A temperature (75)
and relative humidity. The logging system is powered by a
12V rechargeable lithium—ion phosphate battery connected
to a solar panel. This is converted to a stable Figaro 5V
power supply on an internal circuit board using a high-
precision low-temperature-coefficient voltage regulator (with
a 3 mV stability); this maintains a constant Figaro supply
voltage regardless of changes in ambient temperature or in-
put battery voltage. The battery can power the logging sys-
tem for 3 d from full charge. An Arduino data logger records
minute-average Vg, Ta and relative humidity measurements,
which are wirelessly transmitted to an Internet server using
a cellular network board inside each box, similar to Honey-
cutt et al. (2021). Three systems (LSCE005, LSCE006 and
LSCEO007) also transmit minute-average wind speed and di-
rection measurements from their own two-dimensional Gill
WindSonic anemometers (Gill Instruments Ltd., Lymington,
Hampshire, UK), connected to each of these three System A
enclosures.

2.3 Laboratory testing logging system

A bespoke laboratory logger was designed, with five sockets,
to facilitate simultaneous Figaro testing (referred to hereafter
as System B). The 0.1 dm? cell has a glass exterior with a
stainless-steel head (see Fig. 2), which was adapted from a
filter (FS-2K-D, M&C TechGroup Germany GmbH, Ratin-
gen, Germany). Each Figaro socket is connected in series
with a high-precision 5.00 £ 0.05 k<2 load resistor (Vishay
Intertechnology, Inc., Malvern, Pennsylvania, USA). This
System B load resistance was selected to be identical to
the load resistor in System A (which was determined by
the System A manufacturer and beyond our control). 18-bit
analogue-to-digital converter chips (MCP3424, Microchip
Technology Inc., Chandler, Arizona, USA) measure 1 Hz V4
for each Figaro. This chip is ready-mounted onto an ADC Pi
board (Apexweb Ltd, Swanage, Dorset, UK), which is con-
nected to a Raspberry Pi 3B+ logging computer (Raspberry
Pi Foundation, Cambridge, UK), using logging software sim-
ilar to Rivera Martinez et al. (2021). A cable enters the top
of the cell to provide connections between the Figaro cir-
cuit board and both the logging computer and ADC Pi board,
which are outside the cell. The ADC Pi board is configured to
sample at 16 bit, resulting in a 0.154 mV resolution, which,
assuming a 5k Figaro resistance, is equivalent to an op-
timum resistance resolution of 0.6 Q2. A raw ADC Pi board
Vs measurement is recorded, alongside raw Figaro Vjy, to lin-
early calibrate the ADC Pi. Furthermore, a ground reference
offset correction between the Figaro sensors and the ADC Pi
board is applied to Vj.

Preliminary tests with a single power supply yielded unsta-
ble V4 measurements, as background activity on the logging
computer influences total current draw. V also influences Fi-
garo CHy sensitivity (see Appendix A). Therefore, the log-
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Figure 1. System A autonomous field logger (LSCEO007) installed
at the SUEZ Amailloux landfill site in March 2021 (see text for
description). This system includes a two-dimensional anemometer.

ging computer and Figaro power supplies are split, with a
common ground, as suggested elsewhere (van den Bossche
et al., 2017; Daugela et al., 2020). A high-precision power
supply unit (T3PS23203P, Teledyne LeCroy Inc., Chestnut
Ridge, New York, USA) provides Figaro power, with rated
ripple and noise effects below £1 mV (root mean squared)
between 5 Hz and 1 MHz. A £0.1 mV voltage standard devi-
ation was observed when the power supply was tested with
the ADC Pi board. The power supply unit also has a sup-
ply voltage read-back accuracy of at least 35mV. Yet this
rated accuracy does not affect our measurements, as the sup-
ply voltage setting was independently adjusted from the po-
tential difference measured directly across the Figaro circuit
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¥ cable to power supply, analogue-
to-digital converter and logging
= computer

towards cell inlet

Picarro
G2401

Figure 2. System B laboratory testing logging cell (logging com-
puter and power supply not shown). Five Figaro sensors are plugged
into the cell circuit board in this photograph.

board. This additionally corrects for voltage drop between
the power supply unit and the Figaro sensors.

An SHTS5 sensor measures System B temperature and rel-
ative humidity at 1 Hz inside the cell. In addition, the Figaro
cell air outlet is fed through towards a Picarro G2401 gas
analyser (Picarro, Inc., Santa Clara, California, USA), serv-
ing as an HPR. It records [CH4], [H2O], carbon monoxide
mole fraction ([CO]) and [CO;] at a maximum sampling fre-
quency of 0.3 Hz, although the rate at which gas measure-
ments are made decreases depending on the complexity of
the gas mixture, with the Picarro G2401 designed to sample
optimally in ambient gas conditions. The Picarro G2401 of-
fers sampling with a high temporal stability (Yver Kwok et
al., 2015), with a 0.2 Hz precision of less than +0.001 ppm,
£0.0030 %, £0.015 ppm and £0.050 ppm for [CH4], [H20],
[CO] and [CO3], respectively (Picarro, Inc., 2021). The Pi-
carro G2401 streams data directly to the logging computer
using a serial data connection; this simultaneous HPR log-
ging eliminates time offset issues (i.e. if the Picarro G2401
clock is not synchronised with the System B clock), as the
Picarro G2401 time stamp is not used. Any sensor response
lag time between the System B sampling cell and the Pi-
carro G2401 was measured and corrected for (typically a few
seconds).

As Figaro sensors naturally operate in wet conditions, a
dew-point generator (LI-610, LI-COR, Inc., Lincoln, Ne-
braska, USA) was employed during all System B testing.
In addition, a variety of mass-flow controllers (Bronkhorst
High-Tech B.V., AK Ruurlo, Netherlands) were utilised
to produce various gas blends by combining different gas
sources, all at a constant net 1 dm> min~! flow rate. This is
essential to maintain a consistent Figaro cooling effect inside
the System B cell.

Atmos. Meas. Tech., 16, 3391-3419, 2023
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3 Sensor characterisation
3.1 Sensor gas response

Here we describe the general sampling strategy used to de-
rive [CH4]. According to the Figaro sensor characterisation
strategy of van den Bossche et al. (2017) and Jgrgensen et
al. (2020), [CH4] can be derived by comparing measured
resistance to a baseline reference resistance (Rpaseline) mea-
sured in the presence of a standard gas (Eugster and Kling,
2012). If this reference resistance is well-characterised to ac-
count for environmental changes (independent of gas com-
position), a gas derivation function ( f) may be used to yield
[CH4], as in Eq. (2), where [CH4]paseline 1S the baseline refer-
ence [CH4] in standard gas. This function is independent of
environmental variables, as they are already incorporated in
the reference resistance and thus cancel out. Therefore, this
ratio is solely a function of gas enhancement.

R

f (([CH4] - [CH4]baseline)’ .. ) = R
baseline

2

The f function may be dependent on various reducing or
oxidising gases, though only CHy is explicitly included here
for simplicity.

3.2 Choice of standard reference gas

In order to conduct repeatable testing, a reliable reference
gas is first required. This gas must produce a consistent Fi-
garo resistance response. Our initial candidate was gas from
a zero-air generator (UHP-300ZA-S, Parker Hannifin Man-
ufacturing Limited, Gateshead, Tyne and Wear, UK); this
catalytic oven oxidises hydrocarbons and CO, resulting in
a clean airstream containing 0.00 ppm [CH4] and 0.00 ppm
[CO], as recorded by the Picarro G2401. This reference gas
was initially selected for testing due to enhanced Figaro envi-
ronmental sensitivity expected in the absence of all reducing
gases (Bastviken et al., 2020). Zero air was also employed as
a reference gas by Jgrgensen et al. (2020).

But before this zero-air source could be used as a standard
gas in subsequent testing, it was important to verify that we
could predict the resistance change under a [CH4] transition
from O to 2 ppm (ambient background), which would be a
crucial step in working with zero air as a standard reference.
This test was conducted with various gas samples containing
the same 2 ppm [CHy4] from different sources, which were
sampled with five sensors (LSCE001, LSCE003, LSCE005,
LSCEO007 and LSCEO009) in System B. This System B testing
was conducted in an air-conditioned laboratory. First, a cylin-
der containing 5 % [CH4] in argon (P5-Gas ECD, Linde Gas
AG, Hollriegelskreuth, Germany) was diluted with 99.996 %
zero-air generator gas, targeting 2 ppm [CHy], using mass-
flow controllers for gas blending (discussed in Sect. 2.3).
This was sampled twice. Next, a synthetic air cylinder con-
taining 2 ppm [CH4] (Deuste Gas Solutions GmbH, Schom-
berg, Germany) was sampled twice. Although this cylinder
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also contained 5000 ppm [CO»], this is irrelevant in the con-
text of Figaro resistance response (see Sect. 3.6). This was
directly followed by sampling two ambient air sources once:
ambient laboratory air from the room surrounding the instru-
ments was sampled for 5 min, before finally sampling an am-
bient target gas cylinder which was filled with outdoor air
from next to our laboratory building some months before.
Ambient is defined here to be any natural air acquired from
the surrounding environment.

A dew-point setting of 8 °C was applied throughout this
test, resulting in 0.970 +0.002 % [H,O]. This was possible
thanks to the closed-cell nature of System B with a fixed in-
let, which allows precise gas samples to be delivered to the
sensors with a constant [H,O]. The sensors were allowed to
stabilise in response to this [HpO] setting for at least 24 h
directly preceding the test until there was no noticeable re-
sistance drift. This stabilisation period is essential, as Figaro
sensors exhibit a delayed response to [HyO] changes (see Ap-
pendix B).

Results of this 2 ppm [CH4] transition test are presented in
Fig. 3. The Picarro G2401 recorded 2 ppm [CH4] for all four
gas samples, with consistently low [CO], which confirms the
accuracy of diluting 5% [CH4] in argon using mass-flow
controllers. However, Figaro resistance decrease varied con-
siderably (see Table 1 for fractional decrease values). Resis-
tance drop (compared to zero-air generator gas) when sam-
pling both ambient target gas and ambient laboratory air was
smaller (on average 4 % for all five sensors) than when sam-
pling synthetic air and diluted 5 % [CH4] (on average 12 %
for all five sensors), although there was considerable vari-
ability between the different sensors (see Table 1). This sug-
gests that there may be one (or many) additional species in
ambient air, causing an unexpectedly high Figaro resistance
drop. Such a substance may be absent in synthetic air and
combusted by the zero-air generator. However, identifying
such species remains a challenge (see Sect. 5.2 for discus-
sion), with us unable to identify any obvious alternative am-
bient reducing candidates from previous Figaro testing work.
Moreover, the consistent resistance drops for both synthetic
2 ppm [CH4] and zero air blended with 0.004 % of 5 % [CH4]
suggest that synthetic 2 ppm [CHy4] contains no reducing con-
taminants.

Although this test infers the presence of an interfering sub-
stance in ambient natural air (both target gas and laboratory
air), it is important to verify that the zero-air generator itself
is not a source of such components. It is also useful to test
whether different synthetic air cylinders (filled at different
times) from the same supplier (Deuste Gas Solutions GmbH)
behave in the same way compared to zero-air generator gas.
All synthetic air cylinders from this supplier contain a natural
balance of nitrogen, oxygen and argon, to which trace quan-
tities of other gases are added. System B was used to sam-
ple a synthetic 50 ppm [CH4] cylinder filled in 2019 (old), a
synthetic 50 ppm [CH4] cylinder filled in 2021 (new), a syn-
thetic zero-air cylinder filled in 2014 (old) and a synthetic
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Figure 3. (a) Measured resistance for five Figaro sensors in Sys-
tem B (coloured dots; see legend) under exposure to various sources
of 2 ppm methane mole fraction (all compared to gas from a zero-
air generator). (b) Corresponding Picarro G2401 mole fraction ob-
servations, with annotations indicating the sampled 2 ppm methane
source. Areas not annotated correspond to gas from the zero-air gen-
erator. Methane (dark cyan) and carbon monoxide (dark magenta)
mole fraction measurements are plotted on the left-hand axis. Car-
bon dioxide (dark yellow) mole fraction measurements are plotted
on the right-hand axis.

zero-air cylinder filled in 2021 (new), which were all sam-
pled twice. Four sensors were tested (LSCE002, LSCE004,
LSCEO006 and LSCEQ08) at a fixed dew point, resulting in
0.652 £0.010 % [H,O] for this test. A sufficient [H,O] sta-
bilisation period preceded this test.

Figure 4 shows Figaro and HPR observations from this
test. The two synthetic 50 ppm [CH4] cylinders (old and new)
both produced identical resistance decreases compared to gas
from the zero-air generator when filled 2 years apart. This
suggests that the quality of synthetic 50 ppm [CH4] cylinders
is consistent and that CHy4 is the dominant reducing species
in these cylinders. The second part of the test shows that syn-
thetic zero air has a negligible effect on Figaro resistance
compared to gas from the zero-air generator. Though syn-
thetic zero air causes a small resistance variability (partic-
ularly for LSCEQ06; see Fig. 4), this is insignificant in the
context of the resistance decrease values presented in Ta-
ble 1 for different 2 ppm [CH4] sources. This consistency in
zero-air resistance response suggests that the zero-air genera-
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Table 1. Fractional Figaro resistance decrease in response to different sources of 2 ppm methane mole fraction compared to zero-air generator
gas. The final 120 s of each 2 ppm sampling period was used to derive these values. A zero-air reference resistance was derived by taking the

average of all 120 s zero-air averages, preceding a 2 ppm transition.

Methane source LSCE001 LSCE003 LSCE005 LSCE007 LSCE009
Diluted 5 % methane —3% —4 % —3% —3% —3%
Synthetic air —4 % —5% —3% —3% 3%
Ambient laboratory air —19% —23% 7% —8% —4 %
Ambient target gas —19% —23% —6% —8% —4 %
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Figure 4. (a) Measured resistance for four Figaro sensors in Sys-
tem B (coloured dots; see legend) under exposure to two sources of
50 ppm methane mole fraction and two sources of synthetic zero air
(all compared to gas from a zero-air generator). (b) Corresponding
Picarro G2401 mole fraction observations, with annotations indi-
cating the synthetic cylinder type. Areas not annotated correspond
to gas from the zero-air generator. Methane (dark cyan) and carbon
monoxide (dark magenta) mole fraction measurements are plotted
on the left-hand axis. Carbon dioxide (dark yellow) mole fraction
measurements are plotted on the right-hand axis.

tor successfully burns Figaro-sensitive species. This supports
the conclusions derived from Fig. 3 that there may be an ad-
ditional reducing substance in natural air that is otherwise
absent in zero air from multiple sources (both synthetic and
from the zero-air generator).

To summarise, these two tests imply that zero air (either
synthetic or from a zero-air generator) is an unsuitable stan-
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dard reference gas. Figaro resistance is abnormally high in
zero air due to the possible absence of (non-CHy) interfer-
ing reducing species otherwise present in ambient air. The
fact that the resistance drop in ambient laboratory air was
almost identical to the resistance drop in ambient target gas
(filled some months before) suggests that any unidentified
background reducing species are stable, with a long lifetime.
Elsewhere, Jgrgensen et al. (2020) found that a laboratory
calibration conducted with zero air could not be applied to
ambient air sampling, which required its own calibration (at-
tributing this to power supply issues). Additionally, van den
Bossche et al. (2017) found that applying a calibration made
in synthetic air to ambient air resulted in larger sensor dis-
parity compared to an HPR. They attributed this to +2 %
oxygen mole fraction ([O2]) variability in their synthetic air
source (van den Bossche et al., 2017); however, our oxygen
test (see Sect. 3.7) shows that this is unlikely and an interfer-
ing species was probably responsible. Yet, during our tests,
we were unable to identify such interfering species from our
HPR and there are no other obvious reducing candidates in
ambient air (see Sect. 5.2 for discussion). The oxidising ca-
pacity of air is unlikely to vary, as surface [O;] is nearly con-
stant. Furthermore, Collier-Oxandale et al. (2018) observed
no ozone sensitivity for the similar Figaro TGS 2600 sensor.

Therefore, to incorporate this natural background effect
into any subsequent models or analysis, natural ambient air
should be employed as a standard gas instead of zero air,
assuming that the ambient air background composition re-
mains consistent in various characterisation tests. Although
natural air contains both CHs and CO, their variability is
typically small when not in the close vicinity of emission
sources. Hence, all subsequent testing assumes an ambient
2 ppm [CH4] background.

3.3 Reference resistance characterisation

Having selected natural ambient air as a standard gas, the
next step is to characterise a standard 2 ppm [CH4] base-
line reference resistance (R2 ppm) in response to environmen-
tal variables (independent of gas composition), which domi-
nate Figaro performance (Eugster and Kling, 2012; Collier-
Oxandale et al., 2019; Rivera Martinez et al., 2021; Furuta et
al., 2022). The most important environmental factors (dis-
cussed in Sect. 1) are temperature and [H,O] (Eugster et
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al., 2020), which were characterised using a large environ-
mental chamber (UD500 C, Angelantoni Test Technologies
Srl, Massa Martana, Italy) to simultaneously test five Sys-
tem A loggers. The chamber was slowly replenished (at less
than 0.5 dm> min~!) to avoid the accumulation of waste gas
species, such as CO, which can be formed due to some
incomplete CH4 combustion on the Figaro sensor surface
(Glockler et al., 2020). Rather than using a solar panel, each
System A battery was connected directly to a battery charger
to maintain a stable battery voltage and hence a stable Figaro
supply voltage. System A data were remotely accessed by
connecting the cellular board inside each enclosure to an an-
tenna outside the environmental chamber. The Picarro G2401
HPR continuously sampled inside the chamber during test-
ing. All System A data were interpolated to the shorter Pi-
carro G2401 time stamp.

Chamber testing was conducted across a temperature and
[H>O] range expected in the field, as suggested elsewhere
(Barsan et al., 2007), to optimise time resources with limited
chamber access. [H>O] levels of 0.4 %, 0.7 %, 1.0 %, 1.4 %
and 1.9 % were targeted by adjusting relative humidity inside
the chamber, according to the temperature setting. Relative
humidity control was essential in this test, as residual liquid
water evaporated from the chamber walls with a tempera-
ture setting increase. Following each new [H>O] change, the
chamber was first given one 7h adjustment period to aug-
ment [H>O] stabilisation, as required in response to sharp
[H,O] changes (see Appendix B). Next, at least four differ-
ent temperature settings were sampled at each [H>O] level in
4 h intervals (including time for each temperature ramp). Fi-
nally, temperature was varied in 8 h sampling intervals at the
same fixed [H,O] level. Then the entire process was repeated
at a different targeted [H>O].

Chamber observations from each System A logger are
presented in Fig. 5, alongside corresponding HPR mea-
surements. There was a data transmission gap between
17:14 UTC on 7 December 2021 and 00:46 UTC on 8 De-
cember 2021. Average SHT85 Tx measurements and derived
SHTS85 [H20] values from all five System A boxes are also
shown in Fig. 5. [HO] values were derived using SHT85 T
and relative humidity measurements from inside each Sys-
tem A enclosure, where saturation vapour pressure was de-
rived using the Tetens equation, given by Murray (1967), and
pressure was assumed to be 10° Pa, which can be simplified
to Eq. (3). My and M> are equal to 17.2693882 and 35.86 K,
respectively, over water and 21.8745584 and 7.66 K, respec-
tively, over ice.

(T —273.16)

MR (3)

[H2O] = relative humidity - 0.000061078 - e
The average standard deviation in Tp and [H»O] was
0.14£0.13°C and 0.0089 £0.0063 %, respectively, be-
tween the five System A logging systems as a function of
time, showing that the boxes were exposed to almost identi-
cal conditions for the duration of this experiment.
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Despite our efforts to maintain a fixed [H>O] level during
temperature variations, there was a sharp [H,O] change at
each temperature transition with periodic [H,O] fluctuations
(see Fig. 5), as the environmental chamber constantly worked
to rectify itself to achieve its target environmental settings.
[H,O] therefore fluctuated both above and below a central
point periodically, following an initial larger variability asso-
ciated with each pre-programmed step. Although many hours
of stable sampling are required for sufficient Figaro stabili-
sation following a [H>O] step change (see Appendix B), reg-
ular periodic fluctuations in [H>O] should cancel each other
out over a sufficient averaging period, as the resistance decay
behaviour occurs in both a positive and negative direction.
Nevertheless, Fig. 5 shows that 4 h of sampling was insuf-
ficient for resistance stabilisation following the initial step
change. Therefore, these 4 h sampling periods were not used
(thus conveniently avoiding the data transmission gap). In-
stead, 30 min averages were taken towards the end of each 8 h
sampling period, ranging between 10 and 47 k<2 for the five
sensors. Figure 5 shows that despite [H,O] variability result-
ing in noisy resistance measurements, there was no overall
upwards or downwards resistance drift after 8 h of sampling,
with small resistance variations (due to direct [HO] fluctua-
tions) superimposed on a larger water stabilisation effect.

These chamber averages showed that [H>O] is the dom-
inant factor influencing R ppm, as observed in other work
(Bastviken et al., 2020; Rivera Martinez et al., 2021), ex-
hibiting a linearly decreasing relationship. Therefore, Eq. (4)
was proposed to model R;ppm in the environmental cham-
ber. This equation is analogous to Eq. (2), where R ppm is
specifically used in place of a general Rpaseline Value.

Ryppm = A - (1 = ([H20]- (B = (TA-C))) = (Ta-D)) (4

A is a baseline reference resistance offset in k2, B is a water
correction coefficient in %!, C is a temperature—water cor-
rection coefficient in kKK~! %! and D is temperature cor-
rection coefficient in kKK~!, where “%” is a percentage water
vapour mole fraction. [H>O] here represents a derived value
from the SHT8S inside each System A enclosure.

A non-linear regression was applied between R;ppm, Ta
and [H>O] from all 30 min averages from the 8 h sampling
periods for each sensor. It is worth noting that any empiri-
cal model parameters derived from this test are specific to
the logging system in which they were derived, as flow dy-
namics in each logging system are different, resulting in a
different Figaro cooling effect. Furthermore, T4 is specif-
ically influenced by the temperature gradient between the
Figaro sensor and the point of temperature measurement in
System A. Model results are presented in Fig. 6 and corre-
sponding model coefficients in Table 2. As Eq. (4) contains
four free parameters, with a limited number of sampling data
points, we evaluated the suitability of parameterisation. An
Akaike information criterion (AIC) and Bayesian informa-
tion criterion (BIC) score was derived for simplified varia-
tions of Eq. (4), with one, two and three free parameters.
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Figure 5. (a) Resistance for five Figaro sensors, sampling inside the environmental chamber (coloured dots; see legend). The black bars at
the top of the plot indicate periods used to derive 30 min averages for each sampling period. The shaded area indicates a data transmission
gap. (b) Derived SHTS85 water vapour mole fraction (dark yellow dots) averaged from all five System A boxes plotted against the left-hand
axis (see text for derivation details) and measured SHT85 temperature averaged from all five System A boxes (black dots) plotted on the
right-hand axis. (c¢) Picarro G2401 measurements from inside the chamber. Methane (dark cyan) and carbon monoxide (dark magenta) mole
fractions are plotted in parts per million; the water (dark yellow) mole fraction is plotted in percent.
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Table 2. Equation (4) model parameters for five System A enclosures derived from 30 min averages (of 8 h testing windows), whilst sampling
natural ambient air in the environmental chamber. The R? and RMSE are given for each model fit, and the RMSE is given as a fraction of
Ry ppm at 25°C Tp and 1 % [H,O] for each sensor.

Sensor A B C D R RMSE Ryppm at25°C  RMSE as a fraction of
*k2) @ H &K lehH «KhH (kS2) Tp and 1% Ry ppm at 25°C T

[H,0] (k) and 1 % [Hy0] (%)

LSCE001 307  0.389 0.924 146 0961  =£0.39 13.9 +2.8
LSCE003  29.5  0.377 0.833 124 0959 4043 14.8 +2.9
LSCE005 758  0.419 1.135 210 0.980 =+0.52 222 +2.4
LSCE007 447 0317 0.680 145 0970 40.51 203 +2.5
LSCE009 164.3  0.443 1.295 240 0974 £0.99 37.4 +2.6

Table 3. AIC and BIC scores for simplified variations of the Eq. (4) model for five System A enclosures derived from 30 min averages (of
8 h testing windows), whilst sampling natural ambient air in the environmental chamber.

Equation (Ryppm =) A - (1 = ([H20]: A-(1-([H20]-B) | A-(1—([H0]-B)) A-()
(B—(Ta-O))— —(Ta-D))
(Ta- D))

Test AIC BIC | AIC BIC | AIC BIC | AIC BIC
LSCE001 424 431 424 429 423 427 509 512
LSCE003 429 436 428 434 427 431 513 515
LSCE005 440 447 447 452 454 458 544 546
LSCE007 439 445 438 443 439 443 531 534
LSCE009 476 482 487 493 497 501 571 574
Average 441418 448418 | 445423 45023 | 448+£27 452427 | 534423 536+23

Results are presented in Table 3, where a lower AIC and
BIC score represents a better compromise, providing a good
model fit without over-parameterisation. The results in Ta-
ble 3 show that, on average, the full version of Eq. (4) with
four free parameters results in the lowest AIC and BIC score,
supporting our four-parameter approach.

Having selected the four-parameter model given by
Eq. (4), the RMSE in R;,pm When modelling environmen-
tal chamber sampling was derived and is provided in Table 2,
spanning between +0.4 and +1.0 k€2. For all five sensors this
represents less than 43 % fractional uncertainty in R ppm
at 25°C T and 1 % [H>O] (assuming that the sensor has
reached a stable level in response to [H,O] changes). This
means that the Eq. (4) model can predict Figaro resistance to
within 3 % in standard conditions based solely on tempera-
ture and [H,O], when sampling natural air containing 2 ppm
[CH4]. This low model error suggests that Eq. (4) provides
good temperature and [H>O] constraints to R3 ppm. Further-
more, an R? of 0.97 £ 0.01 for the five model fits illustrates
the suitability of Eq. (4) to characterise Ryppm with respect
to environmental conditions (see Table 2 for values). By ac-
curately modelling R; ppm as a first step, this resistance value
can then be used to derive [CH4] from its change in the pres-
ence of enhanced levels of CHy.

https://doi.org/10.5194/amt-16-3391-2023

3.4 Methane characterisation

In order to derive a Figaro CH4 response function, the ef-
fect of adding CH4 to standard gas (natural ambient air)
was characterised by testing five Figaro sensors (LSCE001,
LSCEO003, LSCE005, LSCE007 and LSCE009) using Sys-
tem B. Ambient laboratory air (which naturally contains
2ppm [CH4]) was blended with gas from a cylinder con-
taining 5 % [CH4] in argon (P5-Gas ECD, Linde Gas AG)
in 15min intervals from 2ppm (pure ambient laboratory
air) up to a target level of 1000 ppm [CH4] using a pre-
programmed mass-flow controller flow script (see Sect. 2.3
for details). When compared to natural ambient air, this max-
imum 1000 ppm [CHy4] gas blend has an argon mole fraction
enhancement of 145 % and an oxygen and nitrogen mole
fraction diminution of 1.44 %. This 1000 ppm level repre-
sents a realistic upper limit on typical [CH4] enhancements
expected in the vicinity of most CHy sources, such as large
leaks from oil and gas extraction infrastructure. This high up-
per [CH4] limit also facilitates better sensor characterisation
over an extended range. Following at least 1h of ambient
laboratory air sampling, [CH4] was gradually raised up to its
maximum level and then lowered, stepwise, in three cycles.
After each cycle, ambient laboratory air was sampled for 1 h
to provide an R ppm reference. This approach is similar to
that of Jgrgensen et al. (2020), who instead transitioned back

Atmos. Meas. Tech., 16, 3391-3419, 2023



%
S
=4
[\%)

10 20 30 40

Temperature (° C)

10 20 30 40
ggennnnnnt

Temperature (° C)

goannnni

10 20 30 40

Temperature (° C)

10 20 30 40

Temperature (° C)

10 20 30 40

Temperature (° C)

LSCE009

0.0 0.5 1.0 1.5 2.0 2.5
Water Mole Fraction (%)

Figure 6. Modelled reference resistance at 2ppm methane
mole fraction (standard gas) for LSCE001, LSCE003, LSCEO005,
LSCEO007 and LSCEO09 (coloured background). Points inside
white circles represent 30 min measured resistance averages. Each
plot has a unique colour scale (see legend).

to their standard gas following each individual gas enhance-
ment. Throughout our test, an 8§ °C dew-point setting was ap-
plied, which was sampled from at least 24 h in advance to
facilitate the necessary water stabilisation (see Appendix B).

Full Figaro resistance results are presented in Fig. 7. Fig-
ure S3 in the Supplement provides an example of a single
[CHy4] transition for LSCE009, which shows that the final
2 min is a suitable representation of stable Figaro resistance
thanks to efficient cell flushing, unlike a long cell residence
time observed in other work (Rivera Martinez et al., 2023).
Figure S3 also shows that there is little noise in System B
Figaro measurements. Therefore, a 2 min resistance average
was derived at the end of each 15 min sampling period (high-
lighted in Fig. 7). Although a longer averaging period could
have been used, we decided to minimise this duration to
2min for maximal possible stability. A specific R ppm ref-
erence baseline was then derived for this test by fitting a
second-order polynomial to the final 15 min of each 1 h stan-
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Figure 7. (a) Measured resistance for five Figaro sensors (black
dots) under exposure to various methane mole fraction intervals
up to 1000 ppm. Highlighted coloured dots represent 2 min periods
used to derive average resistance values for each methane step (see
legend for corresponding sensor colours). White-highlighted dots
indicate periods used to derive standard gas reference resistances
for each sensor, and coloured lines show respective polynomial ref-
erence resistance fits. (b) Corresponding mole fraction observations
from the Picarro G2401. Methane (dark cyan) and carbon monox-
ide (dark magenta) mole fraction measurements are plotted on the
left-hand axis. Carbon dioxide (dark yellow) mole fraction measure-
ments are plotted on the right-hand axis. Carbon dioxide measure-
ments become unreliable at a high methane mole fraction due to
spectral overlap.

dard (ambient laboratory air) sampling period, except the
first period, for which 45 min of sampling was instead used
(see Fig. 7). Roppm was not derived from Eq. (4) in this test,
as derived empirical Eq. (4) model parameters from Sect. 3.3
are only valid in System A under specific System A flow
dynamics and with a specific System A T, measurement.
By instead using a polynomial R ppm fit, any reference re-
sistance variability was incorporated into R;ppm during the
test, which may occur due to small environmental changes.
In any case, temperature and [H,O] both remained stable:
[H>O] was on average 1.002 & 0.001 % during R; ppm sam-
pling periods according to the Picarro G2401 HPR, and Sys-
tem B temperature was on average 34.2 + 0.2 °C according
to the SHTSS inside the System B cell.
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Figure 8. The ratio between each 2 min average Figaro resistance
(from 15 min sampling intervals) and its corresponding reference
resistance estimate (crosses), plotted against methane mole fraction
for five Figaro sensors (see legend for respective colours). A model
fit for each sensor (coloured lines) is plotted according to Eq. (6).

For each 2 min Figaro resistance average, corresponding
Picarro G2401 [CH4] averages were derived. Wet [CH4] is
used here and throughout this paper to minimise errors as-
sociated with the internal Picarro G2401 water correction,
especially at higher [CH4], where spectral overlap becomes
more prominent and [H,O] measurements become less reli-
able. For [CH4] of over 100 ppm, [CH4] was instead derived
from the mass-flow controller setting, as the Picarro G2401 is
less precise at high [CH4]. Water was then reintroduced into
these dry [CH4] estimates. The ratio between each measured
resistance average and its corresponding polynomial R3ppm
estimate was then deduced and plotted against its respective
[CH4] value in Fig. 8.

Figure 8 suggests that the resistance ratio follows a power-
law decay behaviour, whereby the resistance ratio slowly
tends towards zero as [CH4] enhancement (above the 2 ppm
standard) tends to infinity. However, a simple power-law fit
cannot be used here: when mole fraction enhancement is
equal to zero (i.e. when [CHy4] is equal to the 2 ppm stan-
dard), the resistance ratio must be equal to unity (i.e. R2 ppm
must equal R). Therefore, Eq. (5) is proposed, where 1 is
added to the CH4 gas term to satisfy this requirement.

CH41 -2 —a
R =R3ppm (Ta, [H20]) - <1 + <[ﬂ%>>

M,]—[M Ve
_1—[<1+<[ =1 ]og>> )
g Ce

Here, a is the characteristic methane mole fraction and o
is the methane power. Other reducing gases (g) may be in-
cluded in Eq. (4) depending on sampling conditions, where
[M] is the mole fraction of g, [M ]y is the standard mole frac-
tion of g (in ambient air), ¢ is the characteristic mole fraction
of g and y is the power of g. Equation (5) is a general equa-
tion which allows any potential reducing gases to be incor-
porated in Figaro resistance response. However, for a more
specific case when [M] is equal to [M]o, as in standard gas,
these multiplicative terms tend to unity and can be ignored
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from Eq. (5), thus simplifying to Eq. (6).

CHyl -2 —a
R~ Ryppm (Ta. [H20]) - (1 " (M)) ©

Thus, rather than deriving ¢ and y for each potential reducing
gas, Eq. (6) only focuses on a single variable gas (CHy, in this
case), which is responsible for most resistance variability.

This model fits the System B measurements of resistance
ratio (i.e. measured resistance averages divided by their cor-
responding polynomial R; ppm estimates) from the CHy char-
acterisation test very well (see Table 4 for a and « for the
five tested sensors), which justifies our 2 min averaging ex-
perimental approach. This model fit yields an RMSE re-
sistance ratio of no more than +1% Q Q™! and an R? of
0.9993 £ 0.0005 for the five sensors. This means that over a
1000 ppm [CHy4] range, the ratio between measured Figaro
resistance and standard reference resistance can be predicted
to within %1 %, thus allowing [CH4] estimates to be derived
by comparing measured resistance to Rz ppm. Equation (6)
was also inverted to make [CH4] the subject. Using the same
original fitting parameters provided in Table 4, this revealed
an inverted [CH4] RMSE of no more than +31 ppm for the
model fit over the full 1000 ppm range (see Table 4 for indi-
vidual values). Applying a [CH4] threshold reduced this un-
certainty further, as [CH4] is more accurate at lower [CH4],
where there are more data points. Taking [CH4] values of
28 ppm and lower (nine targeted [CH4] levels) and using the
same fitting parameters from the extended [CHy4] range re-
sulted in a reduced inverted [CH4] RMSE uncertainty of no
more than +0.85 ppm. Though it is possible to derive bet-
ter fitting parameters in this reduced [CH4] range, the ex-
tended [CH4] range permits better characterisation of the
natural power decay behaviour. Furthermore, characterising
only small [CH4] enhancements limits the model to such cir-
cumstances; this may be desirable in cases in which there is
certainty that sampled [CH4] enhancements will remain low.

Although there is a good CH4 model fit for the extended
[CH4] range, in practice, [CH4] can only be derived from
the ratio between measured resistance and Rz ppm. The resis-
tance ratio for a 1 ppm enhancement above the background
(to 3 ppm [CHy4]) would be between 0.980 and 0.986 2 Q!
for the five tested sensors, while the resistance ratio for
a 48 ppm enhancement above the background (to 50 ppm
[CH4]) would be between 0.582 and 0.683 Q2 Q2! (see Ta-
ble 4 for individual values). This makes small [CH4] en-
hancements difficult to detect; a transition from 2 to 3 ppm
[CH4] results in a resistance drop of as little as 1 %. Thus,
[CH4] estimation using Eq. (6) requires good modelled
R ppm estimates (from Sect. 3.3) in order to derive a reliable
resistance ratio.

3.5 Carbon monoxide influence

[CO] can vary in natural ambient air depending on nearby
pollution (e.g. petrol and diesel cars) but is typically of the
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Table 4. Equation (6) methane model parameters for five Figaro sensors, with the R? and RMSE for each model fit. Inverted methane
mole fraction RMSE values are also given over the full 1000 ppm range and with a 28 ppm threshold. The expected ratio between measured

resistance and Rj ppm is also provided for a 1 and 48 ppm [CH4] enhancement above the 2 ppm background.

Sensor a o R? RMSE Inverted Inverted RMSE with  Resistance ratio at  Resistance ratio at
(ppm) @~ RMSE 28 ppm [CHy] 3ppm [CHy] 50 ppm [CH4]
(ppm) threshold (ppm) @b Qe b
LSCEO001 263 0368 0.9997 £0.0038 +12 +0.37 0.986 0.683
LSCE003 232 0357 09997 £0.0041 +16 +0.41 0.985 0.670
LSCEO005 30.2 0461 0.9993  £0.0068 +15 +0.68 0.985 0.645
LSCEO007 31.3 0439  0.9993  £0.0065 +13 +0.69 0.986 0.665
LSCE009 247 0502  0.9986 £0.0099 +31 +0.85 0.980 0.582
order of 10~! ppm. As CO is a potent reducing gas, the im-
portance of CO variations within standard ambient air was
tested with four sensors (LSCE002, LSCE004, LSCE006 and (a) Figaro Traces
LSCEO008) in System B. Figaro resistance at 0.1 ppm [CO] - -
was compared to a 0.0ppm [CO] standard baseline refer- “
ence (with only CO removed). An ambient target gas cylin- & @
der filled with outside air (2 ppm [CH4] and 0.15 ppm [CO]) -] s
was split into two gas streams: one stream was directly from g | )
the cylinder and the other stream passed through a chemical % o 3 1ScEon o g
CO scrubber (Sofnocat 514, Molecular Products, Limited, % & rm-riscengs S %
Harlow, Essex, UK). The 0.0 ppm [CO] reference was first = 5
sampled for at least 1 h. Then, 0.1 ppm [CO] was sampled in o o
four 15 min intervals. Each 0.1 ppm interval was followed by - -
15 min sampling the 0.0 ppm [CO] reference. A fixed 8 °C N e ”
I I I I I

dew-point setting was applied and a sufficient [H,O] stabili-
sation period preceded this test.

Figaro resistances and corresponding HPR measurements
are presented in Fig. 9. [CH4] remained fixed at 2ppm
throughout this test, allowing us to assess the independent in-
fluence of CO on Figaro resistance in the standard gas (nat-
ural ambient air). A 5min average was taken from the end
of each 15min 0.1 ppm [CO] sampling period (highlighted
in Fig. 9). Although Fig. 9 shows that the sensors stabilise
relatively quickly in response to CO, we decided to err on
the side of caution and to limit the averaging period to the
final 5min out of 15 min based on the observed resistance
delay in the CHy4 test (see Fig. S3). A baseline reference was
then derived by fitting a second-order polynomial to the final
5 min of each 15 min reference (0.0 ppm [CO]) sampling pe-
riod, except the first period for which 45 min was used (see
Fig. 9). [H,O] was on average 0.983 £ 0.001 % during these
reference sampling periods according to the Picarro G2401,
and System B temperature was on average 31.3 +0.1 °C ac-
cording to the SHT85 sensor inside the cell.

The resistance ratio between each Smin 0.1 ppm
[CO] average and its corresponding modelled ref-
erence (0.0ppm [CO]) resistance was derived. Four
individual resistance ratios were acquired and then
averaged for each sensor: 0.9922+0.0006 Q Q!
for LSCE002, 0.993640.00062Q~! for LSCE004,
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Figure 9. (a) Measured resistance for five Figaro sensors (black
dots) when varying the carbon monoxide mole fraction in stan-
dard gas between 0.0 and 0.1 ppm. Highlighted coloured dots rep-
resent 5 min periods used to derive an average resistance for each
0.1 ppm interval (see legend for corresponding sensor colours).
White-highlighted dots indicate periods used to derive 0 ppm ref-
erence resistances for each sensor, and coloured lines show re-
spective polynomial reference resistance fits. (b) Corresponding Pi-
carro G2401 observations. Methane (dark cyan) mole fraction mea-
surements are plotted on the left-hand axis, and carbon monoxide
(dark magenta) mole fraction measurements are plotted on the right-
hand axis.
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0.9960 £ 0.0009 2 Q! for LSCE006 and
0.9950 +0.0005 Q2 Q! for LSCE008. Thus, a standard
gas transition from 0.0 ppm to 0.1 ppm [CO] results in less
than 1% resistance decrease. This low CO sensitivity is
likely due to the incorporation of an internal CO filter.
This small CO resistance effect could become important
in the context of small [CH4] variations accompanied by
an incredibly stable Rjppm baseline, allowing minuscule
resistance variations to be observed. However, in typical
applications, less than 1 % resistance change will not be an
important factor, and thus CO can usually be excluded from
Eq. (5). Furthermore, gas sensitivity declines with increasing
mole fraction (i.e. a [CO] transition from 0.1 to 0.2 ppm will
result in an even smaller resistance decrease).

3.6 Carbon dioxide response

Figaro sensors naturally respond to reducing gases. As CO;
is the most oxidised gaseous form of carbon (with no reduc-
ing potential), it is not expected to influence Figaro resis-
tance. To verify a null CO; effect, two synthetic air cylinders
(Deuste Gas Solutions GmbH) containing 5000 ppm [CO;]
and 1000 ppm [CO,] were sampled using System B. Both
cylinders contained similar ambient quantities of CHy and
CO. After sampling gas from the zero-air generator, each
cylinder was sampled for two short intervals, before return-
ing to zero-air generator gas. Then an ambient target gas
cylinder filled with outside air was sampled. Four sensors
were tested (LSCE002, LSCE004, LSCE006 and LSCE008)
at a fixed dew point, resulting in [H,O] of 0.649 £ 0.006 %
for this test. A sufficient water stabilisation period preceded
this test.

Figaro sampling results for this CO; test are presented
in Fig. S4 (see Supplement), alongside corresponding HPR
measurements. Figure S4 shows that both synthetic air
sources result in the same Figaro resistance decrease. This
consistent decrease is principally due to the similar [CH4]
content of both cylinders. Meanwhile, ambient target gas re-
sults in a much larger resistance decrease, as observed in
Sect. 3.2. Therefore, CO; can rightly be eliminated as a
species of concern when interpreting Figaro resistance mea-
surements.

3.7 Oxygen response

Oxygen naturally forms 20.95 % of dry air at sea level. As
an oxidising gas, increasing [O] should elevate Figaro re-
sistance, in contrast to the opposite effect of reducing gases,
such as CHy. To verify this behaviour and to quantify the
importance of [O,] variability, zero-air generator gas was di-
luted with nitrogen gas (99.999 %, Air Products SAS, Saint
Quentin Fallavier, France) using System B. Following at
least 1h of zero-air sampling, [O;] was gradually depleted
to half its ambient atmospheric background level, stepwise,
in 15 min intervals in three cycles. Each cycle was concluded
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with a 45 min period of sampling zero-air generator gas. Five
Figaro sensors were tested (LSCE002, LSCE004, LSCEQ06,
LSCEO008 and LSCEO010) at an 8 °C dew point. A sufficient
water stabilisation period preceded this test.

For each [O] level, 2 min average resistances were taken
from the end of each 15 min sampling period (see Fig. 10).
Corresponding wet [O;] estimates were derived for each re-
sistance average using the mass-flow controller setting and
[H>O]. An [H>O] value of 1.008 = 0.002 % was derived from
the Picarro G2401 during 2 min averages at the maximum
[O] level (other HPR measurements could not be used due
to peak broadening effects at lower [O;]). Average Figaro
resistance is plotted against [O;] in Fig. 10, which shows
that decreasing [O3] leads to a reduced Figaro resistance,
in agreement with other SMO sensors (Yang et al., 2020).
This behaviour is expected for Figaro sensors (van den Boss-
che et al., 2017; Glockler et al., 2020), as desorbing oxy-
gen from the SMO surface releases electrons into the bulk
semiconductor material. For the five tested Figaro sensors,
a 1.8 % [O2] drop results in a 0.8 £0.1 % Figaro resistance
decrease. Furthermore, inferring a linear fit between the two
highest [O3] points reveals a 0.0021 = 0.0003 % Figaro resis-
tance decrease corresponding to an [O;] decrease of 0.001 %
(10 ppm), typical of natural ambient [Oy] variability. This
small effect means that oxygen can be ignored from most
Figaro characterisation work, as near-surface changes in am-
bient [O,] are negligible. This test also shows that Figaro
sensors are insensitive to small changes in oxygen partial
pressure (which is directly proportional to [O>] at fixed at-
mospheric pressure). Oxygen partial pressure is also directly
proportional to net atmospheric pressure (at fixed [O2]).
Thus, we can infer from this test that Figaro resistance re-
sponse is insensitive to small changes in net atmospheric
pressure.

4 Field testing
4.1 Field deployment

Here we discuss Figaro autonomous field testing. All 10
System A loggers were deployed at the SUEZ Amailloux
landfill site in the west of metropolitan France (46.7568° N,
0.3547° E). A landfill site served as an ideal initial field test-
ing location, as it is a large area emission source producing
CH4 throughout the year, with occasional [CH4] enhance-
ments above the background of the order of 10! ppm. SUEZ
Amailloux landfill topography gradually evolves over time as
new cells are opened, filled, and then covered over with soil
and geomembrane. The site features biogas collection infras-
tructure, in common with other European landfills (Daugela
et al., 2020). The location of the 10 System A loggers is pro-
vided in Fig. 11, with an example of field installation shown
in Fig. 1. The loggers were typically positioned on covered
soil, away from any direct point emission sources, except for

Atmos. Meas. Tech., 16, 3391-3419, 2023



3406 A. Shah et al.: Methane gas and environmental response of the Figaro TGS 2611-E00

(a) Figaro Traces

o g _ﬂ o

< <

a ™ o~ W o
S W UL s

U

g = i 2z £
§ < U - < §
s o “@ e
3 o o 8
£ & Ao

& t S &

o f 1 [ o

N g ) A N

T

9:00 21:00 23:00 01:00 03:00 05:00
Time (UTC)

(b) 50
45

ey

Resistance (kQ)
2

[Se]
n

20

0 2 4 6 8§ 10 12 14 16 18 20 22
Oxygen Mole Fraction (%)

+ LSCE002 + LSCE006 - LSCE008 - LSCE010

Figure 10. (a) Measured resistance for five Figaro sensors (black
dots) when depleting the oxygen content of gas from a zero-air gen-
erator with nitrogen gas. Highlighted coloured dots represent peri-
ods used to derive 2 min average resistance values for each interval
(see legend for corresponding sensor colours). (b) Figaro 2 min re-
sistance averages against their corresponding oxygen mole fraction.

LSCEO003, which was placed near a leaking vent. Three log-
gers were moved from an “old” to “new’” location due to site
evolution: LSCE001 was moved between July and November
2021, LSCE010 was moved between February and March
2022, and LSCE009 was moved on 28 April 2021.

As both [CHy4] response (Sect. 3.4) and R; ppm (Sect. 3.3)
characterisation tests were performed on five sensors
(LSCE001, LSCE003, LSCE005, LSCE007 and LSCE009),
these five System A loggers will be the focus of subse-
quent analysis. These sensors sampled in the field between
20 March and 16 November 2021 (period 1) and then be-
tween 22 December 2021 and 27 March 2022 (period 2).
Sensor testing was performed between these two sampling
periods. LSCEOOS stopped transmitting data on 19 October
2021. Other minor data gaps occurred due to data transmis-
sion issues.

4.2 Reference resistance modelling

For the five selected Figaro sensors, R ppm Was modelled for
all field sampling using Eq. (4). The ratio between measured
resistance and R ppm may then subsequently be used to de-
rive [CHy], following Eq. (6). The R; ppm model used, as in-
put, raw measured T and derived [H,O] from the SHT85
inside each System A enclosure. [H,O] was derived using
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the same procedure outlined in Sect. 3.3 where Eq. (3) was
used (Murray, 1967). Modelled R ppm for the five System A
loggers is presented in Fig. 12 for period 1 and in Fig. 13
for period 2. Measured resistance values are also presented
in Figs. 12 and 13, which show a consistently elevated mea-
sured resistance above the 5 k<2 load resistance. It may there-
fore be better to use a higher load resistance in future work to
provide better measurement sensitivity (see Sect. 2.1). Nev-
ertheless, SkS2 is plainly sufficient for this work, as small
peaks and troughs are clearly detectable.

Figures 12 and 13 show that the Eq. (4) Rzppm model
can replicate some features of measured resistance due to
the incorporation of water and temperature effects. The Per-
son correlation coefficient (P) between measured resistance
and R;ppm (given in Table 5) is greater than half for all but
one sensor (LSCE003) during both period 1 and period 2.
Poor correlation for LSCEQO03 is hardly surprising, consider-
ing its placement near a leaking vent. Yet for all five sen-
sors there is a general disparity between modelled R ppm
and measured resistance, which outweighs any correlation,
based on average resistance ratios for both periods, provided
in Table 5. For reference, a ratio between measured resis-
tance and R;ppm of 1 corresponds to [CH4] of 2 ppm (stan-
dard air). Thus, Table 5 values should be close to 1 or slightly
less than 1 if generally sampling [CH4] enhancements, as ex-
pected for LSCEO003, which is near a CHy leak. A ratio more
than 1 (i.e. when R ppm is less than measured resistance) cor-
responds to [CH4] below 2 ppm, which is impossible in the
absence of a potent CHy sink.

Table 5 resistance ratio averages suggest that Eq. (4)
R3 ppm model performance is unsatisfactory for the ultimate
purpose of estimating [CH4], where an enhancement above
the background of 1 ppm [CH4] can correspond to a resis-
tance drop of as little as 1 %. Figure 12 shows that during
period 1, measured Figaro resistance was larger than R; ppm
(a ratio greater than 1) for all five sensors most of the time,
except for some overlap for LSCE009 up to June 2021. Re-
sistance disparity was particularly stark for LSCE007, with
an average period 1 resistance enhancement of +78 + 15 %
compared to R; ppm. Conversely, for period 2, Fig. 13 shows
that resistance ratios decreased for all five sensors and were
closer to 1 (see Table 5), resulting in generally better R; ppm
agreement. However, Fig. 13 shows no period 2 improvement
in capturing the nuances of daily temperature and [H, O] vari-
ations. For LSCE005 and LSCEO009, the period 2 resistance
ratio was less than 1 (within the uncertainty range), which
would imply consistently enhanced [CH4] above 2 ppm that
was otherwise absent during period 1 (unlikely).

The reproduction of an Rjppm baseline that can well-
incorporate environmental variability is essential to model
[CH4] enhancements above the 2 ppm standard background
level using Eq. (6). Based on model R;ppm and resistance
measurements presented in Figs. 12 and 13, [CH4] cannot be
derived here in this way. There may be other factors causing
resistance disparity; this must first be addressed before this
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Figure 11. System A logger locations at the SUEZ Amailloux landfill site. Three sensors were moved from location “old” to location “new”
(see text for details). The background image is taken from © Google Maps (imagery (2021): CNES/Airbus, Maxar Technologies).

Table 5. The average ratio and P between System A measured resistance and derived standard 2 ppm [CH4] Figaro reference resistance
while sampling at the SUEZ Amailloux landfill site during period 1 and period 2. Standard deviation uncertainties for resistance ratios are

given.
Sensor Period 1 resistance  Period 1 P Period 2 resistance  Period 2 P
ratio (2 Q1) ratio (2 Q1)
LSCE001 1.46+0.14 0.663 1.06 +0.11 0.733
LSCE003 1.20+0.18 0.417 0.964+0.13 0.107
LSCE005 1.35+0.11 0.822 0.89 +0.05 0.892
LSCE007 1.78 £0.15 0.678 1.07 £0.05 0.874
LSCE009 1.08 £ 0.09 0.772 0.85+0.03 0.924

sensor can be used to estimate parts-per-million-level [CHy]
enhancements in future, which we discuss in Sect. 5.1.

5 Discussion

5.1 Field reference resistance disparity

In this section we attempt to understand the cause of poor
agreement between R;ppm (modelled from temperature and

[H,O]) and measured resistance, as presented in Sect. 4.2,
and the reasons why 2 ppm [CHy4] reference resistance dis-
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parity was different before sensor testing (period 1) com-
pared to after sensor testing (period 2). From Sect. 3.3, the
Eq. (4) model yielded excellent R;ppm agreement during
chamber testing (see Table 2), with an R; ppn RMSE below
+1 k<2 for the five tested sensors and an R“ of at least 0.96.
However, modelling R;ppm in the field was more challeng-
ing than in a controlled environment, with disparity between
R2ppm and measured resistance up to the order of 10! k<.
In addition, this resistance ratio decreased for all five sen-
sors in period 2, though the cause of this change is not clear.
As Eq. (4) model parameters were derived using the same
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System A field loggers, supply voltage variation is not an
issue. Furthermore, high-precision voltage regulators inside
System A (see Sect. 2.2) ensure that Figaro supply voltage
remains the same, regardless of using a charger (in the envi-
ronmental chamber) instead of a solar panel (in the field) to
charge the battery. Alternatively, changes in the [CH4] back-
ground level may have affected R; ppm, but this was also un-
likely to be responsible, as we also conducted regular on-site
and off-site sampling campaigns (not shown), during which
no excessive abnormalities in general [CHy] variability were
observed. Thus, we expect emissions from the SUEZ Amail-
loux landfill site to remain at a relatively consistent order of
magnitude throughout the year.

One possible cause of poor R; ppn fitting was the compo-
sition of air during environmental chamber testing. On the
one hand, no [CH4] or [CO] irregularities were observed in
the chamber by the Picarro G2401 HPR. However, the results
presented in Fig. 3 point to the presence of a different reduc-
ing species in air otherwise absent in clean synthetic gas (see
Sect. 5.2 for further discussion). It is possible that the com-
position of these interfering compounds was different in the
chamber compared to the landfill site, either through high-
temperature chamber degassing or due to the natural ambi-
ent composition of the surrounding chamber environment.
A cocktail of trace gas species (other than CHy and CO»)
can be emitted from landfill sites, including sulfides, ammo-
nia, alcohols, alkanes, alkenes and aromatics, which vary by
many orders of magnitude in different landfill sites (Duan et
al., 2020). Yet, the pronounced resistance ratio jump from pe-
riod 1 to period 2 does not support this hypothesis as the prin-
cipal cause of resistance disparity. If R ppm model parame-
ters were consistently unsuitable, one would expect field re-
sistance to consistently exceed Rz ppm and not to erroneously
decrease in period 2.

Another possibility for poor R ppm agreement with mea-
sured resistance is differences in Figaro cooling dynamics in
the environmental chamber compared to the field. Further-
more, van den Bossche et al. (2017) showed that the location
of a temperature measurement can be highly influential con-
cerning its application in any correction model. We therefore
used the same System A logger in both applications (cham-
ber testing and field deployment) to minimise such effects.
Yet, Figaro airflow may still vary depending on conditions
exterior to System A. In the field, the logging enclosures
faced downwards, where lateral winds could influence up-
wards airflow from the downwards-facing fan due to a vac-
uum effect. On the other hand, boxes faced sideward in the
chamber, with a large chamber fan for air circulation. These
two scenarios may have cooled the Figaro sensors inside the
System A enclosure differently such that the temperature gra-
dient between the SHT85 environmental sensor and the Fi-
garo varied, rendering the empirical Eq. (4) Rzppm model
unusable.

Section 4 shows that there is an unexplained jump in re-
sistance ratio from period 1 to period 2. Yet, the above dis-
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cussion suggests that the R;ppm model may be fundamen-
tally flawed, either due to airflow effects or different levels of
other interfering reducing gas species (see Sect. 5.2 for fur-
ther discussion). Instead of resistance ratio, it may be better
to analyse raw resistance measurements. Maybe, cooler and
drier period 2 conditions (largely coinciding with boreal win-
ter) erroneously exaggerated R;ppm. The full Ta and [H>O]
measurement range is presented in Fig. 14 for both periods
as box plots for comparison, along with the measured Figaro
resistance range. When actual resistance measurements are
assessed, there is a large overlap between period 1 and pe-
riod 2 over the full sampling range. Nevertheless, Fig. 14
shows that measured resistance was significantly lower for all
five sensors in period 2 considering the interquartile range,
particularly for LSCEO005 and LSCE(007. Yet in view of an
equally significant temperature and [H,O] period 2 decrease,
it is possible that these environmental effects may account
for the period 2 resistance drop if a better Ry ppm model were
used, thus improving R; ppm agreement with measured resis-
tance.

A final cause of disparity between R ppm and measured
resistance may be spontaneous variations in the sensor itself,
causing the original R ppm model parameters to become in-
valid. However, the fact that resistance ratio decreased for all
five sensors in period 2 makes this hypothesis unlikely. In-
stead, something may have physically altered the natural be-
haviour of multiple sensors during testing, such as the trans-
fer from System A to System B or extreme [H>O] or temper-
ature conditions. Alternatively, high concentration exposure
to certain gases can cause permanent sensor damage, which
may have occurred some time between period 1 and period 2.
While such effects may have been a contributory factor, the
most likely cause of reference resistance disparity from ac-
tual resistance measurements (and the change in resistance
ratio from period 1 to period 2) is a poor R; ppm model which
did not suitably account for sampling conditions in the field.

5.2 Characterisation approach and future
improvements

Here we discuss our general Figaro testing approach and
compare our methods to other work conducted with the Fi-
garo TGS 2611-E00, along with studies on other Figaro sen-
sor types. In Sect. 3.2, we derived Rz ppm using an environ-
mental chamber. However, characterising SMO sensors us-
ing an environmental chamber calibration has proved chal-
lenging in the past. For example, Eugster et al. (2020) at-
tempted their own chamber characterisation of the less se-
lective (but more sensitive) Figaro TGS 2600 but yielded
unsatisfactory results. They instead employed a long-term
HPR field calibration (Eugster et al., 2020). Field calibra-
tion has proved popular for the TGS 2600 by using ambient
HPR measurements to optimise model parameters (Eugster
and Kling, 2012; Casey et al., 2019; Collier-Oxandale et al.,
2019) in conditions with a similar environment and pollutant
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gas levels (Collier-Oxandale et al., 2018). An analogous ap-
proach can also be applied to ambient laboratory sampling by
simply leaving a sensor to sample in a laboratory alongside
an HPR (Rivera Martinez et al., 2021), with the aim of sub-
sequent field deployment (Riddick et al., 2020). Yet, ambient
air sensor characterisation can be problematic if various cal-
ibration models are required in different conditions, for ex-
ample in different humidity (Collier-Oxandale et al., 2018)
or temperature (Eugster et al., 2020) regimes.

Despite this, the Figaro TGS 2611-E00 has successfully
been tested in controlled conditions in the past; for exam-
ple, Cho et al. (2022) set an oven to three precise temper-
atures, where [CH4] and relative humidity were externally
controlled to fill a 2dm? test chamber. Although the applica-
tion of their calibration model was tested in controlled condi-
tions, it was not HPR field-tested (Cho et al., 2022). Furuta et
al. (2022) designed a temperature-controlled TGS 2611-E00
testing chamber by placing a heated inner enclosure inside
a larger freezer, where CHy pulses were injected into ambi-
ent air at various temperature settings. However, the sensors
were not HPR field-tested, as this work was more focused
on sensor characterisation (Furuta et al., 2022). As this test
lacked humidity control, large [H, O] variability occurred due
to condensation and evaporation of water from the chamber
walls (Furuta et al., 2022). Bastviken et al. (2020) conducted
chamber testing at various temperature and humidity set-
tings up to 3.5 % [H>O] (humidity was indirectly controlled),
where CHy was injected at each setting. As this calibration
was designed to detect high [CH4] in flux chambers, it was
not extensively field-tested (Bastviken et al., 2020). Instead,
van den Bossche et al. (2017) tested a Figaro sampling cell
in a water bath for improved temperature regulation. Else-
where, Jorgensen et al. (2020) conducted laboratory tests at
three different relative humidity settings, with no temperature
control, assuming constant laboratory temperature. However,
they could not use this test in the field (where zero air served
as a standard gas) and instead employed an HPR field cal-
ibration, assuming invariant environmental conditions (Jgr-
gensen et al., 2020).

Yet, a key limitation of ambient air characterisation is the
requirement of an expensive HPR co-located with each Fi-
garo for a sufficiently long testing duration to derive a robust
long-term model. Unless readily available, this can negate
the central advantage of a cheap SMO sensor. Most of the
System A loggers at the SUEZ Amailloux landfill site were
isolated and distant from sources of mains power which are
required by a typical CH4 HPR. Furthermore, the site is con-
stantly evolving, which is conducive to the deployment of
low-cost sensors powered by a solar panel due to their mo-
bility and ease of remote installation. Thus, we conducted
Figaro characterisation in controlled conditions (i.e. not in
the field). HPR ambient air testing of 10 System A loggers
is not logistically feasible. However, it is worth noting that
it may be possible to characterise R ppm for multiple Figaro
sensors using a single HPR by only selecting sampling dur-

Atmos. Meas. Tech., 16, 3391-3419, 2023



3412 A. Shah et al.: Methane gas and environmental response of the Figaro TGS 2611-E00

ing high winds, assuming the wind to sufficiently dilute any
nearby CHy emission source (although the influence of wind
on sensor cooling would need to be accounted for in such an
approach). Nevertheless, a [CH4] field characterisation can-
not be achieved in this way.

Instead, our controlled chamber calibration approach re-
quired the simulation of environmental field conditions.
Based on our [O;] test (see Sect. 3.7), atmospheric pres-
sure was dismissed as a key factor effecting the TGS 2611-
EO00, in agreement with other work (van den Bossche et al.,
2017; Rivera Martinez et al., 2021). However, environmen-
tal chamber tests revealed a strong [H,O] and temperature
resistance response, as observed elsewhere (Bastviken et al.,
2020; Rivera Martinez et al., 2021; Cho et al., 2022). Tem-
perature may also influence electronic measurement circuitry
(Ferri et al., 2009). We found [H,O] to dominate resistance
at fixed [CH4]. We accounted for these environmental effects
in our calibration approach by deriving a standard R ppm,
following van den Bossche et al. (2017). Whereas van den
Bossche et al. (2017) derived logarithmic relationships be-
tween environmental parameters and standard resistance, we
found linear correlations to be suitable.

Conversely, in many past studies testing the TGS 2600
(Eugster and Kling, 2012; Collier-Oxandale et al., 2018; Eu-
gster et al., 2020; Riddick et al., 2020), TGS 2602 (Casey et
al., 2019; Collier-Oxandale et al., 2019) and TGS 2611-E00
(Bastviken et al., 2020; Jgrgensen et al., 2020; Cho et al.,
2022), a fixed reference resistance has been used, in contrast
to our dynamic R ppm approach. Temperature and water ef-
fects have then subsequently been incorporated into models,
alongside resistance ratio, to yield [CH4] (Collier-Oxandale
et al., 2018). Collier-Oxandale et al. (2019) and Casey et
al. (2019) used this fixed reference approach to derive [CH4]
(as well as other gas mole fractions) by combining input
from various sensors including a TGS 2600 and TGS 2602.
Bastviken et al. (2020) used a combination TGS 2611-E00
environmental correction, where water and temperature were
first incorporated into a dynamic reference resistance and
then subsequently corrected from their resistance ratio.

Despite our best efforts, our dynamic R; ppm model could
not replicate field Figaro resistance measurements. One
cause may have been a misrepresentative temperature mea-
surement during testing compared to field sampling (see
Sect. 5.1 for specific discussion). In light of this temperature
dependence, Eugster et al. (2020) proposed a TGS 2600 heat-
loss model using wind speed, temperature and air heat capac-
ities; however, this model could not predict [CH4] any bet-
ter than their original deterministic model. Elsewhere, Casey
et al. (2019) found that low wind speeds adversely affected
the performance of both linear and ANN [CH4] models,
whose TGS 2600 and TGS 2602 were also inside an enclo-
sure. In light of this potential wind effect, we compared the
resistance ratio with increasing minute-average wind speed
for LSCEQ007, as measured simultaneously by the LSCE007
System A anemometer (Fig. S5 in the Supplement), where
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wind direction was between 180 and 270° (i.e. away from
the active landfill). This test showed that there is no corre-
lation between wind speed and resistance ratio, which there-
fore suggests that our R;ppm model is not fundamentally in-
fluenced by wind speed.

All types of Figaro TGS sensors are clearly affected by
water (Furuta et al., 2022). Yet, when correcting for water ef-
fects, some researchers have used relative humidity (Eugster
and Kling, 2012; van den Bossche et al., 2017; Jgrgensen et
al., 2020; Cho et al., 2022), some have used either [H,O] or
absolute humidity (Collier-Oxandale et al., 2018; Casey et
al., 2019; Collier-Oxandale et al., 2019; Eugster et al., 2020;
Rivera Martinez et al., 2021; Furuta et al., 2022; Rivera Mar-
tinez et al., 2023), and some have mixed both in model com-
binations (Bastviken et al., 2020). As these SMO sensors
respond to absolute water content, we chose [HO] in our
R ppm model, representing the fraction of water molecules in
air. Absolute humidity is a mass fraction, similar to [H>O].
On the other hand, relative humidity represents the proximity
to water saturation (dew point) as a function of temperature.
Thus, [H>O] or absolute humidity typically results in supe-
rior model fitting (Bastviken et al., 2020).

Figaro sensors in general require a sufficient warm-up time
before testing (Honeycutt et al., 2019; Glockler et al., 2020;
Cho et al., 2022; Furuta et al., 2022). They may also slowly
age over time (Eugster et al., 2020; Riddick et al., 2020),
resulting in reduced sensitivity (Eugster and Kling, 2012;
Collier-Oxandale et al., 2018). Collier-Oxandale et al. (2019)
resolved ageing effects by including time as a reference re-
sistance parameter. In principle, ageing can easily be cor-
rected by fitting between calibrations performed at two time
points (Eugster and Kling, 2012). While Riddick et al. (2020)
recommend bimonthly calibrations to account for time, age-
ing is unlikely to be an issue when targeting large (part-per-
million-level) [CH4] enhancements (Rivera Martinez et al.,
2023).

During testing, we characterised each Figaro individually.
Previous work has shown that despite using the same Figaro
type, individual sensors behave differently (Rivera Martinez
etal., 2021, 2023) due to variability in sensor surface charac-
teristics (Bastviken et al., 2020; Riddick et al., 2020; Sieczko
et al., 2020). Our results plainly show that R;ppm (see Ta-
ble 2) and CH4 Figaro responses (see Table 4) vary for each
sensor. However, some sensors were more similar (for exam-
ple LSCE001 and LSCEO003) than others (LSCE009), possi-
bly due to batch production with similar surface characteris-
tics; sensors from the same production batch exhibit a sim-
ilar CHy response (Furuta et al., 2022). The sensors tested
in Sect. 3.4 come from various sources so they were most
probably produced from at least two different batches. In the
past, Cho et al. (2022) applied a single calibration model to
19 different TGS-2611-E00 sensors, but each sensor was as-
signed a unique fixed reference resistance. While this was
crudely laboratory-tested, with an average 8 ppm [CH4] de-
viation (sampling up to 190 ppm), it is not clear if this ap-
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proach was valid in the field (Cho et al., 2022). Elsewhere,
Collier-Oxandale et al. (2018) tested a universal TGS 2600
calibration model, which while promising, could not com-
pete with a sensor-specific model, supporting our approach.

Although our R; ppm model requires improvement, [CHy4]
response was characterised very well up to 1000 ppm in con-
trolled conditions, with a resistance ratio RMSE of no more
than 41 % Q! for the five tested sensors and an R? of at
least 0.997. Our Eq. (6) [CH4] model is similar to the sim-
ple manufacturer-proposed power law (Eugster and Kling,
2012). However, as we used resistance ratio instead of raw
resistance, we included a unity term. This satisfies the re-
quirement that the resistance ratio is equal to 1 in standard
gas (i.e. when [CH4] is 2 ppm). Furthermore, Eq. (5) allows
other sensitive gases to be multiplicatively included.

Our Fig. 8 resistance decay curve is similar to the
TGS 2611-CO0 relationship overserved by Glockler et
al. (2020) up to 9000 ppm [CH4], although they did not de-
rive a model fit. Honeycutt et al. (2019) proposed a Lang-
muirian fit in dry conditions up to 1000 ppm [CH4] for vari-
ous Figaro types. Instead of using a reference resistance, Fu-
ruta et al. (2022) devised a simple [CH4] model for various
Figaro types up to 10 ppm based solely on [H,O] and sensor
resistance, resulting in &1 ppm [CH4] RMSE for three differ-
ent tested TGS 2611-E00 units. Elsewhere, Rivera Martinez
et al. (2021) found a clear resistance decline up to 9 ppm
[CH4], but Figaro TGS 2611-EQ0 resistance changes were
less pronounced than for the TGS 2600 and TGS 2611-C00.
The van den Bossche et al. (2017) study yielded a linear
TGS 2611-E00 [CH4] calibration by sampling six [CH4] lev-
els up to 9 ppm in fixed environmental conditions. Although
TGS 2611-E00 resistance appears linear over a small [CH4]
range, non-linearity increases at higher [CH4] (Honeycutt et
al., 2019; Bastviken et al., 2020). Cho et al. (2022) derived
a resistance power law up to 10000 ppm [CH4] at various
temperature settings. Jgrgensen et al. (2020) also observed
a resistance ratio power fit up to 100 ppm [CHy]. A similar
fit was observed at three different relative humidity settings;
however, this model did not include a unity term as in Eq. (5)
(Jgrgensen et al., 2020), meaning that resistance tends to in-
finity at standard [CHy], rather than a limiting reference re-
sistance. A simple power law also limits the model to a single
gas.

As Jgrgensen et al. (2020) and Cho et al. (2022) targeted
emissions where CHy is the primary reducing gas, their cal-
ibration models only included CHy4. We followed a simi-
lar approach for our landfill emission source by simplify-
ing Eq. (5) to Eq. (6). Alternatively, the TGS 2611-C00 or
even the TGS 2600 may be used where only small interfer-
ing CO enhancements are expected, as the lack of a CO filter
amplifies CHy sensitivity (Eugster et al., 2020). In addition,
Rivera Martinez et al. (2023) showed that the TGS 2611-C00
may be less noisy, making it easier to model [CH4] enhance-
ments above the background than the TGS 2611-E00. This
improved TGS 2611-C00 sensitivity may augment an envi-
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ronmental R;ppm fit. In any case, our Eq. (5) model allows
other gases to be included in future work if necessary. This
may allow the TGS 2611-E00 to be deployed in industrial
locations with high CO emissions. However, before consid-
ering such an approach, improvements in Rjppm character-
isation are first required. The small resistance decrease (be-
tween 1.4 % and 2.0 % for the five tested sensors; see Table 4)
in response to a 1 ppm [CH4] enhancement above the back-
ground emphasises the importance of accurately modelling
R2ppm-

Reference gas testing (Sect. 3.2) revealed that synthetic air
and ambient air (from our laboratory), containing the same
2ppm [CHy], resulted in a different Figaro resistance re-
sponse. A similar effect may have also contributed to dis-
parity between landfill Figaro measurements and R ppm due
to a different air composition in the environmental chamber
compared to the field. A precise gas analysis may identify
Figaro-sensitive species in different gas sources, including
ambient air at the landfill site (Duan et al., 2020), using tech-
niques such as gas chromatography, Fourier-transform IR
spectroscopy or proton-transfer-reaction mass spectrometry,
which is particularly suited to detect volatile organic com-
pounds. However, in reality, this would be arduous as it is not
clear which interfering gases to look for, especially at a land-
fill site (Duan et al., 2020). CHy is the most abundant reduc-
ing gas in natural ambient air followed by CO, which were
both measured by the Picarro G2401 HPR throughout testing
in the environmental chamber and during the laboratory sen-
sitivity tests. Although other alkanes (for example, ethane,
propane and butane) are reducing gases with chemical prop-
erties similar to CHy, they are present in very low quantities
in ambient air. Furthermore, manufacturer testing with isobu-
tane up to 10000 ppm revealed negligible Figaro resistance
response (Figaro Engineering Inc., 2021), though straight-
chain alkanes may behave differently. Similarly, alcohols
may interfere with SMO sensors, but manufacturer testing up
to 10000 ppm of ethanol also showed negligible Figaro re-
sponse (Figaro Engineering Inc., 2021). Hydrogen is the only
other reducing gas known to affect the Figaro TGS 2611-
EO00 (Figaro Engineering Inc., 2021). Maybe different alco-
hols and alkanes (or some other volatile organic compounds,
not discussed here) could play a role, but targeting a spe-
cific reducing species, with no obvious candidate, remains a
challenge. Unfortunately, it is difficult to look to other SMO
prototype sensors to help identify Figaro-sensitive interfer-
ing compounds, as each SMO sensor is unique in its com-
position and behaviour. Therefore, we recommend a robust
analysis of Figaro TGS 2611-E00 gas sensitivities in future
work to help identify potential interfering gas species in am-
bient air. In this work, for simplicity, we used ambient air
as a standard gas rather than clean synthetic gas or zero air
when characterising R;ppm. However, this assumes that the
air composition during testing was similar to ambient air in
the field. A thorough gas analysis may help to confirm this as-
sumption. Alternatively, deploying a field logger containing
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a suite of low-cost SMO sensors with sensitivities to different
gases (including and excluding CH4) may help to shed some
light on the nature of interfering reducing compounds (Casey
et al., 2019; Collier-Oxandale et al., 2019). Such a future test
may offer valuable insight into various Figaro sensitivities
over a prolonged sampling period.

Another potential cause of resistance disparity between the
R3 ppm model and landfill Figaro sampling was the wind dy-
namics around the System A enclosure, as discussed above.
This may be resolved by placing the Figaro sensor in a closed
cell more akin to System B. This permits a controlled sensor
airflow, resulting in consistent sensor cooling effects. It also
buffers temperature changes and allows temperature mea-
surements to be more repeatable in the laboratory compared
to the field. This approach would also enable precise gas ex-
posure during environmental R ppm testing rather than rely-
ing on potentially contaminated air in and around an envi-
ronmental chamber. Furthermore, the Figaro sensor would
not move between loggers, eliminating the chance of dif-
ferent loggers potentially causing spurious jumps in sensor
behaviour. However, a closed-cell logger requires a pump,
which has substantially higher power requirements. This may
push a solar panel power source to its limits, especially in the
mid-latitude winter.

6 Conclusion

A total of 10 Figaro TGS 2611-E00 sensors were deployed
at a landfill site in France, 5 of which were tested to char-
acterise environmental and methane gas response. The ulti-
mate objective was to derive methane mole fraction from sen-
sor resistance. Our characterisation approach first separated
environmental effects by incorporating them into a standard
reference resistance. This enabled the independent character-
isation of sensor response to individual reducing gas species.

Before characterising an environmental baseline resistance
(independent of gas composition), we found that the choice
of standard reference gas has a significant effect on Figaro re-
sistance, despite each gas sample containing the same 2 ppm
methane mole fraction: Figaro resistance was much lower in
natural ambient air compared to both synthetic air and a high-
concentration methane source diluted with zero air (to target
2 ppm methane mole fraction). We therefore used ambient
laboratory air as our testing gas standard, which naturally
contains 2 ppm of methane. Sensor response to temperature
and water vapour mole fraction was then characterised in the
field logging enclosure, which was placed inside a large envi-
ronmental chamber. A four-parameter model was then used
to yield reference resistance from water vapour mole frac-
tion and temperature; the former had the largest influence on
resistance.

This model was then applied to field sampling, where
methane mole fraction was mostly at background levels
(2 ppm). In spite of the capability of the environmental cham-
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ber model fit to derive reference resistance under controlled
conditions at 2 ppm methane mole fraction, reference resis-
tance could not be replicated in field conditions for a variety
of potential reasons. There may have been differences in air-
flow around the logger in the field compared to the environ-
mental chamber, the air composition may have been differ-
ent during chamber testing, or there may have been sponta-
neous sensor variability during transfer between various log-
gers and in different environments.

Nevertheless, our independent methane gas enhancement
characterisation model provided an excellent fit in con-
trolled conditions. This was achieved by taking the ratio
between measured resistance and a reference (background
methane) resistance when sampling up to 1000 ppm methane
mole fraction in incremental steps. We conceived an adapted
power fit between methane mole fraction and this resistance
ratio, with a coefficient of determination of at least 0.999.
When this model was inverted to make methane mole frac-
tion the subject, we derived a root mean squared error of less
than +1 ppm when limited to below 28 ppm. We also showed
that the effect of carbon monoxide is minimal during similar
sensitivity tests.

We propose that future TGS 2611-E00 work should be
conducted with great care to ensure that environmental ef-
fects are well-characterised and that an appropriate choice
of standard gas is used to mirror field sampling conditions.
With improvements in a reference (standard gas) resistance
characterisation, it is evident that the Figaro TGS 2611-E00
sensor has great potential in detecting methane mole frac-
tion with parts-per-million-level precision. A closed sam-
pling cell with a pump may help to achieve this goal, al-
though power requirements will have to be taken into con-
sideration.

Appendix A: Influence of supply voltage

The influence of power supply voltage on both resistance and
CHy sensitivity was characterised by testing a Figaro sensor
(LSCEO009) in System B in our air-conditioned laboratory.
Vs was adjusted from the high-precision power supply unit
(T3PS23203P, Teledyne LeCroy Inc.) in four tests: test 1 was
ata Vs of 5.00V, test2wasata Vs of 5.10V, test 3 was ata Vg
of 5.00V and test 4 was at a Vi of 5.10 V. During each test,
gas from the zero-air generator was first sampled for at least
1 h. Then an ambient target gas cylinder filled with outside
air (1.6 ppm [CO], 2.2 ppm [CH4] and 434 ppm [CO;]) was
sampled in four 15 min intervals. Each ambient target gas in-
terval was followed by 15 min of sampling zero-air generator
gas. A fixed 8 °C dew point was used throughout testing. Gas
at this dew point was sampled from at least 24 h in advance
of test 1.

Figaro resistance results for the four tests are presented in
Fig. Al. For each test, a 2 min average was taken at the end
each 15 min ambient target gas sampling interval, except the
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Figure A1. Measured LSCEOQQ9 resistance (black dots) when vary-
ing between zero air and ambient target gas for (a) test 1 at 5.00V,
(b) test 2 at 5.10'V, (c) test 3 at 5.00 V and (d) test 4 at 5.10 V sup-
ply voltage. Highlighted yellow dots show 2 min periods used to
derive an average resistance value for three ambient target gas sam-
pling periods. White-highlighted dots indicate periods used to de-
rive zero-air baseline resistances, and yellow lines show respective
polynomial baseline fits.

first (see Fig. Al). A O ppm reference resistance baseline was
then derived by fitting a second-order polynomial to the final
2 min of each 15 min zero-air sampling period. [H>O] was on
average 0.975 £ 0.001 % during these 2 min zero-air periods
for all four tests, according to the Picarro G2401, and Sys-
tem B temperature was on average 27.9 + 0.1 °C, according
to the SHT8S sensor inside the sampling cell.

The ratio between each 2 min average ambient target gas
resistance and its corresponding modelled zero-air reference
resistance was acquired. Each of the four tests yielded three
resistance ratios (see Table A1). In addition, for each test, all
zero-air and ambient target gas 2 min average resistance mea-
surements were combined and averaged in Table Al. These
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results show that Figaro resistance is consistently lower at
higher V;; for example, zero-air resistance at 5.00 V is 35 k2,
whereas at 5.10 V it drops to 31 k2. This test also shows that
Figaro sensitivity is consistently lower at a higher voltage
owing to a lower resistance ratio. At 5.00V, the resistance
decreases by 22 % when transitioning from zero air to am-
bient target gas, whereas at 5.10V, there is a smaller 19 %
resistance decrease.

This resistance and sensitivity decrease at 5.10 V empha-
sises the importance of maintaining a fixed and reliable 5V
Vs to maintain consistency between sensor testing and field
application. This effect is possibly due to a higher heater tem-
perature at higher Vg, resulting in lower resistance, as pro-
posed in Eq. (4). Similarly, van den Bossche et al. (2017)
found that a 10mV change in heater voltage resulted in a
roughly 1 ppm error in their [CH4] estimate at constant am-
bient temperature. However, this does not explain reduced
Figaro sensitivity. This sensitivity effect may be caused by a
change in the density of electrons within the SMO conduc-
tion band under an elevated potential difference.

Atmos. Meas. Tech., 16, 3391-3419, 2023
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Table Al. Average zero-air and ambient target gas resistances during 2 min averaging periods for four tests at two different supply voltage
settings. The resistance ratio for each 2 min ambient target gas average is given, compared to a zero-air baseline reference resistance.

Test Supply  Average baseline (zero-  Average target gas  Resistance ratios

voltage air) resistance (k€2) resistance (k€2) (22 Q_l)
Test1 5.00V 353+£0.3 27.7£04 0.7837+£0.0003;
0.7832 £ 0.0003;
0.7824 £ 0.0003
Test2 5.10V 314+£0.5 255+£0.6 0.8125+£0.0003;
0.8105 £ 0.0003;
0.8096 £ 0.0003
Test3 5.00V 352402 27440.1  0.7796 £ 0.0003;
0.7788 £ 0.0003;
0.7784 £ 0.0003
Test4 5.10V 31.3£0.6 25.3£04 0.8083 +£0.0003;
0.8080 £ 0.0003;
0.8080 £ 0.0003
Appendix B: Water response delay 51 24
50 223
Figaro sensors exhibit a delayed response to [H,O] changes. 10 ] = 50 §
Figure B1 shows an example of [H,O] decrease, while a Fi- . ] e 2
garo sensor (LSCE010) continuously sampled gas from the %}48 b g
zero-air generator in System B. The dew-point setting was 2_‘:47 1‘6;
abruptly reduced from 20 to 8 °C, resulting in a 1 % [H,O] § 40 14 2
drop. Sensor resistance appeared to overshoot in response Khs 12 5.:
to this [HO] change and slowly decayed back to a stable sS4 Loz
level over many hours. [H,O] was (1.116 +0.002) % be- 543 0.8§
tween 07:30 and 14:30 UTC, according to the Picarro G2401, Es) 0.6
while System B temperature was 30.2 + 0.2 °C, according to 41 04 E
the SHTSS inside the cell, with a small 0.07°Ch~! increase 40 02 &
(when applying a linear fit). This negligible temperature 39 ; 0.0
change suggests that the observed resistance decay is pre- %, O Y% G ‘o ly Lo L ly
dominantly an artefact of the water transition. The cause of D % Y %

this effect is not fully understood. It may be related to water Time (UTC)

desorption dynamics on the surfaces between grain bound- Figure B1. Figaro LSCE010 measured resistance (grey points; left-

aries. Water desorption may not be homogenous throughout
the sensor, causing a prolonged delay in reaching a resistance
equilibrium. Whereas Rivera Martinez et al. (2021) allowed
35 min and van den Bossche et al. (2017) allowed 70 min for
[H,O] stabilisation, our test shows that many hours of sam-
pling at fixed [H,O] are needed for sufficient water stabilisa-
tion; 1 full day of constant Figaro exposure is recommended.
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hand axis) in response to a water vapour mole fraction drop, as mea-
sured by the Picarro G2401 (dark yellow points; right-hand axis),
while sampling zero-air generator gas inside System B.

Data availability. Data are available upon request from the corre-
sponding author.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/amt-16-3391-2023-supplement.
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