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Abstract

Methane is the second most important greenhouse gas after CO2 and contributes to
global warming. Its sources are not uniformly distributed across terrestrial and aquatic
ecosystems, and most of the methane flux is expected to stem from hotspots which
often occupy a very small fraction of the total landscape area. Continuous time-series5

measurements of CH4 concentrations can help identify and locate these methane hot-
spots. Newer, low-cost trace gas sensors such as the Figaro TGS 2600 can detect
CH4 even at ambient concentrations. Hence, in this paper we tested this sensor un-
der real-world conditions over Toolik Lake, Alaska, to determine its suitability for pre-
liminary studies before placing more expensive and service-intensive equipment at10

a given locality. A reasonably good agreement with parallel measurements made us-
ing a Los Gatos Research FMA 100 methane analyzer was found after removal of
the strong cross-sensitivities for temperature and relative humidity. Correcting for this
cross-sensitivity increased the absolute accuracy required for in-depth studies, and the
reproducibility between two TGS 2600 sensors run in parallel is very good. We con-15

clude that the relative CH4 concentrations derived from such sensors are sufficient for
preliminary investigations in the search of potential methane hot-spots.

1 Introduction

Methane is the second most important greenhouse gas after CO2 and increases in its
concentration contributes to global warming. Its sources are not uniformly distributed20

across terrestrial and aquatic ecosystems, and often the highest methane fluxes come
from localized hotspots which may occupy only a very small area of the total land-
scapes.

In the Arctic, such hotspots are generally associated with wetlands or shallow waters
where sedge species with aerenchyma vent methane produced in the anoxic sedi-25

ments to the atmosphere (Reeburgh et al., 1998). Lakes can be hotspots of methane
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emissions under certain circumstances during turnover or mixing events (Eugster et al.,
2003). Often, large methane fluxes from lakes are associated with ebullition (DelSon-
tro et al., 2010; Eugster et al., 2011); in the Arctic this is easily visible during the cold
season thanks to bubbles trapped in the ice (Walter et al., 2006). One approach to find
hotspots is to move a gas analyzer across the landscape and observe the concentration5

changes in the near-surface atmosphere that can be associated with a point-source of
methane emissions. So far, this was mostly done with sensors carried by helicopter
(e.g., Karapuzikov et al., 1999; Zirnig et al., 2004; Dzikowski et al., 2009; Haifang et al.,
2011), by small aircraft (e.g., Hiller et al., 2011), by ground based laser scanning (e.g.,
Gibson et al., 2006) or surface surveying with a field-portable flame-ionization detector10

(e.g., Schroth et al., 2012). All these approaches however fail if such hotspots are not
constantly emitting methane. In such cases, a random walk survey may leave a mis-
leading picture if the temporal dynamics of the methane emissions are unknown.

This is specifically the case in arctic lakes, where methane is expected to be pro-
duced in the anoxic lake bottom sediments. Due to thermal stratification of the waters15

(warmer waters on top of cold bottom waters), even high methane production at the
bottom may not automatically lead to high emissions at the lake surface due to lack of
mixing in the lake. Hence, a systematic sampling over longer time periods is essential to
quantitatively measure the potentially short periods of high methane emissions during
specific mixing or turnover events (e.g., as caused by cold-front passages; MacIntyre20

et al., 2009). Similarly, it has been shown for soil N2O fluxes that careful consideration
of spatial autocorrelation is necessary to obtain a representative flux estimate from
a given area (Folorunso and Rolston, 1984).

Such systematic sampling measurements are still rather costly, and hence we carried
out a field experiment with a low-cost solid state sensor that recently appeared on the25

market, to explore its suitability for preliminary studies that aim to find locations where
episodic high CH4 effluxes would justify the investment for an in-depth study with state-
of-the-art gas analyzers. A rough calculation of the scalar footprint (Schmid, 1994)
for a concentration measurement made with a low-cost sensor at 1 m above ground
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level in the Arctic moist acidic tussock tundra (with a roughness length of 5.6 ± 0.9 cm;
see Eugster et al., 2005) suggests that such a sensor should show a response to
hot spots within ca. 1300 m upwind under neutral atmospheric stratification. Hence, it
is envisaged that with an appropriate sampling design such low-cost sensors could be
placed in a regular grid with ≈ 1 km spacing to identify times, duration, and approximate5

locality of hot spots at the landscape scale.

2 Material and methods

2.1 The TGS 2600 gas sensor

The Taguchi Gas Sensor (TGS) 2600 (Figaro Engineering Inc., Osaka, Japan) is a low-
power consumption high-sensitivity gas sensor for the detection of air contaminants10

such as those typical for cigarette smoke (Figaro, 2005a). The general field of appli-
cation of TGS sensors is leak detectors of toxic and explosive gases (Figaro, 2005b).
In the case of methane, the risk of explosion starts at concentrations around 4.4 %,
which is orders of magnitudes higher than ambient concentrations around 1.8 ppm
(Forster et al., 2007), and hence such solid-state sensors were not sensitive enough15

for measurements in ambient air. For example, Wong et al. (1996) reported on earlier
TGS sensors that showed almost negligible change in response to non-polar gases
such as hydrogen and methane. A few years later, Brudzewski (1998) reported that an
older TGS 813 reacted to pulses of air and methane ranging between 1600 ppm and
4000 ppm, but not at ambient concentrations (≈ 1.8 ppm). Also the NGM 2611 methane20

sensor used by Tümer and Gündüz (2010) only is sensitive to CH4 in the range 1000–
10 000 ppm. To the best of our knowledge, the TGS 2600 is the first sensor for which
the manufacturer indicates a sensitivity to methane even in the ppm range (Fig. 1a).
Besides methane, a sensitivity to carbon monoxide, iso-butane, ethanol and hydrogen
is reported by the manufacturer (Figaro, 2005a). In addition, Kotarski et al. (2011) re-25

port a successful application to detect scents of lemon, musk, pine, and melissa. Ferri
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et al. (2009a) reported that their tests with the TGS 2600 were in good agreement
with the manufacturer’s datasheet (Figaro, 2005a), and they also confirm a good time
response of the sensor to prescribed variations in H2 concentrations in the air. Addi-
tional laboratory tests were carried out by De Marcellis et al. (2009) and Morsi (2007,
2008), but no field deployments have been made to test the sensor’s performance and5

suitability for preliminary studies. We use this terminology explicitly to specify that we
do not expect such a low-cost multi-gas sensor to provide the basis for studies that
require accurate and precise concentration information, but that we expect a potential
for suitable use in preliminary studies such as described above.

2.2 Principle of operation10

The TGS sensors are solid-state sensors of the size of a transistor containing a metal
oxide as the sensing material, such as SnO2 Figaro (2005b). According to Ferri et al.
(2009b), however, the metal oxide used for the TGS 2600 sensor is TiO2. This metal
oxide, in the form of granular micro-crystals, is heated to a high temperature at which
oxygen in the air is adsorbed to the crystal surface (Figaro, 2005b). In this configuration15

the sensor has a certain resistance R0 in clean air, which is reduced under the presence
of a gas to which the TGS sensor is sensitive. This reduced resistance Rs can be
expressed by a power function (Figaro, 2005b)

Rs = A[C]−α , (1)

where Rs is the actual sensor resistance, A is a coefficient for the gas at concentration20

[C], and α is the slope of the curve as shown in Fig. 1a. For the application in this study,
we measured Rs in a simple electronic circuit where the voltage drop over a precision
resistor RL in series with Rs was measured (Fig. 2).

From such a set-up, the sensor resistance can be determined as (Figaro, 2005a)

Rs =
Vc × RL

Vout
− RL , (2)25
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where Vc is the supply voltage of 5.0 V DC, and Vout is the voltage measured over
the precision resistor RL. Finally, the ratio between the actual sensor resistance RL
and the clean-air resistance R0 is the sensor signal of interest to deduce methane
concentrations (Fig. 1).

The main problem to overcome is the sensor’s sensitivity to ambient temperature5

and relative humidity (Fig. 1b), for which only an empirical approach for correction is
suggested by the manufacturer (Figaro, 2005b) which includes three steps: (1) identify
the range of ambient temperature and humidity expected in the application; (2) obtain
sensitivity curves for the target gas; (3) apply a correction to approximate the average
curve.10

2.3 Data acquisition and ancillary measurements

The TGS 2600 sensor signals were recorded by a Campbell Scientific CR3000 data
logger, which also measured temperature and relative humidity using a Campbell Sci-
entific sensor model CS215-L12. Laboratory tests were carried out with a Campbell
Scientific CR510 data logger, both using a single-ended measurement that resolves15

voltage signals with 666 µV resolution in the range ±2500 mV, and using a differential
voltage reading in the range ±250 mV with a resolution of 33.3 µV relative to a 1150 mV
reference signal. Test measurements were carried out every 5 s and stored in the inter-
nal memory. In the field, measurements were carried out every 10 s from which 5-min
averages were computed and stored on the data logger’s CF card.20

2.4 CH4 reference measurements

Field measurements with two TGS 2600 were made in parallel with a Los Gatos
Research (Mountain View, CA, USA) Fast Methane Analyzer (FMA-100, serial num-
ber 09-0057) on a moored floating platform on Toolik Lake, Alaska (68◦37′52′′ N,
149◦36′10′′ W, 720 m a.s.l.). The primary purpose of this analyzer was to measure25

methane fluxes from the lake with the eddy covariance method (Eugster and Plüss,

2572

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/2567/2012/amtd-5-2567-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/2567/2012/amtd-5-2567-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 2567–2590, 2012

Performance of
a low-cost methane

sensor

W. Eugster and
G. W. Kling

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2010). Air was drawn through the analyzer by a Varian 600 Tri Scroll pump and data
were digitally recorded at 20 Hz, from which 5 min averages were computed for compar-
ison with the TGS 2600 measurements. In addition, the analog output of the FMA-100
was also recorded on the CR3000 data logger to allow the synchronization of the digital
data from the FMA-100 with the analog TGS 2600 data.5

3 Results

The relevant measurement signal is the ratio between the sensor resistance under
presence of methane and other trace gases (Rs) in relation to the sensor resistance
under absence of these gases (R0). All attempts to directly use the voltage signal from
the sensor as a measure for CH4 concentration failed because in such a simple ap-10

proach only ≈ 1 % of the total variance was due to methane. Successful, however, was
the approach to first convert all measured Vout voltage signals to sensor resistances Rs
according to Eq. (2). We used a precision resistor RL = 5 kΩ and a stabilized supply
voltage Vc or 5.0 V DC (Fig. 2).

Next we quantified the reference resistance R0 that would result from clean-air mea-15

surements without CH4. In principle, this should be feasible with artificial gas mixtures,
but as can be seen in Fig. 1b there is such a strong dependence on temperature
and relative humidity that it is not surprising that dry gas standards cannot be used.
The manufacturer consequently defined Rs/R0 = 1 for a relative humidity of 65 % and
a temperature of 20 ◦C (Figaro, 2005a, see also Fig. 1b). This means that the sensor20

must be considered a relative indicator for CH4 concentrations, and hence we can sim-
ply replace R0 by the minimum Rs that we find in our data. Hence, we set R0 to the
sensor resistance at background levels of CH4 at the given temperature and relative
humidity that existed when this minimum R0 was observed. This means that we obtain
Rs/R0 ≥ 1 by definition, which is similar to what the manufacturer specifies, but with an25

offset to allow us to relate sensor output to absolute concentrations.
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3.1 Sensitivity to relative humidity and temperature

Figure 3 shows the dependence of Rs/R0 on temperature and relative humidity for the
whole field season 2011, which generally follows the expected pattern for relative hu-
midity ranging between 35 and 100 %. At relative humidity below 35 %, however, the
sensor no longer obeyed the general rule that shows decreasing Rs/R0 with increas-5

ing temperatures if relative humidity was kept in a narrow range (that is, 16–35 % in
our case). That the manufacturer does not mention how the sensor should behave at
relative humidity below 35 % (see Fig. 1b) is an indication that the sensor does not
provide reliable information at lower atmospheric moisture levels, and our experience
suggests that even at 35 % relative humidity the sensor response is not as predictable10

as the manufacturer specifies. We excluded conditions with relative humidity < 40 %
from further analysis.

To determine which factors actually influence the sensor signal we carried out an
analysis of variance using Rs/R0 as the response variable, and methane concentra-
tion, linear trend of the sensor signal over time, relative humidity and air temperature15

as predictor variables (Table 1). This analysis indicated that over the full season 2011
more than one third (36 %) of the variance is simply attributable to the linear trend of
the sensor signal, and the expected temperature and relative humidity accounted for
another 34 % of the variance. This means that random variations in methane concen-
trations are only responsible for 18 % of the signal variation seen in our time series.20

Although the linear trend is most important, it is essential for practical reasons to first
correct for relative humidity and temperature effects after which the corrected Rs/R0
can be translated to methane concentrations. Once the translation is complete, the lin-
ear trend associated with the instrument drift (and not with the true seasonal trend)
can be removed in a last step. Using this procedure would simplify the calibration re-25

quirements: it would be sufficient to take an air sample at the beginning and at the
end of a deployment period (e.g., as long as one season according to results from
our field experiment), analyze these samples by standard gas chromatography or laser
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absorption spectroscopy and use the two calibration points for removal of the temporal
trend.

3.2 Removing relative humidity and temperature sensitivities

In order to estimate one single correction algorithm for the TGS 2600 sensors in gen-
eral, we used the information in Fig. 1b, digitized the curves in 10 ◦C intervals, and then5

fitted the following trend surface to the manufacturer’s specification:

R0

Rs
= (0.024 ± 0.032) + (0.0072 ± 0.0004) · rH + (0.0246 ± 0.0007) · Ta , (3)

(n = 11, adj. R2 = 0.9913) with rH relative humidity in percent, and Ta air temperature
in ◦C. To test whether this approximation can be used for our sensors we used an
iterative procedure to remove the offset in R2/R0 as we defined it, and then obtained10

best fits for the rH and Ta terms for an intercept that matches the one in Eq. (3). This
yielded adj. R2 of 0.6337 and 0.7425 for sensors 1 and 2, respectively. The coefficients
for rH were 0.0085±0.0004 and 0.0076±0.0003, and those for Ta were 0.0408±0.0014
and 0.0369± 0.0010 for sensors 1 and 2, respectively. This shows that there are some
differences in individual sensors that must be kept in mind, but for the purpose of using15

this sensor as a proxy for CH4 concentrations in preliminary studies this is acceptable.
To remove the contribution of rH and Ta from our Rs/R0 signals, we must recall that

we used a hyperbolic approach in Eq. (3), and that the relevant information is not the
absolute signal but its ratio relative to clean air at the same temperature and humidity.
Hence, we remove rH and Ta by computing a corrected ratio (Rs/R0)corr,20 (
Rs

R0

)
corr

=
Rs

R0
· (0.024 + 0.0072 · rH + 0.0246 · Ta) . (4)
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3.3 Conversion to CH4 concentrations

As already mentioned, it is only practical to remove the linear trend in our data if we can
compare methane information obtained from an in dependent sample with our sensor
data; with this independent information we can convert our ratio of resistances to ppm
CH4. Using a linear regression approach with our reference CH4 concentrations from5

the FMA we obtained the following equation to convert our signal to [CH4]raw,

[CH4]raw = (1.8280 ± 0.0005) + (0.0288 ± 0.0002) ·
(
Rs

R0

)
corr

. (5)

3.4 Calibrating CH4 concentrations

To simulate a typical field experiment where there is no reference gas analyzer running
in parallel, we arbitrarily selected the data from the first hour of the second day (24 h10

period) after the sensors were installed to obtain a calibration reference from the FMA
at the beginning of the season. The same was done at the end of the season, using
the hour starting 24 h before the end of deployment to obtain a final calibration point.

Before we applied the calibration points to remove the linear trend from our data, we
investigated time lags between the TGS 2600 sensor and the FMA reference. Although15

it is very clear that the TGS 2600 has a slower response than the FMA we could not
find a consistent and relevant time lag to be considered in such a calibration approach.

The real seasonal trend measured (under absence of instrument drift) by the FMA
during almost 9 weeks of deployment was 0.00563 ppm week−1, whereas our sensors
1 and 2 (including the respective sensor drift) had 0.0156 and 0.0140 ppm week−1. This20

indicates, that the trend in sensor signals increased above the real seasonal trend by
0.010 and 0.008 ppm week−1, which must be taken in account if it is not possible to
obtain an initial and a terminal calibration point over a period of deployment of a TGS
2600.

Including this correction for the trend based on a calibration at the beginning25

([CH4]raw,1 and [CH4]ref,1) and at the end ([CH4]raw,2 and [CH4]ref,2) of a deployment
2576
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period, the final corrected TGS 2600 concentration [CH4]corr becomes

[CH4]corr=[CH4]raw+
(

1− t
∆t

)
·
(
[CH4]ref,1−[CH4]raw,1

)
+
(

t
∆t

)
·
(
[CH4]ref,2−[CH4]raw,2

)
, (6)

where t is the elapsed time since the initial calibration time point, and ∆t is the time
difference between the terminal calibration and the initial calibration in the same time
units.5

3.5 Comparison with reference instrument

After all corrections were applied, we obtained a relatively good agreement with our
reference instrument for both sensors (Fig. 4). There was, however, one period start-
ing around June 28–29 where both TGA 2600 sensors deviated consistently from the
reference instruments for several days. Although this period may have been related to10

smoke from wildfires (even though no smoke was observed), it was also very cold at
this time with the first relevant snow fall at Toolik and in large parts of Alaska (Angeloff
et al., 2011).

In the second part of the season both TGA 2600 sensors closely followed the refer-
ence concentrations, albeit with a certain reduction in peak concentrations compared15

to the reference measurements: the most notable of these deviations occurred 27 and
28 July, and 3, 10, and 14 August (Fig. 4). Although the general information on the sea-
sonal and diurnal patterns in CH4 can be seen in Fig. 4, the pairwise agreement of all
data points from the TGA 2600 with the reference concentration is only R2 = 0.195 and
0.191, respectively, for sensors 1 and 2. This low statistical agreement can be mislead-20

ing, because the general diurnal pattern of CH4 was quite accurately resolved (Fig. 5),
both in terms of change over time and absolute concentrations. The systematic devi-
ations between instruments seen on some days (Fig. 4) tend to show a slightly earlier
timing of the early morning peak, a less steep decrease in concentrations during the
morning until 9 h ADT, and a surprising daily minimum around 21 h ADT for the TGA25

sensors. This basically reflects the present limitations of the low-cost TGS 2600 sensor
2577
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for more detailed studies, while showing that the sensors can still capture the essential
pattern of diurnal changes in CH4 concentrations.

4 Discussion

Since smoke is associated with high levels of CO to which the TGS 2600 is sensitive
according to Figaro (2005a) there is some risk of confounding effects in areas where5

wildfire or other burning is present. However, during summer 2011, it appears that the
uncertainty of the behavior of the TGS 2600 at cold temperatures (around freezing
and below) led to the largest discrepancies with the reference concentration measure-
ments. At least there were no reports of smoke or related odors at the site during this
period. Morsi (2007) even claim that the TGS 2600 sensor is sensitive to CO2, whereas10

the manufacturer does not mention a sensitivity for CO2. They however do not explain
why and how this sensor should respond to CO2, but if this were true, it would seriously
limit the usefulness of the application of the TGS 2600 for CH4 measurements. To test
for this potential limitation we performed an additional ANOVA that included our CO2
concentration measurements that were performed with a closed-path Li-7000 infrared15

gas analyzer (Licor, Lincoln, NE, USA). Table 2 summarized the results which clearly
show that CO2 concentrations do not seriously affect the sensor’s sensitivity for CH4;
the explained variance is 18 % and perfectly matches the result in the ANOVA without
CO2 (Table 1). Also the relative humidity interference (21.1 % instead of 21.3 %) and the
residual (unexplained) variance (11.8 % instead of 11.9 %) are only marginally affected20

by CO2. The 3.5 % variance explained by CO2 concentrations are thus simply reducing
the explained variance of the temporal trend (strong reduction) and of temperature (an
increase from 12.7 % to 18.0 %). Our interpretation is that this is a purely statistical
artifact because (1) CO2 has its own seasonal trend which is however negative over
the summer season and more in agreement with the sensor drift that we quantified25

for the TGS 2600, and (2) that the diurnal CO2 cycle is more strongly following the
diurnal temperature signal since both plant assimilation and respiration are correlated
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with temperature; given this, the changes in explained variances in Table 2 are likely
unrelated to a cross-sensitivity of the TGS 2600 as was mentioned by Morsi (2007) but
not by the manufacturer (Figaro, 2005a).

Although CO2 concentration by itself does not appear to be of concern for CH4 mea-
surements with the TGS 2600, there is typically a tight correlation between CO2 and5

CO concentrations if it comes from combustion sources. Figure 1a from Figaro (2005a)
indicates that the sensor’s sensitivity to CO is similar to that of CH4 for concentrations
< 2–3 ppm. While this is the typical range for ambient CH4 concentrations, the CO
concentrations range between 0.03 and 0.2 ppm (Singh, 1995, p. 22), but can be up
to 0.2–0.8 ppm in urban areas during summer months (Singh, 1995). At Point Barrow,10

which can be considered the best comparison with Toolik Lake, Cavanagh et al. (1969)
found about 0.09 ppm CO, which is far below the concentrations that would require
a more careful consideration of CO as a confounding gas for the TGS 2600 measure-
ments. In urban areas, however, a careful assessment would be needed to establish
that the TGS 2600 primarily responds to CH4 and not more strongly to CO.15

Other substances that influence the TGS 2600 readings (Fig. 1a) are iso-butane,
ethanol, and hydrogen. Iso-butane (R-600a) is an artificial refrigerant (C4H10) that is
not expected to pose a serious problem for measurements at remote sites. Similarly,
ethanol (C2H6O) is expected to have extremely low concentrations in the atmosphere
because it is so highly soluble in water. Hydrogen (H2) is present at 0.6 ppm in the av-20

erage atmosphere (Singh, 1995), but the sources are mostly anthropogenic and likely
can be ignored in the remote arctic tundra.

5 Conclusions

We tested a low-cost solid state gas sensor (TGS 2600 from Figaro) for its suitabil-
ity to measure ambient concentrations of CH4 in the air on the low arctic at Toolik25

Lake in Alaska, USA, during the ice-free summer season of 2011. Two sensors were
run in parallel and compared against a high-quality, off-axis integrated cavity output
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spectrometer (FMA, Los Gatos Research). The TGS 2600 revealed a high sensitivity
for relative humidity and temperature similar to that expected from the specifications by
the manufacturer. After corrections for these sensitivities we obtained a realistic CH4
signal that has the quality for preliminary studies to inspect temporal patterns of CH4
concentrations which could then inform the decision on whether a considerably more5

expensive instrument should be deployed for high-accuracy concentration measure-
ments. One realistic approach would be to install such low-cost sensors in a regular
grid with ≈ 1 km spacing to cover a landscape of interest, which would allow to identify
times, duration, and approximate locality of hot spots at the landscape scale.

In the seasonal average the TGS 2600 provided realistic insight into the temporal10

dynamics of CH4 over Toolik Lake and also reproduced the average diurnal cycle of
CH4 with an early morning concentration peak of the correct order of magnitude at
approximately the correct time of day. Both the general behavior and the systematic
differences from the reference instrument were similar for the TGS sensors. From this
experience we suggest that the TGS 2600 can be used for preliminary assessment15

of CH4 concentrations at sites where other gas components to which the sensor is
sensitive are absent or at low concentrations, and where relative humidity is typically
> 40 %. Such conditions are not only found in the low arctic, but also in rural areas of
more populated zones where the distance to local CO sources can be substantial.
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Table 1. Analysis of variance of the CH4 sensor resistance Rs/R0 for Toolik Lake, summer
2011.

Source of variation Df Sum Sq Mean Sq F value Pr(> F ) Expl. Variance

Time trend 1 2825.29 2825.29 252 590 < 2.2 × 10−16*** 36.1%
Relative humidity 1 1668.82 1668.82 149 198 < 2.2 × 10−16*** 21.3 %
Methane concentration 1 1409.8 1409.8 126 041 < 2.2 × 10−16*** 18.0 %
Air temperature 1 996.4 996.4 89 081 < 2.2 × 10−16*** 12.7 %
Residual variation 82 976 928.11 0.01 11.9 %
Total 82 980 7828.42 100.0 %
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Table 2. Same analysis as in Table 1, but with the inclusion of CO2 concentrations as a potential
source of variation.

Source of variation Df Sum Sq Mean Sq F value Pr(> F ) Expl. Variance

Time trend 1 2158.31 2158.31 193 259 < 2.2 × 10−16*** 27.6 %
Relative humidity 1 1653.44 1653.44 148 053 < 2.2 × 10−16*** 21.1 %
Methane concentration 1 1409.8 1409.8 126 236 < 2.2 × 10−16*** 18.0 %
Air temperature 1 1407.83 1407.83 126 059 < 2.2 × 10−16*** 18.0 %
CO2 concentration 1 272.37 272.37 24 389 < 2.2 × 10−16*** 3.5 %
Residuals 82 975 926.66 0.01 11.8 %
Total 82 980 7828.41 100.0 %
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Fig. 1. General Figaro TGS 2600 sensor response (a) and sensitivity to temperature and rel-
ative humidity (b) according to manufacturer specifications. Rs/R0 is the ratio between sensor
resistance (Rs) under presence of a specific component in relation to the reference resistance
(R0) in “fresh” air without any of the additional chemical components. Modified from Figaro
(2005a).
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Rs

RL

Fig. 2. Sensor configuration used in this study. The variable sensor resistance Rs was mea-
sured between pins 2 and 3 and converted to a measurable voltage using an RL = 5 kΩ preci-
sion resistor.
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Fig. 3. Observed sensor sensitivity to ambient temperature and relative humidity at CH4 con-
centrations < 1.86 ppm during the full 2011 field season at Toolik Lake. At relative humidities
≥ 35 % the sensor resistance ratio follows the expected curves in Fig. 1b with an offset, but
if the air is too dry (relative humidity < 35 %) the sensor does not provide reliable data that
could be used to quantify CH4 concentrations. Each curve and shaded area shows the binned
median and interquartile range, respectively, of the selected range of relative humidities (see
legend). Temperature bins were chosen 2 ◦C wide with 50 % overlap.
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Fig. 4. Seasonal course of CH4 concentration measurements over Toolik Lake during the ice-
free season 2011. Data from all sensors where smoothed with a 6-h boxcar moving average.
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Toolik Lake, ice−free season 2011

Fig. 5. Mean diurnal cycle of CH4 concentrations over Toolik Lake during the ice-free season
2011. One-minute averages were aggregated by hour of day (Alaska Daylight Time). The stan-
dard error of the mean is of the same size as the symbol and hence is not added to the graph.
The two low cost sensors compare well with the Los Gatos Research reference analyzer during
the first part of the day and correctly reflect the daily peak concentrations in the near-surface
atmosphere.
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