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Abstract—In this work, the correlation of AIRS/Aqua satellite measurements of methane concentration in
the surface layer of the atmosphere with ground-based measurements at the Voeikov Main Geophysical
Observatory in Tiksi in 2011–2020 is determined. The correlation of satellite measurements with ground
measurements depends on the season. In spring and summer, the correlation exceeds the autumn correlation,
and it is lowest in winter. For the winter period (December, January, and February), the decrease in correla-
tion is associated with possible inversions of air temperature (Yurganov et al., 2016; Anisimov and Kokorev,
2015). When the temperature contrast (TC) is less than 10°C (the difference between air temperatures at the sur-
face and at a level of 4 km (600 hPa)), it is preferable to use satellite data averaged at the levels of 400–500 hPa.
This gives an increase in the Spearman correlation coefficient (SCC) between ground and satellite measure-
ments from 0.44 (1000 hPa) to 0.63 (400–500 hPa). However, the obtained regression relationship with a
determination coefficient of 0.44 makes it problematic to use it for predicting ground-based data from satellite
measurements in areas similar in climatic conditions to Tiksi.
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atmosphere, Spearman correlation coefficient
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INTRODUCTION
Methane (CH4) is one of the greenhouse gases. In

comparison with other greenhouse gases, the content
of methane in the atmosphere is lower; however, in the
degree of greenhouse activity, methane exceeds car-
bon dioxide more than by 20 times (IPCC, 1995).
There are natural (swamps and moist soil, freshwater
bodies, wild animals, wildland fires, termites, geolog-
ical sources, methane hydrates, and permafrost thaw)
and anthropogenic (agriculture, hydrocarbon fuels,
and biomass incineration) sources of methane. Along
with the atmosphere, the soil contains methane in the
form of a natural gas. Another source of methane in
the Earth is gas hydrates, which can exist under condi-
tions of high pressure (in the sea) or very cold climates
(on land in permafrost regions). Gas hydrates on land
can be decomposed with a release of CH4 with climate
warming; in the sea, it can be released as the sea level
decreases (Eliseev, 2018). In the Arctic zone, the
increase in air temperature is one-and-a-half to two
times faster than the average over the Earth. This stim-
ulates the activity of many natural methane sources,
exerts an effect on the permafrost, and releases meth-

ane and other small gas components in huge quantities
(Starodubtsev, 2018).

The most important sink of methane in the atmo-
sphere, almost 90% of the full sink intensity, is meth-
ane decomposition in the reaction with the hydroxyl
radical OH with the formation of carbon dioxide and
water vapors (Cicerone and Oremland, 1988). In the
winter months, with the termination of methane-sink
processes, methane begins to accumulate in the atmo-
sphere; in summer, processes of methane sink are trig-
gered (Belan and Krekov, 2012).

There are few ground-based measurements of
methane near the surface. In the Arctic, regular mea-
surements of methane in Russia are carried out at two
sites: Tiksi and Teriberka. Data of these observations
are collected and systematized by the NOAA research
group; the results are presented on the web portal
http://www.esrl.noaa.gov/gmd/ccgg/. Data of remote
sensing by the AIRS (Atmospheric Infrared Sounder)
spectrometer onboard the American Aqua satellite are
used in this work as satellite data.

This work is aimed at determining the correlation
between ground-based measurements of methane
1610
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Fig. 1. Satellite image of the geographical area of the Tiksi
settlement.

TiksiTiksi
Tiksi BayTiksi Bay

BykovskiiBykovskii
concentration in the surface layer of the atmosphere at
the Tiksi station located in the Arctic zone and satellite
measurements by the AIRS infrared spectrometer
onboard the EOS Aqua satellite.

GROUND-BASED MEASUREMENTS

The Tiksi background monitoring station is located
on the coast of the Laptev Sea; the coordinates of the
station are 71.586166° N, 128.91882° E (Fig. 1, the red
star). Works on observation of methane at the Tiksi
station have been carried out since 2011. Samples of
CH4 at the station are taken all year round once a week
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 

Fig. 2. Seasonal and interannual variations of methane concentr
based measurements at the Tiksi MGO background monitoring
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by evacuated f lasks. Concentrations of gaseous com-
ponents at the Tiksi station are measured using a
Picarro G2301 gas analyzer.

The data on ground-based measurements of meth-
ane concentration in the surface layer of the atmo-
sphere for the out-station in Tiksi are available for free
access at the World Data Centre for Greenhouse
Gases (WDCGG) website https://gaw.kishou.go.jp/.
In this work, measurements of methane concentration
in the surface layer of the atmosphere at the out-sta-
tion of the Voeikov Main Geophysical Observatory
(MGO) in Tiksi are used (Ivakhov and Paramonova,
2021).

Figure 2a shows the plots of variations in the
monthly average methane concentration according
to ground-based measurements at the Tiksi out-sta-
tion of the MGO for 2011–2020. Note the minimum
of methane concentration in July (with the exception
of 2020) and the maximum in September–October.
Figure 2b presents the plot of interannual variations
in the CH4 concentration according to ground-based
measurement at the Tiksi station with a stable rise
and a trend line with a coefficient of determination
R2 = 0.97. Unfortunately, data for 2016 were insuffi-
cient (the data are available only for the first three
months); for 2017, data for January and February
were absent. As a result, measurements for these
years were not included in the plot of interannual
variations.

In winter, methane accumulation in the atmo-
sphere takes place, whereas in summer, there is a
methane sink; i.e., there is an inverse correlation with
air temperature. Figure 3 presents the plot of varia-
tions in methane concentration according to regular
(once per week) ground-based measurements at the
Tiksi station for 2013 and the plot of air temperature by
 Vol. 58  No. 12  2022

ation in the surface layer of the atmosphere according to ground-
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Fig. 3. Plots of variations in methane concentration according to regular ground-based measurements at the station in Tiksi for
2013 and values of air temperature.
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archive data for the Tiksi airport (website rp5.ru) at the
time of taking methane samples. The negative correla-
tion of these data is evident. Table 1 presents values of
the Spearman coefficient of correlation between air
temperature and ground-based measurements of
methane concentration in the surface layer of the
atmosphere at the out-station in Tiksi for the period
of 2011–2018, where ρs is the Spearman correlation
coefficient, p is the value, and N is the number of
measurements.

SATELLITE MEASUREMENTS
OF METHANE CONCENTRATION

Spectra of infrared (thermal) radiation emitted by
the Earth’s surface have been measured since 2002
on the American Aqua satellite using the AIRS spec-
IZVESTIYA, ATMOSPHER

Table 1. Coefficient of the Spearman correlation between
ground-based measurements of methane concentration in
the surface layer of the atmosphere and air temperature

2011 2012 2013 2014 2015 2017 2018

ρs –0.52 –0.66 –0.69 –0.2 –0.21 –0.32 –0.26

P 1.5е-4 2е-6 0 0.07 0.06 0.02 0.04

N 44 39 47 51 51 37 46
trometer. The methane content in the troposphere is
estimated by radiation attenuation in the spectral
ranges corresponding to the maximums of the
absorption bands of this gas. The data on the meth-
ane content in the atmosphere are available for free
access in the Giovanni system of data analysis and
visualization; they are available through the link
https://giovanni.gsfc.nasa.gov.

Figure 4 presents the plots of (a) seasonal and
(b) interannual variations in methane concentration
in the surface atmosphere in the Tiksi region accord-
ing to monthly average AIRS data. Averaging over the
territory of 71°.5833–71°.6382 N, 128°.86–128°.9355 E
(AIRS3STM v.7.0 product), barometric height of
1000 hPa, spatial resolution of 1° × 1°, for the period
of 2011–2018. The figure also presents (Fig. 4b) stan-
dard deviations from average values according to daily
AIRS data. Note that the rise of CH4 values in autumn
is accompanied by an increase in the standard devia-
tion, especially noticeable for 2021. A significant dif-
ference between the seasonal variations in methane
concentrations according to ground-based measure-
ments (Fig. 2a) and satellite measurements (Fig. 4a) is
the considerable decrease in methane concentrations
in winter according to satellite data. A possible cause is
discussed below.

Figure 5 shows monthly average maps of the meth-
ane distribution for the region of 71°–72° N, 128°–
131° E, which includes Tiksi, according to AIRS data
for 2021 (the green star in the map marks the location
of Tiksi).
IC AND OCEANIC PHYSICS  Vol. 58  No. 12  2022
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Fig. 4. (a) Seasonal variations, (b) standard deviations, and (c) interannual variations in methane concentration in the atmo-
sphere at a level of 1000 hPa in the Tiksi region according to AIRS data.
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Table 2. Coefficient of the Spearman correlation between
ground-based and satellite values of methane concentration
in the surface layer of the atmosphere

2011 2012 2013 2014 2015 2017 2018

ρs 0.48 0.33 –0.19 –0.03 0.42 0.12 0.27

P 2e-3 0.03 0.13 0.43 2e-3 0.25 0.05

N 33 33 36 47 43 32 37
CORRELATION BETWEEN SATELLITE
AND GROUND-BASED MEASUREMENTS 

OF METHANE CONCENTRATION 
IN THE SURFACE ATMOSPHERE

Let us determine the correlation between the
ground-based measurements of methane concentra-
tion in the surface layer of the atmosphere at the out-
station in Tiksi and the satellite daily measurements by
the AIRS (AIRS3STD v7.0 product), at the level of
1000 hPa, and with a spatial resolution of 1° in latitude
and longitude. The correlation is determined by the
freely available Attestat software used as an add-in in
Excel. Table 2 presents values of the Spearman coeffi-
cient of correlation (SCC) between the values of
methane concentration according to ground-based
and satellite data. Note the presence of a positive cor-
relation for 2011, 2012, 2015, and 2018, and the
absence of correlation for 2013, 2014, and 2017. For
2014 (the absence of correlation) and 2015 (positive
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
correlation), Fig. 6 shows plots of variations in CH4
concentration for ground-based and satellite data.

The AIRS devices which use the outgoing radiation
of the Earth in the middle IR region of about 7.8 μm
are less sensitive to the lower troposphere. For a reli-
able determination of the concentration of atmo-
spheric gases below 5 km, a sufficiently large positive
 Vol. 58  No. 12  2022
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Fig. 5. Monthly average maps of the methane distribution according to AIRS data for 2021.
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Fig. 6. Variations in CH4 concentration in the surface atmosphere according to ground-based and satellite measurements for Tiksi
in 2014 and 2015.
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Fig. 7. Plots of the temperature contrast for Tiksi for the period of 2011–2021.
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temperature contrast (TC) between the temperatures of
the underlying surface and the boundary layer, on the
one hand, and the temperatures of the upper-lying air
layers, on the other hand, is necessary (Yurganov et al.,
2016). It is conceivable that, for TC < 10°C, the meth-
ane concentration measured from a satellite is lower
(Yurganov et al., 2016). The main cause of the
decrease in the satellite values of methane concentra-
tion in winter is that the satellite does not see the sur-
face and determines the methane concentration not
near the surface, but in higher layers (Yurganov et al.,
2016). This occurs if the difference between the tem-
peratures at the surface (the level of 1000 hPa) and at
a height of about 4 km (600 hPa) is less than 10°C,
i.e., if the temperature contrast (TC) is less than
10°C. Figure 7 shows the TC value for Tiksi for the
period of 2011–2021. The temperature values for dif-
ferent layers of the atmosphere were obtained by
monthly data of the AIRS satellite with a spatial res-
olution of 1° × 1° (AIRS3STM v7.0 product). For
January and February, the TC values are less than
10°C for almost all years.

Based on the fact that the largest deviations of the
satellite values from ground ones due to the tempera-
ture inversion in the atmosphere occur in winter
months, we find the correlation of ground and satel-
lite data (1000 hPa) for four seasons: winter, the 1st,
2nd, and 12th months; spring, the 3rd, 4th, and 5th
months; summer, the 6th, 7th, and 8th months; and
autumn, the 9th, 10th, and 11th months. Figure 8
presents the plots of methane concentration in the
surface layer of the atmosphere (1000 hPa) according
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
to the ground and satellite data by season: winter,
spring, summer, and autumn. Note that the satellite
values for the winter season are underestimated rela-
tive to the ground values. In spring and summer, the
ground and satellite values of methane concentration
are almost at the same level. For autumn, the satellite
values exceed the ground ones, with the exception of
2019 and 2020.

As was stated above, the problem with the choice of
barometric levels for estimating methane concentra-
tions in the near-surface layer of the atmosphere by
satellite data is that the satellite does not see the atmo-
sphere layers adjacent to the surface due to the pres-
ence of warmer layers above. For example, in (Anisi-
mov and Kokorev, 2015), the authors used for the anal-
ysis satellite data averaged over the third and fourth
barometric AIRS levels (850–700 hPa), which corre-
sponds approximately to heights from 1.5 to 3 km. In
(Starodubtsev, 2018), the barometric level of 400 hPa
was used; this choice was caused by the recommenda-
tions presented in (Xiong et al., 2008), where the level
of 400–500 hPa (~6–5 km) was proposed as the most
effective one for estimating the methane concentra-
tion in the Arctic zone.

In order to clarify which barometric level is better
for measuring the methane concentration, we found
the correlation between the ground and satellite data
for three barometric levels: level 1, 1000 hPa; level 2 is
averaged over 700 and 850 hPa; and level 3 is averaged
over 400 and 500 hPa. Table 3 presents the obtained
value of the SCC for four seasons of 2011–2020. For
the winter season, the values of the SCC are lowest as
 Vol. 58  No. 12  2022
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Fig. 8. Variations in CH4 concentration in the surface layer of the atmosphere in the Tiksi region according to ground-based and
satellite AIRS data at the barometric level of 1000 hPa for four seasons of 2011–2020.
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Table 3. Correlation of ground-based and satellite mea-
surements of methane concentration in the atmosphere in
the Tiksi region at different barometric levels of AIRS mea-
surements

1000 hPa

Winter Spring Summer Autumn

ρs 0.38 0.59 0.71 0.42

p 0.03 5e-4 2e-5 0.015

N 26 27 26 27

700–850 hPa

ρs 0.43 0.76 0.66 0.53

p 0.02 3e-6 2e-5 3e-3

N 26 26 27 26

400–500 hPa

ρs 0.49 0.74 0.62 0.74

p 5e-3 2e-5 2e-5 4e-6

N 26 24 26 27
compared to the other seasons: ρs = 0.38 (1000 hPa),
0.43 (700–850 hPa), and 0.49 (400–500 hPa). For the
spring season, the SCC varies from 0.59 (1000 hPa)
and 0.74 (400–500) to 0.76 (700–850 hPa). Here, the
barometric level of 700–850 hPa is predominant for
measurements. For the summer season, the SCC is the
largest for measurements at the level of 1000 hPa and
amounts to 0.71. For the autumn period, it is prefera-
ble to measure methane concentration at the baromet-
ric level of 400–500 hPa, for which the SCC is 0.74 as
compared to 0.42 for the level of 1000 hPa. The con-
clusion over all four seasons is as follows: there is a sig-
nificant advantage in the correlation between the val-
ues of ground-based and satellite measurements when
the latter are measured at the barometric levels of
700–850 or 400–500 hPa instead of the barometric
level of 1000 hPa.

Determination of the SCC between ground data
and satellite measurements at different barometric
heights for the sample of measurements for four sea-
sons from 2011 to 2020 (N ~ 105) shows that the SCC
for the level of 1000 hPa is ρs = 0.44 (p = 1e-7); for the
level of 700–850 hPa, ρs = 0.557 (p = 0); and for the
IC AND OCEANIC PHYSICS  Vol. 58  No. 12  2022
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Fig. 9. Regression relationship between ground-based and satellite measurements at the barometric level of 400–500 hPa for Tiksi.
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level of 400–500 hPa, ρs = 0.63 (p = 0). The advantage
of using the barometric level of 400–500 hPa for satel-
lite measurements was ascertained due to the higher
correlation between ground-based and satellite mea-
surements.

Figure 9a presents the plot of the regression rela-
tionship between the ground data at the Tiksi station
and the satellite AIRS measurements of methane
concentration at the barometric level of 400–500 hPa
for 2011–2020 with the determination coefficient
R2 = 0.44. Comparison of the methane concentra-
tions according to the obtained regression with ground
data at the Tiksi station for 2020 revealed the residual
values of 6–59 ppb (Fig. 9b); the values are lowest in
the spring season.

It should be noted that the regression model was
obtained for Tiksi and has a local application area
bounded by territories with climatic conditions similar
to Tiksi.

The correlation between the ground and satellite
data is also influenced by the fact that the ground-based
measurements are carried out locally in a small terri-
tory, while the spatial resolution of the AIRS/Aqua sat-
ellite measurements is 1° × 1°. In addition, Tiksi is sit-
uated on the coast of the Laptev Sea and the satellite
at this spatial resolution sees not only the continental
part, but also captures the sea surface, which also has
an effect on the correlation between the ground and
satellite data.

CONCLUSIONS
In this work, the correlation between AIRS/Aqua

satellite measurements of methane concentration in
the surface layer of the atmosphere and ground-based
measurements at the out-station of the Voeikov MGO
in Tiksi in 2011–2020 has been determined. A negative
correlation between the ground data of methane con-
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
centration in the surface atmosphere and air tempera-
ture has been revealed; this is related to periods of
methane emission and sink in the atmosphere. The
correlation between the satellite AIRS measurements
of methane concentration and ground-based ones var-
ies depending on the season. In spring and summer,
the correlation exceeds the autumn and especially the
winter correlation. For the winter period (December,
January, and February), the decrease in correlation is
related to possible inversions of air temperature (Yur-
ganov et al., 2016). If the temperature contrast TC is
less than 10°C, it is recommended to compare satellite
and ground data by considering satellite values not at
the level of 1000 hPa, but at averaged value at the levels
of 400–500 hPa. The determination of the SCC
between ground data and satellite measurements at
different barometric levels for the sample of measure-
ments for four seasons from 2011 to 2020 (N ~ 105)
shows that the SCC for the level of 1000 hPa is ρs = 0.44;
for the level of 700–850 hPa, ρs = 0.557; and for the
level of 400–500 hPa, ρs = 0.63. The determination
coefficient of the regression relationship for the level
of 400–500 hPa is R2 = 0.44. Using the obtained
regression for predicting is problematic. The residual
value is 6–59 ppb when comparing ground methane
concentrations expected according to the regression
with the use of satellite measurements at the baromet-
ric levels of 400–500 hPa with those measured at the
Tiksi station. The values of the residual are lowest for
the spring season.
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