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Abstract  The diverse range of mechanisms driving the Arctic amplification and global climate are not completely understood 

and, in particular, the role of the greenhouse gas methane (CH4) in the Arctic warming remains unclear. Strong sources of 

methane at the ocean seabed in the Barents Sea and other polar regions are well documented. Nevertheless, some of those 

publications suggest that negligible amounts of methane fluxed from the seabed enter the atmosphere, with roughly 90% of the 

methane consumed by bacteria. Most in situ observations are taken during summer, which is favorable for collecting data but 

also characterized by a stratified water column. We present perennial observations of three Thermal IR space-borne 

spectrometers in the Arctic between 2002 and 2020. According to estimates derived from the data synthesis ECCO (Estimating 

the Circulation and Climate of the Ocean), in the ice-free Barents Sea the stratification in winter weakens after the summer 

strong stability. The convection, storms, and turbulent diffusion mix the full-depth water column. CH4 excess over a control area 

in North Atlantic, measured by three sounders, and the oceanic Mixed Layer Depth (MLD) both maximize in winter. A 

significant seasonal increase of sea-air exchange in ice-free seas is assumed. The amplitude of the seasonal methane cycle for the 

Kara Sea significantly increased since the beginning of the century. This may be explained by a decline of ice concentration 

there. The annual CH4 emission from the Arctic seas is estimated as 2/3 of land emission. The Barents/Kara seas contribute 

between 1/3 and 1/2 into the Arctic seas annual emission. 
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1  Introduction 

The Arctic has experienced the fastest warming on Earth 

over recent decades, with the Arctic Ocean warming at 

nearly double the rate of the global ocean (Hoegh-Guldberg 

and Bruno, 2010). The area, thickness, and concentration of 
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sea-ice cover, has been significantly reduced (Comiso et al., 

2008; Årthun et al., 2019). There is concern about the 

release of large amounts of the climate-active greenhouse 

gas methane (CH4) from hydrates, permafrost, and other 

seabed reservoirs (James et al., 2016). The radiation 

warming potential of methane is 28–34 times that of carbon 

dioxide (CO2) over a 100-year period (Myhre et al., 2013). 

The Barents and Kara seas (BKS) have extensive reserves 

of oil and natural gas (Shipilov and Murzin, 2002). 
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Thermogenic (fossil) methane penetrates through faults in 

sedimentary layers in the BKS. For example, Serov et al. 

(2017) reported on intensive cold seep activity clustered on 

the tops of several ~500-m-wide domes at depths of 

370–390 m in Storfjordrenna, northwestern Barents Sea. A 

review article (James et al., 2016) describes the principal 

processes that regulate methane distribution in Arctic 

seafloor sediments, modification in the water column, and 

subsequent release to the atmosphere. Enhanced 

concentrations of dissolved methane in the Arctic Ocean 

seawater (Supplementary Figure S1) are widely observed 

(Gentz et al., 2014; Myhre et al.; 2016; Mau et al., 2017); 

these are related, in part, to direct seeps of thermogenic 

methane, dissociation of gas hydrates and thawing of 

submerged permafrost. Methane is slowly oxidized by 

methanotrophic bacteria in oceanic deep layers below the 

pycnocline with timescales of weeks or years (James et al., 

2016). As noted by James et al. (2016), the effect of reduced 

sea-ice cover on ocean-to-atmosphere methane emissions 

are especially poorly constrained. The satellite 

measurements promise to fill this critical gap. Warm 

Atlantic currents make the BKS a climatically important 

region (Skagseth et al., 2020). A decline in BKS sea-ice in 

early winter influences synoptic processes across the 

northern hemisphere (Petoukhov and Semenov, 2010; 

Årthun et al., 2019). The Barents Sea is a shallow sea 

(average depth 230 m), with depressions up to 400 m. The 

Kara Sea is even shallower (average depth ~100 m). The 

release of methane from the seabed as a result of 

degradation of the submarine permafrost (Portnov et al., 

2014) is expected in the Kara and southern Barents seas. 

The most of Barents Sea is free of sea-ice year-round, while 

winter sea-ice cover in the Kara Sea, as well as in the 

northernmost Barents Sea, underwent a dramatic decline 

since early 2000s (Zhang et al., 2018b). 

The presence of sources is just one necessary condition 

for methane to enter the atmosphere; transport of the gas 

from the seafloor to the ocean surface is also critically 

important. According to Rudels (1993), the relatively warm 

and salty layer of Atlantic Water (AW) provides a stratified 

barrier that can inhibit the penetration of dissolved gases 

into the ocean-surface layer during summer/early autumn 

(between June and October). Numerous direct studies have 

shown that during this season the flux in the 

Barents-Svalbard area is negligible (Gentz et al., 2014; 

Myhre et al., 2016; Mau et al., 2017). These field 

investigations, however, also identified strong sources at the 

seafloor and large concentrations of dissolved methane in 

deep ocean waters. Therefore, the flux of methane may be 

significant only after a breakdown of the pycnocline in 

November, and subsequent growing of the Mixed Layer 

Depth (MLD). The MLD increases sharply in November, 

with the bulk of the Barents Sea water column mixed by 

December (Kara et al., 2002). Increased diffusion is 

expected to facilitate methane fluxes to the atmosphere. 

Methane over the BKS was measured from space by 

IASI (Infrared Atmospheric Sounding Interferometer) and 

AIRS (Atmospheric InfraRed Sounder) spectrometers 

(Yurganov et al., 2016a, 2016b, 2016c, 2017; Yurganov, 

2020). Maps of monthly mean low tropospheric (LT) Arctic 

methane concentrations, retrieved from the IASI-1 orbital 

measurements for 2013, have been presented by Yurganov 

et al. (2016a) and for 2018 by Yurganov (2020). 

Preliminarily, Yurganov et al. (2016a) assessed the annual 

Arctic Ocean CH4 emissions in 2010–2014 as ~ 2/3 of land 

CH4 emission for North of 60° N. Satellite observations in 

the Thermal IR (TIR) range are extremely useful for 

characterizing methane over ocean regions, particularly 

during the polar night. Other observational approaches, 

such as space-borne Short-Wave IR sensors (e.g., 

TROPOMI, the TROPOspheric Monitoring Instrument) 

require sunlight and cannot make observations during the 

polar night (attached Supplementary Figure S2). 

Additionally, ship-based observations are logistically 

challenging in these ice-choked regions. Here we analyze 

methane concentrations in the lowest tropospheric layer 

over BKS estimated from three TIR sounders: AIRS/Aqua, 

IASI-1/MetOp-A, and Cross-Track Infrared Sounder (CrIS) 

deployed on the Suomi National Polar-orbiting Partnership 

(SNPP). These data are coupled with regular satellite 

microwave measurements of sea-ice concentration, 

described by Cavalieri et al. (1996). MLD and near-bottom 

temperatures were supplied from the “Estimating the 

Circulation and Climate of the Ocean” (ECCO) consortium 

(Wunsch et al., 2009) ocean state estimate.  

2  Methods  

2.1  Satellite instruments, methane data, and 

retrieval techniques 

AIRS, IASI, and CrIS belong to the TIR group of 

hyper-spectral sounders (their characteristics are listed by 

Smith and Barnet (2019)). An important advantage of them 

is a capability to work at night and over water surface. A 

disadvantage is a reduced sensitivity to lower troposphere 

(Smith and Barnet, 2020). E.g., the sensitivity for 

atmospheric 0–4 km layer is just a half of that for middle 

troposphere (Yurganov et al., 2016a). This should be taken 

in account during the analysis of measurements.  

The AIRS diffraction grating spectrometer was 

launched in a sun-synchronous polar orbit in May 2002 on 

board the Aqua satellite (Xiong et al., 2008). The instrument 

scans ± 48.3° from the nadir, which provides full daily 

coverage in the Arctic. Spectral resolution is 1.5 cm−1 at the 

methane ν4 absorption band near 7.65 μm. Currently (May, 

2021), the AIRS is still operational. Starting in September 

2002, methane data were processed consistently using 

version 6 of the standard algorithm developed by NASA 

(Susskind et al., 2014). A new improved version 7 of the 

data (Tian et al., 2020; Yue and Lambrigtsen, 2020) is 

characterized by: improved consistency between day and 
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night water vapor, improved temperature products, 

improved AIRS IR only retrievals, especially in the high 

latitude regions, removal of ambiguity in surface 

classification in the infrared-only (IR-only) retrieval 

algorithm. Monthly average Level 3 methane, surface and 

air temperatures between October 2002 and January 2020, 

both ascending and descending orbits, are available on-line 

on a 1° × 1° latitude/longitude grid:  https://disc.gsfc.nasa. 

gov/datasets/, AIRS3STM.006 and AIRS3STM.007 for 

versions 6 and 7, respectively. Methane profiles were 

retrieved for a 3 × 3 matrix of 9 pixels with a diameter of 

13.5 km in nadir each. Below the AIRS version 7 is used, 

unless otherwise noted.  

The IASI-1/MetOp-A is a cross-track-scanning 

Michelson interferometer that measures spectra of outgoing 

long wave radiation with an apodized resolution of 0.5 cm−1 

in the TIR spectral range that includes the ν4 CH4 band near 

7.65 μm wavelength (Razavi et al., 2009). The MetOp-A 

satellite, operated by EUMETSAT (European Organisation 

for the Exploitation of Meteorological Satellites), was 

launched in 2006. Like AIRS, IASI has a 2200-km swath 

with a scan swath angle of ±48.3°. The IASI retrieval 

algorithm NUCAPS (NOAA Unique Combined Atmospheric 

Processing System) was built at NOAA/ NESDIS (National 

Environmental Satellite, Data, and Information Service) to 

emulate the AIRS Version 5 code and has been in operation 

since 2008 (Maddy et al., 2009; Gambacorta, 2013). Level 2 

data for 2 × 2 matrices of 4 circular, 12-km diameter pixels 

are available from the NOAA’s CLASS (Comprehensive 

Large Array-data Stewardship System) site https://www.avl. 

class.noaa.gov/saa/products/. 

The CrIS is a cross-tracking Michelson interferometer 

deployed on the Suomi NPP platform launched in October, 

2011, in a sun-synchronous polar orbit (Bloom, 2001)). 

Apodized full spectral resolution is 0.75 cm−1. Methane 

profiles were obtained for a 3 × 3 matrix of 9 pixels with a 

diameter of 14 km in nadir each. Retrieval technique 

CLIMCAPS (Community Long-Term Infrared Microwave 

Combined Atmospheric Product System) was developed in 

Science and Technology Corporation (STC), Columbia, MD, 

and funded by NASA (Smith and Barnet, 2019, 2020). 

Assimilated air temperature and humidity from Modern-Era 

Retrospective Analysis for Research and Applications 

version 2.0 (MERRA2) were used as a priori. The Level 2 

data coded as SNDRSNIML2CCPRET are available from 

the GES DISC (Goddard Earth Sciences Data and 

Information Services Center), https://disc.gsfc.nasa.gov/ 

datasets/SNDRSNIML2CCPCCR_2/summary.  

The TIR reliable measurements require the surface to 

be warmer than air above it. The data were filtered for cases 

of Thermal Contrast ThC> 10° C (Yurganov et al., 2016a 

and Supplementary Figure S3), where ThC = Tsurf -T600, Tsurf 

is surface temperature (Surface Skin Temperature, SST), and 

T600 is air temperature at 600 hPa air pressure. 

Supplementary Figures S3 and S4 in the Supplement 

illustrate influence of filtering for AIRS v6 data. 

The profiles were averaged for the lower troposphere 

(LT) from the surface to the level of 600 hPa (~ 4 km) and 

from 600 hPa to 400 hPa (~4–6 km, mid troposphere, MT). 

The sensitivity to methane variations in the LT and MT was 

estimated empirically by comparison with simultaneous 

aircraft measurements at three stations in the United States 

(Yurganov, 2020, and Supplementary Figure S5). LT 

sensitivity (slope of a linear regression line) was found in 

the range of 0.3–0.5. MT sensitivity was estimated as 

0.8–1.2, i.e., significantly higher. A physical meaning of the 

empirical sensitivity is a change in retrieved concentration 

that corresponds to the unit change of the “true” value, 

measured from an aircraft. E.g., the sensitivity of 0.5 means 

that real variations (not concentrations themselves) are 

underestimated by 100%. We have chosen to focus on the 

LT data in attempt to get information on methane as close as 

possible to the surface despite their lower sensitivity. The 

MT CH4 measured from satellite is rapidly carried by winds 

and is just slightly dependent on regional sources. However, 

some MT data are placed in the Supplement (Figures S6, S7, 

and S8).  

2.2  Estimates of MLD and seawater temperature 

The MLD characterizes degree of the vertical mixing in the 

seawater column. To estimate the MLD, we use the ECCO 

LLC270 global ocean and sea-ice data synthesis (Zhang et 

al., 2018a). ECCO LLC270 is built upon two previous 

ECCO efforts, ECCO v4 (Forget et al., 2015) and ECCO2 

(Menemenlis et al., 2005a, 2005b, 2008; Fenty et al., 2017). 

Compared to the lower-resolution ECCO v4 synthesis 

(nominal 1° grid spacing), ECCO LLC270 has finer 

horizontal grid spacing (~1/3° at the equator and ~18 km at 

high latitudes). The vertical discretization comprises     

50 z-levels; model integration spans January 1992 to 

December 2018. Terrestrial runoff along coastal boundaries 

is forced using the monthly climatology of Fekete et al. 

(2002). Since horizontal resolution is insufficient to resolve 

mesoscale eddies, their impact on the large-scale ocean 

circulation is parameterized using the Redi (1982) and Gent 

and McWilliams (1990) schemes. 

We compute monthly-mean LLC 270 MLD using two 

criteria: (1) when the potential density is larger than 

surface-ocean density ρ by 0.8°C·α, where ρ is the density 

and α is the seawater thermal expansion coefficient at the 

ocean surface (Kara et al., 2000); and (2) when the potential 

density is greater than surface-ocean density + 0.03 kg·m−3 

(Boyer et al., 2004). Kara et al. (2002) compared 

calculations by criterion #1 with field measurements and 

confirmed that method accuracy is better than 20 m. 

Potential temperature of the lowest ECCO layer was treated 

as near-bottom temperature. 

2.3  Satellite sea-ice observations 

Sea-ice concentration data are archived by the NASA 

National Snow and Ice Data Center Distributed Active 
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Archive Center (https://nsidc.org/data/NSIDC-0081/ 

versions/1; described by Cavalieri et al., 1996). The mean 

monthly data set for November, 2003–January, 2020 is 

generated from the surface brightness temperature data and 

is designed to provide a consistent time series of sea-ice 

concentration Cice (the fraction of ice for each 20 × 20 km2 

pixel) spanning the coverage of two passive microwave 

instruments developed as a part of the Defense 

Meteorological Satellite Program (DMSP), DMSP-F8 and 

Special Sensor Microwave Imager/Sounder (SSMIS) 

DMSP-F17.  

3  Results 

3.1  CH4 concentrations, trends and seasonal 

changes 

To illustrate changes in CH4 low tropospheric concentrations 

for 15 years, seasonal means for 2004 –2005 (Figure 1a–1d) 

and for 2019–2020 (Figure 1e–1h), retrieved from AIRS 

data, were mapped. CH4 concentrations are subjected to 

global trend (Nisbet et al., 2019; Saunois et al., 2020), the 

trend of satellite LT data is ~3 ppb·a−1 (Yurganov et al., 

2017). Therefore, all color scales for the top four maps were 

shifted down by 45 ppb to make the bottom and top maps 

comparable. The data were binned into 3-month seasons, 

conditionally named “spring” (Feb–Apr), “summer” (May–Jul), 

“autumn” (Aug–Oct), and “winter” (Nov–Jan). This choice 

was motivated by the CH4 seasonal cycle: “winter” is close to 

its maximum and “summer” is to its minimum (Supplementary 

Figure S8). The same color at the top and bottom maps of 

Figure 1 corresponds to 45 ppb difference between 

concentrations. The summer methane distributions over the 

Arctic (Figures 1b and 1f) were essentially flat; this may be 

interpreted as lacking strong local Arctic sources.  

Quite different picture is observed in other seasons, 

especially in winter (Figures 1d and 1h).  Enhanced CH4 

concentrations were observed over BKS and other seas. 

These anomalies may indicate significant regional sources. 

Moreover, concentrations over many areas increased 

significantly faster than by 3 ppb·a−1. Similar patterns were 

observed for MT altitudes (between 4 and 6 km, 

Supplementary Figures S5 and S6). To study seasonal 

changes and trends, three domains were selected (Figure 1 

and Supplementary Table S1). Domain #1 is located in a 

relatively deep western Barents Sea (mean depth 379 m) 

and is free of sea ice year-round. Domain # 2 is located in 

northern Kara Sea between three archipelagos: 

Franz-Joseph Land (FJL), Novaya Zemplya (NZ), and 

Severnaya Zemlya (SZ). It is shallower (mean depth 180 m)  

 

Figure 1  Methane concentrations retrieved from AIRS v7 data for the layer 0–4 km (LT) for 4 seasons: spring (a), summer (b), autumn 

(c), winter (d) for 2003–2004 (top) and 2019–2020 (bottom). Blank areas correspond to insufficient vertical air temperature contrast 

(ThC<10℃). Note a 45 ppb shift in the color scale, corresponding to 3 ppb·a−1 global trend. See also the same for MT (Supplementary 

Figure S6). 
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and partially covered by sea ice in winter. A control ice-free 

domain #3 with mean depth 2053 m is selected beyond the 

Arctic in the Norwegian Sea. 

An excess of methane concentration in the domain #1 

over that in the control domain #3 may be compared with 

the intensity of mixing in the seawater column, 

characterized by the MLD.  Monthly mean concentrations 

for domains # 1 and # 3 were retrieved from data of three 

space-borne spectrometers and averaged over 2015–2019. 

Four independent data sets in Figure 2 corresponding to 

AIRS (versions 6 and 7), IASI, and CrIS are in agreement.  

All four series demonstrate a maximum in December– 

January and a minimum in June–July. The MLD was 

estimated using two different criteria (see Section 2.2) and 

averaged over the same time period for domain #1. These 

MLD curves have similar shapes, but somewhat different 

magnitudes, which might be taken as an estimate of data 

accuracy. Disagreements do not exceed 50 m (cf., MLD 

accuracy was estimated as ± 20 m by Kara et al. (2002) for 

the data based on criterion #1).  Methane anomaly steeply 

grows in October–November and reaches a maximum in 

January. The mixed layer is very shallow in summer (~20– 

30 m), its depth abruptly increases between November and 

December, and plateaus by February. This is mostly 

explained by the autumn breakdown of seasonal pycnocline 

(Rudels, 1993), caused by decline in solar radiation and 

cooling of the surface layer. Seasonal changes in CH4 

anomalies most likely occur in response to changes in the 

seawater mixing. This will be discussed below in more 

detail in relation to MLD trends.  

 

Figure 2  LT (0–4 km altitude) CH4 anomaly, i.e., a concentration difference between the Barents Sea domain #1 and Norwegian Sea 

domain #3 (for boundaries see map Figure 1 and Supplementary Table S1). IASI and AIRS data are averaged over 2010–2018, CrIS data 

are for 2015–2018. Blue lines are 2010–2018 averaged MLD for the western Barents Sea domain #1 (see map) for 2 criteria (#1 is Kara et 

al. (2000) , #2 is Boyer et al. (2004). 

Maps of seasonally resolved trends of CH4 for 

2003–2019 time frame are presented in Figure 3. In summer 

(Figure 3b) CH4 trend over the whole Arctic Ocean is 

generally close to or even slightly lower than 3 ppb·a−1. 

Arctic land is characterized by 3.5–4 ppb·a−1 trend. In 

autumn (August–October) trends are higher everywhere, 

but maximal trends are observed in winter over sea: 

typically, 4.5–5 ppb·a−1 and even higher. The maximal rate 

of the long-term winter LT methane growth, up to       

5.5 ppb·a−1, was found in the northern Kara Sea that was 

almost twice as large compared to the summer trend.  

Figure 4 shows monthly mean methane concentrations 

for three domains (thin black lines) for two instruments: 

AIRS (version 7) and IASI. Slopes of seasonal linear least 

square correlation lines are labeled in the figures with lower 

and upper confidence limits for reliability 95%. For all 

domains winter trends are higher than summer trends, but 

the difference between them is statistically significant for 

the Kara Sea only (Figure 4c and 4f). IASI data are 

available only since 2010 only. A steeper growth detected 

by IASI may be explained a 3-fold better spectral resolution. 

A sea ice decline, observed during last two decades in the 

Kara Sea, may explain this effect, at least partly (see 

below).  

3.2  Annually averaged CH4 anomalies and 

emission estimates 

Yurganov et al. (2016a) suggested an estimate of annually 

averaged methane emission from the Arctic seas based on 

assumption that anomalies averaged over 2010–2014 are 

proportional to annual emission. The “first guess” CH4 

concentration (Susskind et al., 2014; Smith and Barnet, 

2019) was common for AIRSv6, AIRSv7, IASI/NUCAPS, 
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Figure 3  Maps of LT methane trends derived from 2002–2019 data of AIRS v7. Slopes of standard linear regression lines for 4 seasons: 

spring (a), summer (b), autumn (c), winter (d) were computed for each 1°×1° lat/lon pixel. Blank areas correspond to insufficient vertical 

air temperature contrast (ThC<10℃). See also the same for MT (Supplementary Figure S7). 

and CrIS/CLIMCAPS algorithms. The first guess was 

assumed the same for all longitudes and seasons and 

depending just on altitude and longitude. The West 

Siberian Lowland (WSL) was taken by Yurganov et al. 

(2016a) as a control area with “known” emission       

22 Tg CH4·a−1 (Fung et al., 1991). Here we averaged CH4 

anomalies for 2016–2020 period that is common for     

3 instruments. The time elapsed after the previous study 

required an adjustment of the background for the CH4 

trend. For each instrument the latitudinally dependent first 

guess for 0–4 km layer was adjusted to the measured 

zonally averaged concentration and used as background 

for all longitudes (Supplementary Figure S10). Another 

difference with Yurganov et al. (2016a) calculation is 

using the total Arctic land as a control area with “known”  

annual emission (Saunois et al., 2020).  

Three maps of anomalies are plotted in Figure 5 (top 

row). Following Yurganov et al. (1996a), these anomalies 

were converted to annually averaged flux density F  

(Figure 5, top row, lower scale and Figure 5, bottom row) 

for each instrument. Total annual Arctic land emission was 

assumed by Saunois et al. (2020) as E=25 Tg CH4·a−1 for 

the area 18.2 × 106 km2. It corresponds to the mean flux 

density F= 3.8 mg·m−2·d−1. Mean CH4  anomalies for 

Arctic land are different for different instruments (Table 1). 

Therefore, conversion coefficients from ppb to mg·m−2·d−1 

for AIRS v7, IASI, and CrIS were different, namely 0.28, 

0.19, and 0.29, respectively. The total annual emissions 

were summarized in Table 1 and Figure 6. Domains’ 

boundaries are indicated in Figure 6 and listed in  
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Supplementary Table S1. Mean flux densities for domains, 

as well as minimal and maximal values inside domains are 

presented in Table 2. Our previous estimate for pan-Arctic 

sea emission as ~2/3 of land emission (Yurganov et al., 

2016a) was confirmed. The BKS contributes between 1/3 

and 1/2 into the total emission from seas. Available from 

literature top-down and bottom-up flux estimates for some 

domains are discussed below.  

 

Figure 4  Methane LT concentrations and trends according to AIRS data (a, b, c) and IASI data (d, e, f) for three domains. Regression 

lines are plotted for winter and summer periods, slopes and 95% confidence limits (in brackets) are shown. Note that the increase in 

amplitude is statistically significant for the Kara Sea only. 
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Figure 5  Top row: averaged for 2016–2020 CH4 excess over background (Supplementary Figure S1). Bottom row: estimated fluxes for  

3 instruments. Dashed line is the Arctic boundary. 

 

Figure 6  Annual emissions estimated for selected domains 

(green is for land, blue is for sea): Barents/Kara seas (BKS), East 

Siberian Arctic seas (ESAS), Sea of Okhotsk (OKH), Baffin Bay 

(BAF), West Siberian Lowland (WSL), and Alaska (AK). Land 

and Sea are for the Arctic to the North of 60º N. Uncertainty 

ranges of estimates for different instruments are shown in grey 

(see also Table 1). 

3.3  Trends in MLD and temperature 

Here and in Supplementary Figure S11 we present available 

auxiliary MLD, near-bottom temperature and sea ice data 

for BKS and for the control domain in the Norwegian Sea. 

As we did see above (Figure 2), the spacial CH4 anomaly 

over the western Barents Sea increases sharply since 

November and reaches maximum in January. A most likely 

reason for that is a breakdown of the pycnocline in 

November and transfer from the summer density 

stratification to the winter mixing regime (Rudels, 1993). 

ECCO data allow to estimate changes in MLD during last 

two decades (Figure 7). MLD is subjected to a strong 

seasonality with a minimum of 20–30 m in summer and a 

maximum up to 350 m in winter. That means a well mixing 

of the Barents Sea from the surface down to the seafloor in 

winter. Red points correspond to a period of CH4 anomaly 

maximum in early winter; green points are for the following 

three months. Early winter MLD diminished from 300 m in 

early 2000s down to 150 m now. In February–April 

Table 1  Annual CH4 flux, estimated from CH4 LT anomalies in assumption of 25 Tg CH4 ·a−1 for the Arctic land to the North of 60º N.  

Anomaly of LT concentration is a difference between retrieved and background concentrations (for background definition see 

Supplementary Figure S9) 

Domain 
 

Area/(×106 km2) 

CH4 anomalies/ppb CH4 annual flux/(Tg CH4 ·a
−1) 

AIRS IASI CrIS AIRS IASI CrIS 

Land 18.2 13.4 19.4 13.1 25.0 25.0 25.0 

Sea 12.8 17.3 17.0 12.6 22.8 15.5 16.9 

BKS 3.4 24.3 26.3 23.5 8.5 6.4 8.4 

ESAS 1.4 23.7 15.7 8.9 3.5 1.6 1.3 

OKH 1.0 11.9 26.1 29.0 1.2 1.8 3.0 

BAF 1.4 19.4 24.9 19.8 2.7 2.4 2.8 

WSL 2.2 18.7 28.7 17.4 4.2 4.5 4.0 

AK 1.7 11.3 18.4 16.5 2.0 2.2 3.0 
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Table 2 Annually averaged CH4 flux density for domains. 

Minimal and maximal flux are for grid cells 1º×1º 

(AIRS), 0.5º×0.5º (IASI and CrIS) 

  AIRS IASI CrIS 

BKS  6.8 5.1 6.7 

min  1.0 1.3 0.4 

max  9.8 9.7 11.8 

ESAS  6.7 3.2 2.8 

min  3.9 1.3 –1.1 

max  9.5 6.3 5.7 

BEAUF  6.1 2.4 2.5 

min  4.7 1.3 0.3 

max  8.3 3.1 4.8 

BAF  5.4 4.8 5.7 

min  2.6 3.2 2.5 

max  7.9 8.3 9.5 

OKH  2.7 5.4 8.3 

min  1.9 4.4 6.5 

max  3.3 6.4 9.5 

AK  3.1 3.4 4.6 

min  0.4 –1.6 –0.2 

max  6.0 7.8 8.9 

WSL  5.3 5.6 5.0 

min  2.1 2.2 1.9 

max  8.8 7.2 7.7 

Units: mg CH4·m
−2·d−1 

 

decrease of MLD was not so steep. The steepest decline of 

−10 ± 3 m·a−1 was observed in November (Supplementary 

S10). In Figure 7b MLD seasonal cycles for the beginning 

and for the end of the considered period were compared.  

The late autumn-early winter part of the cycle (November– 

January) shifted by 5 weeks to later times during elapsed  

15 years. The negative MLD trend in early winter may 

hamper the process of CH4 transfer from the seabed to the 

surface. Meanwhile, no statistically significant MLD trends 

for other domains were observed (Supplementary Figure 

S10). 

The temperature of the near-bottom seawater layer is 

important for CH4 release from methane hydrates (James et 

al., 2016). Figure 8 evidences a statistically significant 

upward trend of 0.05–0.06 ºC·a−1 after 1992. Also, there is a 

statistically significant difference in trends between periods 

1965–1992 and 1992–2017. In contrast to the Barents Sea, 

two other domains demonstrate much lower temperatures 

that are pretty constant during last 30 years.  

4  Discussion 

4.1  Comparisons with in situ CH4 observations 

and models. 

Shakhova et al. (2010) investigated summer and winter 

methane flux from the East Siberian Arctic Seas (ESAS). 

More than 5000 at-sea measurements of dissolved CH4 

were collected.  Greater than 80% of ESAS bottom waters 

and greater than 50% of surface waters were supersaturated 

with CH4 relative to the atmosphere. In summer, diffusion 

and ebullition fluxes were estimated, respectively, as   

1.24 Tg CH4 and 1.68 Tg CH4 (total summer 2.92 Tg CH4), 

in winter 3.23 Tg CH4 and 4.49 Tg CH4 (total winter   

7.72 Tg CH4), totally 10.64 Tg CH4·a−1. An assessment by 

Berchet et al. (2016) based on land surface NOAA network 

and inverse modeling was significantly lower: 0.5–     

4.3 Tg CH4·a−1. Our estimate 1.3–3.5 Tg CH4·a−1 is inside 

the Berchet et al. (2016) range. 

CH4 measurements in the aircraft Carbon in Arctic 

Reservoirs Vulnerability Experiment (CARVE) in 

May–October of 2012, 2013, and 2014 (Miller et al., 2016) 

demonstrated little year-to-year variability in the fluxes. 

The total Alaska CH4 fluxes average 1.74 ± 0.26 Tg CH4 for 

6 months that is close to our estimate of 2–3 Tg CH4·a−1. 

 

Figure 7  a, Monthly and seasonally averaged MLD for domain #1. The seasons are the same as for CH4 (Figures 1 and 3); b, Seasonal 

cycles for beginning and end of the data span. 
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Figure 8  Monthly mean near-bottom potential temperatures for three domains considered in this study according to ECCO and the Atlas 

of oceanography data for the Barents Sea (Watelet et al., 2020). Slopes of linear regression lines with lower and upper confidence limits for 

reliability 95% (square brackets) are shown. 

The WSL CH4 emission is highly uncertain. The 

inventory EDGAR v4.3.2 (Janssens-Maenhout et al., 2017) 

predicts a total leaks of natural gas in western Siberia of 

2.8 Tg CH4·a−1, whereas ECLIPSE v5a (Höglund-Isaksson 

et al., 2012) yields 14.1 Tg CH4·a−1. The wetland emission 

bottom-up estimate is 3.9 ± 1.3 Tg CH4·a−1 (Glagolev et al., 

2011). The top-down estimates are uncertain also, e.g., 

Berchet et al. (2015): 5–28 Tg CH4 for the year 2010. In 

any case, our estimate 1.3–3.5 Tg CH4·a−1 is close to or 

below than available lowest estimates. Our estimates in 

Table 1 are based on assumed 25 Tg CH4·a−1 for the Arctic 

land, and spectroscopic data, as it was noted above, are 

biased to lower values. Also winter is missing: it is a reason 

for underestimation as well. Supplementary Figure S12 

shows a flat coverage for all seasons for BKS, but all other 

domains are characterized by reduced number of 

measurements in January, February, November and 

December.  

Some random measurements of CH4 flux may be 

compared with our annual means (Table 2). There were 

measurements of CH4 flux in the Beaufort Sea in January 

2009, in November 2009 and in March–April 2010 by Kort 

et al. (2012); 0.5–8.0 mg CH4·m−2·d−1 with a mean of   

2.0 mg CH4·m−2·d−1. These data are very close to our 

estimates for the Beaufort Sea: mean annual values for 

different sounders between 2.4 and 6.1 mg CH4·m−2·d−1 and 

the total range: 0.3–8.3 mg CH4·m−2·d−1. 

Myhre et al. (2016) studied CH4 near the seafloor and 

in the atmosphere to the west of Svalbard in June–July 2014. 

They found that the release of CH4 from seabed sediments 

substantially increases CH4 concentrations near the seafloor 

with a sharp decrease above the pycnocline. The summer- 

time flux to air was estimated as 2.4–14 nM·m−2·s−1, i.e., 

less than 0.02 mg CH4·m−2·d−1.  

Lorenson et al. (2016) reported results of flux 

measurements in 1992–2009 during July–September 

seasons in the Beaufort Sea. During ice-free periods, CH4 

flux varies from 0.14 mg CH4·m−2·d−1 to             

0.43 mg CH4·m−2·d−1, and maximum fluxes up to      

1.52 mg CH4·m−2·d−1. These estimates are lower than ours, 

but higher than results by Myhre et al. (2016), also obtained 

in summer months.   

Thornton et al. (2020) measured CH4 flux in ESAS in 

July–August 2014 and obtained the range of 4.58, 1.74, and 

0.14 mg CH4·m−2·d−1 in the Laptev, West Siberian and 

Chukchi seas, respectively. Annual fluxes estimated from  

3 satellite data sets for entire ESAS are in the range 2.8 – 

6.7 mg CH4·m−2·d−1 (Table 2).  

4.2  The wintertime CH4 anomalies over Arctic 

seas, their explanation, and alternative 

hypotheses. 

A significant emission of methane from the Arctic seas in 

winter was speculated by Gentz et al. (2014), Myhre et al. 

(2016), and others. Yurganov (2020) found excess AIRS v6 

and IASI CH4 for an area south-west of Svalbard compared 

to North Atlantic up to 30 ppb in autumn–winter. They 

show that this anomaly is consistent with a fall/winter 

pycnocline breakdown and enhanced winter mixing. Here 

we present additional evidences of this effect based on 

improved AIRS Version 7 data, and the data of the third 

sounder, CrIS, retrieved using a new CLIMCAPS algorithm 

(Smith and Barnet, 2019, 2020). One may doubt that this 

extra CH4 really emitted from the sea surface. An 

alternative explanation is an atmospheric advection from 

areas beyond the Arctic seas with higher CH4 

concentrations in winter. Tropical and sub-tropical areas are 

too far away, but transport of CH4 emitted from sub-surface 
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layers of permafrost in cold season (Zona et al., 2016) or 

from leaking pipelines (IEA, 2021) cannot be ruled out. 

Unfortunately, TIR spectrometers are completely insensitive 

to lower atmospheric layers over frozen surfaces and high 

CH4 concentrations in terrestrial Arctic can not be 

confirmed.  

Our choice of data for 0–4 km of altitude was 

motivated by much less intensity of advection in this layer. 

Another argument in favor of local origin of this extra CH4 

is a natural bias of the satellite measurements: most of data 

are presented for clear sky or broken clouds, measurements 

in overcast conditions are impossible. Clear sky prevails 

during anticyclonic conditions with low wind speed. Also, it 

is known that pollutants are transported on long distances in 

LT mostly by cyclones (Jaffe et al., 1998). A significant 

duration of averaging periods (up to a few years) is another 

argument in favor local origin of CH4: days with different 

trajectories of polluted air are mixed together. Nevertheless, 

this point is important and deserves a further investigation. 

4.3  Winter CH4 trends in view of the seawater 

mixing and ice cover.  

Another point of interest is what happens with CH4 

emissions during last 20 years. As Smith and Barnet (2019, 

2020) noted, analysis of satellite data, especially trends, 

may be ambiguous. Therefore, the data sets analyzed here 

(Figure 4) should be considerate with some caution. 

Nevertheless, comparison of two instruments with a 3-fold 

different spectral resolution (1.5 cm−1 for AIRS and     

0.5 cm−1 for IASI) may be helpful. Note that both AIRS and 

IASI demonstrate similar patterns while comparing three 

oceanic domains (left to right in Figure 4). The difference 

between summer and winter (i.e., the seasonal cycle 

amplitude) increases from the Norwegian Sea to the western 

Barents Sea and then to the northern Kara Sea. The 

maximal statistically significant difference is observed for 

the IASI Kara data: the amplitude of the seasonal cycle 

doubled just in ten years. A high spectral resolution of IASI 

ensures higher sensitivity to retrieved LT concentrations (cf., 

Rogers, 2000). A negative trend in ice concentration (Figure 9) 

gives us a clue to explain this increase. The northern BKS 

in early winter experiences maximal decline of the ice cover 

from the beginning of this century. Petoukhov and Semenov 

(2010), Zhang et al. (2018b) found that this phenomenon 

significantly disturbs the air circulation in Northern mid and 

high latitudes. This effect could enhance transport of CH4 

through the sea/air boundary. Yurganov (2020) investigated 

this relationship in more detail. A positive feed-back loop 

between ice and methane is also possible. 

Auxiliary oceanographic data may shed light on the 

reasons for CH4 trends in BKS. Figure 7a clearly 

demonstrates variability of MLD during last 18 years and a 

negative trend in early winter MLD (red points). The 

winter/spring MLD just moderately diminished (green 

points). Seasonal cycles of MLD averaged over 4 years at 

 

Figure 9  Ice concentration (mean fraction of area that is covered 

by ice) for the domain #2 (N. Kara Sea) for the November– 

December–January season. 

the beginning and at the end of our time span (Figure 7b) 

may be interpreted as evolution in pycnocline breakdown 

date, namely, a 5-weeks shift to later time. This shift 

lengthens a seawater stability period allowing proliferation 

of methanotroph bacteria that secure oxidation of CH4 

seeped at the sea floor. This lengthening also may damp the 

CH4 flux through the sea/air boundary in early winter. 

Freshening of the surface layer in summer (Heine et al., 

2015; Yamaguchi and Suga, 2019; Li et al., 2020) may 

explain this effect. The steepest decline of MLD (−10 m·a−1) 

is observed in November in the Barents Sea, while the 

Norwegian and Kara seas do not show any significant MLD 

trends at all (Supplementary Figure S10).  

Another important constrain is the temperature 

stability/instability. Dissociation rate of methane hydrates 

depends on the near-bottom seawater temperature. Two 

valuable data sets for this parameter are available now 

(Figure 8). Both demonstrate growing near-bottom Barents 

potential temperature with a rate of 0.05–0.06 ºC·a−1 that 

means ~1 ºC warming since the beginning of this century. 

Methane hydrates may be impacted by this warming 

(Rappel and Kessler, 2016). Increased emission of gaseous 

CH4 may influence the Arctic warming, providing the 

transport of the dissolved methane would be sufficient.  

Summing up, the steepest temperature increase is 

observed in the Barents Sea but no or negligible increase in 

CH4 amplitude is observed there. The fastest growth of the 

CH4 amplitude occurs in the Kara Sea with low and 

constant seawater temperature. The latter may be explained 

by a decisive role of ice decline in the Kara Sea. In contrast 

to the Kara Sea, two important factors compensate one 

another in the Barents Sea: a positive temperature trend 

stimulates emission, but the freshening of the mixed layer 

lengthens the stratification period and hampers the CH4 flux 

to the atmosphere.  

According to our analysis, BKS dominates as a 

regional source of atmospheric CH4 for the Arctic Ocean 

(Figure 6 and Table 1). This is reasonable if one takes in 

view abundant sea floor CH4 sources (James at al., 2016) 

and influx of heat through the North–Atlantic Current 
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(NAC) through the Barents Sea gateway (Leifer et al. 2018). 

CH4 seeps from faults, earthquakes, oil and gas deposits, 

high concentrations of dissolved CH4 are observed in deep 

layers (Supplementary Figure S1). This CH4 is partly 

converted to gas hydrate at temperatures lower than ~ 2º C 

and depths below ~ 250 m (James at al., 2016; Ruppel and 

Kessler, 2017). Methane hydrate dissociates under the 

influence of AW flow (Leifer et al., 2018).    

5  Conclusions 

Following our analysis on the sea-air methane flux and 

possible modulating factors in Barrents and Kara seas based 

on satellite data, we could make these conclusions: 

(1) Most of methane emission from BKS occurs in 

winter, when the whole seawater column is mixed.  

(2) The amplitude of CH4 seasonal cycle at the 

northern edge of BKS grows with years. A decline of sea ice 

that facilitates CH4 flux to air in winter is the most likely 

explanation of that. Conversely, the ice-free western 

Barents Sea does not show any clear evidence of growing 

emission.  

(3) CH4 emission from the Arctic Ocean as a whole is 

estimated as ~2/3 of the land emission. The contribution of 

BKS to marine emission is between 40% and 50%.  
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Supplementary Figures and Tables 
 

Supplementary Figures and Table provide additional information on methods, validity of data, flux estimates, and MT 

data that can be compared with LT data in the main body of the paper. 

 

1 Example of available direct measurements of dissolved methane concentration in August/September 2012,  

and in August/September 2015 (Mau et al., 2017) : https://doi.org/10.1038/srep42997 

 

Supplementary Figure S1  South to north transect of dissolved methane concentration anomalies. Methane anomalies were derived by 

subtracting the atmospheric methane equilibrium concentrations from the measured methane concentrations. The left-side map indicates the 

transect location. May be compared with atmospheric excess CH4 for the domain [72° N – 74° N, 15° E – 30° E] (Figure 2). Adopted from 

Mau et al. (2017). 

2 Coverage of TIR and SWIR spectrometers: TIR IASI, LT CH4 concentration 
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Supplementary Figure S2  Top panels. IASI annual 0–4 km average mixing ratios in 2010 (a) and 2016 (b) on the 0.5°×0.5° lat./lon. grid. 

Maps of annual mean IASI concentration retrieved for the lower 4 km layer, data for mountains and low thermal contrast (ThC) are 

excluded. Note a faster growing concentration for Arctic seas compared to Northern Atlantic. Bottom panels. GOSAT Level 2 v2.72, all 

single retrievals for 2010 (c) and 2016 (d). The lower panels illustrate a poor coverage of GOSAT compared to IASI. Measurements over 

sea are available only in a glint mode and are completely missing in the Arctic due to low Sun. 

3 A choice of filtering criteria to exclude data with insufficient thermal contrast (temperature difference  

between the surface and altitude 4 km asl) in the atmosphere 

 

Supplementary Figure S3 A dependence of retrieved methane volume mixing ratio (VMR) on the Thermal Contrast (ThC): difference 

between temperatures at the surface and for air pressure 600 hPa. For ThC >10℃ this plot is flat, i.e., retrieved methane VMR does not 

depend on ThC. a, IASI lower troposphere CH4 VMR for 2010–2016 versus ThC binned with a step 5℃. Error bars for 4*std /sqrt(N). b, 

The same, but zoomed in. 
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4 Two parameters characterizing sensitivity to temperature profile 

 

Supplementary Figure S4  Top panel. Blue points: AIRS v6 single LT retrievals in January, 2013, were plotted versus ThC and DOF. 

ThC=10 ℃ is a criterion for filtering. Middle panel. CH4 is practically insensitive to DOF. Two bottom maps correspond to all points 

without filtering (left) and for cases ThC>10 ℃ (right). The left-side monthly mean map shows a mixture of “good” and “bad” points. Bad 

data are underestimated. After removal of bad data monthly means increase (South Siberia and Hudson Bay). The central and western 

Canadian CH4 does not. It is because low CH4 values there correspond to higher ThC, so the lower CH4 in January in that area is really low, 

but not due to low ThC. Note that BKS data did not change: all data were good. 
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5 Validation of IASI and AIRS data by comparison with profiles CH4 measured in situ from aircrafts over 

the NOAA site THD (Trinidad Head, California) 

 

Supplementary Figure S5  CH4 concentrations retrieved from IASI (a) and AIRS v6 (b) data on days of NOAA flights averaged in a 

square 150×150 km2 centered at 41.054°N, 124.151°W. Triangles and circles are for annual means. Regression lines are drown through 

annual means. Slopes, confidence limits for reliability 95%, and regression coefficients are shown on the plots. Satellite data have a better 

sensitivity to mid-tropospheric CH4 than to low tropospheric CH4. 

6 Middle tropospheric methane 
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Supplementary Figure S6  Methane concentrations retrieved from data of AIRS for the mid tropospheric layer 4–6 km for 4 seasons. 

Blank areas correspond to insufficient vertical air temperature contrast. MT methane maps may be compared to LT (Figure 1). Note a 

different lower limits of the color scale for Supplementary Figure S5 and for Figure 1, upper limits are the same. 
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Supplementary Figure S7  Maps of mid tropospheric methane (4–6 km of altitude) trends derived from 2002–2019 data of AIRS. Slopes 

of standard linear regression lines for 3-month-long averaging periods (see text) were computed for methane in the layer 4–6 km and for 

each 1°×1° lat./lon. pixel. Blank areas correspond to insufficient vertical air temperature contrast. May be compared to Figure 3 (the color 

scale is changed from [1:6] to [2:7] ppb·a−1 ) 
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Supplementary Figure S8  Mid tropospheric methane trends according to AIRS data. Monthly mean methane concentrations for the layer 

4–6 km. Domains are designated on the maps of Figure 1 and Supplementary Table S1. Regression lines are plotted for winter and summer 

periods, slopes are shown. May be compared to Figure 4. 

7 Averaged CH4 seasonal cycles for 3 domains 

 

Supplementary Figure S9  Seasonal cycles of AIRS v7 LT CH4 concentration for 3 domains, averaged over 2003–2019: Box #1 is W. 

Barents Sea, Box #2 is N. Kara Sea, Box #3 is Norwegian Sea. Error bars are for STD·(N-1)−2, where STD is standard deviation and N is 

number of years. 
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8 A choice of background concentration for calculation of CH4 anomaly and mean annual flux density 

 

Supplementary Figure S10  Dashed line is 0–4 km mean CH4 concentration, that is calculated from the first guess (a priori) CH4 profiles 

used in retrieval algorithms for all three instruments. Blue lines are measured zonally means averaged over 2015–2020. Solid black lines 

are first guess adjusted for trend. 

9 Negative MLD trend for the Barents Sea during late autumn – early winter and low trends for other 

domains 
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Supplementary Figure S11  Monthly ECCO MLD slopes of least square linear regression for 4 domains. Error bars are lower and upper 

confidence limits for reliability 95%. Note different scales. 

10 Low volume of data in winter (note a log scale) 

 

Supplementary Figure S12  Numbers of IASI measurements per month after filtering averaged for 2016–2020 in domains (see 

Supplementary Table S1 for boundaries). 

Supplementary Table S1  Domain boundaries 

 Latitude range Longitude range 

#1 Barents Sea 72°N 74°N 
15°E 

 
30°E 

#2 Kara Sea 77°N 80°N 70°E 90°E 

#3 Norwegian Sea 58°N 65°N 10°W 10°E 

BKS (sea only) 65°N 82°N 10°W 90°E 

ESAS (seaonly) 65°N 80°N 120°E 180°E 

OKH 50°N 56°N 144°E 150°E 

WSL 50°N 67°N 60°E 80°E 

 

 


