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Highlights: 1 

• Dissolved methane in Arctic freshwater is an important atmospheric methane source  2 

• Surface reflectance (water color) can serve as a proxy for methane concentration 3 

• Analysis of Siberian floodwater samples and satellite data confirm this method  4 



ABSTRACT 5 

An extreme flooding event occurred from June to July 2017 in the Indigirka River lowland of 6 

northeastern Siberia. We used Landsat 8 satellite surface reflectance data to detect the flood 7 

inundation area and extract water color for delineating different water sources. We also took 8 

direct samples of dissolved methane concentrations in the river water. Relatively high 9 

concentrations of dissolved methane (0.7–1.1 μmol l-1, or µM) were observed in four tributary 10 

areas in 2017 during the flood’s recession, while the values remained low in the main channel 11 

(0.2–0.3 µM). In contrast, the concentrations of dissolved methane were low in both the main 12 

channel and tributaries during the non-flood period of 2016 (0.1–0.2 μM). We then used 2017 13 

satellite reflectance data with an empirical model to estimate the spatial differences of dissolved 14 

methane concentration for water sources contributing to the methane-poor main channel and 15 

methane-rich tributaries and applied the results to the calculation of riverine methane in the 16 

study region (approx. 200 × 300 km). This approach to estimating dissolved methane 17 

concentrations using satellite reflectance can provide a new tool for environmental monitoring 18 

of flood events in remote areas. 19 

 20 
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 22 
 23 
  24 



1. Introduction 25 

Dissolved methane (CH4) is an important factor in aquatic biogeochemical cycles; river water is 26 

usually oversaturated with methane, such that the riverine flux contributes to increases in 27 

atmospheric methane (Campeau and del Giorgio, 2014; Sawakuchi et al., 2014; Striegl et al., 28 

2012). Additionally, highly saturated dissolved methane is transported to the ocean, where it can 29 

be an important methane source in high-latitude coastal areas (Shakhova et al., 2007). Dissolved 30 

methane is produced by the decomposition of organic carbon under anoxic conditions and 31 

consumed by microbial oxidation, which is activated when the oxygen concentration of river 32 

water increases (Stanley et al., 2016). The riverine production/consumption balance is 33 

controlled by landscape patterns of river channels connected to streams, lakes, wetlands and 34 

ponds that are related to basal sediment compositions (Crawford et al., 2017). 35 

Dissolved methane concentrations can have large spatial and temporal variations 36 

including the seasonal dynamics observed in rivers and other terrestrial water bodies. In 37 

low-latitude regions such as the Amazon River Basin, the dissolved methane concentration has 38 

been reported to rise during periods of low or declining water levels, especially in tributaries 39 

(Barbosa et al., 2016). In high-latitude regions, dissolved methane can be enriched owing to 40 

seasonal accumulations of methane under lake ice (Langer et al., 2015), contributing to high 41 

methane emissions when the ice breaks up in spring (Karlsson et al., 2013). Changing 42 

concentrations of dissolved methane have also been observed in a Finnish river during 43 

snowmelt (Dyson et al., 2011). Therefore, seasonal changes in high-latitude water tables and 44 

river discharges can affect dissolved riverine methane concentrations and fluxes.  45 

Such dissolved methane fluxes can be studied using satellite remote sensing to provide 46 

a broader spatial coverage of the inundation area (Rokni et al., 2014) and to determine water 47 

color from turbidity using optical reflectance from suspended sediment on the surface (Mertes et 48 



al., 1993, Volpe et al., 2011, Ward et al., 2013). Xiao et al. (2017) introduced an empirical 49 

stepwise regression for methane flux determination in shallow lakes using observed water 50 

clarity, dissolved oxygen data, and the satellite-derived normalized difference vegetation index 51 

(NDVI).  52 

In early summer (June–July) 2017, major flooding in the Yana-Indigirka lowland of 53 

northeastern Siberia covered a large region with water. Surface water derived from snow and/or 54 

ice melt (including lake water) was likely mixed with river water during the flood. We 55 

hypothesized that different water sources with distinct levels of dissolved methane and 56 

suspended sediments (represented by water color) were mixed during this event, and that their 57 

spatial distributions could be distinguished under flood conditions in the main channel and 58 

tributaries.  59 

Thus, we collected in-situ concentrations of riverine dissolved methane and surface reflectance 60 

satellite data during the summers of 2016 and 2017. Using the 2017 data during the flood period, 61 

we also modeled the dissolved methane concentration using water reflectance and estimated the 62 

river’s methane flux for both years. Our results demonstrate a new approach to estimating 63 

dissolved methane using water color reflectance data and offer new insights into methane 64 

emissions during an extreme flooding event in northeastern Siberia. 65 

2. Methods and Data 66 

2.1. Study location and observation methods 67 

We focused on the lower reaches of the Indigirka River and its tributaries near Chokurdakh in 68 

northeastern Siberia (Figure 1). The landscape consisted of a taiga-tundra boundary ecosystem 69 

with many lakes, ponds, and wetlands among shrubland and sparse stands of larch trees. The 70 

area’s climate is extremely cold with a mean annual air temperature of −13.9°C (measured 71 



during 1950–2008; Liang et al., 2014; Yabuki et al., 2011). Water level was recorded every 1–3 72 

days from mid-July to early August during 2015–2017 at two sites, Chokurdakh (70.62° N, 73 

147.89° E) and Kodac (70.56° N, 148.15° E); these sites were also used by previous studies 74 

(Iwanhana et al., 2014; Liang et al., 2014; Figure 1b). We recorded river levels directly by 75 

measuring the vertical distance from a tagged tree to the river surface, because there are no river 76 

gauging stations close to the field site. In addition, we observed river flooding indirectly using 77 

time-lapse cameras (Garden Watch Cam, Brinno, USA) and using satellite imagery (see section 78 

2.3). 79 

2.2. In situ dissolved methane measurements 80 

We collected river surface water samples (upper 10 cm) from a motorboat on 8 and 25 July 81 

2016 (6 samples for each) and 28 July and 2 August 2017 (5 samples for each) using a 60-ml 82 

plastic syringe with a three-way stopcock (Figures 1b, 2). Samples of river surface water were 83 

obtained from three areas of the Indigirka river system: the main channel, substream (west area) 84 

and tributaries (east narrow channels in the eastern area; Figure 1b). Methane free headspace 85 

gas and river water samples was mixed in the plastic syringe for 1 minute. After a leave for 5 86 

minutes , methane was extracted to the head space gas under equilibrium at room temperature 87 

and pressure. Ultra-high purity N2 gas was used as the headspace gas (45 ml of water and 15 ml 88 

of N2 in a 1:3 ratio) and headspace gas was transferred into a 10-ml vacuumed glass vial with a 89 

butyl rubber stopper and was brought to the laboratory at Hokkaido University, Japan. Methane 90 

concentration in the sample gas was measured using gas chromatography with a 91 

flame-ionization detector (GC-FID; HP6890, Hewlett Packard, USA). The detection limit in the 92 

gas chromatography (GC) analysis was less than 0.07 µM and the reproducibility of the analysis 93 

was less than 0.16 ppm. Finally, the initial concentration of dissolved methane was calculated 94 



with a Bunsen coefficient obtained by Yamamoto, 1976. Concentrations in µmol l-1 were 95 

recorded in units of µM (micro molar). We also used data for dissolved methane concentrations 96 

from 13 samples taken at three points within a lake near a tributary (Figure 1b) on the 20, 25, 97 

and 27 July 2013 (non-flood), using similar methods (Shingubara et al., 2016). Additionally, 98 

four ambient air samples were collected at wetlands near the Indigirka’s main channel on 10, 19, 99 

20, 24 and 27 July 2016 and 30 July 2017, for use in flux calculations (section 2.5). The 100 

measured values were statistically analyzed by t-test using p value notation. 101 

2.3. Flooding and water color detection using satellite imagery 102 

We acquired Landsat8 Operational Land Imager (OLI) surface reflectance images (30 m 103 

resolution) of the study area for 29 June, 29 July, and 7 August 2016 and 11 and 27 July 2017 104 

(USGS/NASA; Figure 2, Table 1) and observed the water color. The 11 July 2017 image 105 

(Figure 1d) was used for detection of flooded areas and for water color analysis when the water 106 

was at its highest; the 27 July 2017 image (Figure 1d) represented a ~60% retreat of floodwater 107 

compared with the peak flood height on 11 July.  108 

Satellite image analysis and classification were conducted using the ENVI v5.1 109 

software (Exilis Visual Information Solutions, Broomfield, CO USA), and spatial patterns were 110 

analyzed with ArcGIS v10.2 (Environmental Systems Research Institute, Redlands, CA USA). 111 

Water extent (and thus flooding) was defined by normalized difference water index (NDWI; 112 

McFeeters, 1996) values exceeding a threshold of 0.05 value; NDWI is defined as: 113 

NDWI = (Green − NIR) / (Green + NIR),   (1) 114 

where Green is Band 3 (533–590 nm) and NIR is Band 5 (851–879 nm). Water surface 115 

reflectance (water color) data were acquired using the nearest 4 pixels, including at the sampling 116 

sites for dissolved methane (within 1–5 days before sampling). Pixels were carefully selected 117 



from a homogenous water surface to avoid terrestrial pixels, shadow, breaking wave bubbles, 118 

glint, and other water color variations. Several indicators of water color were used, including 119 

reflectance on bands 1–7, NDWI, and the normalized difference vegetation index (NDVI):  120 

NDVI = (NIR − Red) / (NIR + Red),    (2) 121 

where Red is Band 4 (636–673 nm) and NIR is Band 5. 122 

2.4. Empirical modeling of dissolved methane concentrations 123 

To develop an empirical model for dissolved methane concentrations, we used the river surface 124 

reflectance as a proxy for the spatial distribution of the mixing processes between methane-rich 125 

and methane-poor water during flooding on 11 July 2017 (Figure 2). First, we applied 126 

multivariate correlation analysis and clustered samples by methane concentration and water 127 

color using the R software (R Core Team, 2013). A linear relationship between water color and 128 

methane concentration was assumed, and this linearity should be tested under various flooding 129 

condition in further research. Then, four groups among various methane concentrations 130 

(high-low) and water colors (clear-turbid) were distinguished as endmembers.  131 

We used endmembers and a mixing model in a similar manner as to many other 132 

studies of stream water solute chemistry (e.g., James and Roulet, 2006; Neal et al., 2010). Our 133 

empirical mixing model was defined assuming main channel water (turbid) and tributary water 134 

(not turbid) as the endmembers: 135 

ρsample = ρm × Fm + ρt × Ft,    (3) 136 

C sample = Cm × Fm + Ct × Ft, and    (4) 137 

Fm + Ft = 1,       (5) 138 



where ρsample, ρm, and ρt are the reflectance of sampling points and endmembers in the 139 

main channel and tributary, respectively; Fm and Ft. are the fractions of the main channel and 140 

tributary; and C sample, Cm, and Ct are the dissolved methane concentrations of the sampling 141 

points, main channel, and tributary, respectively. The reflectance values were calculated in a 142 

scale factor of 0 to 10. The regression for reflectance and dissolved methane was given as: 143 

C sample = slope×(ρsample) + intercept.   (6) 144 

After obtaining predicted values for slope and intercept, we validated model performance using 145 

a subset of the observation data with intermediate reflectance and dissolved methane by 146 

clustering with the multivariate correlation analysis as described above. Correlation coefficient, 147 

root mean square error (RMSE), and Akaike Information Criteria (AIC) for the model were also 148 

used for evaluating the accuracy of the model.  149 

2.5. Estimation of river flux  150 

The methane flux (mg CH4 m-2 d-1) between the river surface and the atmosphere was calculated 151 

with a gas transfer velocity (kCH4) using the difference between predicted concentrations in the 152 

river (Cw) and observed concentration in the atmosphere (Ca) in 2017 (Figure 2):  153 

Flux = (Cw-Ca) × kCH4 (mg CH4 m-2 d-1).   (7) 154 

Parameterization for the transfer velocity of methane was assumed by analogy to riverine CO2 155 

gas in boreal arctic zones as reported by Aufdenkampe et al. (2011):  156 

kCH4 = k600 (ScCH4/400) × 0.69 (m d-1),   (8) 157 

where k600 is the CO2 gas transfer velocity and ScCH4 is the Schmidt number for methane given 158 

by a temperature dependence function (Wanninkhof, 1992). The Bunsen coefficient (Yamamoto, 159 

1976) was then applied to estimate the saturation ratio of dissolved methane. The calculated flux 160 



values were the same range as the flux directly observed using a floating chamber at the site 161 

(0.5-3.4 mg m-2 d-1; Morozumi et al., 2017). 162 

2.6. Land cover analysis 163 

We conducted land cover classification using Landsat multispectral data (bands 1–7) from 7 164 

August 2016 (Table 1, Figure 2). Multiband images were classified by ISODATA unsupervised 165 

classification (ENVI), then mapped using vegetation types drawn from the high-resolution 166 

vegetation map produced using the supervised maximum likelihood method (Morozumi et al. 167 

2016), which contains 8 types of vegetation classes, including tree, shrub, willow, and 168 

cotton-sedge. The land cover data obtained were used to consider methane sources because 169 

dissolved methane can be highly saturated in near-surface soil water in wetlands (Shingubara et 170 

al., 2016). Sedge wetland and aquatic lake margin areas up to 500 m from the river bank were 171 

selected as potential methane sources, and were delineated using the spatial multi-ring buffering 172 

tool in ArcGIS using 50 m intervals up to 200 m from the river and 100 m intervals 200–500 m 173 

from the river. Coverage proportions of methane source landscapes were then compared 174 

between the main channel and the tributaries. 175 

3. Results 176 

3.1. Dissolved methane concentrations of river water in 2016 and 2017 177 

Large differences were detected in the methane concentrations of the main channel and 178 

tributaries between 2016 (normal year) and 2017 (flooding event). Dissolved methane 179 

concentrations of tributaries (0.7–1.1 µM) were significantly higher (p<0.005) than those of the 180 

main channel (0.2–0.4 µM) at the end of the extreme flooding event on 27 July and 2 Aug 2 181 

2017 (Figure 3), while dissolved methane concentrations were low (0.1–0.2 µM) in both the 182 



main channel and tributaries on 8 July and 25 July 2016. Additionally, the dissolved methane 183 

concentrations of lake water were high (0.3–1.5 μM) in the summer of 2013 (Shingubara et al., 184 

2016).  185 

3.2. Water color in the flooding area 186 

Using NDWI, extreme flooding water cover was detected across ~10,010 km2 within a total area 187 

of ~59,830 km2 on 11 July 2017. Physical observations showed that water levels were 2–3 m 188 

higher than in previous years. The time-lapse camera at the Kodac site captured flood conditions 189 

within forested land along a tributary from 11 June to 25 July, 2017. 190 

Water surface reflectance values for both the main channel and tributaries were higher 191 

in 2016 (normal year) than in 2017 (flood year) for bands 3 and 4 (Figure S1). Tributary surface 192 

reflectance (mean and SD), which was expressed with a scale from 0 to 10, in 2017 for bands 3 193 

and 4 were 0.137±0.040 and 0.153±0.053, respectively, lower than the main channel (0.287±194 

0.094 and 0.343±0.101, respectively; p < 0.001). On the other hand, there was no statistically 195 

significant difference in 2016, although the average surface reflectance for the tributaries was 196 

lower than for the main channel.  197 

3.3. Empirical end-member model for water color and dissolved methane concentrations  198 

Dissolved methane concentrations were negatively correlated with band 4 (red, R = −0.86) and 199 

band 5 (NIR, R = −0.87) reflectance (Figure S2). We produced end-member models using these 200 

correlations. Before establishing the models, clustering analysis was used to determine the 201 

possible endmembers and outliers; the latter were removed from the model because of specific 202 

reflectances from tributaries close to lake outlets, as discussed in section 4.1. The clustering 203 

results produced four classes indicating (c1) high concentration and low reflectance, (c2) low 204 



concentration and high reflectance, (c3) intermediate, and (c4) high concentration and high 205 

NDVI and high NDWI (Figure S2); (c4) was considered an outlier. We also removed (c3) for 206 

use as evaluation data, as described in the methods. 207 

Using the (c1) and (c2) data, end-member models with bands 4 and 5 were developed 208 

(Figure 4a). Methane predicted with the band 4 model was compared with the observed methane 209 

concentrations (Figure 4b; R2 = 0.94, RMSE = 0.097, AIC = −9.44). Modeled concentrations of 210 

dissolved methane were mapped at a regional scale (~250 km; Figure 4c) and for local sampling 211 

areas (~50 km; Figure 4d). The main channel of the Indigirka River showed lower values of 212 

predicted methane concentrations, while the tributaries were relatively higher. 213 

3.4. Regional river methane flux  214 

The main channel (320 km2) and tributaries (164 km2) had average methane concentrations of 215 

0.36 and 0.68 μM, respectively (Table 2), 187 and 351 times higher than water saturation at a 216 

temperature of 10 °C. Estimated average flux values were 5.6 and 16.5 mg CH4 m-2 d-1 for the 217 

main channel and tributaries, respectively. Daily surface methane emissions from the total area 218 

of the main channel and tributaries were 1839 kg CH4 d-1 (40.5% of the total river areas) and 219 

2705 kg CH4 d-1 (59.5%), respectively.  220 

3.5. Land cover characterization  221 

Land cover types were visually observed at each sampling point and checked against the 222 

classification (Figure 5). The distribution patterns of the lake-margin and sedge-wetland classes, 223 

considered to be the main sources of methane (van Huissteden et al., 2005; Shingubara et al., 224 

2016), were different along the main channel and tributaries within the 500 m zone previously 225 

defined (Figure S3). The tributaries were surrounded by sedge-wetland and lake-margin (mostly 226 



> 50%), whereas the main channel showed less sedge-wetland and more willow bushes, 227 

considered to have very low methane flux and concentrations (van Huissteden et al., 2005; 228 

Morozumi et al., 2016), along with a wider river channel. The ratios of sedge-wetland and 229 

lake-margin to total land cover were 25%–75% along the tributaries and 15%–40% along the 230 

main channel, whereas those of willow were 5%–13% along tributaries and 6%–20% along the 231 

main channel (Figure S3). 232 

4. Interpretations and Discussions 233 

4.1 Spatial variations in dissolved methane and water color  234 

Our estimates of dissolved methane concentrations based on water color were higher in the 235 

tributaries than in the main channel in 2017 (Figure 4c, 4d) and surface water reflectance was 236 

negatively correlated with dissolved methane (Figure 4a). The main channel was turbid because 237 

of sediment transported from upstream areas with lower dissolved methane, whereas the 238 

tributaries were relatively clear with higher dissolved methane. In other words, dissolved 239 

methane was mostly sourced from tributaries within the Indigirka River lowlands, instead of 240 

upstream areas along the main channel from which most suspended sediments were sourced 241 

(Huh et al., 1998). On the other hand, in the summer of 2016, the dissolved methane 242 

concentrations in the tributaries were as low as in the main channel. Optical properties of 243 

tributaries’ water can also be affected by dissolved organic matter, which is a potential substrate 244 

of methane, leaching from wetland soils, and has a dark color with light absorption (i.e., 245 

Brezonik et al., 2015), although these characteristics might be masked by the large variations of 246 

surface reflectance derived from light scattering by suspended sediments, in particular during 247 

2017. 248 



Dissolved methane concentrations sampled between 2016 and 2017 were similar in the 249 

main channel, whereas reflectance was different between the two years. Water color results 250 

indicated that turbidity in tributaries and the main channel were higher in 2016 than in 2017 for 251 

bands 3, 4, and 5 (Figure S1). The main channel is usually turbid during the spring snowmelt 252 

season owing to erosion in mountainous upstream regions, such that this turbid water mixes 253 

with clearer water in the lowlands. However, during the extreme flooding event in 2017, this 254 

turbid upstream water may have mixed with larger amounts of lowland water, causing the lower 255 

turbidity. In addition, a large amount of precipitation, and snowmelt water from thick snow 256 

cover in the lowlands, may also have contributed to the lower turbidity in 2017. 257 

As noted in section 3.3, there was an outlying sample (c4) that contained a high 258 

concentration of dissolved methane (Figure 3) and showed relatively higher reflectance values 259 

along with high NDVI and NDWI (Figure S2). This sample was collected from a tributary close 260 

to the outlet of a lowland lake at a site surrounded by stands of willow and aquatic grasses; thus, 261 

there was the potential for aquatic plants to produce high NDVI. Xiao et al. (2017) reported that 262 

high NDVI and methane concentrations can be explained by in-situ methane production linked 263 

to the decomposition of aquatic plants and algae in subtropical lakes. As the sampling point for 264 

outlier (c4) in the tributary was close to the lake outlet, dissolved methane from the lake may 265 

have been high owing to the decomposition of organic matter. 266 

4.2 Potential sources of dissolved methane in tributaries 267 

During the extreme flooding event, there may have been two origins for the excess water: local 268 

snow melting under floodwater and water from the main channel. As the dissolved methane in 269 

the main channel was low, the source of dissolved methane in the tributaries must have been 270 

produced on the land, when the floodwater receded, and the tributary channels were 271 



re-established. There are usually several sources of methane on land, such as wetlands and 272 

lakes; during floods, vegetation such as trees and shrubs (which are usually methane sinks) 273 

might become sources owing to the anoxic condition of the soil. Any methane produced on the 274 

land can be carried away by the tributary. Compared with the 2017 flood, during the summer of 275 

2016 the tributary water was poor in methane, owing to lower methane production and higher 276 

methane oxidation on the dry land (i.e., the normal condition). 277 

Another possible reason for the higher methane concentrations in the tributaries might 278 

be the land cover. Higher ratios of sedge-wetland and lake-margin (> 50%) were observed close 279 

to the tributaries than along the main channel (Figure 5), which could have produced more 280 

methane (e.g., Billett and Harvey, 2013; Fernandez et al., 2016; Murase et al., 2003), whereas 281 

land cover close to the main channel was more commonly willow thickets on sand bars with 282 

only limited wetlands. The vegetation types close to the main channel are not typically 283 

considered methane sources (van Huissteden et al., 2005), so when flooding occurs, the 284 

vegetation along tributaries produces more methane than that along the main channel. 285 

Finally, the relatively large amount of water in the main channel means that the low 286 

concentration of dissolved methane in the main channel is not strongly affected by the inflow of 287 

tributaries with higher concentrations.  288 

4.3 Contributions of riverine methane emissions during extreme flooding on a regional scale 289 

An extreme flooding event influenced an extensive region of river lowlands in eastern 290 

Siberia from June to July 2017. We reported that the dissolved methane concentrations along 291 

the Indigirka River and its tributaries (0.1–1.1 µM) were slightly higher than those previously 292 

reported at Lena river (0.01–0.7 µM), the adjacent catchment to our study location (Bussmann, 293 

2013; Semiletov et al., 2011), and a small tributary of Yenisei in central Siberia (0.01-0.02 µM; 294 



Morishita et al., 2014). The large temporal variations of dissolved methane concentration would 295 

cause the uncertainty in the regional estimate. However, the dissolved methane concentrations 296 

in this study are not extremely high compared with a middle Lena tributary (0.1-1.9 µM; 297 

Sawamoto et al., 2006), Yukon river main stem and tributaries (0.15–0.82 µM; Striegl et al., 298 

2012), and even smaller than for boreal streams in Wisconsin (USA; 0–2.8 µM; Crawford et al., 299 

2017). Comparison suggests that our finding of high dissolved methane concentration is within 300 

the range of data on a global scale and does not exceed the spatial-temporal variation of those 301 

reported concentrations. 302 

The total river flux estimated using calculation with transfer velocity in 2017 (9.4±3.5 303 

mg CH4 m-2 d-1), of which 60% was sourced from the tributaries, was significantly higher than 304 

that in 2016 (2.6±1.1 mg CH4 m-2 d-1); daily emissions of river methane were 3.6 times higher in 305 

2017 than in 2016 (Table 2). The large spatial variation of dissolved methane concentration, 306 

modeled in 2017, caused substantial differences in the flux estimation. The flux in the 307 

main-flow and tributaries in 2017 (flood) were 5.6±1.1 and 16.5±2.8 (mg CH4 m-2 d-1), 308 

respectively. In particular, the flux for tributaries in 2017 were higher than in previous research 309 

for Lena (0 mg CH4 m-2 d-1 owing to measurement limit; Schneider et al., 2009), the Middle 310 

Yukon (6.2±2.1 mg CH4 m-2 d-1; Striegl et al., 2012) and the Kuparuk river in Alaska (5.8 mg 311 

CH4 m-2 d-1; Kling et al., 1992), but lower than the Lower Yukon (22±4.2 mg CH4 m-2 d-1; 312 

Striegl et al., 2012). Enhanced emissions at tributaries, covering 34% of the total river area, 313 

were evaluated to be 2.7×103 kg CH4 per day, contributing 60% of riverine methane emissions. 314 

Previous studies have reported significant methane efflux in the growing season using the 315 

chamber method for the back swamp of a river margin (310–890 mg CH4 m-2 d-1), a polygonal 316 

sedge wetland (48–190 mg CH4 m-2 d-1) in the Indigirka lowland (van Huissteden el al 2005), 317 

and a polygonal wetland in the Lena delta (78–100 mg CH4 m-2 d-1; Sachs et al., 2010). Riverine 318 



methane emissions in this study are smaller than those from wetland soils on a daily scale. 319 

Nevertheless, riverine emissions and water-to-air transportation of dissolved methane should not 320 

be negligible while flood waters cover the land for more than a month, and flux through the 321 

wetland soil surface might be inhibited by water on a month-long time-scale. The estimation is 322 

also limited by the flux evaluation method applied from the constant transfer velocity, although 323 

the flux can be obtained from the difference in partial pressures between air and water of CH4. 324 

Gas exchange rate is expected to be high in the turbulent conditions of water and atmosphere, in 325 

which the transport velocity (kCH4 in Eq 7) is high. Therefore, the river CH4 flux may be linked 326 

to the hydrology which may be relating to the stream morphology of the rivers (Campeau et al., 327 

2014), and these parameters are unknown in our study. There could still be underestimation of 328 

methane evasion under unusual water surface mixing conditions during flooding, and further 329 

research is needed to improve measurement of dissolved concentrations and the air–water 330 

surface exchange of methane for reliable estimation during extreme events. 331 

 332 

5. Conclusions 333 

Visible and near-infrared bands, recorded by high-resolution satellites, can be used for 334 

modeling the spatial variations of riverine methane concentrations. In this study, the best 335 

indicator for dissolved methane was the red band (636–673 nm), which responded to turbidity 336 

controlled by suspended sediment concentration enhanced under extreme flooding, and was 337 

negatively correlated with dissolved methane concentrations. The methods presented here for 338 

satellite observation of dissolved methane can provide a tool for in situ environmental 339 

monitoring in remote areas such as Siberia.  340 
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Table and Figure captions 481 

 482 

Table 1. Landsat 8 OLI satellite images used in flood detection. 483 

Acquisition Date 

(dd-mm-yy) 
Path/Row1 

Surface 

Condition2 

Solar angle 

zenith (deg) 
Azimuth (deg)3 

29-6-16 115/10 dry 47.75 175.95 

29-7-16 117/10 dry 52.3 175.25 

07-8-16 116/10 dry 54.63 175.55 

11-7-17 114/10 flood 48.88 175.37 

11-7-17 114/11 flood 47.63 173.01 

27-7-17 114/10 after flood 51.78 175.18 

27-7-17 114/11 after flood 50.54 172.89 

 484 

1Location identifier using the global notation system for Landsat data. 485 

2Condition of the land surface (whether flooded or not). 486 

3Horizontal angle relative to north from the observer. 487 

 488 



Table 2. Predicted dissolved methane concentration [CH4], saturation ratio of dissolved methane in equilibrium, flux as average and SD, total 489 

methane emission in the study area per day, and contribution of methane flux from the main channel and tributaries.  490 

  

Category 
Area*1 
(km2) 

   CH4 concentration 
(µM)*2 

saturation 
ratio*3 

Flux 
(mgCH4 
m-2 d-1)*4 

Daily CH4 
emission  

(kgCH4 d-1) 
Regional 

contribution % Year 

2017 All 483.3 0.47±0.17 242 9.4±3.5 4544   

  
Main 

channel 319.5 0.36±0.07 187 5.6±1.1 1839 40.5 

  Tributary 163.9 0.68±0.12 351 16.5±2.8 2705 59.5 
2016*5 All 483.3 0.17±0.04*5 86 2.6±1.1 1257*6   

 491 

1Study area covers a 250 × 350 km region in the Indigirka River lowlands. 492 

2Dissolved methane concentration predicted by the empirical model. 493 

3Saturation ratio of dissolved methane against solubility of dissolved methane in equilibrium. 494 

4Average methane flux from water surface to the atmosphere estimated from predicted dissolved methane concentration. 495 
5
Average dissolved methane in 2016 among the main-channel and tributaries using observed values. 496 

6
Total methane emission calculated from observed mean flux in 2016 multiplied by total river area. 497 



 498 

 499 

Figure 1. Study sites and sampling locations for a typical year in 2016 and an extreme flooding 500 

event in 2017: (a) Observation area in the region; (b) Sampling sites for dissolved methane near 501 



Chokurdakh and Kodac; (c) Photographs recorded along a tributary near Kodac during the 502 

summers of 2016 and 2017; (d) Landsat 8 true color image during the peak of flooding on 11 503 

July 2017; (e) Landsat 8 true color image during flood decline on 27 July 2017 (6.0×104 km2). 504 

Red circle indicates location of the town of Chokurdakh. White blank on the image is a cloudy 505 

area (1.3×104 km2) that was excluded from the analysis. 506 

 507 

 508 

Figure 2. Flow chart for data processing. (a) In-situ dissolved methane in river water; (b) river 509 

flooding detection with Landsat 8 on 11 and 27 July 2017; (c) modeling for dissolved methane 510 

with in-situ methane concentrations and reflectance; (d) regional methane emissions calculated 511 

using a diffusive transport model; (e) land cover identified using unsupervised classification to 512 

detect potential methane sources. Abbreviations note reflectance on Landsat8 (ρ), concentration 513 



of dissolved methane ([CH4]), and slope and aspect of regression to predict dissolved methane. 514 

Abbreviations for flux calculation are concentration of methane in water (Cw)and air (Ca), and 515 

the gas transfer velocity of methane between water and air (kCH4). 516 

 517 

 518 

Figure 3. Dissolved methane concentrations (µM) in the main channel, substream, tributaries, 519 

and lake observed in July 2013, 2016, and 2017. Significant differences between the main 520 

channel and tributary in 2017 are marked as a (P < 0.005), and in 2016 with as b (P < 0.005). 521 

 522 



 523 

Figure 4. Empirical endmember mixing model for dissolved methane concentrations (µM) and 524 

satellite reflectance from the red band (630–680 nm). Surface reflectance values were expressed 525 

in a scale of 0-10 (×10-1). (a) Relationship between reflectance from the red band (636–673 526 

nm) and in-situ dissolved methane, with notations for endmembers of higher concentration with 527 

low reflectance (c1), lower concentrations with high reflectance (c2), and intermediate (c3); (b) 528 

In-situ dissolved methane and predicted methane concentration with an empirical endmember 529 



mixing model from satellite reflectance from the red band (636–673 nm) with the 1:1 line, 530 

correlation coefficient (R), root mean square error (RMSE), and Akaike information criteria 531 

(AIC); (c) Distribution map of river dissolved methane concentrations drawn by an empirical 532 

endmember mixing model with satellite reflectance from the red band (636–673 nm) in the 533 

lower Indigirka River region. (d) Enlarged view around the sampling area; cloud, lake, and land 534 

areas were excluded from the analysis. 535 

 536 

 537 
Figure 5. Land cover properties classified from a Landsat 8 image on 7 August 2016. 538 

 539 



 540 

Figure S1. Surface reflectance of the tributary and main channel in June-August 2016 541 

(non-flood) and 2017 (extreme flood), shown as average ±SD; with a scale factor of 0-10 (×542 

10-1). Reflectance values were collected in the water sampling site at four points in tributary and 543 

seven points along the main-flow; for each, Band 3, Band 4, and Band 5 reflectance was 544 

compared. Significant differences between tributary and main-flow in 2017 is shown with a (P 545 

< 0.001). Differences between 2016 and 2017 for the main-flow are shown with b (P < 0.001), 546 

and difference between 2016 and 2017 for the tributaries is shown with c (P < 0.001), d (P < 547 

0.005) and e (P < 0.01).  548 



 549 

 550 

Figure S2. Multivariate correlation analysis on satellite surface reflectance (coastal, blue, green red near-infrared shortwave-infrared1, 551 

shortwave-infrared2 band) and water indices against dissolved CH4 concentration. Each legend indicates the different clusters of red x-marks (c1), 552 

blue filled circles (c2), blue blank circles (c3), and purple bars (c4-outlier). 553 

 554 



 555 

 556 

Figure S3. Land cover properties of surrounding areas (0–500m distances from each sampling 557 

point). Tributary sampling points were adjacent to the lake-margin and sedge-wetland, implying 558 

potential CH4 sources, whereas the main-flow was adjacent to willow bush, implying no-source. 559 

 560 


