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Abstract

Waterbodies in the arctic permafrost zone are considered a major source of the greenhouse
gas methane (CHjs4) in addition to CH4 emissions from arctic wetlands. However, the spatio-
temporal variability of CH4 fluxes from waterbodies complicates spatial extrapolation of CHs
measurements from single waterbodies. Therefore, their contribution to the CH4 budget of the
arctic permafrost zone is not yet well understood. Using the example of two study areas of
1,000 km? each in the Mackenzie Delta, Canada, we approach this issue i) by analyzing
correlations on the landscape scale between numerous waterbodies and CH4 fluxes and ii) by
analyzing the influence of the spatial resolution of CHs flux data on the detected relationships.
A CHjy flux map with a resolution of 100 m was derived from two aircraft eddy-covariance
campaigns in the summers of 2012 and 2013. We combined the CH4 flux map with high
spatial resolution (2.5 m) waterbody maps from the Permafrost Region Pond and Lake
Database and classified the waterbody depth based on Sentinel-1 SAR backscatter data.
Subsequently, we reduced the resolution of the CH4 flux map to analyze if different spatial
resolutions of CH4 flux data affected the detectability of relationships between waterbody
coverage, number, depth, or size and the CH4 flux. We did not find consistent correlations
between waterbody characteristics and the CH4 flux in the two study areas across the different
resolutions. Our results indicate that waterbodies in permafrost landscapes, even if they seem
to be emission hotspots on an individual basis or contain zones of above average emissions,
do currently not necessarily translate into significant CH4 emission hotspots on a regional

scale, but their role might change in a warmer climate.



Introduction

Arctic permafrost landscapes with extensive wetlands and numerous waterbodies are
considered an important source of the greenhouse gas methane (CH4) (e.g. Schuur et al.,
2015; Walter et al., 2006; Wik et al., 2016b). Annual CH4 emissions from the Arctic are
estimated to contribute between 32 Tg and 112 Tg (McGuire et al., 2009) to the 500 Tg to
600 Tg CHa4 emitted globally per year (Dlugokencky et al., 2011). In addition to this large
range in CHz emissions from the Arctic, further uncertainty of theses regions’ CHs emissions
is introduced by emissions from waterbodies, such as lakes and ponds (Wik et al., 2016a; Wik
et al., 2016b). Globally arctic permafrost lowlands are characterized by the highest number of
lakes and the largest fraction of the terrestrial surface covered by waterbodies (Lehner and
Dall, 2004; Smith et al., 2007; Verpoorter et al., 2014). Therefore, we need to understand the
regional contribution and relevance of these CH4 emissions to assess regional CH4 budgets.
Currently, the contribution of waterbodies to the CH4 budget on a regional or global scale is
not yet well determined i) due to the high spatial heterogeneity of CH4 fluxes (Saunois et al.,
2016; Wik et al., 2016a; Natchimuthu et al., 2015) and ii) due to methodological constraints

(Thornton et al., 2016; Wik et al., 2016a; Melton et al., 2013).

The high spatial heterogeneity of CH4 fluxes from waterbodies is conditioned by the
heterogeneity of waterbody characteristics, such as size and depth (Wik et al., 2016b;
Natchimuthu et al., 2015, Bastviken et al., 2004) or temperature (Yvon-Durocher et al.,
2014). Studies performed at individual waterbodies have found relations between those
waterbody characteristics and the CHa flux that are used for pan-Arctic spatial extrapolation.
Extrapolation studies assume, for example, a positive correlation between waterbody depth
and area (Wik et al., 2016b; Natchimuthu et al., 2015, Bastviken et al., 2004) as described on
a waterbody scale (Langer et al., 2015). Especially small ponds can be exceptionally strong

CHa sources per unit area (Wik et al., 2016b, Holgerson and Raymond, 2016, Laurion et al.,



2010), due to limited opportunity for oxidation in the water column (Bastviken et al., 2002),
higher water temperatures, more CH4 production (Yvon-Durocher et al., 2014) than in deep
waterbodies, and a large margin to area ratio with more decomposable organic material at the
waterbody shores (Walter Anthony et al., 2016). Additionally, ebullition (bubbling) events
especially occur in small waterbodies due to smaller hydrostatic pressure compared to deep
waterbodies (Rasilo et al., 2015; Bastviken et al., 2004). The contribution of small
waterbodies to the CH4 flux is likely to increase in warmer conditions through thermal erosion
of the shores leading to an increased availability of organic material (Laurion et al., 2010). In
contrast, large waterbodies tend to emit less CH4 than small waterbodies on a unit area, but
play a larger role on a regional scale conditioned by their large combined areal extent (Wik et
al., 2016b). Spatial heterogeneity can be increased further by certain processes occurring in
permafrost regions such as thermokarst and the formation of taliks (thaw bulbs) beneath
waterbodies that do not freeze to the bottom during the cold season. Thermokarst lakes are
especially strong sources of CH4 (Walter et al., 2006, Wik et al., 2016b) as their degrading
shores provide new organic material for microbial decomposition (Walter Anthony et al.,
2016). In the unfrozen organic material of taliks, year-round CHa production is possible.
Moreover, taliks may connect to deeper hydrocarbon reservoirs with old, geologic CHa, that
was created by past microbial decomposition or thermogenic processes (Walter Anthony et

al., 2012).

In addition to the spatial heterogeneity, Thornton et al. (2016) identified several
methodological constraints that need to be solved before CHs emissions from permafrost
waterbodies are sufficiently understood and can be projected into the future. Previously, the
spatial resolution of waterbody mapping has been too coarse to include small lakes and ponds.
Regional upscaling efforts based on such coarse land cover information therefore exclude a

potentially large source of CHs. Moreover, a coarse resolution of land cover classes together



with the imprecise definition of wetlands can lead to double-counting of emissions from
ponds and wetlands. Thornton et al. (2016) propose that this double-counting might be a
reason why pan-Arctic bottom-up flux estimates are about twice as high as top-down

estimates.

Overall, a spatial extrapolation of CH4 fluxes from waterbodies to the pan-Arctic, a country or
even a region containing a variety of waterbodies is still associated with large uncertainties
(Saunois et al., 2016). For a more reliable regional extrapolation, discrimination of CHa
fluxes from inland waters is strongly needed, which is possible through more representative
CHa4 measurements and improved waterbody mapping databases (Saunois et al., 2016). We
contribute to this by analyzing connections between highly resolved waterbody types, defined
by their depth and area, and CHj4 fluxes that have been measured on regional scale in two

1,000 km2 large study areas in the waterbody-rich Mackenzie Delta in the Canadian Arctic.

The objectives of this study are to advance our understanding of the contribution of the CHs4
emissions from waterbodies to a region’s CH4 budget and further to understand the role of the

spatial resolution of the CH4 measurements. We address the following questions:

1. Are there relations between waterbody characteristics and CHa flux that exist
independently from the spatial resolution of the CH4 measurements?

2. Do CH4 emissions from waterbodies exceed those form the surrounding land surface?

3. Are CH4 emissions larger in areas with a large number of shallow or small lakes?

4. How do the Mackenzie Delta CH4 fluxes compare to fluxes reported from the circum-

Arctic?



Methods
Study area

The study areas are located in the Mackenzie Delta in the Canadian Arctic (67°26’N —
69°33°N, 133°22°W — 136°30°W; Fig. 1a), the second largest arctic river delta covering
13,000 km2. The permafrost in the delta is classified as discontinuous and is up to 100 m thick
(Burn & Kokelj, 2009). A transition from taiga to tundra occurs between 68°30’N and
69°30°N (Burn & Kokelj, 2009). The Mackenzie Delta is located in a zone of medium to high
soil organic carbon content (50-70 kg m™) in the upper 1 m as classified by Hugelius et al.
(2014). During the Last Glacial Maximum, the study area was at the margin of the Laurentide
ice sheet (Jakobsson et al., 2014). The present Mackenzie Delta developed through fluvial
processes into a basin covered by seawater that later emerged above sea level during the
Holocene (Carson et al., 1999; Taylor et al., 1996). The Big Lake Delta Plain, east of the
northern part of the main delta was not submerged during the Wisconsinan glaciation, but was
covered with water during the Holocene due to sea level rise and thermokarst processes,
before sedimentation lead to its re-emerging (Taylor et al., 1996). Large portions of the
surface are covered with lakes, ranging from < 15 % surface coverage in the north, to 15-

30 % in the south and 30-50 % in the middle of the delta (Mackay, 1963). In total, the
Mackenzie Delta contains more than 49,000 waterbodies (Emmerton et al., 2007). Through-
taliks are common below waterbodies in the Mackenzie Delta (Ensom et al., 2012; Burn,
2002; Burn & Kokelj, 2009). The ice thickness in river channels and waterbodies during
winter is less than 2 m (Sanden et al., 2009; Marsh, 1991). Emissions of old, geologic CH4
from subsurface reservoirs located below the northern Mackenzie Delta contribute strongly to

the region’s annual CH4 budget (Kohnert et al., 2017).



Canada

(© North (d) South

o ol -
— 2012
....... 2013 ' o
[ North '~
[ south :t:&

i . 68°N
0 10 20 30 40 50 km
. :

136°W

Fig. 1: Location and land cover of the two study areas “North” and “South” in the Mackenzie Delta, Canada. Source of land
cover map: Landsat 8, Nasa 2016. Black lines in (b) show the flight tracks across the study areas in 2012 (solid) and 2013
(dashed).

For our study we chose two study areas, “North” and “South”, (Fig. 1b-d), each about

1,000 km2 large, in the northern and central part of the Mackenzie Delta. The waterbodies in
both study areas are included in a high resolution permafrost waterbody database by Muster et
al. (2017). In the study area “North”, which is located north of the treeline in the outer delta,
17% of the area are covered with waterbodies. In the study area “South” in the central part of
the delta 35% are covered with waterbodies, thus representing the pattern found in the entire

delta (Mackay, 1963).

Methane flux data collection and analysis

We used CH4 measurements from the Airborne Measurements of Methane Fluxes
(AIRMETH) campaign (cf. Kohnert et al., 2014; Kohnert et al., 2017). AIRMETH aimed at
assessing regional patterns of CH4 fluxes across the arctic permafrost landscape of the

Mackenzie Delta in Canada using the eddy-covariance (EC) technique. The study period was
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from 4 July to 10 July 2012 (5 flight days, 44 flight tracks) and 19 July to 26 July 2013

(7 flight days, 40 flight tracks). We used the research aircraft Polar 5 of the Alfred Wegener
Institute Helmholtz Centre for Polar and Marine Sciences (AWI) as platform for our
measurements. For the flux measurements we flew 40 — 80 m above ground level to capture
the exchange processes between the surface and the atmosphere with a true airspeed of

60 ms™. The height of the atmospheric boundary layer was determined based on vertical
profile flights at the beginning and end of each flight track via changes in relative humidity
and potential temperature. We excluded flights above the atmospheric boundary layer from
this analysis. Wind speed and direction were obtained at 100 Hz from a Rosemount 5-hole
probe attached to a 3 m nose boom mounted to the front of the airplane. Following Lenschow
(1986) we derived the wind components u, v, and w with respect to the earth coordinate
system. For the measurements of CH4 wet mole fractions at 20 Hz, sample air was drawn
from an inlet tube on top of the cabin into a gas analyser placed inside the cabin (in 2012: Fast
Methane Analyzer FMA and in 2013: Fast Greenhouse Gas Analyser FGGA 24EP, both Los

Gatos Research Inc., Mountain View, California, USA).

The flux data analysis was done in GNU R version 2.15, described in detail by Kohnert et al.
(2017). In summary: The CH,4 data were first converted to dry mole fraction including
spectroscopic correction after Tuzson (2010). High-resolution CH4 fluxes were then
calculated with a time-frequency-resolved version of the EC technique using the vertical wind
speed and CHa4 dry mole fraction data (Metzger et al., 2013; Metzger et al., 2017). To reduce
random uncertainty we aggregated these fluxes and derived an in-situ observed space-series
of CHa fluxes between surface and atmosphere at a spatial resolution of 100 m. Using the
footprint model of Kormann and Meixner (2001) the CH4 fluxes were related to the associated
surface. From the linear information along the flight tracks we obtained a map of the CH4

fluxes within the combined area of all footprints at a 100 m x 100 m spatial resolution via flux
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topographies (Mauder et al., 2008). We derived a standard error map for the flux map

following Gatz and Smith (1995).

Classification of waterbody area based on TerraSAR-X data

For this study we used two waterbody maps from the circum-arctic database PeRL
(Permafrost Region Pond and Lake) (Muster et al., 2017) (mdn00120100716 as our northern
study area; mdw00120090921 as our southern study area). Both maps were produced based
on TerraSAR-X data (Muster et al., 2017; North: data acquired at 16 July 2010; South: data
acquired at 21 September 2009) and have a spatial resolution of 2.5 m. The data processing
was done for both study areas in ESRI ArcMAP v10.4 and the data were projected to
NAD83 UTM 8N. The CHs flux map and the waterbody maps were clipped to the mutual
extent, leaving an area of 965 km2 for the northern study area and 873 km2 for the southern
study area. For each grid cell of the CH4 flux map, we calculated the fraction of water and

land.

Classification of waterbody depth based on Sentinel-1 SAR data

Shallow waterbodies (< 2 m deep) can freeze through the entire depth during winter (cf.
Marsh, 1991), forming so-called bedfast or grounded ice, whereas deeper waterbodies remain
unfrozen beneath the ice cover. Synthetic Aperture Radar (SAR) data can be used to
distinguish these two different waterbody ice regimes based on strong differences in the
backscatter intensity signatures from grounded and floating ice (e.g. Jones et al., 2013;
Antonova et al., 2016; Bartsch et al., 2017). The SAR signal penetrates through fresh ice and,
in case of floating ice, scatters back from the rough ice bottom, resulting in high backscatter

intensity. In case of grounded ice, the signal is absorbed into the waterbody bottom due to low
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dielectric contrast between the ice and the frozen sediments, resulting in a low backscatter

intensity.

For our study we exploited data from the SAR satellites Sentinel-1. The Sentinel-1 mission
consists of two identical satellites, launched in 2014 and 2016, which image the entire Earth
every six days. The SAR antennas operate in a C-band (frequency 5.405 GHz, wavelength
5.55 cm). The data is freely available at https://scihub.copernicus.eu/dhus/. We used two
images which covered adjacent parts of the study region. Both images were acquired in
Interferometric Wide Swath (IW) mode on 18 March 2015. The images are provided as a
Ground Range Detected (GRD) product which contains the amplitude of the signal and is
projected to the ground range using an Earth ellipsoid model with a cell size of 10 m x 10 m.
The incidence angle ranged from 30° to 46° across both images. We chose the VV
polarization from the available VH and V'V polarizations, as the co-polarized SAR signal has
a much stronger backscatter intensity and signal to noise ratio compared to the cross-

polarization modes.

The data processing was performed in the ESA Sentinel-1 toolbox (S1TBX) embedded in the
Sentinel Application Platform (SNAP). We improved the geocoding by using Range Doppler
Terrain Correction with the 1 sec Global Digital Elevation Model (GDEM) from the ASTER
(Advanced Spaceborne Thermal Emission and Reflection Radiometer) sensor. Backscatter
intensity was calibrated to sigma nought values in decibels. The resulting backscatter intensity

images were merged to a mosaic and reprojected to NAD83 UTM zone 8N.
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Fig. 2: Sentinel-1 backscatter intensity and waterbody depth classifications for the two study areas. (a) Sentinel-1
backscatter intensity image for a subset of the study area taken on 18.03.2015 in decibel. High backscatter intensity (bright
areas on the waterbodies) correspond to floating ice, low backscatter intensity (dark areas on the waterbodies) correspond
to grounded ice; (b) Waterbodies classified as “deep” (blue, approx.. > 2m deep) and “shallow” (orange, approx.. <2 m
deep) on the same subset as in (a); (c) and (d) distribution of shallow and deep waterbodies in (c) the study area “North”
and (b) the study area “South”. Note that only waterbodies with CH; measurements were included in the classification.

Waterbodies were extracted using the PeRL maps described in the previous chapter and only
the subset of those waterbodies which were covered by CH4 flux measurements were included
in the further analysis. The backscatter intensity values were extracted for each waterbody
containing ten or more Sentinel-1 pixels. To distinguish grounded and floating lake ice for all
waterbodies within the entire mosaic we derived an empirical threshold. From the Sentinel-1
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images, we visually identified 20 waterbodies with grounded and floating ice and sampled
their backscatter intensity values. We determined the threshold as the average value of the two
sample classes. As a result, all pixels with backscatter intensity values <-12.3 dB were
identified as grounded ice and all pixels with backscatter intensity values > -12.3 dB were
identified as floating ice. For our analysis we classified a waterbody as “shallow” if > 80 % of
the ice pixels of a waterbody were grounded (orange in Fig. 2b-d) and “deep” if < 80% of the

pixels were grounded (blue in Fig. 2b-d).

Manual coarsening of the resolution of the CHa fluxes

At the 100 m x 100 m grid cell size of the CH4 flux map, a relation between waterbody
characteristics and the CHa flux is not analyzable, as waterbodies larger than 200 m x 100 m
and those that are not completely contained within one grid cell, are cut into fragments. This
strong artificial fragmentation of waterbodies does not correspond to environmental
processes. Moreover, larger grid cells of the CH4 flux map are necessary to detect
relationships between the number and type of waterbodies contained in the grid cells and the
respective CHa fluxes. Therefore, we decreased the spatial resolution of the CH4 flux map
stepwise, to determine i) the relation between CH4 flux and waterbody characteristics on a

landscape scale and ii) the effect of different spatial resolutions on these relations.

For the analysis we first categorized the waterbodies based on their size, i.e.: large

(> 10,000 m?, i.e. larger than the resolution of the original CH4 flux map and corresponding to
the > 0.88 quantile (North) and > 0.78 percentile (South)), medium (< 10,000 m2 and

> 500 m?; between the 0.44 and 0.88 quantile (North) and 0.78 (South), respectively) and
small (<500 m? < 0.44 quantile (North and South), and their depth, namely “deep” and

“shallow”. Secondly, we decreased the resolution of the CH4 flux map stepwise (500 m,
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1,000 m, 2,500 m, 5,000 m, and 10,000 m). To determine information loss and changes in
spatial patterns, we resampled the previously coarsened CHa flux maps back to a resolution of
100 m. We then calculated the relative changes between these resampled flux maps compared
to the original 100 m flux map. For each manually coarsened spatial resolution we calculated
the number of waterbody centroids per grid cell to avoid double-counting of waterbodies that
cover several grid cells. We then calculated the zonal statistics for each grid cell to relate the

waterbody information to the CH4 flux.

Comparing Mackenzie Delta fluxes and literature-reported fluxes from Arctic ecosystems

Lastly, we compared the CH4 emissions from our study areas, which are integrated across
land cover classes, to literature-reported fluxes from northern ecosystems by scaling the latter
to the extent of our study areas. We based the scaling on the PeRL waterbody maps (Muster et
al., 2017) and on the waterbody classes and corresponding CHa fluxes reported in a review
study by Wik et al. (2016b). We allocated the CH4 fluxes from their category “peatland
ponds” (< 10° m2) to the class “ponds”, and the mean CHa flux of their categories glacial/post-
glacial lakes and thermokarst lakes (> 10° m?) to the class “lakes”. The tundra CH4 fluxes
were based on the mean flux reported by several studies (Sachs et al., 2008, Wille et al.,
2008, O’Shea et al., 2014, and Heikinnen et al., 2002). The underlying areal extent of the
land, pond, and lakes class for each study area is provided in table 1. The exemplary CH4
emissions were calculated in a back-of-an-envelope calculation for the growing season and
zero curtain period with soil temperatures around 0°C of the year 2013. For the Mackenzie
Delta this period was 165 days in 2013 based on North American Regional Reanalysis
(NARR) data (Mesinger et al., 2006) for soil temperature in 10 cm depth. It should be noted

that the airborne CH4 measurements were conducted during peak growing season, whereas
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the literature data originate from different times during the growing season. This might lead to

a slight overestimation of the airborne CH4 emissions throughout the growing season.

Table 1: Share of land cover classes per study area with ponds defined as < 10° m? and lakes defined as > 10° m2

Total area Arealand  Areaponds Area lakes

Study area “North”  969.48 km? 805.43 km2  26.18 km? 137.87 km?

Study area “South”  877.81 km? 569.48 km2  65.08 km? 243.25 km?

Results
CHa emission and waterbody properties in the study areas

The median CH4 emission in the northern study area was 2.43 mg m h™t and the median CHa
emission in the southern study area was 1.32 mg m h%, with the northern area featuring
distinct hot spot areas of emissions (Fig. 3, 4a). CH4 fluxes directed from the surface towards

the atmosphere are defined as positive, fluxes towards the surface as negative.

The northern study area contained less waterbodies (n = 6,784) than the southern area

(n = 10,273). The majority of waterbodies in the north were between 10> m? and 10° m? in
size (median 624 m2) and it also included the largest ones (up to 1.54 x 10" m?) (Fig. 4b),
while in the southern study area, the waterbodies were more equally distributed between

2.5 m2 and 10 m? (median 779 m?) with a maximum size of 7.2 x 10° m?. In absolute
numbers, the northern area was dominated by shallow waterbodies, while deeper waterbodies
characterized the southern area (Fig. 5). However, in terms of area fractions, 17 % of all
waterbodies in the northern study area were shallow versus only 8.2 % in the southern area. In
both study areas, the area distributions of shallow and deep waterbodies strongly overlapped

(Fig. 6). Especially in the northern study area, the numbers of shallow and deep waterbodies
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peaked at the same range of waterbody sizes (Fig. 6). Within and between both study areas

the spatial distributions of waterbodies and waterbody types were heterogeneous (Fig. 7).
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Fig. 3: (a) Spatial patterns of the CH, fluxes across the final extent of the study areas after excluding areas without CH,
measurements or without available waterbody information. (b) Standard error of the remaining CH, fluxes.
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Fig. 4: (a) Distribution of the CHq4 fluxes in the two study areas. (b) Distribution of waterbody areas for the northern (10,273
waterbodies) and southern (6,784 waterbodies) study area. The x-axis is on a log-scale.
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Fig. 6: Density plots of waterbody area for shallow and deep waterbodies in the (a) northern (10,273 waterbodies) and (b)

southern (6,784 waterbodies) study area.

Spatial patterns and information loss of CHs fluxes at different resolutions

To determine a spatial resolution of the CHa flux that causes little information loss while

allowing to reduce fragmentation of waterbodies, we first analyzed the changes in the median

CHa fluxes at coarser resolutions. Due to strong emission hot spots in the northern study area

that were averaged out during the resampling, the CH4 flux at the original 100 m resolution

and the resampled resolutions were significantly different. However, the median fluxes only
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decreased from 2.43 mg m2 h'* (at 100 m resolution) to 1.94 mg m* h (at 10,000 m
resolution). In the southern study area the fluxes did not change significantly with a median
flux of 1.32 mg m? h at 100 m resolution and resampled fluxes ranging between

1.32 mg m? h* (5,000 m resolution) and 1.4 mg m* h* (10,000 m resolution). Between the
coarsened resolutions alone, the median CH4 flux did, however, not change significantly

(o = 0.05; Kruskal-Wallis rank sum test, north: p = 0.15, south: p = 0.82). The spatial patterns
of the CHj4 fluxes (Fig. 8a and Fig. 8c) were best preserved at the resolutions of 500 m and

1,000 m in both study areas.

The relative changes between the original 100 m x 100 m flux map and the resampled flux
maps at different resolutions are shown in Fig. 8b and Fig. 8d. In both study areas, the

0.99 quantile of the absolute values of the relative changes was < 1 for the resolutions 500 and
1000, but > 1 for the coarser resolutions. Based on that we considered the information loss for

the two higher resolutions acceptable.
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Fig. 7: Spatial distribution of waterbody types in the two study areas. The values represent the amount of waterbodies
within the grid cell of 2,500 m x 2,500 m. The waterbodies were classified as follows: “Large waterbodies” (> 10,000 m?),
“medium waterbodies” (500 - 10,000 m?), “small waterbodies” (< 500 m?). The maps were produced in QGIS 2.18.4
(‘heatmap plugin’; settings: Kernel shape: Quartic biweight, radius 2,500 m, cell size 100 m).

19



(a)

69.2°N |

69.0°N

(b)

69.2°N

69.0°N

(c)

68.6°N

68.4°N

(d)

68.6°N

68.4°N

500

2500

135.5°W 135.0°W

¢ q
!
- A I
|
|
_ | - I
|
J & I
135.0°W 134.5°W
'3 1 P j" > 7, -\_ ¥
1 ik W, X
i:_,\:\ \ 9 ”":;‘v N ’}
:ﬁr.’?’;‘ =K .;.1*_,*3_ ?‘;
AN IR
B % R :
{;' 7"\(“._‘ " [ 9 ,
. AR L
e Y =2
lx;l 2 “‘.

135.0°W 134.5°W

CH, mg m2 h-

Fig. 8: Study area “North”: (a) CH,flux resampled for different spatial resolutions in m (numbers above subplots in m). (b)
Relative changes between the original 100 m CH,4 flux map and the resampled flux maps at the different resolutions. Positive
values represent cases in which the original flux was smaller than the resampled flux, and negative values represent the
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Do CHa4 emissions from waterbodies exceed those from the surrounding land surface?

We compared the CH4 fluxes at a resolution of 100 m for grid cells covered only by land and

only by water within our two study areas (Fig. 9). Within each study area the median fluxes

above land (North: 2.36 mg m2 h%; South: 1.34 mg m? h') and water (North:

2.34 mg m? h'l; South: 1.34 mg m h't) were similar. However, in the northern study area,

the entirety of CH4 fluxes from land surface, including the extremely large fluxes, were

significantly higher (Wilcoxon-Rank-Sum-Test: p = 0.02, o. = 0.05) compared to fluxes from
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water surface. In contrast, in the southern study area there was no significant difference
between the two classes for the entirety of the fluxes (Wilcoxon-Rank-Sum-Test, p = 0.46,

a = 0.05). At coarser resolutions we analyzed the percentage of a grid cell covered with water
in relation to the CHj flux. In the northern study area (Fig. 10a) the CH4 flux was weakly
negatively (cor = -0.05) correlated to the water coverage at a 500 m resolution, whereas there
was no significant correlation at coarser resolutions. In the southern study area the CH4 flux

was not correlated significantly with water coverage (Fig. 10b).
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Fig. 9: CHy4 flux per land cover class land (> 98% of grid cell are land) and water (>98% of grid cell is water) based on grid cell
size of 100 m for (a) the northern and (b) the southern study area.

21



E 2 8
(a) s 2 3 g 2 §
5 5§ = 5 & E & 2 3
85 8 < S = &4 a » O
©
Gd CH, median 017 029 01 013 01 012 -005
©
.g" CH, median 022 031 013 008 016 -008 0.16
>
)
»  CH,median 027 034 019 013 023 023
c
L .
U  CHymedian 025 031 027 027
J:
]
L .
O CH, median  gus -
=
-1 -08 06 -04 02 0 02 04 06 08
Correlation coefficient
[}
£ z @
(b) g 2 5 2 2 g
5 § = & £ £ 3 Z 3
— = < 8 = 72 (@] wn o
©
L CH,median 034 o007 0.04
©
> .
-  CH,median 033 o008 008 006 0.09
>
H .
' CH,median  g35 o012
=
S
_CIC) CH, median = a4
)
25 .
©  CH, median
w
1 08 -06 04 02 0 02 04 06 08

Correlation coefficient

500

1000

2500

5000

10000

500

1000

2500

5000

10000

1

Fig. 10: Correlations between median CH4 fluxes and coordinates and numbers of waterbodies of different waterbody
characteristics (size and depth) at different resolutions for (a) the northern and (b) the southern study area. The values in the
boxes are the respective correlation coefficients. Orange colors show positive correlations. Blue colors show negative
correlations. Boxes without correlations coefficients show cases in which the correlations were not significant.

22



Relations between waterbody characteristics and CH4 flux across different resolutions

There was no strong correlation between waterbody characteristics and CHs flux in either
study area at any resolution (Fig. 10). In the northern study area, the correlations that existed
between waterbody properties and the CH4 flux were weakly positive, except for the number
of deep waterbodies which was weakly negatively correlated (Fig. 10a). In contrast, stronger
positive correlations existed between latitude and CHs4 flux and stronger negative correlations
between longitude and CHg flux. In the southern study area, even fewer weak correlations
could be detected (Fig. 10b). In contrast to the northern study area, the number of deep
waterbodies was weakly positively correlated with the CH4 flux. Latitude was stronger
negatively correlated with CHa4 flux, while longitude was only weakly positively correlated.
While in the northern study area a higher number of all, small or shallow waterbodies was
correlated with a higher CHs flux, this was surprisingly not the case in the southern study
area. Moreover, in both study areas, weak correlations that existed for the higher resolutions

did not exist in coarser resolutions of the CH4 flux.

How do the Mackenzie Delta CH4 fluxes compare to fluxes reported from the circum-Arctic?

For both study areas, the CH4 emissions per warm season calculated based on literature values
differed from those derived from the airborne measurements (Table 2). The literature
estimates reproduced the northern study area’s larger emission compared to the southern
study area, originating from the slightly larger extent, as the emissions per square kilometer
did not differ (0.006 Gg per square kilometer). Instead, major differences were found between
the estimates derived from literature and airborne EC fluxes. While for the northern study area
the literature-based emission estimate accounted for only 62 % of the measured emissions, for
the southern study area the literature-based CH4 emission estimate was similar to that derived

from airborne EC data (105 %). Even when calculating the emissions of the northern study
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area based on the median CHs flux derived from AIRMETH excluding potential strong
geologic CHs fluxes > 5 mg m2 h' that Kohnert et al. (2017) found in the northern study area,
the emission based on literature values would still only be 64 % of the emission from

AIRMETH data (8.99 Gg).

Table 2: Comparison of CH4 emissions for the two study areas “North” and “South” based on our measured fluxes and based
on literature flux values extrapolated with highly resolved land cover classes (land, ponds and lakes).

Ponds* Lakes**

Name Land Gg per warm season 165 d*™
<=10° m? > 10° m?

Literature “North” 5.78

1.65mgm2ht  274mgm?h? 042mgm?2h?

Literature “South” 4.83

AIRMETH “North»  Median flux in study area: 2.432 mg m2 h'l **=*=* 9.34

AIRMETH “South”  Median flux in study area: 1.323 mg m2 h'l **=** 4.6

* Ponds: Wik et al., 2016b: peatland ponds: 65.9 mg m2 d*

** Lakes: Wik et al., 2016b: glacial/post-glacial + thermokarst lakes (mean flux value): (7.5 +
12.7)/2=10.1 mgm?d?

*** \Warm season: growing season plus zero curtain period, when soil temperatures are
around 0°C. Based on North American Regional Reanalysis (NARR) data (Mesinger et al.,
2006) for soil temperature in 10 cm depth this was the case on 165 days of the year.

**** including geologic CH4 emission (Kohnert et al., 2017)

Discussion
Comparison of CHg fluxes from water vs land

The comparison between CH4 fluxes from land and water surface unveiled differences
between the northern and southern study area. In the northern study area, land surface fluxes
exceeded those from water and a higher coverage with waterbodies was actually negatively
correlated with the CHs4 flux. This finding alone could be attributed to the existence of strong
geologic CH4 emissions from land surface that Kohnert et al. (2017) identified mainly in the

northern study area. However, also in the southern study area the emissions from waterbodies
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did not exceed those from land surface, even though there are hardly any geologic CHa

emission hot spots (Fig. 9).

Our results suggest that CH4 emissions from waterbodies do not generally exceed those from
the surrounding land surface. Although the measurements only represent snapshots during the
most productive period of a year, we assume that our data include spontaneously occurring
ebullition events (Sabrekov et al., 2017; Walter Anthony et al., 2006) and other temporal
emission peaks. Peak emissions from waterbodies seem to have been too weak to be visible or
influential on a regional scale. On an annual scale, temporal variability of CH4 emissions from
waterbodies might be introduced by potential CH4 outbursts during the ice breakup in spring
or potential autumn turnover in some waterbodies (L6opez Bellido et al., 2009; Phelps et al.,
1998). These two processes can transform waterbodies into temporal CH4 emission hotspots
and were not reflected in our measurements. Additionally, the margins of waterbodies are
considered especially strong emitters of CH4 (Walter Anthony et al., 2016), but our study

suggests that they may not be able to tip the balance on a larger spatial scale.

Correlations of waterbody characteristics and CHs fluxes

In this chapter we discuss the relations between waterbody characteristics and CH4 flux found
for the higher resolutions (500 m and 1,000 m) as more reliable due to only little information
loss compared to the original resolution. Nonetheless, we would like to point out that at
coarser resolutions the correlations between CH4 flux and waterbody types in some cases
changed regarding direction, intensity or significance. For instance, at a resolution of

10,000 m no significant correlations were detected, indicating that conclusions merely based

on this data would be misled.
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For the two higher resolutions, it is striking that we did not detect a general pattern in the
relations between the waterbody characteristics and the CHa flux that would be valid in the
northern and southern study area in either resolution. This shows that even within a region
like the Mackenzie Delta, correlation patterns are not necessarily transferable from one
subregion to another. Part of the inconsistent correlations could be caused by the current
spatial resolution of the CH4 flux map, which does not resolve waterbodies smaller than

100 m individually causing a “mixed pixel” effect. Additionally, the differences in the
correlations in the two study areas could be caused by differences in the ecology or structure
of the landscapes, even though the study areas are only located about 20 km apart. While the
northern study area is a tundra ecosystem which is characterized by strong CH4 emissions
caused partly by geologic CH4 sources, the southern study area resembles a taiga ecosystem.
Nonetheless, and even despite the different waterbody type distributions in the two study
areas, generally valid correlations should have been detectable, if waterbodies had a strong
influence on CH4 emission on a regional scale. We found, however, for both study areas, only
very weak correlations between waterbodies and the CH4 flux (North: correlation coefficients
< 0.2; South: correlation coefficients < 0.1). Especially in the southern study area, only few

significant correlations existed.

These weak correlations do, however, shed light on the contribution of small and shallow
waterbodies to regional CH4 emissions. Our results suggest that areas with a large number of
shallow or small lakes are not generally characterized by higher CH4 emissions. While in the
northern study area the number of small or shallow waterbodies was in fact weakly correlated
with the CHj4 flux, this was not the case in the southern study area. This suggests that shallow
and small waterbodies only in some cases act as strong CH4 sources (Sabrekov et al., 2017;
Wik et al., 2016b; Holgerson & Raymond, 2016; Langer et al., 2015) that are visible on a

regional scale. Overall, the weak correlations and missing general correlation patterns indicate
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that on a regional scale waterbodies in general or waterbody types as defined here do not act
as major CH4 emission hotspots in either study area, but that latitude and longitude, that are
substituting e.g. temperature, productivity, or vegetation, have a stronger influence on patterns
of CH4 fluxes. Additionally, regional patterns in CH4 emissions from arctic waterbodies can
be caused by differences in nutrient status or colored dissolved organic matter content (Rasilo

etal., 2015).

In the future, consequences of climate change might, however, alter the role of waterbodies in
the CH4 budget of the Mackenzie Delta. For northern Alaska Arp et al. (2016) showed that
the temperatures of shallow lakes have already increased substantially over the last three
decades leading to fast thaw of permafrost below shallow waterbodies. Additionally, the high
number of through-taliks below waterbodies in the Mackenzie Delta (Ensom et al., 2012)
could increase and form connections to deeper CH4 sources. Marsh (1991) showed for the
Mackenzie Delta that ice thickness is sensitive to snow depth and snow density. For the
shallow waterbodies in the Mackenzie Delta even small changes in the snow characteristics
could have an effect on whether a waterbody freezes to the bottom and thus whether or not it
enables year-round CH4 production. These changes could increase the importance of CH4
emissions from waterbodies in the Mackenzie Delta on a regional scale. To continue the
assessment of the contribution of waterbodies to the CHa flux on a regional scale, it is
necessary to establish a characterization of waterbodies that can be used independently of
study area and spatial resolution. The highly resolved TerraSAR-X and Sentinel-1 data
provide a promising basis as they allow for distinguishing more precisely between wetlands
and waterbodies. Additional work is warranted to approach this spatial granularity and level
of detail also with the CH4 emission observations: while the spatial resolution of the current
emission map is 100 m, waterbodies with smaller length scales dominate the size distributions

in both study areas (Fig. 4). The resulting “mixed pixel” effect could be mitigated by
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determining the CH4 emissions on a per-waterbody basis: One option would be to increase the
spatial resolution of measurements by flying closer to the ground, e.g. by profiting from
technical advances in drones. Alternatively, the flux map creation algorithm could target
individual (pure) vector objects such as waterbodies rather than regular (mixed) grid cells.
Both would pave the way towards attributing CH4 fluxes derived from airborne measurements
to single waterbodies and would enable us to detect differences between waterbodies within a

region.

How do the Mackenzie Delta CH4 fluxes compare to fluxes reported from the circum-Arctic?

The Mackenzie Delta is the second largest arctic delta (Burn & Kokelj, 2009) and contains a
large number of waterbodies (Emmerton et al., 2007). Our two study areas cover a taiga
ecosystem and a tundra ecosystem located in an outer river delta with geologic CH4 sources
(Bowen et al., 2008) and therewith provide an interesting contrast to study the regional role of
CHa4 emissions from waterbodies. For both study areas the mean waterbody areas belong in
the larger half of the 30 study sites that were mapped at high spatial resolution for the
permafrost waterbody database developed by Muster et al. (2017) and that are distributed
across the Arctic. However, both study areas themselves and in comparison are characterized
by the spatial heterogeneity of waterbody distribution described above. Our airborne
measurements cover the entire areas at high resolution and include all CH4 sources within
these areas. We thus cover a large variety of waterbody types, including small waterbodies
that may locally act as strong CHa sources and avoid biased sampling on a waterbody scale
that had been identified by Wik et al. (2016a) as a source for underestimating CH4 fluxes

from waterbodies.

The differences between the study areas are also reflected in the landscape scale CH4

emissions, which differ strongly between the two regions when based on the airborne EC
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data. This difference is not reflected in the estimates based on literature biogenic fluxes. The
differences between literature and airborne EC emissions are especially large in the northern
study area, where Kohnert et al. (2017) detected strong emissions from geologic CH4 sources
belowground in addition to extensive biogenic CH4 emissions. In contrast, in the southern
study area the discrepancy between the measured and calculated landscape emissions is low.
Assuming that the approximation based on the literature values should work comparably well
in the northern study area given the use of the same data sets, the discrepancy could point out
the large contribution of geologic CH4 emissions to this region’s CH4 budget (Kohnert et al.,
2017). In this area, the geologic emissions seem to not only originate from hot spots, but
weaker geologic CH4 emissions could be spread out across large portions of the study area in
addition to the microbial CH4 emissions. Thus, geologic emissions could be contributing to

about 40 % of the northern study area’s CH4 emission.

It is striking, that for both study areas the literature based bottom-up estimates almost reflect
or underestimate the measured CH4 emissions, as bottom-up estimates are generally thought
to overestimate landscape scale emissions (Thornton et al., 2016). That might indicate that
overall CH4 emissions from a common area such as the southern study site — at least in some
cases — can be approximated using average literature flux values, if they are combined with a
very high-resolution land cover map. For a circum-Arctic extent, however, available land

cover information has been too coarse and CH4 data too scarce or too coarse.

Overall, waterbodies could not be detected to be such strong CH4 sources that would enhance
the CH4 emission on a regional scale, although the numbers of some waterbody types are
weakly correlated with the CHs flux. For the future it will be interesting to see if a warmer
climate leads to such a strong increase in CH4 emissions from permafrost waterbodies, that

they become distinguishable as hot spots even on a regional scale. For this it is crucial to
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improve our understanding of waterbody properties that reflect waterbodies across different

regions and areal extents.
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