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Abstract Methane (CH ,) emissions from climate-sensitive ecosystems within the northern permafrost
region represent a potentially large but highly uncertain source, with current estimates spanning a factor of
seven (11-75 Tg CH, yr!). Accelerating permafrost thaw threatens significant increases in pan-Arctic CH,
emissions, amplifying the permafrost carbon feedback. We used airborne imaging spectroscopy with meter-
scale spatial resolution and broad coverage to identify a previously undiscovered CH, emission hotspot adjacent
to a thermokarst lake in interior Alaska. Hotspot emissions were confined to <1% of the 10 ha lake study

area. Ground-based chamber measurements confirmed average daily fluxes from the hotspot of 1,170 mg CH,
m~>d~!, with extreme daily maxima up to 24,200 mg CH, m~2 d~'. Ground-based geophysical measurements
revealed thawed permafrost directly beneath the CH, hotspot, extending to a depth of ~15 m, indicating that
the intense CH, emissions likely originated from recently thawed permafrost. Hotspot emissions accounted for
~40% of total diffusive CH, emissions from the lake study site. Combining study site findings with hotspot
statistics from our 70,000 km? airborne survey across Alaska and northwestern Canada, we estimate that pan-
Arctic terrestrial thermokarst hotspots currently emit 1.1 (0.1-5.2) Tg CH, yr~!, or roughly 4% of the annual
pan-Arctic wetland budget from just 0.01% of the northern permafrost land area. Our results suggest that
significant proportions of pan-Arctic CH, emissions originate from disproportionately small areas of previously
undetermined thermokarst emissions hotspots, and that pan-Arctic CH, emissions may increase non-linearly as
thermokarst processes increase under a warming climate.

Plain Language Summary We conducted high-resolution airborne surveys of near-surface methane
(CH,, a powerful greenhouse gas) anomalies in permafrost ecosystems in Alaska and northwestern Canada as
part of NASA's Arctic Boreal Vulnerability Experiment (ABoVE). These measurements provided fine-scale
resolution for the remote detection of CH, emission hotspots from natural Arctic environments. Repeated flights
over Big Trail Lake near Fairbanks, AK revealed a previously undiscovered CH, hotspot at this intensive study
site. Ground-based measurements confirmed extremely high surface-to-atmosphere emissions at this location,
on the shore of a permafrost-thaw pond that formed after 1963. Geophysical surveys confirmed the presence of
thawed permafrost underneath the hotspot, extending to a depth ~15 m. We hypothesize that recent permafrost
thaw and subsidence made soils with highly decomposable organic carbon available for microbial metabolism,
conversion into CH,, and enhanced emission to the atmosphere. Extrapolating our observed hotspot fluxes
across the pan-Arctic, we estimate that thermokarst CH, hotspots constitute less than 0.01% of the pan-Arctic
land area, but contribute roughly 4% of annual pan-Arctic wetland emissions. We further hypothesize that
Arctic CH, emissions may grow significantly in the future with anticipated increases in thermokarst across the
permafrost landscape.

1. Introduction

Pronounced warming of the northern high-latitudes is causing rapid permafrost thawing and subsequent collapse
of ground surfaces (thermokarst) (Farquharson et al., 2019; Lewkowicz & Way, 2019), threatening the stability of
the 1,300-1,600 Pg permafrost carbon (C) reservoir (Schuur et al., 2015). The effect of widespread thermokarst
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and/or abrupt thaw on pan-Arctic greenhouse gas (GHG) emissions is poorly understood despite its potential im-
pact to global climate. Turetsky et al. (2020) estimate that abrupt permafrost thaw processes may add an addition-
al 40 + 10% to net C emission or 0.30 W m~2 net radiative forcing beyond that expected from gradual deepening
of the seasonally thawed active layer through year 2300. Uncertainties in future anthropogenic C emissions, along
with uncertainties inherent to modeling heterogeneous Arctic landscapes, result in broad disagreement on both
the sign and magnitude of forecasted net C exchange from permafrost regions through the 23rd century (McGuire
et al., 2018). This emphasizes the need to improve our observational capabilities of the Arctic C cycle, especially
for CH, emissions due to their 25-30 times greater potency as a GHG compared to carbon dioxide (CO,) on a
100-year timescale. This potency means CH, emissions from abruptly thawing permafrost may constitute 50%
of the total future radiative forcing from permafrost emissions, despite emissions being four times lower than
CO, (Turetsky et al., 2020). Extreme spatiotemporal variability of CH, emissions from heterogenous permafrost
environments further compounds the uncertainty related to forecasting the permafrost C feedback in a rapidly
warming Arctic.

Growing evidence links high CH, emissions to intense areas of abrupt permafrost thaw and mobilization of high-
ly labile and ancient permafrost organic carbon (Serikova et al., 2019; Walter Anthony et al., 2016). However,
the extent and impact of abrupt thaw and/or thermokarst emissions on the pan-Arctic CH, budget is unclear.
This is especially so since young/contemporary carbon sources dominate whole-lake and diffusive wetland GHG
emissions in some high latitude studies (Cooper et al., 2017; Dean et al., 2020; Elder et al., 2018), and some evi-
dence suggests that Arctic CH, emissions have likely not increased significantly over the last 40 years (Sweeney
etal., 2016). Estimating annual pan-Arctic CH, emissions is challenging due to a paucity of in situ observations
and detailed geospatial datasets (e.g., wetland type and distribution, thermokarst landforms, soil moisture, etc.)
needed to accurately scale emission patterns across heterogeneous permafrost landscapes (Bloom et al., 2017;
Morel et al., 2019). A key contributor to this uncertainty is the propensity of large proportions of total emissions
to originate from tiny fractions of the landscape, further challenging field research and modeling efforts (Turetsky
etal., 2020). As aresult, Arctic CH, emission estimates span a factor of seven across process-based and inversion
models (11-75 Tg CH, yr™") and flux upscaling (21-54 Tg CH, yr') (McGuire et al., 2012; Peltola et al., 2019).
Constraining budget estimates and model behavior will require a combination of expanded process-oriented
field observations, determination of key spatial metrics, and mechanistic insights derived from complementary
high-resolution remote sensing (Elder, Thompson, et al., 2020).

Here, we combined metrics from a synoptic-scale airborne CH, hotspot survey of Alaska and western Canada
(Elder, Thompson, et al., 2020) with new ground-based and airborne remote sensing observations of permafrost
structure and extreme CH, emissions at a thermokarst lake, 8 km north of Fairbanks, Alaska. This allowed us to
estimate CH, fluxes attributable to active thermokarst morphology across the northern permafrost domain. In this
work, we utilized an airborne CH, hotspot data set, unprecedented in spatial resolution and coverage, to investi-
gate and estimate the influence of thermokarst on CH, hotspot emissions from plot scales to pan-Arctic scales.
Where Elder, Thompson, et al. (2020) took a broad-scale statistical approach to investigate emergent hotspot pat-
terns, this study investigated the mechanisms behind hotspot emissions, quantifying hotspot fluxes, apportioning
them in the context of our thermokarst lake study environment, and extrapolating to pan-Arctic scales. Our study
demonstrated the ability to detect anomalous CH, fluxes at high-resolution across large spatial domains, which
is critical for informing ground-based study and for accurate spatial upscaling. Our findings represent a unique
observation-based approach to estimating contemporary pan-Arctic terrestrial thermokarst CH, emissions, which
are expected to dramatically increase within the next century.

2. Methods
2.1. CH, Patterns at High Spatial Resolution Across Broad Scales

NASA's Arctic Boreal Vulnerability Experiment (ABoVE) surveyed over 70,000 km? of Alaska and northwest-
ern Canada with the Next Generation Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) during the
summers of 2017, 2018, and 2019 (C. E. Miller et al., 2019). AVIRIS-NG was installed on a KingAir B-200 (Dy-
namic Aviation, tail number N53W) which flew at altitudes from 2 to 6 km above ground level (AGL), providing
ground sampling distances (pixel dimensions) of 2—6 m.
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AVIRIS-NG maps CH, concentration hotspots with meter-scale spatial resolution by measuring shortwave infra-
red (SWIR) CH, absorption features present in surface-reflected solar radiation. The remote measurement used
a matched filter approach presented in Thompson et al. (2015), and deployed in multiple subsequent campaigns
(Cusworth et al., 2020; Duren et al., 2019; Elder, Thompson, et al., 2020; Frankenberg et al., 2016; Thorpe
et al., 2020). A complete description appears in the Methods in Supporting Information S1. The remote mapping
process produced maps quantifying the CH, absorption above background levels in between the sensor and the
surface in integrated concentration path-length units, ppm X m. Subsequent analyses of these CH, enhancement
images identified “hotspots,” which we operationally defined as enhanced pixels with a minimum of 2,500-3,000
ppm X m excess CH, above background concentrations. This threshold typically represented a minimum signal-
to-noise ratio of three to four. In lower altitude ABoVE surveys (<3 km AGL), pixels are smaller and AVIRIS-NG
was more sensitive to column CH, absorption, however scene heterogeneity often inflated spectrometer noise.
While AVIRIS-NG can observe CH, over open water in sun glint conditions (Thorpe et al., 2013, 2014), flight
lines in this study were not planned to optimize glint. Thus, our CH, measurements were limited to terrestrial
surfaces leading up to the water's edge and the hotspots discussed here should be considered terrestrial or littoral
when emergent plants create a SWIR-reflective canopy over standing water.

2.2. Remote Detection of Hotspots at Big Trail Lake

During the 2018 and 2019 ABoVE airborne campaigns (AAC), AVIRIS-NG targeted Big Trail Lake (BTL;
64.91940° and —147.82222°) and its adjacent thermokarst pond (informally named “Eastside Pond” hereaf-
ter). These sites benefited from ongoing ground validation of CH, emissions monitoring (Elder, Thompson,
et al., 2020), and their location along the flight approach to Fairbanks International Airport, the regional base of
operations for AVIRIS-NG. The latter allowed for 17 successful overflights of BTL at multiple survey altitudes
and sun angles, enabling repeated hotspot analysis. See Methods in Supporting Information S1 for a description
of the CH, retrieval process.

Elder, Thompson, et al. (2020) intensively surveyed CH, fluxes with chambers at 169 locations within the main
lake body and on radial transects in the nearshore environment of BTL in July of 2018. Despite the intensive
ground-based survey, hotspots were not geolocated until raw AVIRIS-NG data was processed following the 2018
field campaign, revealing a persistent CH, hotspot on the eastern margin of the Eastside Pond. During the 2019
field campaign, ground-based flux surveys were repeated with some additional methods designed to validate
hotspot fluxes (detailed below and in the Methods in Supporting Information S1). In 2019, we also enacted a
fast data transfer protocol to enable overnight processing of 2019 AVIRIS-NG output data and rapid production
of CH, hotspot maps. These maps again revealed a hotspot in the same location as in 2018 at the Eastside Pond
(Figure 1). Overnight maps were then used to guide in situ validation surveys at BTL within 24—48 hr of the 2019
AVIRIS-NG overflights.

2.3. Site Description of Big Trail Lake

BTL is an active thermokarst lake recently formed atop degrading ice-rich Yedoma soils on public lands in the
Goldstream Creek watershed of interior Alaska. Airborne photographic records indicate that BTL formed from a
fen wetland sometime between 1949 and 1967 and has since expanded to 4.15 ha (Walter Anthony et al., 2018).
Multiple rivulet streams draining surrounding fens, including a remnant flow path of Goldstream Creek, feed the
Eastside Pond. In some of the inlet streams, the water flows ephemerally. Water leaves the Eastside Pond through
a 10-m-wide channel feeding into the east side of BTL. A narrow outlet drains BTL's main lake body from the
southwest corner. The shallow portions of the main body of BTL support communities of macrophytes including
abundant Potamogeton. The shorelines of BTL and Eastside Pond have abundant hydrophytic vegetation commu-
nities (i.e., genus: Typha, Carex, Equisetum, Juncus, etc.), many with aerenchyma that can serve as a conduit for
CH, to escape to the atmosphere (Strém et al., 2003).

A persistent remotely sensed CH, hotspot was detected along the eastern shoreline of the Eastside Pond (Fig-
ure 1). Although not unique at BTL, this shoreline is characterized by a rapid transition from non-emergent and
emergent littoral vegetation to upland vegetation species along steep erosional banks (Figure S1 in Supporting In-
formation S1). Two to three rivulet streams, which drain the small fen ~70 m to the east, converge at the location
of the CH, hotspot along the eastern margin of the Eastside Pond and likely contribute to enhanced thermokarst
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11:19, July 6%, 2019 (DQOY 187) 14:14, July 21st, 2018 (DOY 202)

Figure 1. Next Generation Airborne Visible/Infrared Imaging Spectrometer remote detection of CH, hotspots at the Eastside
Pond of Big Trail Lake (64.91932°N, —147.82200°W) in July 2018 (a) and (b) and July 2019 (c) and (d). 2019 image was
taken 2 hr before the ground-based survey shown in Figure 2. Greyscale panels (a) and (c) show surface-controlled matched
filter spectrometer output for column CH, enhancement. Panels (b) and (d) show RGB channels overlaid with spectrometer
output for spatially filtered CH, hotspots. Red outlines in the left images denote the extent of the RGB images. Local time of
imagery is shown (Alaska Daylight Time).

at the site. The Eastside Pond initially formed sometime between 1967 and 1985 (Walter Anthony et al., 2018).
We estimate from aerial photography in Walter Anthony et al. (2018) that the Eastside Pond has expanded by
0.5-1 m yr~! since formation. Its formation was likely influenced to some extent by the development of an un-
paved, single-lane access road which was built in the mid twentieth century. Despite the road being un-maintained
and impassable for many years due to flowing water and seasonal flooding, it still serves as a recreational path
to cross country skiers and mushers when the Eastside Pond freezes in winter. Multiple other thermokarst ponds
occur along the old ~1 km road, however it is unknown to what extent the road's presence affects contemporary
thermokarst or CH, emissions in the thermokarst-rich Goldstream Valley.

2.4. Ground-Based Enhancement and Flux Surveys

We performed a ground-based CH, enhancement survey on 6 July 2019 between 13:25 and 17:15 Alaska Daylight
Time (UTC-8). This survey confirmed hotspots detected at the Eastside Pond by AVIRIS-NG on the previous day
and approximately 2 hr prior during an additional overflight on the morning of the sixth (Figure 1). During the
ground-based enhancement survey, atmospheric CH, concentrations were measured on foot at 1 Hz with a Los
Gatos Ultra-Portable Greenhouse Gas Analyzer (UGGA) (ABB INC., 85 Quebec City, CA). Measurements were
made at approximately 0.5 m AGL while walking along a ~10 cm s~! snaking transect starting in the southwest
and working northeast of the hotspot region (Figure 2). The inlet to the UGGA was fitted to the lid of a 5-gallon
bucket with the bottom removed to minimize interference from non-local sources and held at arm's length in front
of the surveyor. Wooden planks, which were placed at least 1 hr before measurement, were used as footpaths
in sensitive environments to minimize disturbance. The geolocation accuracy of mapped CH, concentrations is
estimated to be +5 m, with uncertainties dominated by lags in handheld GPS updates during the walking survey.
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Figure 2. Ground-based CH, enhancement survey on 6 July 2019 between 13:25 and 17:15 local time. Color scale in panels (a) and (b) correspond to CH,

concentrations measured in ppm in air at ~0.5 m above ground level along a 10 cm/s snaking transect that began in the SW and ended in the NE in panel (a) (see
color bar for CH, scale). Gas concentration data was recorded at 1 Hz. GPS position was updated every 30 s. The size of the points in panel (a) are also scaled to their
corresponding CH, ppm values. Individual points in panel (a) represent multiple gas concentration measurements but appear stacked due to lagged GPS updates. As
a result, concentration data is accurate to +5 m. Red circles represent seasonal hotspot flux monitoring locations, whereas yellow squares represent long term flux
monitoring with permanent chamber-collars (flux data not shown here).

In addition to measuring ground-level CH, enhancements in the free air, hotspot flux monitoring measurements
at the Eastside Pond CH, hotspot were also implemented in July 2019 to further validate airborne detections.
Hotspot monitoring chambers, constructed from plastic five-gallon buckets with bottoms removed and resealable
air-tight lids (Gamma Seal Lid, Encore Plastics, Sandusky, OH, USA) (Figure S2 in Supporting Information S1),
were installed at hotspot flux monitoring locations (Figure 2). All diffusive fluxes, including non-hotspot meas-
urements (described below), were calculated from the ideal gas law using chamber volume and temperature, and
atmospheric pressure measured via a LI-COR LI7700 (LI-COR Inc., Lincoln, Nebraska, USA) operating mid-
BTL. The slope of linear CH, concentration change (R? > 0.985 correlation to linear least squares fit) for a mini-
mum of 45 s (45 observations) and a maximum of 210 s (45 < n > 210) was used to determine mass change within
the chambers. Chamber observation periods were <5 min and observations within the first 3.5 min of chamber
placement were prioritized. Any observations with non-linear concentration change (R? of linear fit <0.985), no
linear sections >45 s, or with stepwise concentration increases (interpreted as ebullition) were omitted to ensure
that the reported measurements represent purely diffusive fluxes. These strict protocols eliminated any distur-
bance caused by placing the chamber, which we assume would manifest as non-linear CH, concentration change.
See the Methods in Supporting Information S1 for more details regarding the processing of raw chamber data
and data quality protocols.

Bucket chambers were installed such that 2-5 cm of the open bottom was submerged in saturated sediments to
create a hermetic seal. These hotspot monitoring positions (n = 12) were equally spaced 3—4 m apart on sparsely
vegetated or bare, saturated surfaces along the southeastern shoreline of the Eastside Pond where the water table
was nearest to the surface, or where we expected the highest diffusive fluxes. Buckets were left in place, sans lid,
for at least 24 hr before fluxes were measured and remained in place until removal just before seasonal freeze
up. Plant mediated CH, emission potentially contributed to total observed flux in cases where buckets included
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sparse emergent vegetation and flux was linear. A singular bucket was placed on the snow surface at the hotspot
location to observe fluxes on 14 December 2019. The chamber volume was corrected for snow density inside
the chamber for this measurement. During all flux measurements, lids fitted with ¥4” PVC valves were gently
screwed into the top of each bucket, creating an air-tight closed chamber to recirculate air through the UGGA.
Lids were removed after each measurement. All hotspot fluxes reported here were measured on 5 days in be-
tween 7 July 2019 and 17 September 2019, and on 14 December 2019, resulting in 66 total observations from
the Eastside Pond hotspot region. Hotspot fluxes were not measured at night; therefore, we assume our daytime
measurements capture the diel variability of CH, hotspot emissions. This may represent a source of error in our
extrapolations, though this potential effect was not quantified. All fluxes were measured between the hours of
09:35-17:32 local time.

Non-hotspot CH, fluxes were monitored from various surfaces at BTL via repeat chamber-flux measurements
along five shore-to-forest transects since summer 2018 (Elder, Hanke, et al., 2020), following methods described
in Elder, Thompson, et al. (2020). Starting in July 2019, fluxes were also measured as in Elder, Thompson,
et al. (2020), except that instead of placing chambers directly on the surface, permanent aluminum chamber-col-
lars were installed to 3-5 cm depth at long-term flux monitoring locations both near the hotspot and other loca-
tions of BTL. Aluminum collars were in place for a minimum of 1 week before flux measurements were made.
A removable flotation system constructed of pipe insulation was attached to the chamber for measurements over
open water. As described in Elder, Thompson, et al. (2020), a larger transparent chamber was used at all non-hot-
spot locations and was designed to enclose vegetation up to ~1.5 m in height. Therefore, like the hotspot monitor-
ing, these observations also included potential plant-mediated fluxes when vegetation was present in the chamber
and fluxes were linear. Thus, fluxes reported herein should be considered as inclusive of linear plant-mediated
emissions but exclusive of ebullitive emissions. Since ebullition was not determined from any of our chamber
observations, our estimates are conservative with respect to total emissions.

2.5. Relating Hotspot CH, Fluxes to AVIRIS-NG Observations

Previous controlled release experiments determined the lower limit of AVIRIS-NG CH, flux detectability to be
~2 kg CH, hr~! from point sources (Thorpe et al., 2016). While this flux rate is much higher than common CH,
emission rates from northern wetlands, we expect AVIRIS-NG to be sensitive to significantly smaller fluxes when
air stagnation and the size of typical ecological hotspots are taken into account. We developed a simple diffusion
and advection plume model (Equation S3 in Supporting Information S1), to link ground-based observations with
AVIRIS-NG observations and quantify the conditions necessary for AVIRIS-NG hotspot detection. We simulat-
ed diffusion rates based on typical in situ observations in an artificial 10 X 10m hotspot from the Eastside Pond
(5 x5 grid of 2.1 m pixels) to model expected AVIRIS-NG remote observations at various wind-controlled plume
turnover rates (proportional to lifetime of CH, enhancement within AVIRIS-NG detected plumes). See Methods
in Supporting Information S1 for a more detailed explanation. The maximum CH, enhancement observed at
ground level (202 ppm CH,) was then used in the hotspot simulation model to determine the effective wind speed
and plume turnover time necessary to accumulate this CH, concentration given the prescribed hotspot fluxes.

2.6. ERT and NMR Geophysical Observations

In early September 2019, we conducted ground-based electrical resistivity tomography (ERT) geophysical sur-
veys perpendicular to the north, east, and south shorelines of BTL, and collected borehole nuclear magnetic
resonance (NMR) data adjacent to the north and east survey lines (James et al., 2020). Here, we focus on the
eastern survey which transects the persistent Eastside Pond CH, hotspot. ERT images subsurface permafrost
structure along 2D profiles to depths of 40-50 m by measuring spatial variations in electrical resistivity along a
line of electrodes planted in the ground surface. Electrical resistivity is highly sensitive to the presence of liquid
water, so thawed or wet zones exhibit vastly different values compared to dry or frozen soils (Briggs et al., 2017,
Lewkowicz et al., 2016; Minsley et al., 2015, 2016). NMR was used to observe total liquid water content and
relative pore size distributions at 12.5 cm depth intervals from the surface to a depth of 2.1 m. NMR data were
measured at a single location adjacent to the east ERT survey line, just inland on the eastern margin of the East-
side Pond. See Methods in Supporting Information S1 for a more detailed description of the ERT and NMR
observation methods.
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2.7. AVIRIS-NG Surface Classification for BTL CH, Flux Upscaling

The fraction of the CH, flux contributed by the Eastside Pond hotspot to the total CH, flux from all other surfaces
in the BTL environment remained a critical question. To address it, we classified surfaces at BTL and its sur-
rounding nearshore environment by analyzing a ~300 X 300 m sub-scene of AVIRIS-NG 426-band reflectance
imagery collected on 5 July 2019. From this sub-scene, a spectral library of prominent surface classes was devel-
oped based on a combination of expert-knowledge sub-sampling of BTL imagery and ground-based spectrometer
surveys (ASD FieldSpec 4, ASD Products, Cambridge, UK) collected in July of 2019. Spectral endmembers were
used in an iterative multiple endmember spectral mixture analysis (MESMA) (Roberts et al., 1998) to classify
nine surfaces within a 50 m perimeter surrounding the open water of BTL and the Eastside Pond. Spectral anal-
ysis also included open water surfaces. The 50 m terrestrial perimeter represents the boundary at which ground-
based CH, flux observations extended from the shoreline. The resulting surface classification map was used to
upscale CH, fluxes using chamber observations recorded in summer 2018 and 2019 from corresponding surface
types. Surface classifications included: open water, surface macrophytes (mostly Potamogeton), bare sediment,
Typha, mixed wet grasses, dry grass + broadleaf, Equisetum dominant, mixed spruce, and senesced vegetation.

Previously published, surface-specific fluxes observed from BTL in 2018 (n = 169) (Elder, Hanke, et al., 2020)
were combined with new fluxes observed in 2019 (n = 158) to derive median growing-season CH, fluxes for each
surface type at BTL. Since flux distributions were typically positively skewed, median fluxes for each surface
were used. These values were then multiplied by the area of each surface type within the domain to estimate total
daily diffusive flux from BTL and its nearshore environment. Median flux from mixed wet grasses was applied
to unclassified surfaces (<1% of total surface area) and senesced vegetation surfaces (3.1% of total surface area)
since chamber flux observations did not disambiguate these surface types, and because they typically occurred
within the mixed wet grass category at BTL. The mean of daily maximum flux rate (from in situ closed chamber
measurements) was used instead of the median for AVIRIS-NG-identified CH, hotspot surfaces. This was due to
the variable nature of extreme CH, emission events within the chamber-flux data set and the likely flux detection
threshold of AVIRIS-NG as informed by the plume diffusion and advection model (Equation S3 in Supporting
Information S1). Diffusive fluxes from the 9 unique surface types, including their upscaled proportion of total
study area fluxes are summarized in Table S1 in Supporting Information S1.

2.8. Upscaling Thermokarst CH, Hotspot Emissions to the Pan-Arctic

Airborne mapping of CH, hotspots across Alaska and western Canada during the 2017, 2018, and 2019 AACs
allowed us to characterize CH, hotspot abundance and distribution over a diverse 70,000 km* domain well beyond
BTL. We assessed hotspot relationships within this domain with respect to thermokarst occurrence, applied our
ground-observed CH, emission rates from BTL, and extrapolated thermokarst CH, hotspot fluxes across the
pan-Arctic. Using two independent approaches, we produced a total of six estimates to bracket the likely range
of annual pan-Arctic CH, emissions from thermokarst hotspots (Ex.s) by manipulating variables in the following
equation:

Ens=Ryg-Asp- Fape -t )

where R equaled one of two CH, hotspot occurrence ratios (Ry, or Ry) determined from ABoVE-domain-wide
AVIRIS-NG data. Ry, or Ry were then paired with two different upscaling areas (A; or Ap, respectively). Hotspot
occurrence ratios (R, or Ry) were calculated as the ratio of total hotspot area to the total surveyed terrestrial area
in a defined region.

In the first approach, R, equaled the area-weighted mean hotspot ratio from terrestrial surfaces within environ-
ments classified by Olefeldt et al. (2016) as having “very high” wetland and/or lake-type thermokarst occurrence
in a subset of 52 AVIRIS-NG flight lines from 2017, 2018, and 2019 (R,, = 0.054%). The 52-flight-line subset
consisted of a ~5,600 km? surveyed area, representing variable wetlands, lake types, glacial history, and levels
of thermokarst occurrence. To test the hypothesis that R, was greater in regions with greater thermokarst oc-
currence, R, was also determined from five additional flight lines overlapping regions classified as intermediate
wetland/lake thermokarst and seven additional flight lines overlapping “low” wetland/lake thermokarst. This
resulted in a total of 64 flight lines, representing a ~7,000 km? subset survey. Hillslope-type thermokarst regions
were not considered since they are least likely to collect water and produce the anoxic conditions needed for high
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Table 1

Estimating Annual Pan-Arctic CH, Hotspot Fluxes Attributable to Thermokarst Processes Using Estimates of Mapped Thermokarst, AVIRIS-NG Hotspot Metrics,
and Flux Magnitudes Observed on the Ground From a Persistent Hotspot at the Eastside Pond

% Of total
Upscaling Hotspot occurrence  CH, flux (mg  Flux days~ Pan-arctic hotspot flux ~ wetland flux
Upscaling area description area (m?) (4) ratio (%) (R) m=2d-" (F) 0) (g CH, yr™") (E,p) >45°N!
Very high lake and/or wetland thermokarst occurrence ~ 1.978 x 10'2¢ 0.054f 1,168* 200 2.5 x 101 0.8
7,984° 1.7 x 102 5.3
24,227¢ 5.2 x 102 16.2
Active lake and wetland thaw features 1.498 x 10 0.243¢ 1,1682 200 8.5 x 10 0.3
7,984° 5.8 x 101 1.8
24,227¢ 1.8 x 102 5.5
Median 1.1 x 102 3.6

Note. Letters in parenthesis correspond to variables in Equation 1.

“Mean of BTL hotspot flux data (¥, n = 66). "Mean of daily maximum BTL hotspot fluxes (F, »» 1 =35). “Maximum observed BTL hotspot flux (F,, n = 1). d0lefeldt
etal. (2016) upscaling area (A,). “Turetsky et al. (2020) upscaling area (A ﬁ). fArea-weighted mean hotspot ratio (R,) from terrestrial surfaces in a 7,000 km? subset of
ABOVE survey (see text). EMean hotspot ratio (R ) within 45 m of open water bodies in Elder, Thompson, et al. (2020). hAnnual Pan-Arctic flux of 32 Tg CH, yr!

from Peltola et al. (2019).

CH, production. Flight lines were chosen for their observation quality and representativeness. We assume the
7,000 km? subset of AVIRIS-NG flight lines, which sub-samples the spatial extent of the 6.3 x 10® km> ABoVE
study domain, was spatially representative of diverse lake and wetland types found throughout the pan-Arctic.
R, was then multiplied by As, which represented the area of all high-latitude terrain likely to contain “very high”
rates of thermokarst occurrence. Since the AVIRIS-NG CH, survey only measured land surfaces, we subtracted
open water thaw lake area (280,000 km?; Turetsky et al., 2020) from the total pan-Arctic mapped area classified
as “very high” in both of the thermokarst lake and/or thermokarst wetland categories in Olefeldt et al. (2016).
This produced a pan-Arctic terrestrial upscaling area of A; = 1,978,000 km?. The product of R, - As represents our
estimate total thermokarst CH, hotspot area in terrestrial pan-Arctic regions of “very high” wetland and/or lake
thermokarst occurrence. We then extrapolated ground-based hotspot flux measurements, observed at the Eastside
Pond, to estimate pan-Arctic CH, fluxes attributable to thermokarst processes. The first approach produced three
estimates of daily pan-Arctic Hotspot flux by multiplying (R, - As) by the daily ground-based hotspot mean flux
(F,), mean of daily maximum hotspot flux (mean of max flux values from each observation day, F;), and the
maximum observed hotspot flux (F.). To convert to annual fluxes, we multiplied the daily fluxes by 200 days yr~!
(1), to represent the likely annual period of hotspot flux activity.

In our second approach, we estimated a greater R to represent discrete thermokarst features in a more confined
area near water bodies (Ry). Here, Ry equaled the integrated CH, hotspot Poisson rate from terrestrial surfaces
within 45 m of open water (Ry = 0.243%) from Elder, Thompson, et al. (2020). Ry thus represented thermokarst
features which were likely to occur within 45 m of water surfaces, a critical distance threshold identified in the
30,000 km? 2017 AVIRIS-NG AAC (Elder, Thompson, et al., 2020). In this analysis, Ry was conservative since
it was originally determined with respect to waterbodies in both thermokarst and non-thermokarst areas, where
we expect the latter to have fewer hotspots. Ry is then multiplied by A, which represented discrete areas of cur-
rent active/abrupt thaw features (i.e., not inclusive of broader areas where they are likely to occur as in Olefeldt
et al. (2016)). Here, Ay equaled the area of currently active/abrupt lake thermokarst (78,100 km?, pers. comm.
M. Turetsky) plus the area of currently active organic lowland wetland thermokarst (71,700 km?, pers. comm.
M. Turetsky) (Ay = 149,800 km?). As in the first approach, the product of Ry-As was then multiplied by F,, F;,
F,, and each by 7 producing three additional estimates of annual pan-Arctic thermokarst hotspot CH, flux. This
calculation and all six flux estimates are summarized in Table 1.
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3. Results and Discussion
3.1. AVIRIS-NG Remote Hotspot Detection

In multiple overflights during July 2018 and 2019, AVIRIS-NG detected persistent CH, hotspots concentrated
on the north eastern margin of the Eastside Pond adjacent to the main body of BTL (Figure 1). While smaller
more sporadic hotspots were also detected at other locations around BTL, the area shown in the inset/right panels
of Figures 1 and 2 was the only region to consistently show significant CH, activity (Figure S3 in Supporting
Information S1 shows 8 additional AVIRIS-NG images). Specifically, these Eastside Pond hotspots were detected
in nine out of 10 surveys flown <3,050 m AGL. Above this altitude, hotspots were only observed in two out of
seven overflights. This is likely due to dilution of CH, enhancements over larger image pixels in higher altitude
flights. There was no relationship between hotspot detection and sun angle across all flights. Consistent with the
findings of Elder, Thompson, et al. (2020), hotspots in general were more concentrated in the nearshore terrestrial
environment. The total hotspot area detected by AVIRIS-NG averaged 632 + 460 m? within the 50-m-wide lit-
toral + terrestrial perimeter buffer around BTL and the adjacent thermokarst pond, or 0.62 + 0.45% of the study
area (i.e., lake + pond + terrestrial perimeter buffer).

3.2. Ground-Based CH, Observations

Remotely sensed hotspots detected at the Eastside Pond in the morning of 7/6/19 (Figure 1) were confirmed with
ground-based enhancement observations approximately 2 hr later on the same day (Figure 2). While most of the
ground-based enhancement survey area resembled the area background CH, concentrations (~1.85 ppm), iso-
lated regions with CH, concentrations up to 202 ppm were found near to the water's edge (Figure 2). These high
concentrations were coincident in space with hotspots that were remotely sensed roughly 2 hr prior (Figures 1
and 2). Plumes of enhanced CH, (75-100 ppm) were detected several meters inland near the SE portion of the
survey, corroborating occasional remote detections 10-20 m from the water's edge. Sporadic ebullition was also
visually observed in the water column of the Eastside Pond during periods of the ground-based enhancement
survey. It is possible that these emissions from the adjacent water surface (<10 m away) influenced the ground-
based enhancement survey, and potentially the remote hotspot detections; however, this effect was not quantified.
Ebullition from the adjacent water column has no effect on closed-chamber CH, flux observations (described in
the next section). The peak enhancement of 202 ppm at 0.5 m AGL was applied in the hotspot plume diffusion
and advection model to estimate the plume turnover time necessary to produce these conditions at likely hotspot
emission rates informed by ground-based flux observations. The results are depicted in Figure S4 in Supporting
Information S1, and discussed at the end of this section.

Chamber-based CH, fluxes within the hotspot region were extreme, but also highly variable, spanning five orders
of magnitude (n = 66, ranging: 8.5-24,200 mg CH, m~2 d~', Figure 3). These non-ebullitive CH, hotspot fluxes
from the Alaskan Boreal/sub-Arctic are likely some of the highest reported in the scientific literature for northern
high latitudes and even rival high diffusive flux observations from tropical wetlands (Nahlik & Mitsch, 2011).
The Eastside Pond hotspot overall mean CH, flux (1,168 mg CH, m=2 d~!, n = 66), the mean of daily CH, flux
maximum (7,984 mg CH, m~? d~!, n = 5), and maximum CH, flux (24,227 mg CH, m~2 d~', n = 1) measured
from all 66 observations, represent F,, F,, and F., respectively in Equation 1 and bracket the likely range of
pan-Arctic thermokarst CH, hotspot fluxes in our pan-Arctic upscaling estimate described below. The median
value of observed Eastside Pond hotspot fluxes (218 mg CH, m~2d~!) was excluded in pan-Arctic upscaling since
it was unlikely to produce the CH, enhancements observed at ground level (Figure 2) nor the lower hotspot detec-
tion threshold of AVIRIS-NG for this study (>2,500-3,000 ppm X m CH,) (Equation S3 and Figure S4 in Sup-
porting Information S1). This lower detection threshold is more probable at flux rates comparable or greater than
the observed mean of daily maximum fluxes from the Eastside Pond hotspot (~8,000 mg CH, m~2 d™"). Despite
several extreme flux observations >2,000 mg CH, m~2 d~!, Eastside Pond hotspot-region fluxes often resembled
high fluxes from other littoral zone locations at BTL (Figure S5 in Supporting Information S1) and the upper
range of littoral zone mean fluxes reported in a pan-Arctic synthesis database compiled by Olefeldt et al. (2013)
(Figure 3). Despite this variability, a t-test showed that the mean of hotspot fluxes was significantly higher than
non-hotspot fluxes at BTL (p < 0.03) when aggregating all observations from bare wet shoreline surfaces into the
hotspot category (including those observed outside the Eastside Pond hotspot region). Extreme chamber-based
fluxes from the Eastside Pond hotspot region extended into at least early winter 2019 and likely beyond, with
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Figure 3. Big Trail Lake (BTL) CH, hotspot fluxes (n = 66) compared to distributions of site-level mean fluxes from various
ecosystems in a pan-Arctic database. BTL hotspot fluxes were observed from 12 flux monitoring stations located within the
remotely observed hotspot on five separate days between 7 July 2019 and 17 September 2019 (see Figure S1 in Supporting
Information S1). Database fluxes were taken from Olefeldt et al. (2013).

an observed flux of 1,950 mg CH, m™2 d™' on 14 December 2019, which was greater than the mean of summer
measurements (Figure S5 in Supporting Information S1). This prolonged period of activity implicated emission
sources from subsurface processes less sensitive to surface freezing or lake-ice formation, perhaps similar to the
significant cold season fluxes observed from year-round studies of tundra CH, fluxes (Zona et al., 2015). This
observation informed the 200-day timeframe used for estimating annual hotspot fluxes in our pan-Arctic flux
upscaling (¢ = 200 days yr~!, Equation 1).

While AVIRIS-NG's mapping ability enabled precise geolocation (3-m pixels) of the Eastside Pond hotspot in 9
out of 10 lower altitude flights, pinpointing the source of this emission at any given time proved challenging using
either our chamber flux monitoring array or ground-based CH, enhancement survey. Our hotspot flux monitoring
array, which was not sampled continuously but sequentially on the day of observations, rarely captured the high
spatiotemporal variability of extreme hotspot fluxes within the confined (~3,000 m?) area of the eastern margin
of the Eastside Pond. This further emphasizes the importance of high-resolution remote sensing strategies for
accurately tracking spatially and temporally sporadic extreme flux events.

Only the highest percentiles of observed hotspot fluxes are likely to result in detection by AVIRIS-NG. This
variability presented a challenge for quantifying lower limit of AVIRIS-NG CH, hotspot detection. To confirm
whether the CH, fluxes from Eastside Pond could generate the 2,500-3,000 ppm X m enhancement needed for
confident AVIRIS-NG hotspot detection, we simulated the emissions with a plume diffusion and advection model
and a flux of 8,000 mg CH, m=2 d~!, roughly equivalent to the mean daily maximum from our in-situ surveys.
The model confirmed that this flux rate is detectable with 20-30 min of plume stagnation at the surface (Figure
S4 in Supporting Information S1). If we used a flux of 24,000 mg CH, m~2 d~!, corresponding to the maximum
observed daily flux rate, the 2,500-3,000 ppm X m enhancement threshold accumulated within 3-8 min (Figure
S4 in Supporting Information S1). The same plume diffusion and advection model also determined that the max-
imum observed ground-based enhancement of 202 ppm CH, (at 0.5 m AGL) would require plume accumulation
times of 6 and 2.5 min at the mean of daily maximum and overall maximum observed flux rates, respectively.
These results suggest that the flux which produced the hotspot that was detected in the ground-based enhance-
ment survey and in multiple AVIRIS-NG overflights on 7/6/19 was likely closer to 24,000 mg CH, m~2d~! than
to 8,000 mg CH, m~2d~!, and produced a plume that accumulated near the surface for roughly 10 min (Figure S4
in Supporting Information S1). Since this flux magnitude was relatively rare in our ground-based chamber moni-
toring, we conclude that our monitoring array (collectively covering only ~0.64 m? with 12 bucket chambers) was
likely too sparse to frequently pinpoint the source of hotspot fluxes likely occurring within fractional areas of the
80~150 m? hotspot plume images produced by AVIRIS-NG. We believe our combined approach of ground-based
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Figure 4. Electrical Resistivity Tomography (ERT) cross section identifies a thaw bulb beneath the easternmost shoreline of
the Eastside Pond. Subsurface thermokarst features spatially align with extreme CH, fluxes from the remotely sensed hotspot
in the same area (white boxes). The red “A” and “B” correspond to the ERT transect extents in the x dimension. A black
triangle marks the location of the nuclear magnetic resonance observation. The CH, flux graph represents data collected
between 7 July 2019 and 14 December 2019. Flux data from two long-term monitoring positions (yellow squares) closest to
shore were combined with data from the hotspot monitoring positions (red circles) in the first white box of the CH, boxplot.
The “~” symbol represents negligible flux and all symbols are spatially accurate along the x dimension.

enhancement mapping, time-series flux monitoring, and plume modeling resulted in the best overall validation of
hotspots, however; future studies should consider greater areal coverage for flux monitoring or implementation
of drones to more accurately pinpoint CH, hotspot sources (Oberle et al., 2019).

3.3. Geophysical Imaging of Thermokarst Features and CH, Hotspot Implications

ERT inversion results produced a 2D cross-section through the NE margin of BTL and the Eastside Pond (Fig-
ure 4) and four other locations on BTL (Figure S7 in Supporting Information S1). Areas of low resistivity are in-
terpreted as thawed and water-rich sediments, while areas of high resistivity indicate permafrost. Results revealed
a prominent low-resistivity thaw bulb directly beneath the NE shoreline of the Eastside Pond to a depth of ~15 m,
as well as an intermediate-resistivity undercutting partial thaw feature extending northeastward at depth (Fig-
ure 4). The shoreline thaw bulb coincided with the largest observed CH, fluxes and the remotely sensed hotspots.
Fluxes decreased landward, where the ERT results suggested the presence of an intact cap of permafrost between
the active layer and the undercutting intermediate-resistivity feature which may contain slightly elevated unfro-
zen water content. Methane fluxes measured along the separate, permafrost-supported margin on the southern
side of BTL, showed a more gradual decline moving away from water (Figure S7 in Supporting Information S1)
compared with fluxes measured along the Eastside Pond transect which declined rapidly with distance from
shore (Figure 4). For example, fluxes >50 mg CH, m~> d~' were observed at distances greater than 20 m from the
water's edge in the permafrost-supported southern margin of BTL but dropped to undetectable levels within 5 m
of the Eastside Pond hotspot shoreline (Figure S7 in Supporting Information S1). In both cases, the magnitude of
CH 4 flux was correlated with the thickness of thawed sediment identified from the ERT cross-sections. However,
the AVIRIS-NG hotspots and extreme chamber fluxes were only observed proximal to the thermokarst features
of the Eastside Pond margin where the thawed depth may extend beyond 15 m, which was ~5 m deeper than on
BTL's southern margin (Figure 4 and Figure S7 in Supporting Information S1). Although both the Eastside Pond
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and southern margin of BTL show relatively deep thaw, more recent thermokarst expansion in the Eastside Pond,
compared with the older, stable, permafrost-supported southern margin of BTL, may contribute to this difference
given greater availability of more recently thawed permafrost C (Walter Anthony et al., 2018). Differences in
thaw age and extent are also supported by the intermediate resistivity values observed in the Eastside Pond talik,
indicating partially thawed/frozen sediments, compared with uniformly low resistivity on the southern side of
BTL-representative of fully thawed sediments (Figure S7 in Supporting Information S1).

In situ borehole NMR measurements of unfrozen water content with depth just upland of the Eastside Pond lake
margin showed approximately 53% volumetric water content (VWC) within the 85 cm active layer (determined
with manual frost probe), and residual 1%-9% VWC beneath the active layer to a depth of 2 m (Figure S6 in
Supporting Information S1). These data showed there was significant unfrozen pore water in the low-resistivity
active layer at this location. The Eastside Pond shoreline thaw bulb at ~15 m depth had low-resistivity values
similar to the low-resistivity active layer and likely has comparable unfrozen water content available to support
microbial metabolism of permafrost C.

Itis likely that the Eastside Pond shoreline talik is contributing to the anomalous CH, fluxes either by supporting
enhanced microbial activity within the saturated and partially thawed shallow sediments, and/or by serving as a
pathway connecting water and gases with deeper permafrost C. The latter may represent a preferential flow path
for deeper CH, to reach the atmosphere, similar to hypothesized patterns within lake taliks (Walter et al., 2008),
by allowing CH, to diffuse or advect in thawed channels past the near-surface intact ice wedges and towards the
thawed margin at the pond's shoreline. This in effect may concentrate CH, from a larger subsurface methanogenic
volume into a relatively small area of intense, AVIRIS-NG-detectable emissions at the surface. Although we indi-
rectly link potential talik CH, production and potential deep CH, channeling via liquid water in the undercutting
feature to extreme CH, flux at the terrestrial surface, collocation of these prominent thermokarst features at the
remotely sensed CH, hotspot support our central hypothesis that these mechanisms promote spatially intensive
hotspots of CH, release to the atmosphere. Ongoing work will utilize isotopic techniques to further investigate the
sources of the Eastside Pond CH, hotspot and explore broader emergent relationships between thermokarst and
CH, hotspots in the domain-wide CH, hotspot data set.

The localized concentrations of CH, hotspots in the terrestrial/littoral ecotone we discovered at BTL, and in
AVIRIS-NG imagery from across the ABoVE domain, are consistent with the localized concentrations of ebul-
lition hotspots observed within northern lakes (Walter Anthony & Anthony, 2013) and the shallow seas of the
Arctic continental shelf (Thornton et al., 2020). In each of these systems, a significant fraction of total CH, emis-
sions originate from extreme fluxes occurring in disproportionately small areas. Similar to the spatial scarcity of
lake ebullition and submerged permafrost CH, hotspots, terrestrial CH, hotspots were observed in only ~0.2%
of surfaces within 350 m of open water in the total 2017 AVIRIS-NG data set (Elder, Thompson, et al., 2020).
While within lake ebullition can be detected visually (bubbling through water, or bubbles incased in winter lake
ice), open water surfaces have a SWIR infrared reflectance of <1% which effectively prevented AVIRIS-NG de-
tection of CH, over these surfaces in our survey, and thus limited AVIRIS-NG's utility for observing within-lake
hotspots. Yet, the widespread detection of invisible terrestrial hotspot emissions near water in many ABoVE
wetland regions is reshaping our understanding of where sites of intense thermokarst-related emissions can occur
(Elder, Thompson, et al., 2020). We hypothesize that the same talik-related processes that drive intense, localized
CH, ebullition within the margins of thermokarst water bodies also likely extend into the wet terrestrial nearshore
environments, driving more elusive terrestrial hotspot CH, emissions.

3.4. Contextualizing Hotspots Within Total CH, Emissions at BTL

To contextualize observed CH, hotspot emissions within total CH, emissions from the BTL environment, we
developed a MESMA-based land surface classification using spectral data for upscaling surface-type-specific
fluxes across the study area (Figure 5). This analysis revealed that the hotspots comprised the largest proportion
of the BTL study-area diffusive fluxes (39.2%) by a large margin, but accounted for only 0.6% of the BTL study
domain (Figure 5). This underscores the disproportionate impact of relatively fine-scale ecological/geomorpho-
logical dynamics in site-to-landscape scale CH, emission upscaling and budgeting. Open water + macrophytes
represented the next largest CH, contribution at roughly 25% of total study area fluxes. Dry grasses + broadleaf
surfaces were a small CH, sink; however, despite comprising 28% of the study area, only offset total study area
fluxes by <1%. Since remotely sensed hotspots typically occurred near water, they mostly overlapped with wet
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Figure 5. Diffusive CH, flux upscaling at Big Trail Lake using 2018 and 2019 chamber flux measurements and Next Generation Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS-NG)-based multiple endmember spectral mixture analysis (MESMA). Ebullition fluxes from the open water and Potamogeton areas are high
(Walter Anthony et al., 2018), but are not considered in this analysis. The lake map was produced using an AVIRIS-NG reflectance image (2.1 m pixels) and CH,
hotspot detection on 5 July 2019 cropped to the study area. The median of chamber-based CH, fluxes was determined for each surface type and then multiplied by each
surface's area within the map. Hotspots comprised less than 1% of the lake environment, but roughly 40% of the area's total diffusive flux.

bare sediment, Typha, and wet mixed grass categories; however, not all of these surfaces were CH, hotspots at
BTL. On rare occasions, hotspots were detected by AVIRIS-NG within the dry grass + broadleaf and spruce
surface types. These sporadic hotspots were not targeted for ground validation since they were not spatially con-
sistent in repeated AVIRIS-NG imagery (Figure S3 in Supporting Information S1). It is possible that subsurface
talik dynamics near the lake may manifest as sporadic CH, hotspots on the surface even in areas with less-obvious
surficial thermokarst features (i.e., steep slumping shorelines and trees slowly falling into the lake). Enhanced
thermokarst, likely caused in part by water flow in multiple rivulets, is the main factor we attribute to the consist-
ent CH, hotspot behavior at the Eastside Pond.

We estimated total daily diffusive fluxes (including hotspot fluxes) from the 10.2 ha BTL study area (including
lake body, Eastside Pond, and 50 m terrestrial buffer zone) to equal 13 kg CH, d~! during the study period (July
2019). In a separate previously published analysis, BTL open-water ebullition flux was estimated to equal 293 mg
CH, m~? d~! on average (Engram et al., 2020; Walter Anthony et al., 2018). If this ebullition flux is considered in
addition total non-ebullitive fluxes estimated here, the total flux (non-ebullition + ebullition) from our study area
is roughly doubled to 25 kg CH, d='. This would also decrease the relative proportion of purely non-ebullitive
CH, flux from Eastside pond hotspots from ~40% to ~20% of total BTL environment emissions, and open water
surfaces would overtake hotspots as the greatest contributor to study area CH, flux (~60% of total)—albeit from
an area 40 times larger.

While our MESMA classification only covered BTL and a 50-m terrestrial buffer zone around its perimeter,
it demonstrates the value in high-resolution imagery for accurately upscaling CH, fluxes across heterogene-
ous environments. Future classifications will exploit full flight line AVIRIS-NG spectral data to produce land-
scape-scale CH, flux attribution maps.
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To quantify the (dis)proportionality of surface-specific emissions to their representative area at BTL, propor-
tional flux from each individual surface was determined and then divided by its respective proportional coverage
(i.e., flux proportion of total/area proportion of total). Table S1 in Supporting Information S1 summarizes the
result. Hotspot areas emitted significantly more CH, per proportional unit area than diffusive fluxes from all other
surface types at BTL (i.e., proportional flux >65 times higher than its proportional area at BTL). This supported
the hypothesis that large proportions of thermokarst wetland fluxes can originate from disproportionately small
areas even at the site scale. The next most disproportionate surfaces were bare wet sediment (2.9 times), then
Typha (2.4 times). Fluxes from wet mixed grasses were equal in proportion to their area in the study domain (%
flux: % area = 1.0), while spruce, Equisetum dominant, and dry grass + broadleaf surfaces were underrepresented
in CH, flux per proportional unit area (<0.5 times). If hotspot fluxes were not considered, flux proportions were
4.7 and 3.8 times greater than the areal proportions for bare sediment and Typha, respectively. This implies that
if explicit hotspots, like those characterized here, go undetected in a hypothetical emissions survey, but another
top-down method of calculating total area flux was used (i.e., eddy covariance), then fluxes from these surfaces
could be overestimated by a factor 1.5-2, potentially leading to large discrepancies in further upscaling efforts
(Sturtevant & Oechel, 2013).

3.5. Upscaling Thermokarst CH, Hotspot Emissions to the Pan-Arctic

We found that hotspots were up to 2.5 times more likely in wetland and/or lake areas classified as “very high”
thermokarst occurrence versus wetland and/or lake areas with low thermokarst occurrence (lower panel of Fig-
ure 6). This supports our hypothesis that thermokarst and/or abrupt thaw features promoted the extreme, spatially
localized CH, emissions observed by AVIRIS-NG.

Using our two approaches for estimating pan-Arctic thermokarst CH, hotspot distribution and flux, we estimate
that current thermokarst CH, hotspot emissions comprise 1.1 Tg CH, (range: 0.1-5.2 Tg), or roughly 3.6%
(0.3%-16.2%), of annual pan-Arctic wetland CH, emissions (this calculation is summarized in Table 1). This
flux originates from a total hotspot area of ~720 km? or roughly 0.005% of the high latitude permafrost region-a
resulting disproportionality ~700 times the proportional flux per proportional area (i.e., % hotspot flux of total:
% hotspot area of high latitude permafrost area). This pan-Arctic hotspot flux disproportionality factor (~700)
is an order of magnitude greater than the factor of ~65 determined from our MESMA-and flux-chamber-based
emissions upscaling of the local BTL environment. This demonstrates that thermokarst CH, emission hotspots
act as islands of exponentially disproportionate CH, emissions on spatial scales extending beyond lake and prox-
imal wetland environments.

3.6. Caveats to Upscaling Pan-Arctic Hotspot Fluxes

Detectability of CH, hotspot fluxes by AVIRIS-NG is primarily a function of flux magnitude and wind speed
(or plume stagnation), where higher wind speeds diminish CH, enhancement and detectability. Alternatively,
lower fluxes may be detectable where surface roughness, caused by standing vegetation or microtopography
(common in the permafrost domain), result in near-surface air stagnation and CH, accumulation over longer pe-
riods. Despite the high spatiotemporal variability of these factors across the high northern latitudes, our diffusion
and advection plume model (Figure S4 in Supporting Information S1) showed that the flux rates observed from
the Eastside Pond margin (5,000-24,000 mg CH, m~* d™") and plausible plume turnover (stagnation) times of
5-20 min lead to hotspots that could be detected by AVIRIS-NG. These conditions are consistent with the very
low wind conditions common at BTL during the clear-sky summer days when AVIRIS-NG typically acquired
imagery. These low-wind conditions, which were confirmed by wind observations at the eddy covariance tower
on BTL (commonly <1.5 m/s during overflights), are characteristic of potential “clear sky bias” weather condi-
tions which apply to all AVIRIS-NG scenes. This bias could increase the sensitivity of AVIRIS-NG to lower flux
rates if low windspeed and greater air stagnation, particularly in sheltered environments, allowed enhancements
to accumulate to higher concentrations at ground level. As a result, upscaled pan-Arctic thermokarst fluxes based
on our BTL observations, may be overestimated. However, this effect is likely more than counterbalanced by two
other aspects of the survey which render our pan-Arctic emission estimate more conservative. First, the Eastside
Pond hotspot was only detected in 30% of higher-altitude AVIRIS-NG flights (>3,050 m AGL), which is more
representative of the ~5,000 m AGL altitude in the broader ABoVE surveys. Thus, hotspots with the flux mag-
nitude similar to that of the Eastside Pond hotspot were more often undetected in the broader survey. This would
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effectively reduce the total number of detected hotspots and reduce our pan-Arctic hotspot emissions estimate.
Second, AVIRIS-NG is not sensitive to CH, enhancements over water surfaces due to their low reflectivity in the
SWIR infrared wavelengths used for the CH, retrieval. Thus, AVIRIS-NG does not capture complete thermokarst
flux variability in space, time, and magnitude, especially in regions with one-off or infrequent overflights. This
would further reduce the frequency of hotspots in our survey and our upscaled hotspot emissions estimate.

Since ebullition was frequently observed in the water <10m (and upwind) from the AVIRIS-NG detected hot-
spots at the Eastside Pond, it is possible that these water-borne emissions occasionally combined with detectable
fluxes observed from the adjacent SWIR-reflective land surface and/or nearby plant-mediated fluxes to promote
local CH, enhancements to the lower AVIRIS-NG detection limit. If this effect is widespread in the ABoVE
AVIRIS-NG surveys, it means our surveys remain sensitive to regions where ebullition is strong enough and
close enough to land (typical of lake thermokarst margins) to be detected. This would also likely lead to an un-
derestimation of the spatial extent and flux rates necessary to render such an enhancement. This effect, combined
with the inability to observe lower-level water fluxes with plumes that do not extend over land, or higher fluxes
further from the SWIR-reflective surfaces of land, further supports the conservatism of our pan-Arctic upscaling.

We did not quantify these effects, but we believe this variability is captured in our estimated range of annual CH,
flux from thermokarst features (0.1-5.2 Tg CH, yr™"). Despite this wide range, our two independent approaches
overlap between 0.3 and 1.8 Tg CH, yr~! (median across all estimates = 1.1 Tg CH, yr~!, Table 1). Although this
estimate carries relatively large uncertainty, it is conservative and it exploits our novel CH, hotspot survey, which
spans spatial scales from 25 m? to 70,000 km?, and represents a unique observation-based apportionment of CH,
fluxes to complex and climate-sensitive thermokarst processes. This estimate could serve both as an important
baseline for monitoring future CH, emissions from accelerating permafrost thaw, and a tool to potentially allocate
thermokarst emissions in top-down and bottom-up emission accounting and projections.

Aside from ground-based determination of flux magnitudes required to produce an AVIRIS-NG CH, hotspot,
our approaches to upscaling CH, fluxes to pan-Arctic thermokarst processes leveraged the ability of AVIRIS-
NG to determine hotspot areal coverage relative to total imaged area (hotspot occurrence ratio) at very high
spatial resolution (25 m? pixels) over more than nine orders of magnitude of surveyed area (nearly 100,000 km?
imaged through 2019). Despite this unprecedented sampling across spatial scales, direct determination of total
pan-Arctic hotspot area was not possible. Thus, our approaches rely on two key assumptions. First, all hotspot
areas, despite quantitative AVIRIS-NG CH, enhancement variability, were assigned the same flux value in each
respective upscaling approach. This equates to the assumption that the flux values observed at the Eastside Pond
are representative of hotspot fluxes across the Arctic. Second, we assume that thermokarst processes like those
observed at BTL produce all hotspot emissions within the upscaling regions defined by our two approaches. A
formal quantitative analysis of the uncertainty brought by these assumptions is beyond the scope of this study.
However, we posit that the likely range of pan-Arctic thermokarst CH, hotspot emissions is bracketed by our
multiple independent upscaling approaches.

Our two approaches differ in the way that they estimate the total area of Arctic thermokarst features. The first
approach, estimates the fraction of thermokarst within the entire mapped area of very high wetland and/or
thermokarst occurrence determined by Olefeldt et al. (2016), while the second method directly estimates dis-
crete areas of thermokarst features (M. Turetsky, pers. comm.). The first approach likely overestimates the area
corresponding to thermokarst-driven hotspots; however, we expect this overestimation to be counterbalanced by
the likelihood that the second approach underestimates hotspot occurrence-since the hotspot occurrence ratio we
applied was determined in large part from areas without thermokarst features. For example, hotspots in the BTL
study area (representing a young/active thermokarst environment) occurred in 0.62 + 0.45% of the study area,
while the hotspot fractional area used for discrete pan-Arctic thermokarst features was almost three times less
(0.243%, Table 1). Nevertheless, we believe that the median pan-Arctic flux estimate of 1.1 Tg CH, yr~' from all
of our upscaling approaches is conservative since it falls in the range where our estimates overlap.

It is likely that the mechanisms that regulate episodic ebullition events within the water columns of lakes also
exist in the adjacent nearshore terrestrial environment. However, a key difference is that these pulse-like emis-
sions in the saturated, but not inundated, near-shore environment likely more closely resemble periodically high
rates of diffusion instead of the abrupt emissions characteristic of ebullition events in water. While the temporal
variability of these pulse-like diffusive fluxes was not well constrained in our study, this mechanism may explain
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why extreme fluxes detectable by AVIRIS-NG were only occasionally observed in our chamber-based flux mon-
itoring at the Eastside Pond. As discussed in Windsor et al. (1992), it is possible that episodic ebullition-like
releases of CH,, originating from deeper, saturated sediments, are transformed by the overlying soil/sediment
matrix along waterbody margins into more diffuse emission modes. Indeed, our observed extreme diffusion rates
(mean: 1,110 mg CH, m™2 d™!, n = 65) closely resemble high ebullition-flux rates previously observed from
young/active Yedoma thermokarst lakes in Siberia and Alaska (Sepulveda-Jauregui et al., 2015; Walter Anthony
et al., 2010, 2016). Although rapid (i.e., order of seconds to tens of seconds), non-linear concentration increases
were occasionally observed within the hotspot monitoring chambers, these measurements were discarded due to
the potential that even small chamber agitations during measurement could trigger artificial emission events in
the sensitive sediments. Considering this, our measurements of extreme hotspot flux rates only represent linear
diffusion rates which occur for a minimum of 45 s, and thus could underestimate total hotspot flux if more rapid
ebullition-like events also occur in the terrestrial sediments of the nearshore environment. This uncertainty is
likely captured in the range of pan-Arctic emissions estimates derived from our comprehensive spatial sampling
via AVIRIS-NG and our thermokarst upscaling approaches. However, in the context of our MESMA-based up-
scaling of surface-specific fluxes at BTL (Figure 5), ebullition was not considered, meaning a significant fraction
of CH, flux (specifically via ebullition from open water at BTL) was not included in the BTL study area propor-
tional flux analysis (Table S1 in Supporting Information S1).

3.7. Origins of CH, Hotspots

On the surface above the Eastside Pond talik, several small rivulet streams each created 1-2 m deep depressions,
elongated 3—-6 m to the east and perpendicular to the main axis of the Eastside pond. The rivulets with more
consistent water flow appeared to spatially correlate with high fluxes, detected hotspots, and ERT-observed sub-
surface thermokarst features. These depressions may reflect voids that were previously occupied by massive ice
wedges, like those observed subsurface and to the east of the Eastside Pond in the ERT cross-section (Figure 4).
The degradation of ice wedges likely accelerates thermokarst at the Eastside Pond and promotes enhanced miner-
alization of permafrost C to CH, in the subsurface. Furthermore, the surface depressions are somewhat sheltered
from ventilation, creating ideal conditions for air stagnation and CH, accumulation near the surface. Hydrophytic
vegetation, while not unique to the Eastside Pond, is abundant on its margins and may combine with supplemen-
tal permafrost-C-sourced CH, to elevate emissions through vascular plant tissues (Andresen et al., 2017; Strom
et al., 2003), though this effect was not directly quantified.

Further characterization of the origins of remotely detected CH, hotspots would greatly benefit from isotopic
analysis (A#C, 8'3C, 8D, clumped isotopes) of the emitted gas. Such analysis would improve apportionment
of hotspot fluxes potentially originating both ancient permafrost C or from sub-permafrost, geologic C sources
(Douglas et al., 2020; Walter Anthony et al., 2012), which are known to exist in portions of the broader ABoVE
domain. However, given the 2 million CH, hotspots detected by AVIRIS-NG across the surveyed area of the
ABOVE domain (Elder, Thompson, et al., 2020), ecologic C (permafrost C and/or actively cycling surface C)
likely dominate hotspot emission sources. Future ground-based investigations of AVIRIS-NG-detected hotspots
would also benefit from subsurface dissolved gas observations and diffusive modeling. These observations could
further elucidate the methanogenic horizons most responsible for anomalous CH, emission at the surface (Wick-
land et al., 2006). As such, the AVIRIS-NG CH, survey is a valuable tool to guide more intensive ground-based
investigations toward sites of extraordinary CH, emissions.

3.8. Regional CH, Hotspot Patterns

While it is difficult to determine whether thermokarst features like those at BTL are the predominant driver of
CH, hotspot occurrence in the broader AVIRIS-NG survey, we suspect this to be the case given the increased
likelihood of hotspot occurrence in very high versus low thermokarst environments (Figure 6). Our observations
of high CH, hotspot activity, particularly in the Yukon-Kuskokwim Delta and Alaskan North Slope (Figure 6),
correspond to elevated CH, emissions in the same regions as determined from inverse modeling of airborne
concentration data (S. M. Miller et al., 2016). This suggests that CH, hotspots may be the dominant mode of CH,
emission in regions that are conducive to thermokarst. While outside the scope of this study, future work will fo-
cus on more quantitative comparisons between AVIRIS-NG hotspot patterns and other complementary airborne
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(Kohnert et al., 2018; Miller et al., 2016; Sweeney et al., 2020) and spaceborne CH, remote sensing observations
(Engram et al., 2020).

The Innoko wetlands proved an exception to the patterns shown in Figure 6. Reasons for the low hotspot occur-
rence in the Innoko wetlands are unexplained, especially since high fluxes are expected from this peaty-silty
lowland region riddled with collapse-scar bogs and fens (Torre Jorgenson et al., 2013). The observation could
relate to lower densities of AVIRIS-NG-detectable extreme emission sites within networks of older (>200 years)
collapse bogs which are known to have lower CH, emissions in the region (Johnston et al., 2014). Innoko CH,
hotspot activity was also potentially suppressed by local environmental/meteorological conditions on the day of
observation.

3.9. Implications for Current and Future Pan-Arctic CH, Emissions

While our best estimate of CH, flux from pan-Arctic thermokarst is only around 4% (1.1 Tg CH, yr") of total
estimated pan-Arctic wetland emissions (32 Tg CH, yr~', sans lake emissions (Peltola et al., 2019)), it may rep-
resent a previously unaccounted source within pan-Arctic emission budgeting. Given the high uncertainty range
of our estimate (range 0.1-5.2 Tg CH, yr™'), thermokarst may be responsible for substantially more than (or less
than) 1.1 Tg CH, emissions annually.

We believe that the hotspot emissions represented here, and particularly their widespread occurrence, have until
now gone mostly unobserved and undescribed. Without the ability to observe extreme terrestrial flux events at
high spatial resolution and broad coverage, and with limited datasets of high-spatial-resolution CH, flux observa-
tions (i.e., spatially confined chamber fluxes) from thermokarst environments, such events likely went undetected
prior to the AVIRIS-NG survey. However, it is also safe to assume that not all thermokarst environments are
capable of emitting CH, at high enough rates to meet the AVIRIS-NG hotspot threshold definition (likely 5-15 g
CH, m~* d~! given plausible plume turnover times). If hotspots, like those characterized here, were undetected
and unaccounted in previous research, our estimate would, in effect, increase bottom-up flux estimates and wid-
en their discrepancy with top-down emission accounting. For example, Walter Anthony et al. (2016) estimates
emissions of 2.2-6.7 Tg CH, yr~! from thermokarst lake margin expansion during the last 60 years. However, this
estimate does not include hotspot fluxes from the nearshore terrestrial environment, a buffer zone extending from
the water's edge where Elder, Thompson, et al. (2020) showed that hotspots are most likely to occur within 45 m
of the shoreline. Our results suggest that the 2.2-6.7 Tg CH, yr~! estimate from lake thermokarst expansion zones
could be underestimated by 25%—50% since nearshore terrestrial hotspots were not considered.

Bottom-up accounting typically estimates double the pan-Arctic emissions of top-down methods (59.7 (36.9-
89.4) versus 23 + 5 Tg CH, yr~!, respectively, including lake flux (Thornton et al., 2016)). Given the high
uncertainty in both accounting approaches, it is plausible that terrestrial thermokarst CH, hotspots account for a
“newly known” emission mode of around 1.1 (0.1-5.2) Tg CH, yr~! in the pan-Arctic budget- and would imply a
mis-apportionment of CH, fluxes within bottom-up budgeting efforts. It is likely that many bottom-up emission
estimates do not accurately account for the areal disproportionality of CH, hotspot fluxes within emitting surfaces
and over-allocate elevated flux rates during upscaling to areas that actually emit much less CH,. This leads to an
overestimation of the contributing area to total study domain emissions, which is consistent with the propensity
of bottom-up emissions accounting to overshoot top-down constraints (Thornton et al., 2016). A solution to the
problem of over-allocating emissions to surfaces without accounting for the finer-scale spatial heterogeneity
brought by hotspot behavior will require complementary high-resolution observations and land surface modeling
over large scales. This concept was demonstrated when a up to a 60% reduction in total CH, fluxes was observed
when land surface model resolution was increased to finer spatial scales (Treat et al., 2018). In another example,
regional lake CH, emissions, based on high-resolution satellite remote sensing analyses, were lower compared to
previous estimates based on upscaling from individual lakes (Engram et al., 2020). The high-spatial resolution
CH,, hotspot mapping ability of AVIRIS-NG has the potential to improve CH, upscaling efforts by explicitly
defining the areal extent of high emission sites.

Although the hotspots described in this work may be a newly known CH, source to the atmosphere, at the current
state of our collective understanding, it appears impossible to determine whether this source is truly new with
respect to the Arctic's response to recent warming. Despite this incomplete understanding, our estimate serves as
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an important starting point to motivate further investigation into thermokarst CH, emissions across the warming
pan-Arctic region.

If thermokarst CH, hotspot emissions are sourced primarily from ancient permafrost C reservoirs, they likely
also represent a new source to actively cycling C at the surface and an enhancement to the positive C-climate
feedback to further atmospheric warming. While this effect remains difficult to quantify, recent model estimates
suggest that thousands of Tg of CH, could be released from abruptly thawing permafrost under RCP 8.5 warming
scenarios by the end of the century (Turetsky et al., 2020). The resulting increase in net radiative forcing by year
2300 (0.15 W m~2) would represent roughly 1/3 of all CH,-driven radiative forcing since 1750 (0.48 + 0.05 W
m~2) (Myhre et al., 2013). Even on shorter time horizons and regardless of the emission source, increases in
intense CH, hotspot emissions from thawing permafrost like those described here are likely to further offset the
long-term cooling effect of CO, uptake by these ecosystems. This would further increase their hypothesized net
positive warming effect though year 2100 (Helbig et al., 2017). These potential impacts emphasize the impor-
tance of improving monitoring capabilities for detecting and attributing permafrost C losses, especially as CH,.

4. Conclusions

We combined airborne and ground-based observations to quantify thermokarst CH, emissions on scales bridging
chamber flux observations (<1 m?), plot-level monitoring (10-1,000 of m?), and thermokarst lake ecosystem flux
budgeting (1-5 ha). Leveraging regional CH, hotpot statistics from our 70,000 km? (7 Mha) AVIRIS-NG survey
across Alaska and northwestern Canada, we extrapolated our results to the terrestrial pan-Arctic (18 Mkm?).

Repeat AVIRIS-NG airborne measurements were used to detect a persistent, previously undiscovered CH, hot-
spot along the shore of the Eastside Pond, an arm of Big Trail Lake, an intensively studied thermokarst lake in
Interior Alaska (Figure 1). Flux chamber measurements validated the remote hotspot detection, yielding a mean
daily flux of 1,170 mg CH, m~2 d~!, with daily maxima extending up to an extreme value of 24,200 mg CH,
m~2d~! (Figures 2 and 3, Table 1). Ground-based geophysical surveys of the BTL and Eastside Pond environment
confirmed the presence of actively thawing permafrost collocated at the CH, hotspot (Figure 4). We performed
an image classification of the BTL study area using AVIRIS-NG imagery, and used the resulting map to appor-
tion multiyear chamber-based CH, fluxes to the nine unique surface types observed in the lake and nearshore
environment (Figure 5). This analysis contextualized hotspot fluxes within the broader lake environment, where
we found that they comprised 40% of the study area diffusive CH, emissions despite arising from less than 1%
of the total study area.

An analysis of 64 AVIRIS-NG flight lines acquired during the AAC in 2017, 2018, and 2019 (C. E. Miller
et al., 2019; Elder, Thompson, et al., 2020) revealed greater hotspot occurrence in regions exhibiting very high
wetland and/or lake thermokarst occurrence (Figure 6). These hotspots all corresponded to CH, signals as large or
larger than those observed from the Big Trail Lake hotspot. The relative fractions of CH, hotspot area in the lower
panel of Figure 6 support our hypothesis that thermokarst processes promote extreme CH, emissions from dispro-
portionately small areas in the Arctic permafrost landscape. To estimate CH, hotspot emissions from thermokarst
regions across the pan-Arctic, we combined three flux rates observed from the Eastside Pond thermokarst hotspot
with domain-wide hotspot occurrence statistics derived from the 70,000 km?> AVIRIS-NG survey. We conserva-
tively estimate that thermokarst hotspots emit roughly 1.1 Tg CH, yr~! or roughly 4% of the current pan-Arctic
wetland budget based on two independent estimation approaches.

This investigation highlights the unique insights made possible from the nine orders of magnitude in spatial scales
sampled by the AVIRIS-NG airborne CH, hotspot imagery. Individual pixels (typically 25 m? or 2.5 X 1075 km?)
resolve fine-scale geomorphological drivers while composite maps (1,000-10,000 km?) enable the evaluation of
climatic-scale influence on CH, emissions. The opportunity to simultaneously analyze hotspot patterns and sta-
tistics across site, landscape, and regional spatial scales enables us to characterize emergent properties and verify
upscaling assumptions directly with observational data. One can also derive land surface classifications as well
as vegetation traits and taxonomy from the same AVIRIS-NG pixels used to retrieve the CH, hotspots, resulting
in exact collocation of these properties for correlation studies of unprecedented detail. Continued observations
and incorporation of complementary methods (i.e., airborne eddy covariance) are needed to reduce uncertainties
in pan-Arctic hotspot emission estimates. Yet, our initial analyses build confidence that these types of multi-scale
studies will help us overcome the scaling challenges that have long hindered accurate estimates of the Arctic
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