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Arctic terrestrial ecosystems are major global sources of methane
(CH,); hence, it is important to understand the seasonal and cli-
matic controls on CH,; emissions from these systems. Here, we re-
port year-round CH, emissions from Alaskan Arctic tundra eddy
flux sites and regional fluxes derived from aircraft data. We find
that emissions during the cold season (September to May) account
for >50% of the annual CH, flux, with the highest emissions from
noninundated upland tundra. A major fraction of cold season
emissions occur during the “zero curtain” period, when subsurface
soil temperatures are poised near 0 °C. The zero curtain may per-
sist longer than the growing season, and CH, emissions are en-
hanced when the duration is extended by a deep thawed layer as
can occur with thick snow cover. Regional scale fluxes of CH, de-
rived from aircraft data demonstrate the large spatial extent of
late season CH, emissions. Scaled to the circumpolar Arctic, cold
season fluxes from tundra total 12 + 5 (95% confidence interval)
Tg CH,y~", ~25% of global emissions from extratropical wetlands,
or ~6% of total global wetland methane emissions. The domi-
nance of late-season emissions, sensitivity to soil environmental
conditions, and importance of dry tundra are not currently simu-
lated in most global climate models. Because Arctic warming dis-
proportionally impacts the cold season, our results suggest that
higher cold-season CH,; emissions will result from observed and
predicted increases in snow thickness, active layer depth, and
soil temperature, representing important positive feedbacks on
climate warming.

permafrost | aircraft | fall | winter | warming

missions of methane (CH,) from Arctic terrestrial ecosys-

tems could increase dramatically in response to climate
change (1-3), a potentially significant positive feedback on cli-
mate warming. High latitudes have warmed at a rate almost two
times faster than the Northern Hemisphere mean over the past
century, with the most intense warming in the colder seasons (4)
[up to 4 °C in winter in 30 y (5)]. Poor understanding of controls
on CH, emissions outside of the summer season (6-10) repre-
sents a large source of uncertainty for the Arctic CH, budget.
Warmer air temperatures and increased snowfall can potentially
increase soil temperatures and deepen the seasonal thawed
layer, stimulating CH4 and CO, emissions from the vast stores of
labile organic matter in the Arctic (11). The overwhelming ma-
jority of prior studies of CH, fluxes in the Arctic have been
carried out during the summer months (12-15). However, the
fall, winter, and spring months represent 70-80% of the year in
the Arctic and have been shown to have significant emissions of
CO; (16-18). The few measurements of CH, fluxes in the Arctic
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that extend into the fall (6, 7, 9, 10) show complex patterns of
CH, emissions, with a number indicating high fluxes (7, 10).
Winter and early spring data appear to be absent in Arctic tundra
over continuous permafrost.

Beginning usually in late August or early September, the
seasonally thawed active layer (i.e., ~30-50 cm, near-surface soil
layer over the permafrost that thaws during the summer growing
season) in the Arctic starts freezing both from the top and the
bottom, moving downward from the frozen, often snow-covered
soil surface and upward from the permafrost layer (Fig. 1).
A significant portion of the active layer can stay unfrozen for
months, with temperatures poised near 0 °C because of the large
thermal mass and latent heat of fusion of water in wet soils, and
for the insulating effects of snow cover and low density surface

Significance

Arctic ecosystems are major global sources of methane. We
report that emissions during the cold season (September to
May) contribute >50% of annual sources of methane from
Alaskan tundra, based on fluxes obtained from eddy covariance
sites and from regional fluxes calculated from aircraft data. The
largest emissions were observed at the driest site (<5% in-
undation). Emissions of methane in the cold season are linked to
the extended “zero curtain” period, where soil temperatures are
poised near 0 °C, indicating that total emissions are very sensitive
to soil climate and related factors, such as snow depth. The
dominance of late season emissions, sensitivity to soil conditions,
and importance of dry tundra are not currently simulated in most
global climate models.
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Fig. 1. Diagram of the hypothesized soil physical processes influencing CH,
production and oxidation depending on the time of the season. We expect
that during the zero curtain, the frozen near surface soil layer decreases CH,
oxidation, resulting in substantial CH, emissions, even with lower CH, pro-
duction. Light blue represents cooler soil temperatures, and light brown
represents warmer soil temperatures; the arrows point in the direction of
the thawing fronts in the summer and freezing front during the cold period.

material. This period has been denoted as the “zero curtain” (19).
Soil freezing toward the end of the zero curtain period was con-
sidered responsible for sporadic peaks in CH, emissions observed
in the fall (7, 10), but very sparse data are available to evaluate the
importance of fall emissions over a larger scale. The processes influ-
encing CH,4 production and emission in tundra during the cold
period (Fig. 1) are not fully explored or understood.

In this paper, we present, to our knowledge, the first year-
round eddy flux observations for CH, in the Arctic tundra over
continuous permafrost to address the critical knowledge gap in

cold season CH, emissions. Data were obtained from five eddy
covariance (EC) towers along a 300-km latitudinal transect on the
North Slope of Alaska, with sites extending south from Barrow
[Barrow Environmental Observatory (BEO) tower; Biocomplexity
Experiment, South (BES) tower; Climate Monitoring and Diag-
nostics Laboratory (CMDL) tower] to Atqasuk (ATQ) and Ivotuk
(IVO) (Fig. 2 and Materials and Methods), spanning from June
2013 to January 2015 to capture two summer—fall-winter cycles.
We investigated the spatial representativeness of the EC tower
data at the regional scale by comparing to CH, fluxes estimated
from analysis of 15 aircraft flights over the North Slope (2012 to
2014), part of National Aeronautics and Space Administration’s
Carbon in Arctic Vulnerability Experiment (CARVE). We also
examined the correlation between CH, concentrations and CO
from the High-performance Instrumented Airborne Platform for
Environmental Research (HIAPER) Pole-to-Pole Observation
(HIPPO) global-scale measurement program to assess whether
biological emissions during the cold season measurably influence
global distributions of atmospheric CHy.

Results and Discussion

Site-Level CH, Fluxes. Fig. 2 shows continuous eddy flux data for
five tundra sites in Alaska: three in Barrow (CMDL, BEO, and
BES), one in ATQ, and one in IVO (Materials and Methods).
Methane emission rates from the cold seasons (September to
May) were comparable to (e.g., BEO and ATQ; Fig. 1 C and D)
or higher than (e.g., CMDL; Fig. 1B) emissions in summer over a
prolonged period. Cumulative emissions for the cold season
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Fig. 2. Methane flux (mg C-CHs m~2 h™") measured at the five EC sites on the North Slope, AK: Barrow-BES (A), Barrow-BEO (B), Barrow-CMDL (C), ATQ (D),
and IVO (E) from June 2013 to January 2015 [the gray dots are daily median for a minimum of 24 points per day, and the black line is a 35-d smoothing

(lowess) applied to that daily median]. (F) Map of Alaska indicating the location of the sites and the percentage of surface inundation (S/ Materials and
Methods). The zero curtain (dark blue), spring thawing with soil temperature around 0 + 0.75 °C (diagonal hatching) (Fig. S1 and Table S1), summer (no

shading), and the balance of the cold season below —0.75 °C (light blue) periods are indicated (A-E).
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averaged 1.7 + 0.2 [mean + confidence interval (CI)] g C-CH; m™
at our five sites, accounting on average for 50 + 9% (mean + CI)
of the annual budget (BES, 37%; BEO, 43%; CMDL, 64%;
ATQ, 47%; IVO, 59%). Cold-season emissions dominated the
annual CH, budget in the driest sites (CMDL, ATQ, IVO),
representing a notably higher contribution than previously
modeled (6) in other continuous permafrost sites (35%) and also
higher than observed year round in boreal Alaska [40%, using
periodic sampling of static chambers (20)]. The boreal systems
are underlain by discontinuous or sporadic permafrost and are
therefore subject to different soil processes than Arctic sites
underlain by continuous permafrost (which prevents drainage for
extended areas for example).

The highest fall and winter CH, fluxes were observed at IVO,
an upland tundra site (with a water table below the surface for
most of the summer), which had the longest zero curtain period
(101 d; Table S1), the warmest soil temperatures during the cold
season (Fig. 3 and Fig. S1), the deepest snow depth (SI Materials
and Methods), and the deepest active layer (Fig. S2 4 and B).
Soil temperatures were also poised near 0 °C for more than 90 d
at much wetter sites near Barrow (BES). In both cases, the zero
curtain period lasted as long as, or longer than, the summer
season (Fig. S1 and Table S1). Based on direct measurement of
the active layer depth and on soil temperature data, the maxi-
mum thaw depth did not begin to decrease appreciably until
November or later in all of the sites measured (Fig. S2 A and B),
even though the surface froze in September. During the zero
curtain period, we observed strong CH,4 emissions from all five
sites, 0.3-2.4 g C-CH, m~2 (Fig. 2), albeit somewhat lower than
the peak summer season CH,; fluxes observed. The overall
contribution of these zero curtain periods to annual emissions
was important because of their extended duration (Fig. 2, Fig.
S1, and Table S1): emissions of CH, during the zero curtain
period alone contributed ~20% of the annual budget (BES,
18%; BEO, 20%; CMDL, 20%; ATQ, 16%; IVO, 32%).

A few previous studies reported measurements of Arctic CHy
fluxes during the fall (6, 7, 9, 10), but the measurements did not
extend to winter and spring. We found that sites with similar
summertime CH, fluxes had different zero curtain emissions be-
cause of different durations and depths of unfrozen soil (Fig. 2 and
Fig. S2). For example, summertime cumulative emissions in IVO
were 1.9 g C-CH, m™ in 2013 and 2.7 g C-CH, m™ in 2014, similar
to the 2.3 g C-CH, m™ (in both years) at BES. However, cumu-
lative CH, emissions during the zero curtain were much higher in
IVO (2.4 and 2.1 g C-CH, m ™ in 2013 and 2014, respectively) than

42 | www.pnas.org/cgi/doi/10.1073/pnas.1516017113

to August 31, 2014) are shown as green circles.

BES (0.9 and 0.7 g C-CH, m™ in 2013 and 2014, respectively)
probably because of interacting effects of greater CH4 production
at IVO, the inhibition of surface oxidation in the fall (Fig. 1), and
the deeper thaw depth delaying the complete soil freezing in IVO
(Figs. S1 and S2). The emissions of CH, produced deeper in the
soil continued during the cold season, presumably through cracks
and pathways in the near-surface frozen soils (7).

Linear mixed effects modeling (SI Materials and Methods)
suggested that the depth of the active layer was a critical control
on CHy fluxes during the summer. The presence of this unfrozen
soil layer in the fall and early winter was also a major control on
cold season CH,4 emissions; warmer soils resulted in greater CHy
emission over the entire year. The importance of warm soil
temperatures and deep active layer is consistent with the ob-
served higher winter emissions in IVO, where soil temperature at
15 and 30 cm below the surface never dropped below approxi-
mately —8 °C compared with at or below —15 °C at the northern
sites (e.g., BES and ATQ). The observed CH,4 emissions during
fall and winter are consistent with data showing significant mi-
crobial populations and metabolic activity at and below 0 °C in
the Arctic (16, 21), reflecting the availability of unfrozen water
films (22) under these conditions (16). Measurable metabolism
has been observed down to —40 °C (23), and CH,4 production has
been observed down to —16 °C (21, 24). Soil particles maintain
liquid water films until a temperature of at least —10 °C (25), and
this unfrozen water can sustain microbial metabolism and
greenhouse gas production (26), even as the soil bulk water
freezes (25). The direct effect of higher temperature on meta-
bolic activity and the indirect effect of temperature through
greater liquid water volume should result in a larger population
size and more activity in the methanogenic (i.e., methane-pro-
ducing) community in the winter at IVO compared with the
other, colder, sites. Unfortunately, IVO is the only tower col-
lecting CH, fluxes and environmental variables continuously
year round over upland tundra at this latitude in Alaska.
Therefore, we encourage the establishment of similar upland
sites in the Arctic to confirm these observations.

Across all our sites, areas of lower inundation (i.e., less surface
area with water table above the surface for most or all of the
growing season) had the greatest percentage of total emissions
from the cold season, with the highest emissions from IVO with
<5% inundation (Fig. 2). In contrast, most modeling studies
limit CH, emissions to areas with inundated or saturated soils
(27). The observed CH,4 emissions that persisted, even when
temperatures were well below 0 °C (Fig. 2), present a remarkably
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showed similar seasonal pattern to the EC flux towers across multiple years.

uniform temperature response with a decrease in emission rates
as soil temperatures drop (Fig. 3). The fall fluxes show clear
relationships with declining soil temperature in the active layer,
with little discontinuity in the flux relationship with soil tem-
perature as the soils freeze (Fig. 3). It is likely that freezing of the
surface soils decreases near-surface CH, oxidation (Fig. 1),
maintaining net soil CH, emissions even as decreasing soil
temperatures results in decreasing CH, production rates. At
IVO, warmer soil and deeper thaw depth (and therefore greater
metabolically active soil volume) resulted in the highest cold
season emission rates. This seasonal pattern is very different
from that reported by Mastepanov et al. (7, 10), who showed a
drop in emissions in late summer/early fall from Greenland
tundra, followed by large late-fall CH, emissions peaking during
complete freezing of the active layer. We instead found fall
emissions were persistent until the soil temperatures were well
below 0 °C (Fig. 2), with a few instances of sporadic, excep-
tionally high emissions, e.g., in IVO (Fig. 2) contributing just
~15% of the zero curtain emissions and ~5% of the total annual
CH, emissions. The underlying sensitivity of CH, fluxes to
temperature at our sites was, on average, a factor of 2.7 (Fig. 2)
for a temperature rise from 0° to 5 °C, slightly more sensitive
than the global mean described by Yvon-Durocher et al. (2).

Spring CH, fluxes also increased with increasing active layer
temperatures (Fig. 3). The northern sites (e.g., BES and BEO;
Fig. 3) showed prompt, steep increases in CH4 emissions co-
incident with increasing soil temperatures. The southernmost
site (IVO) showed a very different pattern, with apparently much
lower temperature sensitivity of net fluxes in the spring vs. fall
(Fig. 3). Unlike the wet tundra sites, there is substantial seasonal
hysteresis at IVO, likely reflecting a combination of CH, oxi-
dation in the spring and summer in the warmer, dry surface
layers and CH, storage in the deepening, porous active layer.
Also, methanogenesis may be stimulated by reduced oxygen in
the unfrozen active layer, because the frozen surface (Fig. 1)
slows diffusion of oxygen into the soil column (28).

Microbial consumption of CH, in the near-surface soil layer
(methanotrophy) can be very active in summer (28) but is

Zona et al.

inhibited by near-surface soil freezing (28, 29). Thus, the fraction
of CH, escaping to the atmosphere likely increases as the soil
surface freezes in the fall. The wettest sites, such as Barrow-BES,
where the water table was on average above the surface for the
entire measuring period (Fig. S2 C and D), presumably had low
levels of surface oxidation of CH,4. Therefore, this site showed
the greatest relative decrease of cold season CHy fluxes com-
pared with summer (Fig. 2) because decreasing temperatures
reduced CH,4 production, but because oxidation rates were low,
there was little benefit from suppression of oxidation in the
surface layer in fall.

Our measurements of CH4 emissions from Arctic tundra are
more extensive in both time and space than what have been used
to develop and test existing models. Annual CH, emissions rates
from noninundated Arctic tundra (<20% surface water; Fig. 2) are
comparable to those of inundated environments. Most models
map CH, fluxes to the Arctic landscape using inundation (27), thus
dramatically underestimating the emitting area in the Arctic, in-
cluding during the cold season. The zero curtain interval in fall and
winter, and even the period of frozen soils in winter, produce
significant, previously underestimated, CH, emissions (27). Our
work provides the basis for parametric representation of these
fluxes and highlights the critical importance of driving models
with subsurface soil temperature, and not air temperature.

Regional and Global Scale CH, Estimates. Regional CH, fluxes
calculated from aircraft observations (30) show a strikingly
consistent pattern to our eddy flux data (Fig. 4), notably in-
cluding the persistence of CH, emissions into the cold season.
The regional aircraft fluxes derived from the CARVE (Materials
and Methods, SI Materials and Methods, and Fig. S3) flights were
at times lower than the mean of the EC tower fluxes, as has been
observed previously in point-scale and regional-scale flux com-
parisons (SI Materials and Methods). Global-scale measurements
(HIPPO; Materials and Methods) detected a large enhancement
of CH, in the Arctic in early November, peaking in the boundary
layer of the northern high latitudes (Fig. 5). Because of the flight
plans of the HIPPO flights conducted in 2009 to 2011, fluxes
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Fig. 5. (A) Global cross-section of HIPPO data for CH, in the central Pacific
and across Alaska (November 4-10, 2009) plotted with potential tempera-
ture as the vertical coordinate. The highest CH4 concentrations are at middle
and high latitudes, including the cold, dense air of the high Arctic.
(B) Methane plotted against CO for the flight data of November 4-10,
2009, showing a subfamily of red points with elevated CH4 but no corre-
sponding enhancement of CO. (C) Same as in B but for January 18-25,
2009. In contrast to the November data, elevated CH, values are consis-
tently associated with corresponding elevated CO values in January. These
results show that elevated CH,; in November is not associated with an-
thropogenic CO.

could not be calculated from the HIPPO data. However, the
HIPPO data are important to understanding whether the CH,4
fluxes calculated at the flux towers and during CARVE are
relevant to CH4-mixing ratios on the global scale. In the North
Slope vicinity (71° N > latitude >65° N), CH4 is enhanced
compared with the global mean, but there is no corresponding
elevation of CO, indicating that the CH,4 sources are not asso-
ciated with transported pollution or fossil fuel burning (Fig. 5B;
we have only considered CH, data between 65° N and 71° N to
remove the influence of CH4 enhancements observed over open
leads in sea ice (32)]. By contrast, in January, there were air
parcels with high CHy consistently associated with CO enhance-
ment, indicating a dominant anthropogenic source of CH,4 com-
pared with the global mean. During this time CH4 was likely
transported from lower latitudes (31). Overall, the HIPPO data are
consistent with a substantial biogenic CH, source over northern
Alaska in fall and with our finding of strong late season biogenic
emissions on both a local and regional spatial scale.

Recent estimates using inverse modeling of atmospheric
concentration data give CH, emissions from Arctic tundra wet-
lands in the range from 16 + 5 Tg CH, y~* [from CarbonTracker
(32)] to 27 (=15 to 68) Tg CH, y~ ' (8). Extrapolating our average
CH, emissions rates to the Circumpolar Arctic tundra (S
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Materials and Methods) yields an estimate of 23 + 8 Tg CH, y™
from Arctic tundra, similar to these previous estimates (8, 32).
Our estimated CH,4 cold-season emissions as well as those from
inverse analysis (27, 32) are significantly higher than that esti-
mated by land-surface models (27, 32). This difference was
thought to be linked to anthropogenic emissions, because bio-
genic emissions were assumed to be negligible during the cold
season (27, 32). Overall, the seasonal patterns estimated by
models (27) are very different from ours and generally do not
include the substantial cold season CH,4 emissions found here.
Our finding of large cold-season biogenic emissions from tundra
reconciles the atmospheric observations and inverse model es-
timates without the need to invoke a large pollution influence.

Conclusions

Continued warming and deeper snow are forecast for the future
in the Arctic (33). Our results indicate these changes will result
in globally significant increases in CH, emissions and that cold-
season emissions will become increasingly important in this
process. Additional year-round CH, fluxes and soil climate mea-
surements at sites across the Arctic are urgently needed.

Our results contradict model predictions that simulate and
predict the largest CH, emissions from inundated landscape. We
showed that the largest CH,4 emissions are actually from the site
with very low inundation. We believe that the results of our study
will impinge directly on our ability to predict future Arctic CHy
budgets and allow us to revise the variables and processes that
must be included to capture the true sensitivity of Arctic CHy
emissions to climate change.

Materials and Methods

Ecosystem-scale CO, and CH,4 fluxes were measured using the EC method
with three EC towers in Barrow (9, 15, 34) (CMDL) (71.3225269 N, —156.6091798 W),
BEO (71.2810016 N, —156.6123454 W), and BES (71.280881 N, —156.596467 W);
one EC tower in ATQ (18) (70.4696228 N, —157.4089471 W); and one EC
tower in IVO (68.48649 N, —155.75022 N). The EC towers in CMDL, BEO, BES,
and ATQ were upgraded during the summer and fall of 2013 to include
closed-path Los Gatos Research (LGR) analyzers [Fast Greenhouse Gas Ana-
lyzer (FGGA); LI-7200 (LICOR) (CMDL, ATQ, and IVO); LI-7700 (in IVO in April
2013 and at CMDL in June 2011); a uSonic-3 Class-A (METEK) sonic ane-
mometer (ATQ and IVO); and CSAT-3D (Campbell Scientific) sonic ane-
mometer (BEO, BES, ATQ, and IVO)] which were installed in summer and fall
2013. Fig. S3 displays the regional scale footprint estimates and fluxes from
CARVE, Fig. S4 displays the data coverage of the EC CH, fluxes for each of
the sites, and Fig. S5 displays the comparison between the LI-7700 and LGR.
Gap filling of the CH,4 flux data are described in S/ Materials and Methods,
Figs. S6 and S7, and Table S2. To indicate the sites in this study, we used
similar names to the ones used in AmeriFlux for ATQ (AmeriFlux site name,
US-Atq), for IVO (AmeriFlux site name, US-lvo), and for BES (AmeriFlux site
name, US-Bes) not for Barrow-CMDL (US-Brw) because three sites in Barrow
are included in this analysis.

The global-scale measurements were made as part of the HIPPO of Carbon
Cycle and Greenhouse Gases Study, flown aboard the National Center for
Atmospheric Research (NCAR)-operated HIAPER aircraft. Transects spanned
the Pacific from 85° N to 67° S, with vertical profiles every ~2.2° of latitude
during five separate deployments during 2009 to 2011, covering all seasons
(35). CH4-mixing ratios were measured using a midinfrared quantum cascade
laser spectrometer (QCLS), developed by Harvard University and Aerodyne
Research and operated during HIPPO by the same Harvard team that mea-
sured CH4 during CARVE (30, 36). Common calibration procedures and Na-
tional Oceanic and Atmospheric Administration (NOAA)-calibrated standards
were used during both HIPPO and CARVE, allowing for direct comparison of
CH,-mixing ratios.
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