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Abstract The importance of methane emissions from pan-Arctic lakes in the global carbon cycle has been
suggested by recent studies. These studies indicated that climate change influences this methane source
mainly in two ways: the warming of lake sediments and the evolution of thermokarst lakes. Few studies have been
conducted to quantify the two impacts together in a unified modeling framework. Here we adapt a region-specific
lake evolution model to the pan-Arctic scale and couple it with a lake methane biogeochemical model to
quantify the change of this freshwater methane source in the 21st century. Our simulations show that the extent
of thaw lakes will increase throughout the 21st century in the northern lowlands of the pan-Arctic where the
reworking of epigenetic ice in drained lake basins will continue. The projected methane emissions by 2100 are
283+4.5TgCH,yr™ ' under a low warming scenario (Representative Concentration Pathways (RCPs) 2.6) and 32.7
+52TgCH,yr " under a high warming scenario (RCP 8.5), which are about 2.5 and 2.9 times the simulated
present-day emissions. Most of the emitted methane originates from nonpermafrost carbon stock. For permafrost
carbon, the methanogenesis will mineralize a cumulative amount of 3.4 + 0.8 Pg C under RCP 2.6 and 3.9+ 0.9 Pg C
under RCP 8.5 from 2006 to 2099. The projected emissions could increase atmospheric methane concentrations
by 55.0-69.3 ppb. This study further indicates that the warming of lake sediments dominates the increase of
methane emissions from pan-Arctic lakes in the future.

1. Introduction

Methane (CH,) is the second most potent carbon-based greenhouse gas in the Earth’s atmosphere and
accounts for 20% of the total radiative forcing induced by the long-lived greenhouse gases [Myhre et al.,
2013]. With the outburst of anthropogenic emissions, perhaps exacerbated by natural emissions, the average
concentration of CH, in the atmosphere has risen by about 150% since 1750 [Dlugokencky et al., 2011].
Although major CH,4 sources (wetlands, rice paddies, landfills, fossil fuels, and ruminants) have been identified
[Andreae and Merlet, 2001], we still lack complete understanding of some natural CH, sources which are impor-
tant for the global CH, cycle. Recent investigations have identified significant amounts of CH, emitted from
inland water systems including lakes, reservoirs, rivers, and streams, which have not been incorporated into
the CH, inventory [Louis et al., 2000; Bastviken et al., 2004, 2011; Campeau et al., 2014; Sawakuchi et al., 2014].
For example, Bastviken et al. [2011] estimated that global lakes alone could emit CH4 as much as 103 Tg yr’1,
nearly a half of the contribution from global wetlands. In particular, CH, emissions from pan-Arctic lakes were
suggested to be much stronger than previously claimed and sensitive to the fast change of climate in the
Arctic region [Zimov et al, 1997; Walter et al, 2006, 2008; Kirtman et al, 2013; Wik et al, 2014; Thornton
etal, 2015].

CH, production in pan-Arctic thermokarst lakes can be stimulated by the warming of lake sediments and the
erosion of permafrost carbon. Because these thermokarst lakes are usually shallow [Kirpotin et al., 2008; West
and Plug, 2008; Manasypov et al., 2015], they are more sensitive to the changes of local air temperature and pre-
cipitation than deep lakes [Thornton et al., 2015]. And with more energy entering the lake sediments, the mobi-
lized labile permafrost carbon could be rapidly mineralized in anoxic conditions, sustaining high CH, fluxes
[Zimov et al., 1997; Walter et al,, 2006; Spencer et al., 2015]. The permafrost zone hydrology can also change
dramatically in the future due to the warming-induced degradation of permafrost, which can increase or
decrease thermokarst depressions (e.g., thermokarst lakes) [Yoshikawa and Hinzman, 2003; Smith et al., 2005;
Riordan et al., 2006; Avis et al., 2011]. As a result, CH, emissions from these lakes could rise or fall dramatically.
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Although these two changes have been studied separately, they have not been quantified together in a unified
process-based modeling framework [van Huissteden et al., 2011; Gao et al., 2013].

To fill this gap, we couple a pan-Arctic scale lake evolution model with a process-based lake biogeochemical
model to quantify the CH,4 emissions from pan-Arctic lakes during the 21st century. The developed lake evolution
model simulates the whole life cycle of thermokarst lakes explicitly, including (1) the ice-rich permafrost degra-
dation initiated by climate change or surface disturbance, (2) the development of small thaw ponds following
ground subsidence, (3) the expansion of thaw ponds by surface and subsurface thawing, (4) the expansion into
large lakes by bank erosion and subsurface thawing, (5) the partial or complete drainage by stream capture or
breaching, and (6) the resettlement of ice wedges at the bottom of drained basins [Everett, 1980; Shirokova
et al,, 2009]. With this coupled model system, we can quantify the following: (1) to what extent the distribution
and abundance of thermokarst lakes in the circum-Arctic region will be shifted due to climate change, (2) the spa-
tial and temporal variability of CH4 emissions from pan-Arctic lakes under changing landscape conditions, and (3)
to what extent the mobilized permafrost carbon will be mineralized via methanogenesis, during the 21st century.

2. Methods
2.1. Model Description

To assess the impact of global warming on the abundance of pan-Arctic thaw lakes, we adapt a landscape
evolution model described by van Huissteden et al. [2011] from a regional scale (several hundred square
kilometers) to a continental scale (high-latitude lands north of 60°N). This northern high-latitude landscape
evolution model (NHLEM) consists of all processes in the original model, including (1) thaw lake initialization
on ice-rich permafrost driven by high summer temperature and annual precipitation; (2) thaw lake expansion
to neighboring icy permafrost pixels driven by high summer temperature, high annual precipitation, and
wind; (3) thaw lake drainage owing to connection with rivers, streams, and drained basins; and (4) drained
basin refreezing due to frost heave when annual air temperature is below —7°C. The main adaptation of
the NHLEM model is to initialize the landscape and ground ice conditions of land pixels in the model with
data of topography, permafrost, soil, and drainage networks. The modeling study of van Huissteden et al.
[2011] was for the Indigirka lowlands, northeast Siberia, where topography is relatively homogeneous and
the distribution of ground ice content and drainage systems is known from intense investigations. Here
we assume that thermokarst lakes can only develop on nonsandy (silt- or clay-rich soils) ice-rich lowland
permafrost zones [Allard et al., 1996; Jorgenson and Shur, 2007; Smith et al., 2007; McGuire, 2013; Bouchard
et al, 2014]. The permafrost extent of the pan-Arctic is extracted from a 12.5 km resolution Circum-Arctic
Map of Permafrost and Ground Ice Conditions database [Brown et al., 2002]. This database also provides infor-
mation about the abundance and content of ground ice in the upper 20 m permafrost [Lee et al., 2014].
Permafrost soil is identified as nonsandy only when its sand fraction is less than 50%. The texture information
of permafrost soils is retrieved from a 30arc sec resolution (approximately 1km) soil texture map in
Harmonized World Soil Database version 1.2 [FAO/IIASA/ISRIC/ISSCAS/JRC, 2012]. The distribution of lowlands
(Figure S1 in the supporting information) is produced from a global digital elevation model GTOPO30 with a
horizontal grid spacing of 30 arc sec and a geographic database HYDRO1K. We define “lowland” terrains as
land pixels with the standard deviation of the log-transformed elevation (ESD) less than 1.179 and the com-
pound topographic index (CTI) larger than 6.146 [McGuire, 2013]. The ESD and CTl of land pixels are derived
from GTOPO30 and HYDRO1K, respectively. For areas where CTI data are not available (e.g., Greenland), low-
land terrains are identified using the criteria (elevation less than 300 m above sea level) of Smith et al. [2007].
Chen et al. [2013] showed that the connectivity between lakes and rivers is an important factor for controlling
the dynamics of thermokarst lakes in permafrost zones. In the NHLEM model, multiple drainage systems are
included: rivers, streams, floodplains, drained basins, coastlines, permafrost-free lowlands, and nonthermo-
karst lakes. The distribution of drained basins is simulated using the model, and the distribution of other
drainage systems is assumed to be static and retrieved from several geographical data sets. The channels
of rivers and streams are extracted from the streamline data layer distributed with HYDRO1K. The coverage
of floodplains is identified from the Global Lakes and Wetlands Database (GLWD) [Lehner and Déll, 2004].
Both nonthermokarst water bodies and permafrost-free lowlands are inferred from the Circum-Arctic Map
of Permafrost and Ground Ice Conditions database. The distribution of yedoma permafrost is retrieved from
the geospatial maps of late Pleistocene age ice-rich syngenetic yedoma permafrost in east and central Siberia
and North America [Wolfe et al., 2009; Grosse et al., 2013b].
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The lake biogeochemical model (bLake4Me) used in this study has been detailed in Tan et al. [2015]. This one-
dimensional process-based climate-sensitive model consists of a water thermal module, a sediment thermal
module, a sediment biogeochemical module, a water column biogeochemical module, and a bubble trans-
port module [Tan et al., 2015]. The bLake4Me model parameterizes anaerobic CH,4 production in sediments
(methanogenesis) and aerobic CH, consumption in oxygenated water (methanotrophy) as functions of sub-
strate availability and temperature. The dynamics of dissolved N, and CH, in lake sediments and of dissolved
N,, O,, CO,, and CH, in lake water columns are also included. In nonyedoma thermokarst lakes and nonther-
mokarst lakes, methanogens are fed by the decomposition of recalcitrant carbon at surface sediments only
[Tan et al., 2015]. In yedoma thermokarst lakes, methanogenesis is also stimulated by the mineralization of
the mobilized permafrost carbon at deep sediments. As illustrated by Tan and Zhuang [2015], this biogeo-
chemical model is capable of simulating CH, emissions from pan-Arctic lakes with the proper configuration
of environment conditions, such as organic carbon density and yedoma and nonyedoma permafrost extent.
One main limitation of the method of Tan and Zhuang [2015] is the lack of quantifying the uncertainty of the
model simulations induced by the uncertain biogeochemistry-related parameters that were obtained from
only a small amount of field data [Tan et al., 2015]. The difficulty is that to quantify the uncertainty, a large
number of model simulations need to be conducted for over 1.7 million lake pixels.

In our previous work, several geographic data sets were used to identify the extent and bathymetry of thermo-
karst lakes in the pan-Arctic [Tan and Zhuang, 2015]. As discussed, this method could cause large uncertainties
of the simulated CH, fluxes because the depth and talik thickness information of many small Arctic thaw lakes
are missed in the 1 km resolution lake database [Tan and Zhuang, 2015]. With the development of the NHLEM
model, we can now simulate the extent and age of thermokarst lakes directly. We can also calculate the depth
and talik thickness of each of the modeled lakes using a two-dimensional conductive heat transfer model
described by West and Plug [2008]. This heat transfer model is driven with air temperature, soil ice content,
and ground ice thickness [West and Plug, 2008]. As described by West and Plug [2008], the increase of water
depth in a thaw lake depends on the development of its talik thickness and the conditions of soil ice content
and ground ice thickness. For nonthermokarst lakes, we do not deal with their evolutions in the NHLEM model,
instead assuming their extent to be constant throughout the 21st century. The depth information of the non-
thermokarst lakes is retrieved directly from a 30arc sec resolution Global Lake Database (GLDB) [Kourzeneva
et al., 2012; Tan and Zhuang, 2015].

2.2. Simulation Protocol

We spin up the NHLEM model following the method of van Huissteden et al. [2011]. In the spin-up stage, the
model is driven by an assumed climate change in 10,110years starting from the level of the Last Glacial
Termination (LGT) to the present time (2006). Specifically, for the first 100 years, air temperature and precipita-
tion are set to increase gradually from the level of the LGT by 80% of the differences between the LGT and the
present climate. For the next 1000 years, air temperature and precipitation are set to increase steadily to the pre-
sent values. For the rest of the time, the present climate is used for the spin-up. During the spin-up, thaw lakes
persisting for a long time are drained stochastically with the mean age of 3000 years [Brosius et al., 2012]. By the
end of the spin-up, stable thaw lake extent is established. We then conduct two transient simulations for the
variations of thaw lakes from 2006 to 2099 driven with an ensemble of climate change scenarios. It should
be noted that as the permafrost extent has declined since the documentation of the circum-Arctic permafrost
map in 2001 [Brown et al., 2002; Romanovsky et al., 2002], the present abundance of thermokarst lakes in the
pan-Arctic could be overestimated slightly by the NHLEM model, e.g., in the south of the West Siberian Plain
[Smith et al., 2005]. For the modeled thaw lakes, their water depth and talik thickness are updated yearly. To
accelerate the bLake4Me model simulations, we adopt a tile scheme to construct a 0.5°x0.5° resolution
time-variant lake map from the simulated thaw lakes at less than 100 m resolutions. This tile scheme includes
(1) identifying individual thaw lakes by detecting all connected lake pixels with the flood-fill connected-
component labeling method [Meijster and Wilkinson, 2002], (2) classifying the lake pixels in each 0.5°x0.5°
grid into six groups (yedoma thaw lake margin, yedoma thaw lake center, nonyedoma thaw lake margin,
nonyedoma thaw lake center, nonthaw lake margin, and nonthaw lake center) according to their ground ice
and permafrost conditions, (3) calculating the shape factor of each lake by following the shape definition
in Ferland et al. [2012] and assigning the value to all its pixels, and (4) congregating the lake pixels with compar-
able shape factors and depths in each group into a tile (or called cohort) with the K-means clustering method
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[Seber, 1984]. Once the thaw lake map is made, combining the nonthaw lake map from GLDB, we then run the
lake biogeochemical model in the same way as described by Tan and Zhuang [2015].

The past climate used in the spin-up is retrieved from a transient 21,000 year long ECBilt-CLIO Paleosimulation
(SIM2b) which runs from 21,000 years before present into the preindustrial era [Timm and Timmermann, 2007;
Timmermann et al., 2009]. The zonal and meridional spacing of climate fields in SIM2b are not homogeneous
but close to 4.5°. To convert it to a finer 0.5°x 0.5° resolution for the use of the NHLEM model, we apply the
delta-ratio bias correction method based on the observed half-degree 1900s climatology data from the
Climate Research Unit (CRU2.0) and the thin-plate spline interpolation method, which is similar to the approach
taken by Hay et al. [2000] to downscale and bias correct future climate scenarios. The future climate change in
this study is synthesized from the Coupled Model Intercomparison Projection Phase 5 (CMIP5) RCP 2.6 (mild glo-
bal warming) and RCP 8.5 (severe global warming) scenarios (Table S1) [Taylor et al.,, 2012]. The CMIP5 climate
scenarios are downscaled with the inverse-square distance interpolation method and corrected with the delta-
ratio bias correction method.

In the NHLEM model, the coefficients of thaw lake expansion to temperature and precipitation change are cal-
culated according to the observations of Jones et al. [2011] at the northern Seward Peninsula, Alaska. During the
period of 1973-1998, Smith et al. [2005] observed two contrasting trends of lake abundance and area in a
Siberian permafrost zone: the total lake area increased by 12% in the continuous permafrost zone and declined
by 13%, 12%, and 11% in the discontinuous, sporadic, and isolated permafrost zones, respectively. The initiation
rates of thaw lakes are calibrated by minimizing the deviation of the simulated lake changes to this observation.
Any other parameters used in the NHLEM model are kept consistent with the definitions of van Huissteden et al.
[2011]. Using the computationally efficient tile scheme, it is possible to quantify the uncertainty of the modeled
CH, emissions by running the bLake4Me model dozens of times with different sets of parameters sampled in
line with their probability distribution functions (pdfs). The pdfs of the model's key parameters are evaluated
with a Bayesian recursive parameter estimation method [Thiemann et al, 2001; Tang and Zhuang, 2009].
Based on a parameter sensitivity experiment [Tan et al., 2015], we conduct the uncertainty analysis for five
key parameters including the carbon conversion rates of '*C-enriched and '*C-depleted carbon pools, the
C-enriched carbon pool’s Q4 factor by which the methanogenic rate increases with a 10°C rise in tempera-
ture, the thermokarst margin erosion factor, and the critical damping depth of '*C-enriched carbon density.

3. Results and Discussion
3.1. Thaw Lake Dynamics

For evaluation, we first run the NHLEM model over the Kytalyk-Indigirka lowlands, Siberia, driven with map-
derived environment conditions. This lowland region has been tested by van Huissteden et al. [2011] with their
site level landscape evolution model. Our modeled area fraction of thaw lakes in the lowlands is 8.4% in 2006,
close to their investigation of 8%. As shown in Figure S2, the NHLEM model estimates that thaw lakes in small
sizes (less than 0.01 km?) have the highest fraction, similar to the work of van Huissteden et al.[2011]. But in con-
trast to the monotonic decrease of the modeled thaw lake area with lake size [van Huissteden et al., 2011], our
test indicates that there is a high fraction of thaw lakes in sizes larger than 1 km?. It should be noted that as lim-
ited by the resolution of the auxiliary maps, our tested region is not as homogeneous as the 400 km? lowlands
investigated by van Huissteden et al. [2011]. Because it is almost 3 times larger in size and includes a higher frac-
tion of highlands and a lower fraction of rivers and streams, the development of large thaw lakes could be
favored. Similar to van Huissteden et al. [2011], our test predicts that the thawed area will increase, mainly as
a result of lake expansion, to over 25% of the lowlands in the 2050s and thereafter decline as a result of lake
drainage to nearly the initial level in the 2090s.

The NHLEM model is further tested in four Arctic regions much larger than the Kytalyk-Indigirka lowlands,
including the Beaufort Coastal Plain in Alaska (160°W-144°W, 72°N-69°N), the Seward Peninsula (170°W-
160°W, 67°N-64°N), Banks Island in Canada (127°W-120°W, 75°N-71°N), and the Indigirka-Kolyma lowlands
in Russia (140°E-160°E, 73°N-68°N). The Seward Peninsula is underlain by discontinuous permafrost, while
the other three regions are underlain by continuous permafrost. As these regions have been reported with
intense thermokarst activities, we expect that the area of the modeled thaw lakes should be close to the lake
area identified by GLWD. As expected, the difference between the simulated and mapped lake area is small in
the Beaufort Coastal Plain (5544.5 km? versus 5961.8 km?) and the Indigirka-Kolyma lowlands (25,817.3 km?
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Figure 1. Change ratios of thaw lake areas in the four Arctic regions under two
CMIP5 RCP climate scenarios. Solid lines represent the RCP 2.6 simulations, and
dashed lines represent the RCP 8.5 simulations. The ratio is the relative increase
or decrease of lake areas compared to the lake areas in 2006.

versus 24,914.2km?) and less than
50% in the Seward Peninsula
(1874.8km? versus 1426.2km?) and
Banks Island (1024.9km? versus
641.2km?). This test indicates that
the NHLEM model performs better in
the regions with high area fractions
of thermokarst depressions, e.g., the
Beaufort Coastal Plain (7.8%) and the
Indigirka-Kolyma lowlands (7.5%).
The poorer performance of the model
in the other two regions is likely a
result of its oversimplification of per-
mafrost hydrology. The oversimplifi-
cation makes the NHLEM model less
capable to simulate the thaw lake
development on the lake-poor
regions where topography and
ground ice are usually heteroge-
neous. The 1km resolution river net-
work map used in our study could
also bias our model simulations. It is

very likely that many small rivers and streams that are much thinner than 1 km, but important for thermokarst

lake drainage, have been poorly represented in the map.

As shown in Figure 1, the area fraction of thaw lakes within those continuous permafrost zones is likely to
increase during the 21st century, which is consistent with the field observations in the past decades [Smith
et al., 2005; Kirpotin et al.,, 2008]. The lake abundance at the Seward Peninsula is projected to decline by 12%
under RCP 2.6 and 20% under RCP 8.5. Due to its relatively higher annual temperature, this area will become unfa-
vorable for the epigenetic ice reworking in drained basins [van Huissteden et al,, 2011]. This projected decline is
consistent with the report of a long-term investigation on the lake coverage of the peninsula’s northern lowlands
[Jones et al.,, 2011]. As indicated by Jones et al. [2011], from 1950 to 2007 the lake area on the lowlands had
decreased by 14.9%. Overall, this evaluation indicates that the NHLEM model is robust in simulating the
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Figure 2. Zonal distribution of the modeled present-day thaw lakes as com-
pared with the mapped lakes underlain by permafrost north of 60°N at a 0.5°
resolution. The mapped lakes are retrieved from GLWD.

present-day and future abundance of
thermokarst lakes in different pan-
Arctic regions under complex environ-
mental conditions and at the spatial
scales much larger than the study of
van Huissteden et al. [2011].

Figure 2 shows the comparison of the
modeled and the mapped present-
day lakes at the pan-Arctic scale.
Apparently, the zonal distribution of
pan-Arctic lakes in the NHLEM model
and the GLWD database is consistent.
For instance, the difference of the
modeled and the mapped lake area
in Siberia is small, agreeing with a
claim that most of lakes in the
Siberian permafrost zone are thermo-
karst lakes [Walter et al, 2006]. As
GLWD only includes lakes much larger
than 0.1 km? in size, the mapped lake
area could be underestimated. To
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Figure 3. Hovmoller diagrams showing the annual zonal evolution of thaw lake areas in the pan-Arctic under two CMIP5
RCP climate scenarios at a 15° resolution.

correct it, we use a lake abundance-size statistical relationship [Verpoorter et al.,, 2014] to include lakes smaller
than 0.1 km. After the correction, we estimate that the total area of Russian lakes north of 60°N could be as large
as 11.9x 10*km? It means that the simulated thermokarst lakes (10.614 x 10 km?) comprise 89% of lakes in
northern Russia, which is close to the estimate (90%) of Walter et al. [2006]. As expected, in northern Canada
where the majority of lakes were formed by glacial activities [Wetzel, 2001], the modeled thaw lake area is much
lower than the lake area identified by GLWD (Figure 2). Our simulated thaw lake area also agrees well with the
estimates of the earlier investigations at the pan-Arctic and the Beringian scales. In the pan-Arctic, we estimate
that the total area of thermokarst lakes is 25.949 x 10*km?, which falls in the estimated range (25x 10"~
38x 10*km?) of Grosse et al. [2013a] over thermokarst lakes within the circum-Arctic permafrost zone with high
to medium ground ice content. The total area of the modeled thermokarst lakes in Beringia is 10 x 10* km?, which
also falls in the estimated range (7.5 x 10%=11.4 x 10* km?) of Brosius et al. [2012]. We estimate that the area ratio
of Beringian thaw lakes to pan-Arctic thaw lakes is 38%, larger than the estimated ratio (30%) of Brosius et al.
[2012]. This difference could be mainly caused by our underestimation of thermokarst lakes in northern
Canada. In the NHLEM model, the Hudson Bay lowlands in northern Canada are identified as a region with
low to medium ground ice content and thus are not favorable for thermokarst lakes [McGuire, 2013]. But this set-
ting contradicts the investigation of Bouchard et al. [2014] in which a large number of thermokarst lakes were
discovered in the lowlands. A possible reason is that the circum-Arctic ground ice map used in our study is
not fine enough to resolve the small-scale permafrost with high ice content. Overall, this comparison implies
that permafrost and topography conditions are the effective controls for the development of the pan-Arctic
thermokarst landscape.

The variation of thaw lake abundance under global warming differs remarkably in the zonal direction, shown
in Figure 3. Different from Smith et al. [2005, 20071, our simulations indicate that the extent of thaw lakes in
the pan-Arctic will expand during the 21st century in most regions and the total area of thaw lakes will rise by
32.6% (or 8.464 x 10% km?) under RCP 2.6 and by 35.4% (or 9.174 x 10*km?) under RCP 8.5. This discrepancy
could be mainly explained by the spatial gradient of annual mean air temperature in the pan-Arctic. For most
of coastal lowlands along the Arctic Ocean, e.g., the Indigirka-Kolyma lowlands, air temperature remains low
enough in the climate scenarios to sustain the refreezing of drained lake basins. In contrast, the West Siberian
Plain, a region where Smith et al. [2005] observed the decline of thaw lakes, is relatively warm. Consequently,
the lowlands have unfavorable conditions for the initiation and expansion of thermokarst lakes
[van Huissteden et al., 2011]. Our explanation is also consistent with the observation of Smith et al. [2005] over
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Figure 4. The projected annual CH,4 emissions from all Arctic lakes, all yedoma thaw lakes, and all nonyedoma lakes
(nonyedoma thaw lakes and nonthaw lakes) and the projected cumulative amount of the permafrost and nonpermafrost
carbon mineralization via methanogenesis in the pan-Arctic during the 21st century (shaded areas represent the 95%
percentile confidence region of projections). (a) The projected annual CH4 emissions under CMIP5 RCP 2.6, (b) the pro-
jected annual CH,4 emissions under CMIP5 RCP 8.5, (c) the projected cumulative carbon mineralization under CMIP5 RCP
2.6, and (d) the projected cumulative carbon mineralization under CMIP5 RCP 8.5.

the north of the West Siberian Plain. This continuous permafrost zone was observed to undergo the increase
of lake abundance in the past decades. Since ice-rich lowlands are more extensive within continuous perma-
frost zones (Figure S1) [Brown et al., 2002] and the continuous permafrost of the Arctic is unlikely to thaw out
before 2100 [Koven et al., 2015], our projections that the total area of pan-Arctic thaw lakes will increase
during the 21st century are possible. The NHLEM model predicts that there are two zonal regions with
a declining trend of thaw lakes from 2006 to 2099: southern Greenland (~ —24.5%) and European Russia
(~ —7.2%). It should be noted that the simulated decline of thaw lakes in southern Greenland could be an
overestimate because our model has not accounted for the initiation of thaw lakes at the retreating areas
of the ice sheets. There are several zonal regions where the abundance of thaw lakes peaks in the middle
of the 21st century, i.e,, in the 2060s between 165°W and 150°W, about 2073 between 75°W and 60°W, about
2059 between 0° and 30°E, and about 2075 between 60°E and 90°E. The area of thaw lakes between 150°E
and 180°E peaks in the 1980s under RCP 8.5 but rises steadily under RCP 2.6 during the 21st century. As
illustrated before, the mechanisms that account for the stabilization of thaw lakes in those areas include
the relatively high air temperature and the bounding of lake expansion by drained systems and highlands.

3.2. Impacts on Methane and Carbon Cycles

By incorporating the effects of both lake sediments warming and lake expansion, we estimate that CH, emis-
sions from pan-Arctic lakes will increase from 11.3+2.1 TgCH,yr ™' to 28.3+4.5TgCH,yr ' (RCP 2.6) and
32.7+52TgCH,yr~' (RCP 8.5), respectively (Figure 4). Specifically, the most striking rise is from the yedoma
lakes, where the CH4 emissions increase from 6.1+ 1.3TgCH,yr ™' t0 17.7 £33 Tg CH,yr~' (RCP 2.6) and 19.6
+36TgCH,yr~ ' (RCP 8.5), respectively. CH, emissions from the nonthaw lakes will rise from 3.2
+06TgCHuyr ' 106.8+1.6TgCH,yr ' (RCP 2.6) and 8.7 + 1.8 Tg CH, yr ' (RCP 8.5), respectively. The rising
of CH, emissions from the nonyedoma thaw lakes is the mildest, which is from 2.0£0.5TgCH,yr ' to 3.8
+0.8TgCH,ayr ' (RCP 2.6) and 4.4+0.9TgCH,yr' (RCP 8.5), respectively. To evaluate the individual influ-
ence of lake evolution on the CH4 emissions, we partition the increase of the lake CH,; emissions into two
parts: the increase from the lakes persisting from 2006 to 2099 and the increase from the newly formed
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thermokarst lakes. The first part increase is driven by the warming of lake sediments, and the second part is
driven by lake evolution. On average, 68% of the emission increase is caused by the warming of lake sedi-
ments and only 32% is caused by the initiation and expansion of thermokarst lakes. When assuming 1 ppb
equivalent to 2.75Tg CH, in the entire atmosphere [Khalil et al., 20071 and the lifetime of atmospheric CH,4
as 8.9years [Prinn et al., 1995], we infer that approximately 55.0 to 69.3 ppb atmospheric CH, will be added,
contributing a 0.02 to 0.026 Wm™2 increase of radiative forcing [Denman et al., 2007]. Our simulated total
CH4 emissions (11.3£2.1TgCH,yr™") from pan-Arctic lakes in 2006 fall in the estimated range (7.1-
17.3TgCH,yr™") of Bastviken et al. [2011] and are only slightly lower than our previous estimate of
11.86 Tg CH,yr™ ' using a static lake map [Tan and Zhuang, 2015].

To evaluate to what extent the thermokarst lakes will disturb the Arctic permafrost carbon, we calculated the
amount of the mineralized carbon that is mobilized from the thawing permafrost in the lake taliks. From 2006
to 2099, the projected loss of permafrost carbon via methanogenic mineralization is as large as 3.4+ 0.8Pg C
under RCP 2.6 (Figure 4c) and 3.9+ 0.9 Pg C under RCP 8.5 (Figure 4d). In contrast, a much larger amount
(7.0£1.9Pg C under RCP 2.6 and 8.2+ 2.2 Pg C under RCP 8.5) of the carbon mineralized by methanogens
has nonpermafrost origins, e.g., transported from the active layers of lake catchments or fixed by lake vegeta-
tion. Relative to the sequestered permafrost organic carbon (about 1466 Pg) [Tarnocai et al., 2009], the calcu-
lated carbon loss is small. The estimated carbon loss here is similar to the projections of Schuur et al. [2013]
that range from 2.76 to 4.49 Pg C under RCP 8.5 and from 0.92 to 1.50 Pg C under RCP 2.6. Recently, several
studies assessed the total permafrost carbon loss through both aerobic and anaerobic decompositions under
global warming conditions. For instance, Schuur et al. [2015] estimated that the potential carbon release from
the northern high-latitude permafrost zone by 2100 is in the range of 37-174 Pg C under RCP 8.5. If we assume
2.3% of the released permafrost carbon in the form of CH, [Schuur et al., 2013] and a 1:1 ratio of anaerobic CH,4
to anaerobic CO, production [Walter Anthony et al., 2014], the estimates of Schuur et al. [2015] correspond to
that the permafrost carbon pool will be lost via methanogenesis by 1.8-8.0PgC, in the same magnitude as
our estimates of 3.9+ 0.9 Pg carbon loss.

As presented, the increase of CH, emissions from pan-Arctic lakes could be significant during the 21st century, on
average, about 150% under RCP 2.6 and about 189% under RCP 8.5. There were few studies to directly evaluate
the future CH4 emissions from pan-Arctic lakes. From the earlier studies on boreal lakes and pan-Arctic wetlands,
we conclude that the projected increase of the CH,4 emissions is likely because those ecosystems are similar to
pan-Arctic lakes under warming conditions. For example, using soil incubations, Marotta et al. [2014] projected
a 21-61% increase of CH, production in the anaerobic sediments of boreal lakes by the end of the 21st century
under the Intergovernmental Panel on Climate Change B1 warming scenario. Because the Arctic could be warmed
faster than the boreal regions [Kirtman et al, 2013] and the methanogenesis of Arctic yedoma lakes could be
fueled by the mobilization of labile Pleistocene age permafrost carbon [Walter et al, 2006], the increase of CH,
emissions from pan-Arctic lakes during the same period is higher. On average, our simulated increase is about
102% under RCP 2.6 and about 129% under RCP 8.5, respectively, when not considering the effect of thaw lake
evolution. Further, if only the nonyedoma lakes are included, the increase is about 71% under RCP 2.6, close to
the upper bound given by Marotta et al. [2014]. The expert assessment on the increase of CH, emissions from
the thawing permafrost is as large as 20 Tg CH, yr~ ' under RCP 2.6 and 80 Tg CH, yr~ " under RCP 8.5, respectively,
[Schuur et al, 2013]. If assuming that a half of this increase originated from lakes [Riley et al., 2011; Tan and Zhuang,
2015], the lakes north of 60°N could contribute an increase of 10-40TgCH,yr~', a magnitude close to our
estimates (17-21.4TgCH,yr™"). Walter et al. [2007a] estimated that under warming conditions, the expansion
of yedoma thermokarst lakes on the exposed yedoma surface alone, including the continental shelf currently
inundated by the Arctic Ocean, could have released as much as 20-26 Tg CH, yr~" around 11.5 kyr B.P. This pos-
sible abrupt rise of CH, emissions from pan-Arctic lakes during the Holocene Thermal Maximum implies that our
simulations should not be a surprise.

By using an Earth system model without the lake biogeochemistry and evolution processes, Gao et al. [2013]
projected a very low increase of CH, emissions from the lakes north of 45°N by 2100, at 1.1-1.8 Tg CHyr ™"
under low warming scenarios and 1.9-3.0Tg CH,yr~' under high warming scenarios. Their study probably
underestimated the future CH, emissions from northern high-latitude lakes. First, the modeled present-day
CH,4 emissions from the lakes in Gao et al. [2013] are extremely low, only about 4TgCH,yr™", which is
substantially lower than the estimate (larger than 14 Tg CH4yr_1) of Bastviken et al. [2011]. Second, the
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Figure 5. The projected evolution of CH4 emissions from pan-Arctic lakes under the future climate scenarios: (a) the CHy
emissions in 2006, (b) the CH4 emissions in 2099 under CMIP5 RCP 2.6, (c) the CH4 emissions in 2099 under CMIP5 RCP
8.5, and (d) the difference of the CH4 emissions in 2099 between Figures 5c and 5b.

Q10 (3.0) of methanogenesis used in Gao et al. [2013] is lower than the Q¢ (about 3.8) inferred from a recent
global investigation [Yvon-Durocher et al., 2014]. Third, the area of the high-flux yedoma lakes could be under-
estimated in Gao et al. [2013]. Their study used a fixed wetland/lake area ratio to infer lake abundance from
inundation abundance, but the coastal lowlands of northeastern Siberia and northern Canada could have
higher wetland/lake area ratios [Paltan et al., 2015].

Spatially, the CH,4 flux hot spots, such as the Siberian coastal lowlands, could contribute more CH, emission
increases than the regions with less CH, fluxes at present (e.g., from the interior Alaska) (Figure 5). The spatial
variations of the lake CH, fluxes in the pan-Arctic are mainly controlled by topography and yedoma perma-
frost extent. Figure 5 also indicates that some permafrost-free areas with high abundance of low-flux lakes,
e.g., Finland, can contribute significant amounts of CH4 emissions. As shown in Figure 5d, while the warming
in RCP 8.5 is much stronger, the regional CH4 emissions under RCP 8.5 are not always larger than the emis-
sions under RCP 2.6 in the pan-Arctic. This negative effect of air temperature on the CH, emissions can be
explained by the evolution of thaw lakes. In a warmer climate, the drainage risk of thaw lakes in some regions
can be raised by their fast expansion (Figures 1 and 3).

The modeled CH, emissions in 2006 and 2099 from the lakes of four major Arctic regions are presented in
Table 1. The modeled CH,4 emissions are the largest in northern Siberia and northern Canada where a large
number of thermokarst lakes are located. This finding is consistent with our previous work [Tan and Zhuang,
2015] and also supported by the studies of Walter et al. [2006] and Laurion et al. [2010]. But different from Tan
and Zhuang [2015] in which the lakes in northern Siberia and northern Canada were estimated to contribute
almost equally to the global CH, cycle (4.96 TgCH,yr ' versus 5.02TgCH,yr "), this study estimates that
CH4 emissions from the lakes in northern Siberia are much larger. This difference is caused by the better
representation of thermokarst lakes in northern Canada using the NHLEM model. In addition, thanks to its
high resolution, the NHLEM model can estimate the distribution of small size yedoma lakes (<0.1 km?) in
Siberia that are indiscernible in the 1km resolution GLDB lake map used in Tan and Zhuang [2015].
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Table 1. Modeled Regional CH4 Emissions (Tg CHy4 yr_1) From the Lakes North of 60°N Under the Present Boundary
Conditions and Two Future Climate Scenarios®

Name Present RCP 2.6 RCP 8.5

Alaska 1.0+0.2 24+04 28+0.5
Northern Canada 26+04 58+0.8 74+1.0
Northern Europe 1.2+0.2 2205 2404
Northern Siberia 64+14 17.7+£3.2 19.9+3.6

*The + sign means standard deviation of CH4 emissions.

Because the thermokarst margins of the small size yedoma lakes are CH, flux hot spots [Walter et al., 2006], it
is very likely that the lake CH,4 emissions in northern Siberia were underestimated in Tan and Zhuang [2015].
As presented in Table 1 and Figure 5c¢, with the thawing of the carbon-rich yedoma permafrost, the lakes in
Siberia are predicted to contribute the largest CH, emission increase [Walter et al., 2006]. The increase of CH,
emissions from Canadian lakes (Table 1 and Figure 5¢) is also prominent, which is driven by both the miner-
alization of yedoma permafrost carbon at the delta of Mackenzie River [Brosius et al., 2012] and the high lake
abundance in the Canadian Shield [Wetzel, 2001; Lehner and Déll, 2004].

As shown in Figure 6, the change of CH,4 emissions from pan-Arctic lakes varies seasonally. When comparing the
simulated monthly average CH, emissions between the period of 2006-2009 and the period of 2096-2099, we
find that the CH, emissions are boosted relatively more in cold months than in warm months. This is because
with the warming of the Arctic, lake ice and snow covers will form later and melt earlier, and a large amount of
CH, that previously could be oxidized or blocked by ice and snow is now able to release in spring and late fall
[Karlsson et al,, 2013; Greene et al., 2014]. Figure 6 shows that in June and July, the total CH4 emissions under RCP
2.6 even exceed the emissions under RCP 8.5. This phenomenon is probably caused by the out-of-sync breaking
time of the lake ice covers under the two climate scenarios. Pan-Arctic lakes are projected to lose their ice covers
in June and July under RCP 2.6 and in April and May under RCP 8.5 in the 2090s, respectively. As a result, the
large release of the CH, accumulated under winter ice covers will occur in early summer under RCP 2.6 rather
than in late spring under RCP 8.5.

4. Limitations of the Study and Future Work

Our model simulations suggest that by the end of the 21st century CH4 emissions from pan-Arctic lakes could
be as large as nearly 3 times the present-day values and close to the current CH, emissions from the northern
high-latitude wetlands [Zhuang et al,, 2004]. Although the warming of permafrost could threaten the develop-
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the lake biogeochemical model. Another weakness of the method is that few observations from the nonthaw
lakes in the pan-Arctic have been used to constrain the lake biogeochemical model [Tan et al., 2015], which
could bias our estimation of CH, emissions from the nonthaw lakes.

There are also some weaknesses in our landscape evolution model that could limit the accuracy of the simula-
tions. First, the NHLEM model is not fully process based. For instance, the influence of ground water to lake evo-
lution in the permafrost zone has not been integrated. As pointed out by the earlier studies, after permafrost
thaws, the impact of ground water on the hydrology of thaw lakes could become substantial [Yoshikawa and
Hinzman, 2003; Wellman et al., 2013]. Second, our assumption that thermokarst lakes can only develop in non-
sandy, ice-rich lowland permafrost zones could be too stringent because Hinkel et al. [2012] observed that in
Alaska thaw lakes can exist in areas underlain by sandy ground. Third, our assumption that the abundance of
the nonthaw lakes is kept constant throughout the 21st century is probably unrealistic. As described by
Smith et al. [2007], during the ground transition from a permafrost zone to a permafrost-free zone, thaw lakes
could be substituted by nonthaw lakes and nonthaw lakes could be changed by hydrological processes. Fourth,
as illustrated, the estimates of the thaw lake extent can be refined by using finer-resolution geospatial data sets
of topography, ground ice content, and river networks. In spite of these limitations, our simulations of the
expansion and drainage of thermokarst lakes suggest that some algorithms in the NHLEM model can be used
in more complex lake evolution models, including the control of lake evolution by topography, ground ice, and
drainage networks, and the stochastic initiation of thermokarst depressions [Harris, 2002; Bouchard et al., 2014].

5. Conclusion

By coupling the projected thaw lake extent from a landscape evolution model with a lake biogeochemical
model, we estimate that by 2100, CH,4 emissions from pan-Arctic lakes will be 28.3 +4.5TgCH,yr ™' under
a low warming scenario and 32.7+5.2TgCH,yr™ ' under a high warming scenario, which are about 2.5
and 2.9 times the present-day emissions. Our models estimate that methanogens will mineralize 3.4
+0.8 Pg C (under RCP 2.6) and 3.9+ 0.9Pg C (under RCP 8.5) of the permafrost carbon from 2006 to 2099.
Although the mineralized permafrost carbon only represents a small fraction of the global permafrost carbon
pool, the projected CH,4 emissions will increase atmospheric CH4 concentrations by almost 4%, exerting 0.02
to 0.026 W m ™2 extra radiative forcing to the atmosphere. The mineralized carbon with nonpermafrost ori-
gins is 7.0+ 1.9 Pg C under RCP 2.6 and 8.2 £ 2.2 Pg C under RCP 8.5, respectively. Spatially, the regions with
high lake area fractions or extensive yedoma lakes will contribute more CH, emission increases in the future.
Seasonally, as global warming will shorten the duration of lake ice covers, the CH, emissions in April and May
will rise substantially. Our study indicates that the increase of lake sediments’ temperature is the dominant
factor to drive CH4 emissions from pan-Arctic lakes during the 21st century.
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