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limited by lake drainage.
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diagrams and tables accompanying the description of the model, model parameters, model testing
and experiments, and the calculation of CH4 emission due to thaw lake expansion.

Section S 1 discusses the thaw lake processes that are simulated by the model.

Section S 2 provides additional information to the model description.

Section S 3 contains data on the areas on which the model was tested.

Section S 4 describes the estimation of parameters for the model.

Section S 5 describes the model validation and sensitivity experiments.

Section S 6 describes results of the model experiments .

Section S 7 contains the calculation of CH4 emission that can be attributed to thaw lake
development.
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This file contains a movie of model output of 2500 years of a model run similar to the terrain
experiment. The movie shows the development of lake area and partially thawed grid cells in time
steps of 10 years.

The unzipped movie file has a size of 169 MB.

Nclimate1101-s3.zip

This file contains the model source code (C++), a compiled binary file for Mac OS, and example
input files. The source code excludes the libraries StochasticLib and NetCDF. In the ReadMe.txt

file included in the zip file is indicated where these can be obtained.

This version of the model source code is added in April 2011. For more recent versions of the
model contact the first author.
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The supplementary information includes additional information on thaw lake
formation processes, diagrams and tables accompanying the description of
the model, model parameters, model testing and experiments, and the cal-
culation of CH, emission due to thaw lake expansion.

S 1 discusses the thaw lake processes that are simulated by the model.
S 2 provides additional information to the model description.

S 3 contains data on the areas on which the model was tested.

S 4 describes the estimation of parameters for the model.
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S 5 describes the model validation and sensitivity experiments.

S 6 describes results of the model experiments .

S 7 contains the calculation of CH, emission that can be attributed to thaw
lake development.

S 1. Thaw lake processes.

Thaw lake formation is initiated by climate change (increased precipitation,
snow cover, temperature) or anthropogenic and natural processes altering
the soil heat balance (e.g. destruction of vegetation cover by human ac-
tivities, wildfires, natural erosion). Thawing starts preferentially at ice-rich
spots such as the ice wedges in arctic polygonal soils?3456  Besides higher
air temperatures, increased snow cover thickness* and precipitation®” also
initiate thawing. The initial thawing is caused by a relative soil temperature
change causing an increase of thaw depth®. Once a water-filled depression
is formed, thaw of ground ice is enhanced?®. Alternatively, lakes may have
been formed by water accumulation in pre-existing depressions after precip-
itation increase®. When the water depth is larger than the maximum winter
ice thickness, lakes do not freeze to the bottom and development of thawed
permafrost (talik) beneath the lake occurs®!®. The development of an un-
frozen layer tends to shield the underlying permafrost from further rapid
thaw?.

Lakes expand laterally by thermal and mechanical erosion driven by waves
and wind-driven surface currents'¥ or thaw slumping!!. Shoreline erosion
rates are highest along larger, deeper lakes and in fine-grained, ice-rich de-
posits®. High summer water tables contribute to more rapid lake expansion,
which indicates a relation between lake expansion and precipitation next to
temperature'?. Thaw depth is related approximately to the square root of
time since development, and lakes expand more rapidly and grow deeper in
permafrost with high ice content'®. Lake formation does not imply complete
thaw of permafrost; below a lake frozen material may persist as is the case
in continuous permafrost areas. In some areas, thaw lakes are elongated
with orientation of the length axis roughly perpendicular to the prevailing
summer wind direction, caused by the development of wind-driven circula-
tion cells'*1%. Lakes may ultimately disappear by drainage through unfrozen
sediment, erosion establishing contact with rivers and other lakes!1412:16:17
or infilling with sediment®!®1920 T ake drainage by erosion is facilitated by
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high water tables in both rivers and lakes, and by warm summers!"2%2!,

Partial drainage, with subsequent infilling of shallow remnant ponds with
organic deposits and ice wedge growth is common®. Currently formation of
new lakes occurs in northern parts of the Siberian permafrost area, coincid-
ing with their disappearance in more southerly areas, the latter suggesting
drainage through thawed subsoil'®. Although radiocarbon dating clearly
shows that rapid thaw lake expansion was associated with climate warming
at the Last Glacial Termination (LGT)?*, the relation of lake change rate to
climate change is still poorly quantified.

Several references contain data on pond initiation and lake bank retreat
rates (section S4), but this information is rarely quantitatively related to
climate change. The shape of the relations between morphological change
and climate change is likewise unknown from empirical observations. In our
model we have assumed linear relations by default. The physics of permafrost
thaw is well known and has been applied in various models. However, the
associated morphological changes - pool formation, lake expansion and lake
drainage - are usually the result of an array of processes of which thawing
of frozen ground is only one'®?4. E.g. lake bank retreat is a combination of
thaw, erosion processes and sediment redistribution; in pond formation also
vegetation dynamics may play a role. As a result, it is difficult to obtain well
defined relations from physical considerations only. A physics-based model
of lake expansion?* suggests in one of the studied cases a nonlinear relation
between mean annual air temperature (MAAT) deviation from a reference
climate to the lake expansion rate; the radial expansion accelerates with
higher MAAT. In another case this nonlinearity is less clear. The authors of
this model also note a large spatial variability in this relation resulting from
variations in ground ice content, and a large temporal variability. Therefore
assumptions on the exact nature of this relation remain speculative, and a
simple linear relation serves in our model as a conservative estimate.

Besides temperature, permafrost thaw and lake change processes are in-
fluenced by precipitation. Snow cover influences permafrost thaw, spring
flooding and lake levels, and summer precipitation enhances erosion pro-
cesses on lake banks. Therefore we have included both temperature and
precipitation as climate drivers in our model. Quantification of the relation
precipitation change - lake change is even more difficult because of scarcity
of data. For this reason we resort also here to linear relations and simple
threshold values in our model.

We assume that lake development is driven by climatic deviation from a

© 2011 Macmillan Publishers Limited. All rights reserved.



reference climate at which ice-rich permafrost is geomorphologically stable.
An alternative assumption could be that the rate of climate change is the
main driver. This is contradicted by the continuing and repeated thaw lake
formation during the relatively stable Holocene (see below). On the other
hand, the dependence on deviations from a reference climate has been sug-
gested by observations and models®?*. Models indicate that lakes do not
expand when present MAAT is decreased to glacial levels?*. The choice of
the Last Glacial Maximum climate as reference climate for our study site
is further corroborated by the absence of thaw lake deposits in terrestrial
sediments of that ages?®.

The concept of a thaw lake cycle has been described by several au-
thors!8922 This autocyclic process of formation and drainage of lakes may
mask enhancement of lake formation by climate change. After lake drainage
or infilling, new ice-rich permafrost can be established with formation of
ice wedges and ice lenses in the sediment, resulting in frost heave. Initial
ice wedge width growth in drained thaw lake basins (DTLB’s) may be as
rapid as 3 cm/year?!. Re-establishment of large amounts of ground ice sub-
sequently can be followed by renewed lake formation®??2. Repeated lake
formation and drainage can cause large areas to be covered by overlapping
DTLB’s?17. Regrowth of ground ice and frost heave preferentially occurs in
fine-grained deposits in the centers of DTLB’s. Ice aggradation may raise
the basin surface level to nearly that of the surrounding older terrain®. How-
ever, the processes involved in the thaw lake cycle may have been too slow
for completion of a full cycle during the Holocene®, in particular in coarser
grained deposits which tend to develop less excess ice. In Alaska, long-term
lake changes are masked by high short-term variability of lake area'2.

S 2. Additional information to the model de-
scription.

The model equations are included in the "Methods’ section of the printed pa-
per. Included here are two block diagrams depicting the model structure.
Figure S1 summarizes the thaw lake initialization process in the model,
Figure S2 the thaw lake cycle. Table S1 contains a list of the model pa-
rameters, and the parameter values used in the simulations. Table S2 con-
tains the model state variables. The model has been coded in C++. It
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Thaw lake initiation

July temperature Precipitation
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Figure S1. Block diagram of the thaw lake initialization process in
the model. The symbols refer to the equations in the Methods section and
Table S1 and S2.

includes the random number library StochasticLib, written by Agner Fog,
www.agner.org/random. The model source code is made available on the
Journal’s web site; for a recent version, contact the first author.

The model assumes flat terrain, underlain by ice-rich permafrost. In the
description of the model, 'thawed area’ refers to model grid cells which consist
partially or completely of open water (thaw ponds or lake). We denote thaw
here as surficial thaw causing subsidence and pond or lake formation, not
the complete disappearance of permafrost. 'Lakes” are clusters of completely
thawed grid cells. ’Drained area’ are lakes that have been added to the
drainage system, and potentially may refreeze depending on temperature
conditions.

The model grid consists of 500 x 500 = 250,000 cells. We used a grid
cell size of 40 x 40 m; this is sufficient for covering small lakes in the area
with 2 or more grid cells. We experimented also with a grid cell size of 20
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Figure S2. Block diagram of thaw lake drainage and ground ice
regrowth. The symbols refer to the equations in the Methods section and
Table S1 and S2.

x 20 m, and found no difference in model behavior. Parameters that have
to be adjusted to the grid cell size are L,,,, for lake initiation and the lake
expansion parameters b and c¢. The initial conditions of the model consist of
prescribed permafrost ice content for each grid cell. A normally distributed
random component is added. An initial drainage system is prescribed by
indicating which grid cells are part of a river floodplain. Optionally, existing
lakes can be prescribed.
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Symbol Description Units Range TERRAIN

Loiin Minimum volumetric ice content 0.3-0.5 0.3

o~ Maximum volumetric ice content 0.6-0.9 0.8

Lninthaw Minimum ice content for initiation of thawing 0.6

Trefjuly Reference July temperature °oC 7

Trefann  Reference mean annual air temperature °oC <0 -17.5

Py Reference precipitation mm 140

My Constant relating max. fraction of thawing cells °C~! 2.0e-6
fthaw to summer temperature deviation Ty

Mp Constant relating max. fraction of thawing cells mm ™! 2.0e-6
fthaw to precipitation deviation Py;yr ¢

Lonax Max. fraction of cells thawed per time step 0.5

Lipresh Threshold thaw fraction above which a <1 0.5
cell completely thaws

a Temperature offset in relation lake expansion °c~1 50 -1
Lipazexp to july temperature dev. Ty, rrs

b Const. rel. lake expansion - july T dev. Ty;rr¢ oc—1 0.000875

c Const. rel. lake expansion - precip. dev. Pyrr¢ mm ™! 2.0e-4

%% Dominant wind direction ° 0—360° 315

Fy Weight factor for wind orientation 1-4 1

Larain Threshold thaw fraction for drainage 0.4-0.8 0.6

Mgrain Reduces Ly qin depending on precipitation mm~! 0.004

Ttreeze Upper temperature limit for permafrost in cells °C < —1° -1

Tyrow Upper temperature limit for ice growth in cells  °C < =5° -7

Igrow Ice content growth factor in non-thawed cells < 0.002  5.0e-3

Iheave Ice content above which frost heave occurs 0.35

G Grid cell width m 25-100 40

b Annual precipitation mm

Tiuty,t Mean July temperature °oC

Tonn,t Mean annual air temperature °C

Table S1. Model parameters and input. Symbol: symbols used in

model equations; Range: value range if appropriate. The column TERRAIN
shows the parameters for the TERRAIN and FUTURE experiments (S 5).
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Symbol Description Units Range

7 Grid cell row index

7 Grid cell column index

N Number of grid cells

t Time (discrete time steps) year

I i Grid cell volumetric ice content at time ¢ 0— Inax

Taif .t Summer temperature deviation Tyt — Tref july °C

Pyirrs Precipitation deviation P; — P..r mm

fthaw,t Maximum fraction of grid cells where thaw is initiated 0-1

fminthaw, Fraction of grid cells of which the ice content exceeds 0-1
the minimum ice content for thawing I,,inthaw

Nihaw,t Number of grid cells where thawing is initiated at time ¢

Derode Erosion probability for promontory cells 0-1

L+ Area fraction of cell which consists of thaw ponds at time ¢ 0-1

Lyew,ijt Area fraction of grid cell where new thaw ponds are established 0-1

Lgir Threshold area fraction above which the grid cell completely thaws 0-1
in case of wind direction sensitive lake expansion

Leapijt Area fraction of cell affected by thaw lake expansion

Larain,t Drainage threshold corrected for precipitation mm ™!

G Orientation of a grid cell with respect to grid cell at index i, j o

Table S2. Model state variables. Symbol: symbols used in model equa-
tions; Range: value range if appropriate.

S 3. Test area.

The Indigirka Lowlands (IL) test area is situated north of the Berelegh river,
in an area that is covered by remnants of ice-rich Pleistocene permafrost
('vedoma’) and DTLB’s. To the north of the area, a number of very large
lakes occurs. The area is centered on the Kytalyk tundra research station (70°
48’ N, 147° 26’ E)627. MAAT and July temperature of the nearby (30 km)
Chokurdagh airport weather station are -14.3°C and 9.5°C respectively (years
1961-1990). Since approximately 1980 the temperature has increased with
warming concentrated in the summer and autumn months. The average July
temperature over the years 1980-2010 increased with 0.053°C yr "'. Annual
precipitation amounts 232458 mm, range 113-356 mm (years 1966-2008).
Most precipitation (58%) falls in the months May-September, about half
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Thaw lakes
| Floodplain, floodplain lakes
] Pleistocene surface ('yedoma’)

Figure S3. Model test area. Satellite image and digitized thaw lakes
near the Kytalyk research station, Indigirka Lowlands area (IL), Northeast
Siberia.
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of the precipitation falls as snow. Snow cover thickness did not increase
significantly (1980-2010). The wind directions in the area are dominated
slightly by northwesterly winds.

Kytalyk, Indigirka Lowlands (IL)

Location center N70°50°, E147°29’

Area 559.6 km?

Geology Pleistocene-Holocenene fluvial silt, clay, loess
Permafrost Continuous, ice-rich permafrost

ground ice in ice lenses, ice wedges, pingos, palsas
Remote sensing data KH9-13 image 1977/07/09; 7.9 m resolution
GeoEye-1 image 2010, 0.5 m resolution
Present climate Tonn -14.3°C, Tjypy 9.5°C, P 232 mm
Last Glacial climate — Tg,,-17.5°C, T}y, 6.5°C, P 140 mm
Dominant wind dir.  315°

Table S3. Geographical and climate data including paleoclimate
and present climate of the test area. Kytalyk is a research station for
tundra and permafrost carbon cycle research?. The Last Glacial reference
climate has been derived from paleobotanical data??.

Near the research station, thaw lake expansion rates in ice-rich permafrost
have been determined by comparing satellite images of different dates (KH9
military reconnaissance satellite image dating from 1977, with 7.9 m reso-
lution, GeoEye-1 image from 2010, 0.5 m resolution). A lake close to the
station expanded on average 0.19 m yr ! into an approximately 15 m high
ice-rich permafrost plateau. Also the number of ponds created by thawing
of palsas and ice wedges in the area has increased. However, the spatial res-
olution of the KH9 image does not allow areal quantification of these ponds.
The KH9 image has been used to map the existing lakes over an area of the
same size as the model area. The KH9 image excludes the most recent thaw
features that might have been generated by recent climate warming (Fig.
S3). We used only lakes that are not connected to the river for comparison,
lakes connected to the river would be classified by the model as ’drained’” and
generally have a strongly varying water table and lake area throughout the
year. The area is covered by a wet to mesic tundra vegetation, consisting
of a mosaic of sedge meadows, Sphagnum, Betula nana patches. Methane
fluxes are measured in a typical tundra vegetation in a DTLB.

10
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S 4. Model parameter values.

Systematic observation data relating thaw lake initiation and expansion to
climate change are absent and have to be extracted from widely scattered lit-
erature. In the Alaskan coastal plain a 3.8% increase of thaw ponds or 1200
pits/km? is associated with a 2-5°C warming of the mean annual ground tem-
perature, attributed to warmer summers and higher precipitation between
1989 and 1998, starting in particular with extreme weather in 1989 (43%
higher thawing degree day sum, 60% higher precipitation)®. This amounts
to a precipitation increase of £43 mm and summer temperature increase of
2.9°C (assuming a 100 day thawing season). This would result in maximal
values for My of 0.013 °C™* and Mp of 0.0009 mm™. However, these values
should be considerably lower when combined in our model.

In Central Yakutia, a lake expansion rate of 0.8-4 m yr! is observed?
with a modest summer warming of approximately 0.5°C and an increase in
Tonn of 2.4°C due to rising winter temperatures®?®29. If this occurs at a
lake bank bordering a grid cell of 40 x 40 m, then a fraction of 0.01 - 0.05
of the grid cell area is consumed by lake expansion each year at a sustained
summer warming of 1°C (b parameter in eq. 7, Methods). However, the cited
expansion rates are instantaneous values over possibly short sections. The
expansion of one lake measured in our study area would result in a value of
b of 0.0876 °C-!. This value is possibly an overestimate due to specific local
conditions; a survey over a larger area is in progress. We suspect that several
lake expansion rates cited in literature focus on extreme values, and clearly
the establishment of a database of observations will enhance reliability of
model parameters. In the model simulations presented below, lower values
on thaw pond initiation and lake expansion had to be used to obtain realistic
results (Table S1). Above a certain limit of thawing, the amount of water in
a grid cell should enhance further thawing®. The threshold above which a
grid cell is considered as completely thawed Lyjesn is set at 0.5.

The maximum ice volume fraction of the IL area is set at 0.8. We observed
frequent massive ground ice and very large ice wedges in river bank exposures.
The ice content determined on a network of small core samples in a DTLB
in the IL area ranged between 40% and 90%. In similar Alaska coastal plain
areas an ice volume fraction of 0.9 has been observed!?. The mean annual
air temperature limit for establishment of new permafrost is set to -1°C,
the limit for significant regrowth of ground ice (ice wedges) at -7°C being a
frequently cited temperature limit for ice wedge formation3’3!. In our test

11
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area ground ice growth by pingo and palsa formation, which may occur at
higher temperatures3!, also occurs but is restricted in area.

Parameters for lake drainage are likewise difficult to estimate. In the
model a threshold thaw fraction is assumed, above which grid cells can be
connected to the drainages system (Lgqin). Observations show that drainage
occurs when lake expansion or river meandering brings lakes into contact with
each other or the drainage system!?!7 and is enhanced at higher lake levels
due to high precipitation. We assume a value of Lg.4;, of 0.6 and consider it
reduced to 0 with an annual precipitation excess FPy;¢s of 15 mm. As yet, no
significant subsurface drainage through the active layer and taliks is included
in the model. The temperature limits of our simulations stay below a MAAT
of -7°C, at which continuous permafrost is sustained.

S 5. Model validation and sensitivity experi-
ments.

Here we describe the model experiments to test the performance and sensi-
tivity of the model and to quantify past and future lake development.

TERRAIN : These experiments are used for model testing against ob-
served lake distributions in the test area and to test simulated system
dynamics on longer time scales. Parameter values are set as indicated
in section S4 and Table S1. The experiments simulate lake development
during the LGT and Holocene. The configuration of the drainage sys-
tem is hypothetical. The ground ice volume fraction is assumed to be
homogeneous throughout the area, with superposed random variation.
We used an ensemble of 10 model runs. Three additional model runs
have been analyzed in more detail to compare the spatial properties of
the generated lakes with those of the terrain. Additional experiments
have been included to check the effects of assuming a different drainage
system configuration with a lower drainage density and inhomogeneous
ground ice distribution (Fig. S4) The inhomogeneous ground ice dis-
tribution is generated by allocating segments of the grid with varying
average ground ice volume fraction and superposed random variation.
The time series of climate change consists of an increase of temperatures
and precipitation with 80% of the difference Glacial-Holocene (Table
S3) in 100 years, followed by a gradual increase to full Holocene values

12
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in 1000 years. The simulations for the past climate lasts 8000 years;
during this time a stable lake area is established which can be compared
with the present-day lake area. Superposed are random yearly fluctu-
ations; climatic oscillations during the Holocene are not included since
the magnitude and timing of these oscillations are not known for the
study area and climate model simulations are absent. The paleoclimate
for the Last Glacial Maximum has been derived from paleobotanical
data from the Taymyr peninsula? by assuming a similar difference
between present and past climate for both test areas.

ICEGROWTH : These experiments explore the effects of the growth rate
of ground ice in the model on oscillatory behaviour of the system and
thaw lake area. We varied the [, (volumetric ice growth rate) pa-
rameter between 0.001 and 0.005.

TIMING : These experiments are similar to TERRAIN, but with varying
parameters for the Mp and M constants that relate the fraction of
grid cells where thawing starts to precipitation and July temperature.
The values of both parameters have been increased stepwise in value
from 2.0e-6 to 1.0e-5. An experiment with the random creation of lakes
with a prescribed total area (0.1 km?) when a precipitation threshold
is exceeded (300 mm) simulates the creation of lakes by flooding of
terrain depressions by a precipitation surplus.

FUTURE : With these experiments we quantify future lake expansion as
a result of Arctic climate warming by applying climate model simula-
tion for the test area. We used climate model output from the following
models: UK Met Office HadCM3 (HADCM3), Max Planck Institute for
Meteorology ECHAMS5 (ECHAMS5), NOAA Geophysical Fluid Dynam-
ics Laboratory CM2.1 (NOAAGFDL), CSIRO Atmospheric Research
Mk3.5 (CSIRO), National Center for Atmospheric Research CCSM3.0
(NCAR) and Russian Institute for Numerical Mathematics INMCM3.0
(INMCM), each using the SRES A2 and B1 emission scenarios for the
[PCC4th Assessment report (downloaded from
https://esg.llnl.gov:8443 /home/publicHomePage.do
included in the World Climate Research Programme’s (WCRP’s) Cou-
pled Model Intercomparison Project phase 3 (CMIP3) multi-model
database3?). The selected models show a similar range of climatic
values as reported in the Arctic Climate Impact Assessment®!. The

13
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input climate time series were computed from monthly data from the
climate model. The initial conditions for the lake area are generated
by randomly creating circular lakes with a total area fraction of 0.08,
which approximates the present lake area fraction of the IL area. The
configuration of the drainage system is the same as for the TERRAIN
experiment. For each of the climate model outputs, 10 runs of the thaw
lake model have been produced, to capture the stochastic variability in
the model output.

S 6. Experimental results.

The lake pattern generated by the model in the TERRAIN experiment and
the terrain data have been compared using lake area fraction, lake size and
isoperimetric quotient (ratio of the individual lake area and that of a cir-
cle having the same perimeter) indicating shape compactness (Table S4).
Comparison of the model and terrain lake size distribution is hampered by
uncertainty in the data; very small lakes in the terrain could not be digitized
with sufficient accuracy due to the resolution of the remote sensing material,
and some very large lakes could be included only partially in the digitized
area. We determined the modeled lake areas and shapes by grid cell count-
ing using the output of three model runs. The average lake area and number
of lakes per km? does not deviate strongly from the observed values. The
model generates a larger number of small lakes (one grid cell only) than is
observed. Partly this can be attributed to the uncertainty in the digitized
remote sensing material; higher resolution imagery of part of the area con-
firms a higher density of small lakes. The frequency distributions of the lake
size and isoperimetric quotient for both model and field data are shown in
Figure 2 of the article. The modeled lakes tend to be more compact than
the observed lakes, in the study area a few lakes with a high isoperimetric
quotient occur. With exception of the smallest modeled lakes, the modeled
lake sizes and isoperimetric quotients arise from the same continuous distri-
bution with the same median, as shown by a Mann-Whitney U test (Table
S4).

14
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Property Model-terrain comparison

Model Terrain
Number of lakes per km? 0.36 £0.01 (0.26 +0.01) 0.31
Lake area fraction 0.083 £+ 0.021 (0.081 £ 0.021) 0.099
Maximum thawed area fract. 0.242 + 0.032 unknown
Average lake size km? 0.230 (0.316) 0.310
Aver. isoperimetric quotient  2.34 4+ 0.15 2.12

p=0.97, rank sum = 27955, z=0.04
p=0.10, rank sum = 38463, z=1.65

Test lake sizes
Test isoperimetric q.

Table S4. Statistical properties for the modelled and observed
thaw lakes for the Kytalyk area. The model results are based on 3 model
runs, the average and standard deviations for these runs are given. The
numbers between brackets for the 'Model’ column are calculated by excluding
lakes consisting of only one grid cell. For testing of the size and shape
(isoperimetric quotient) equality of model and data populations, the Mann-
Whitney U test has been used with statistics listed in the table. The test for
the lake size distribution excludes lakes consisting of only one grid cell (see
text).

The areal distribution of the generated drained lake basins visually matches
that of the IL area: smaller lake basins and remnants of the unthawed sur-
face occur close to the river, and larger lake basins at distance from the river.
This distribution results from the larger probability of lake drainage near the
river, which strongly limits lake growth. The dominant wind direction is not
clearly visible in both the modelled and terrain lakes; a larger wind direc-
tion factor F,, results in clearly oriented lakes however (not shown). Fig.
S4 shows the effects of a different drainage density and an inhomogeneous
ice distribution. A less dense drainage network causes the formation of a
higher initial lake area peak and more pronounced oscillations since lakes
can grow larger before drainage occurs. An inhomogeneous ground ice distri-
bution affects the timing of the initial lake area peak, because areas with a
lower ground ice volume hardly contribute to lake formation. Lake ages vary
strongly but lakes may exist in the model for several thousands of years, in
particular if located at some distance from the drainage lines, or when lake
growth is retarded by low ice content in refrozen areas. The maximum lake
expansion rate (Lyazerp) 1S on average 1.25 m yr~'. Because of the effects
of ground ice, the actual expansion rates (eq. 9) range between 0.38 and 1.0
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Figure S4. Effect of initial conditions on TERRAIN simulations.
A: effect of a lower initial drainage densities. B: effect of an inhomogeneous
ground ice distribution, with areas differing in average initial ground ice
volume fraction.

myr~—t. A video of the lake area evolution including 2500 model years of a
sample model run is added as auxiliary material.

The timing of lake formation provides a second check on the model perfor-
mance. Paleoclimate data in Siberia indicate that thaw lakes in the northern
hemisphere started to form at 14-15 kyr BP and accelerated between 11.5-9
kyr BP, while the earliest recorded warming and precipitation increase oc-
curred at +13.6-14.7 kyr cal BP?. The major peak of thaw lake area appears
to occur shortly after the rapid climate change of the LGT. The model repro-
duces a similar peak of lake formation, indicating that the model simulates
the dynamics of the system correctly. In detail there are differences. Our
model appears to reacts more slowly, which may have several causes. First,
the radiocarbon database of LGT lake formation?® may be biased towards
older ages since lake sediments may contain older organic carbon. Second, we
assume a simple step function of climate change, but preliminary warming
and lake formation pre-dating the Bolling - Allergd interstadial may have
occurred. The radiocarbon data show some thaw lake development around
18 kyr BP.%3, and in Western Europe widespread permafrost degradation oc-
curred at the same time?3®. Third, model parameters may not have allowed
sufficiently rapid lake formation and expansion. Fourth, our model includes
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Figure S5. Effect of ice growth rate on oscillations in thaw lake
area. Increasing the ice growth rate Iy, causes higher frequency and more
regular oscillations, and a higher thaw lake area.

only one mode of lake formation (thaw pond formation at the most ice-rich
sites), another mode may be filling of terrain depressions by precipitation
increase®.

The oscillations of the thaw lake area which are produced by the model
after the initial lake area peak are an interesting feature. The radiocar-
bon database does not contradict oscillatory behavior?. Larger scale lake
drainage, that may reduce lake area rapidly, also occurs in reality!”. The
length of the oscillations are affected by the ice regrowth factor ., (ICE-
GROWTH experiment, Fig. S5). The lower the regrowth rate, the longer
the oscillation period. With a larger ice growth rate the oscillations become
shorter and less regular, and also the average lake area fraction increases.
The oscillations become less regular and have a lower amplitude with time.
Other parameters that affect the oscillations are Mp and My (higher values
result in stronger oscillations) and drainage density (low drainage density
results in stronger oscillations).

The TIMING experiments explore adjustments in the model to produce
a faster response of lake formation. Mp and My are the constants that relate
the fraction of grid cells where thawing starts to precipitation and summer
temperature. In Figure S6 these have been increased in value from 2.0e-6
to 1.0e-5. This increase results in progressively earlier and more pronounced
peaking of thaw lake area. With a value of 1.0e-5 for Mp and My the peak in
thaw lake formation occurs shortly after the stepwise climate change, but the
resulting lake configuration contains an unrealistically large number of very
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Figure S6. Effect of thaw lake initiation parameters on evolution
of lake area. Increase of Mp and M7y moves the initial peak of thaw lake
formation forward in time. Lake initiation by flooding of terrain depressions
is simulated by generation of random lakes at a precipitation threshold of
300 mm. This also results in a thaw lake area peak immediately following
climate change. Top: Thaw lake area evolution in time with different lake
initiation parameters; below: mean annual air temperature for comparison.

small lakes, suggesting an unlikely high lake initiation rate. We therefore
also simulated the creation of lakes by flooding of depressions, by generating
lakes at random with a prescribed total area. This also results in a rapid lake
expansion immediately after the climate change step without influencing the
lake area distribution in the final results of the model.

For the FUTURE experiment, climate model output has been used (Fig-
ure S7). The simulated temperatures show an inter-model range of approx-
imately 5 °C for the MAAT, 10 °C for July temperature and 150 mm for
yearly precipitation. Several models start with a climate that deviates from
the current climate in the study region, mostly with higher temperatures.
The initial values of HADCM3 compare best with the current climate and
therefore have been used for more detailed experiments described below.

The FUTURE experiments show for both the SRES A2 and B1 emission
scenarios for most models a clear rise in the thawed area fraction (Figure
3). This rise is generated by expansion of existing lakes and to a smaller
extent by creation of partially thawed grid cells. However, the increase of the
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Figure S7. Climatic input for the FUTURE experiment. Mean
annual air temperature (MAAT), mean July temperature and yearly precipi-
tation for 2000 - 2099 from the climate models listed in S5. Left: simulations
for the IPCC 4th Assessment SRES A2 scenario; right: B1 scenario.
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thawed area fraction halts after approximately 50-70 years for most models,
followed by a decrease caused by lake drainage. The turning point occurs
somewhat later for the Bl scenario than for A2. Ultimately, most model
runs result in a thawed area fraction which is even lower than the initial
fraction. The thaw lake simulations for the various climate models differ
mainly in the rate of decline of the thaw lake area. One exception are the
runs driven by NOAAGFDL, which show a slower growth of the thawed area,
and a decrease of the lake area which just starts at the end of the simulated
century. This model combines low modeled MAAT and July temperatures
with low precipitation. This combination results in low lake expansion rates
and suppressed lake drainage (Figure S7, Figure 3). In all runs, the maximum
lake expansion rate (Lyazerp) grows in the simulations from 1.2 to 2.2 myr~!
on average, but rates as high as 3.5 m yr—! occur. See eq. 9 for correction
to the actual expansion rate L; ;.

In the FUTURE experiments, we have included an experiment with
smaller maximum ground ice volume fraction I, (0.7 instead of 0.8). In
this experiment (HADCM3 A2 climate), the lake area shrinks faster after
reaching its maximum for I,,,, = 0.7 than for I,,. = 0.8. At a low ice
content the formation of new lakes occurs at a lower rate in the model, re-
sulting in a relatively large effect of lake drainage (Figure S8). In a second
experiment, we removed the dependency of lake expansion on precipitation,
by setting the ¢ constant in eq. 7 to 0. This resulted in a similar pattern
as in the model runs based on the NOAAGFDL model: slower increase of
thawed area (not shown).

S 7. CH, emission estimates.

Estimates of the area that is susceptible to thaw lake development differ.
The entire area of ice-rich 'yedoma’ sediments, which are susceptible to thaw
lake formation, is estimated at 106 km?36:37:38  The circumpolar permafrost
map? contains 0.94 x 10° km? of continuous permafrost with high to medium
ice content, which should be sensitive to lake development. High-medium ice
content discontinuous permafrost accounts for another 0.18 x 10% km?, but
in these areas drainage through taliks is more likely®”. For the LGT also
permafrost areas that are presently below sealevel due to sealevel rise should
be included*®23; the total LGT yedoma area is estimated at 1.9 x 10° km?.
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Figure S8. Effect of maximum ice content on FUTURE simulations.
Decreasing the maximum volumetric ground ice fraction to 0.7 results in a
stronger effect of lake drainage because less new lakes are formed (average
lake area: red line, standard deviations: black lines, individual simulations:
grey lines). Climate: HadCM3 A2 scenario. For comparison the average of
the simulations of Figure 3 is shown.

CH, emission from North Siberian thaw lakes amounts 25 £5 g CH,
m2 yr! based on an intensive survey of three lakes*'. To quantify the CH,
emission added by lake development for the present-day environment, the
emission of non-lake tundra that should have occurred otherwise should be
subtracted. For the test area, this is quantified by chamber flux measure-
ments between the years 2003 and 2006 (+4.1 g CH, m™2 yr!)?527 confirmed
recently with eddy covariance measurements and modelling over the summer
seasons of 2007-200942. This results in a net emission increase of 20.9 £5 g
CH, m™ yr! for a change from tundra to lake. On a continuous permafrost
site with wet tundra in northern Greenland, high emissions have been ob-
served in autumn during soil freezing, which may approximate the summer
emissions in magnitude®3. If this also occurs in the Siberian tundra (which is
speculative until proper quantification) this would further decrease the cal-
culated emissions attributed to lake emission. For the conversion of drier %3
LGT environments to lakes we assume a non-emitting land surface.

The TERRAIN simulations result in an average maximum of the lake
area fraction of 0.24840.026. At this maximum, the CH, emission in the
model area should have been increased with 6.24+0.2 ¢ CH, m™? yr! for
the test area due to lake formation. Extrapolating over the entire ice-rich
‘'yvedoma’ area at the LGT this results in a peak emission of 11.784+0.28 Tg
CH, yr'!. Integrating over the entire initial thaw lake peak lasting from 100
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till 470 years and the model grid of 400 km?, the emission is 0.288 Tg CH,.
Again extrapolating over the entire LGT yedoma this would result in a total
emission of 1368+44 Tg CH, due to lake formation, over 370 years of the
peak duration, or 3.73 Tg CH, yr!.

In a similar fashion, future emissions resulting from arctic climate change
can be based on the FUTURE model experiments, taking into account ter-
restrial tundra wetland emissions. We used an average of 50 simulations
based on the HADCMS3 climate model, which shows for the first 10 years a
good agreement with the present climate in the study region (note that the
simulations for other climate models differ in the decline of the thaw lake
area, Figure 3). The average lake area results in an average increase of the
thawed area fraction of 0.08 to a maximum 0.2540.03 after 70 years for the
A2 scenario and 0.25+0.03 after 71 years for B1. Applying the net emis-
sion factor for tundra-lake conversion above, the maximal emission increase
is 3.4940.52 g CH, m™? yr! for the A2 scenario, 3.53+0.55 ¢ CH, m? yr!
for the B1 scenario. Integrating over the 100 model years the lake area is
larger by a fraction of 0.094+0.002 for A2 and 0.0984+0.002 for B1, resulting
in an emission increase of 1.96+0.05 ¢ CH, m? yr! and 2.054+0.05 g CH,
m™? yr! respectively. Assuming that our test area can be extrapolated over
the entire present-day ice-rich continuous permafrost area, 0.94 x 105 km?,
the maximum emission would be 3.2840.49 Tg CH, yr! and the average
over 100 years 1.8440.04 Tg CH, yr! for A2, and respectively 3.3240.52
Tg CH, yr! and 1.9240.04 Tg CH, yr! for Bl. The amount of ground
ice volume assumed does not have large effect; if we reduce the maximum
ground ice volume as in the ground ice sensitivity experiment of FUTURE,
the averaged yearly emission for A2 would be 1.714+0.02 Tg CH, yr! (Fig.
S8). We have restricted our calculation to continuous permafrost since our
model does not yet include underground drainage of lakes through taliks; if
discontinuous high ice content permafrost is included, the emissions are at
most 19% higher.

An important restriction on the effect of lake drainage on CH, emission
is the type of ecosystem that result from drainage. Observations in the low
relief test area show that river-connected lakes are usually not completely
drained, but obtain a water level that fluctuates strongly with river water
level and ultimately may be filled with sediment. In the higher relief area
just south of the test area, complete drainage is more common. The wetland
areas that remain after lake drainage may have relatively high CH, emission,
although their carbon sequestration rates also may be high?’.
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