Dear editor,

Please find our responses to the referee comments (bold) below, along with the relevant amendments to the manuscript
(italics).

The manuscript has been modified according to the comments, including:
- Anaugmented discussion about limitations and directions for future implementation in large-scale LSMs, in line
with various comments from both referees.
- Description of an additional set of sensitivity simulations to better understand the effect of the key snow parameter
(Hsmin), as suggested by referee #1. See figure in the response below.
- A thorough revision of the text to improve readability and remove grammatical errors, as suggested by referee #2.

Thank you for your consideration of our revised manuscript for publication in The Cryosphere.

On behalf of the authors,
Kjetil Aas



Anonymous Referee #1

This paper describes how small-scale surface heterogeneity due to excess ice can

be, in a relatively simple way, implemented in land surface models, in this cas, the
NOAHMP LSM. A companion paper described a similar work with the Cryogrid model.
The motivation of the work is clearly and convincingly laid out, the paper is well structured,
easy to read and generally well written (except for frequent systematic grammatical

errors). The spirit of the paper is that this work should be seen as a proof of

concept, and it is made rather clear that the implementation of such an approach in

ESMs will not be an easy task.

The methods are described very clearly, and they appear to me appropriate in terms
of complexity in the sense that the proposed scheme appears to be on a similar level
of complexity as the rest of the model this scheme was implemented in. One might
wonder whether some effort should have been devoted to implementing excess ice
formation; the possible long time scales involved in the excess ice aggradation could
be an argument to discard that option, given that the type of models this approach is
designed for is made for centennial-scale simulations, at best.

We agree that it would be desirable to be able also simulate excess ice formation. However, in addition to the long time scales
noted above, the processes behind excess ice formation at the two locations are very different, and a unified method for
simulating excess ice formation has therefore not yet revealed itself.

The discussion of the limitations of this work is honest. I would have liked to see a
more thorough analysis of the sensitivity of the model to some critical parameters, in
particular those linked to snow; maybe some sensitivity tests might be in order.

Thank you for this suggestion. We performed a set of simulations to explore the key snow parameter further, which we now
describe in the text (section 4.1). See also Fig 1.
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Figure I: Surface elevation of RIM relative to CENTER at Samoylov Island, Siberia (a), and of PPLAT relative to MIRE at Suossjavri, Northern Norway
(b) for different values of Hsuin.

An additional set of sensitivity simulations with different values of Hsmin ranging from 0.0 to 0.15 m (not shown) revealed
that the landscape evolution at the polygonal site was relatively insensitive to this value, with the transition from LCP to HCP
shifting by less than two decades between the minimum and maximum value. A larger sensitivity was seen for the peat plateau
site, for which the lowest values of Hsmin resulted in stable permafrost throughout the 21st century.

In the discussion (sections 5.1 and 5.2), it would have been good to provide the reader
with some more quantitative (if possible) estimates of the importance of neglected processes,
and with corresponding priorities in future developments.

Thank you for this suggestion. We have now added several points to the discussion about limitations, including reference to
the snow sensitivity simulations, discussion of the effect of standing water and our opinion on priorities for further
developments.

Simulating surface water in low-centered polygons, or water-filled troughs in the degraded, high-centered stage, would likely
modify the results through reduced albedo, increased heat conduction and lower snow redistribution due to smaller elevation
differences between the tiles. Results from model simulations, which take larger-scale hydrology into account, show increased
soil ALT and earlier permafrost degradation when standing water is included (Langer et al., 2016, Nitzbon et al., 2018).

Nevertheless, adding further key processes to the two-tile system is likely to improve the simulation results. Here, we consider
the representation of standing water as the most important process, followed by representation of vertically varying organic
fractions and soil types, as well as dynamical vegetation. Most of these are already included in several large-scale LSMs (e.g.
Lawrence et al., 2011; Reick et al., 2013).

Concerning the implementation in ESMs, it is clear that heterogeneity linked to excess ice is relevant only
on a small part of the globe. In many other places, the most relevant heterogeneities

are linked to vegetation, orography, or other factors. Can the authors think of a more

general (globally relevant) tiling concept in which the tiling linked to excess ice could

be integrated?

This is a good point. We have added the following on this topic.

Regardless of the choice of implementation, the method proposed here should be considered in the context of a larger effort
to improve the representation of horizontal land processes ESMs. The land component of coupled atmosphere-land surface
models is typically of considerable complexity in the vertical dimension, but includes little horizontal interaction and variation
(see e.g. Clark et al., 2015). While representing heterogeneous excess ice is a relevant only in certain regions, we believe that
a more flexible model structure with individual sub-grid soil columns that can exchange water and snow is a concept that
deserves further investigation also in other regions.

In conclusion, I definitely think that this paper should be published if the points above
and some specific points mentioned below are addressed. This should only require
minor modifications.

Specific points:

P5 L28: FEXICE (and similar variable names in the text): In the figure, you use FEXICE (EXICE as an index), so
please do so in the main text, too.

Done!
P6 L27: In the equation and in the text, Ksat is a constant. Call it Ksat,0 for Ksat at the surface, to prevent confusion.

3



Corrected. Thank you!

P7 L10: "The lateral ground heat flux [. . .] between two grid cells with overlapping soil depth. . ." Cells or tiles?
Probably tiles.

This should be tiles, as you assumed. Corrected.
P7 L17-18: Not clear why the elevated tile is used as a reference. In most models, there is no excess ice yet, so it might
have been more appropriate to use the lower tile as a reference (especially because you do not use stagnant water at the

surface anyway).

By using the elevated tile as reference, we use Lee et al. (2014) as the starting point. This is now stated in the text. Although
it is not common to include excess ice yet, this is more useful in terms of evaluating the effect of the different lateral fluxes.

At both locations, a separate reference simulation (REF) is run with the same initial conditions as the elevated tile in the
laterally coupled system (RIM or PPLAT), corresponding to the same model setup as employed in Lee et al. (2014), i.e. a 1D
excess ice representation without lateral exchange.

By the way, it would have been nice, in the discussion, to sped a few lines on discussing how taking into account stagnant
water could have changes the results. In my opinion, it could have very major impacts.

See response to comment below (P.15L23).
P7 L29: "This expands the soil thickness of the RIM with 1.5 m". Wouldn’t ""by 1.5 m" be better English?
Yes. This has now been corrected.

P8 L2: "we additionally add excess ice to the bottom soil layer (in both coupled tiles)": In the figure it looks like the 35
cm excess ice are added to the lowest layer only in the lower tile. Please clarify.

Excess ice was added to both tiles, but with unequal amounts. This has now been clarified:
To allow the RIM to sink below the elevation of the center, we add excess ice to the bottom soil layer, with the largest amount
in CENTER, so that the total elevation difference is only 35 cm (Fig. Al). This is an approximate average value for observed

rim heights at Samoylov.

P8 L14: "but still show continued': -> shows. In many places, there are wrong or missing s’s (wrong plurals, wrong
conjugation). Please go through the text carefully.

Thank you for pointing this out. We have now corrected this and other similar errors.
P8 L14: "making which makes"
Corrected!

P9 L2: I understand why you introduce figure 7 here before figures 5 and 6, but I think that the figure numbers should
be in order of appearance in the text nevertheless.

Agreed. We have now removed the reference to fig. 7 here so that the figure numbers agree with the order of appearance in
the text.



P9 L20: "simulation.." (only one point needed) Same line: ""become is'": ?
Both corrected. Thank you!
P10 L19: Why do you call the sensible heat flux HFX? Doesn’t make much sense to me.

This is the name of this variable in the NoahMP model, but we agree that this is not intuitive and have changed the name to
the more commonly used SH.

P11 L23: Replace whereas by while (I think)

Changed. Thank you!

P12 L16: scarcely -> barely?

Changed. Thank you!

P13 L.26: "becoming in equilibrium": Are you sure that this is good English?
We agree that this was not a good expression. This has now been rephrased:
quickly reaching equilibrium

P14 L3: replace instantaneously by instantaneous (and does by do on the same
line)

Done.

P14 L27: As said before, a sensitivity test showing the effect of the snow parameters would have been interesting. Or
would that be too model-specific?

See reply to comment above, including Fig. 1.

P15 L23: "Simulating instead surface water in low-centered polygons, or waterfilled troughs in the degraded, high-
centered stage, would modify the results presented here." As said before, I’d like to see a discussion how this would
modify the results (in your expert opinion)

This has now been included, based on results from the Cryogrid model:

Simulating surface water in low-centered polygons, or water-filled troughs in the degraded, high-centered stage, would likely
modify the results through reduced albedo, increased heat conduction and lower snow redistribution due to smaller elevation
differences between the tiles. Results from model simulations, which take larger-scale hydrology into account, show increased
soil ALT and earlier permafrost degradation when standing water is included (Langer et al., 2016, Nitzbon et al., 2018).



Anonymous Referee #2

In this paper, the authors take steps towards an ability to represent in a large-scale

model the important lateral snow redistribution, water, and heat processes that impact
the trajectory of permafrost thaw and related processes in different permafrost landscapes.
The approach is parsimonious, which I like. The authors propose to represent

these systems with just two ‘tiles’ (rim and center for polygonal tundra), rather than
explicitly modeling the full complexity of the heterogeneous landscape. I like this approach
as it does lend itself to potential inclusion across the pan-Arctic. A significant

limitation is that the model is not explicitly modeling the formation of these permafrost
landscape features. Instead, the goal is simply to be able to simulate the transition

from a low-centered to a high-centered polygon. This is a reasonable first step and the
authors acknowledge this limitation. Clearly, to have ‘full’ confidence in the model, one
would want it to be able to simulate the full set of physical processes that drive both the
formation and the decay of low-centered polygons. Nonetheless, this is a practical first
step that is clearly an improvement over the current 1-tile assumption that cannot at all
account for the real spatial heterogeneity of the system.

As noted also in the reply to referee #1, we completely agree that simulating the formation of excess ice would be desirable,
although we do not see this as feasible within the current study, both due to the long time scales, and the complexity and lack
of well-developed parameterizations for the buildup processes.

Overall, I enjoyed reading this paper and I find it suitable for publication with a few
relatively minor revisions and clarifications.

Specific comments

1. When the Noah-MP model is introduced, it would be good to explain why Noah-MP
is being used instead of any other model. I believe that it is because of the lateral flow
capabilities in WRF-hydro, but that capability isn’t introduced until section 2.2.4.

We now include a short justification for the use of this model section 2.2, when the NoahMP model is first introduced.
Furthermore, lateral subsurface water fluxes are already implemented in this model as part of the WRF-Hydro modelling
system (see sec. 2.2.4). With some modifications it is therefore a suitable base model for studying the geophysical aspects of
permafrost thaw, including the importance of lateral fluxes.

2. P. 8, line 2 typo: “only elevated only”

Corrected. Thank you!

3.1 wonder if the “coupled” is the best way to reference the multiple tile simulations.

Coupled can mean a lot of things in different contexts. Perhaps you could rename as

Reference and Tiled or Single column and Two column or something else that is more

descriptive.

We agree that only referring to the two-tiled simulation as the “coupled” simulation is ambiguous. We have now carefully
gone through the manuscript to make sure that whenever we refer to the “coupled” simulation, it is clear that we are referring

to lateral coupling between tiles.

4. Figure 5: Why is the ref simulation at depth so much warmer than either the RIM or



CENTER simulation?

We attribute this to the non-linear effect of snow. Maintaining an almost snow-free rim throughout the winter season increases
the heat loss more on the RIM than it is reduced from the CENTER. The tiled system is therefore colder than the REF which
receives the average snow accumulation.

5. P.9, Line 16: “The simulated maximum snow depths in 2008 compares quite well
with observations for both RIM (0.23 m compared to 0.16 m), and centers (0.39 m
compared to 0.46) although the observations show considerable spread (see Nitzbon

et al., 2018).” Statements like this are a bit misleading. Should make it clear that the
simulated snow depths matching observations is probably mostly good fortune. You
are using large-scale forcing from CRU-NCEP. It would be completely unsurprising if
the snow depths didn’t match up with the observations at the local site when using
large-scale forcing. It would be more appropriate to note that due to this good fortune,
it is easier to make direct comparisons to observations.

We agree that the raw CRU-NCEP data cannot be expected to reproduce local snow depths accurately, and the agreement is
partly due to the scaling factor for precipitation. This is now noted in the text:

This was partly achieved by applying a scaling factor for precipitation (Pscale) of 0.6 (Table 2).

6. P. 10, line 1: Similar to above, the discrepancy in temperature between model and
obs is likely substantially a result of using the large-scale CRUNCEP data to force the
model. You wouldn’t really expect the soil temperatures to match the observed site
level soil temperatures in this circumstance.

We again agree that one cannot expect to match soil temperatures exactly when forced with a large-scale reanalysis like CRU-
NCEP. This is now pointed out in the discussion section.

However, given the relatively coarse resolution of the forcing data, a certain disagreement must be expected

7. P. 13, line 4: Same again as above. The stability of the peat plateau is at least

partly related to what you are getting from the large-scale forcing. You can’t go as far
as to make the argument that you have to have certain couplings to maintain the peat
plateau permafrost, which is what is implied. What you are finding, which is interesting
and important, is just that soil conditions are colder on the peat plateau when snow

and water coupling is included.

We agree that permafrost could be maintained without these couplings in colder conditions. However, the snow and soil water
conditions are recognized also by others as key factors for maintaining these marginal permafrost features in this region, which
we now also include a reference for.

This is in agreement with previous studies of palsas and peat plateaus in this region, pointing to low snow accumulation and
dry peat during summer as the most important factors for their stability (see Seppdla, 2011).

8. The Discussion section brings up a lot of good points. One thing that isn’t clear

in the discussion of how one could potentially employ this method at pan-arctic scale
is the question of how one would specify the tile structure for each grid cell (is it a
polygonal system or a peat plateau, something else, or a mixture of several permafrost
landscapes within each large-scale grid cell). Along same lines, how would you know
how to initialize the amount and depth of excess ice across the pan-Arctic domain?
Based on the information provided in the paper, it seems like this took some trial and



error to get it ‘right’.
This is a good point. We have expanded the discussion with some more details on this:

Ground ice data from Brown et al. (1998) could provide a starting point here, similar to the study by Lee et al. (2016).Assigning
excess ground ice to the first soil layers below the simulated ALT has been a reasonable first-order choice for the two test
sites, but this procedure is likely not adequate for areas with excess ice well below the current active layer, e.g. due to burial
or melting of excess ground ice in the past (e.g. truncated ice wedges, Brown, 1967). Ultimately, new global data sets for
ground ice depth, excess ice density and geometries of the two tiles must be compiled, for example building on approaches as
in Hugelius et al, (2014) and Strauss et al., (2017).
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Abstract. Earth System Models (ESMs) are our primary tool for projecting future climate change, but their ability to represent

small-scale land-surface processes are-is currently limited-i-theirabiity-to-represent small-seale Jand-surface-proeesses. This

is especially the-easetrue for permafrost landscapes; where-in which melting of excess ground ice and subsequent subsidence

affect lateral processes which can substantially alter soil conditions and fluxes of heat, water and carbon to the atmosphere.
Here we demonstrate hew-that dynamically changing microtopography and related lateral fluxes of snow, water and heat can
be represented with-through a tiling approach suitable for implementation in large-scale models, and investigate which of these
lateral processes are important to reproduce observed landscape evolution. Combining existing methods for representing
excess ground ice, snow redistribution and lateral water and energy fluxes in two coupled tiles, we show hew-that the same
model approach can simulate knewsn-observed degradation processes in two very different kinds-efpermafrost landscapes.
Applied to polygonal tundra in the cold, continuous permafrost zone, we are able to simulate the transition from low-centered
to high-centered polygons_which;-and-shew-hew-this results in i) a more realistic representation of soil conditions through
drying of elevated features and wetting of lowered features with related changes in energy fluxes, ii) up to 2 °C reduced average
permafrost temperatures at13-m-depth with-ap-te2->C-in the current (2000-2009) climate, iii) delayed permafrost degradation
in the future RCP4.5 scenario by several decades, and iv) more rapid degradation through snow and soil water feedback

mechanisms once subsidence starts. Applied to-warss;- peat plateaus in the sporadic permafrost-features zone, thise same two-

tile system can represent an elevated peat plateau underlain by permafrost in a surrounding permafrost-free fen; and hewits
degradationes in the future following a moderate warming scenario. These results shew-demonstrate the importance of
representing lateral fluxes to realistically simulate both the current permafrost state and its degradation trajectories as the
climate continues to warm:-. Implementing laterally coupled tiles in ESMs could improve the representation of a range of
permafrost processes which isbeth-efwhich-are- likely to have-impertantimpheationsimpact forsimulations-ef-the simulated

magnitude and timing of the permafrost carbon feedback.




1 Introduction

Permafrost landscapes represent an important, but complex component of the Earth’s climate system. They currently cover
approximately one quarter of the land area in the Northern Hemisphere (Zhang et al., 1999), and exert a major control on the
local and regional hydrology and ecology. Moreover, it is estimated that approximately 1300 Pg carbon is stored in this region,
which is considerably more than the current atmospheric carbon pool (Hugelius et al., 2014). If thawed and mobilized, this

carbon could become a major source of greenhouse gas emissions (Schuur et al., 2008). HeweverOn the other hand, continued

high-latitude warming and widespread permafrost thaw will likely alse-be associated with large-scale vegetation changes,
which could act as an important carbon sink (Qian et al., 2010, McGuire et al. 2018). Understanding the future evolution of
permafrost landscapes, and associated changes in the biogeochemical cycles, is therefore important for future estimates of
climate change (Schuur et al., 2015).

Comprehensive Earth system models (ESMs) are oGur primary tools for estimating future climate change, including

the magnitude and interplay between related-different climate feedbacks. is-the-cemprehensive Earth-system-medels(ESMs)-

Due to the possibly large impact of the permafrost-carbon feedback (PCF) on the climate system, permafrost processes have

received mueh-significant attention in the development of these models during the last decade. Considerable improvements
have been made by including freeze-thaw processes, multilayer soil carbon representation, increased soil depth and resolution,
moss representation and multilayer snow schemes (Lawrence and Slater, 2005; Koven et al., 2013b; Chadburn et al., 2015;
Burke et al., 2013). However, the representation of subgrid-scale permafrost processes remains a major limitation rematnsin

the-lack—ofrepresentation-of-subgrid-seale-permafrost-processes—nof these models (Lawrence et al., 2012; Beer, 2016). In

particular, the ability to simulate changing microtopography resulting from melting of excess ground ice (thermokarst) is

lacking. These processes are currently observed many places in the Arctic:- fin polygonal tundra, Liljedahl et al. (2016) have
documented kewthe transition of low- and flat-centered polygons (LCP and FCP) are-transitioninginto high-centered polygons
(HCP), with large associated changes in local and regional hydrology. On the other hand, sporadic or isolated permafrost
features like palsas and peat plateaus ean-beare only maintained ealy-through small-scale elevation differences and lateral
fluxes of snow and water (Seppild, 2011). Melting of excess ice in these features sets off a feedback mechanism through
subsidence, enhanced snow accumulation, reduced winter heat loss and increased soil ice melt, which cannot be represented
in a single large-scale grid cell. Accounting for these processes in ESMs is of particular importance since the regions with high
amounts of excess ice are-largely coincide te-atarge-degree-alsewith regions-areas with high amounts of soil carbon. Olefeldt
et al. (2016) estimated that 20% of the northern permafrost region is covered by thermokarst landscapes, but suggested that as
much as 50% of the soil organic carbon (SOC) in this region could be stored here.

Painter et al. (2013) described Fthe challenges swith-of capturing the hydrologic response of degrading permafrost,
have-been-deseribed-byPainteret-al(2013);-whe-partitioneding these processes into “subsurface thermal/hydrology, surface

thermal processes, mechanical deformation and overland flow processes”. Some of these have been addressed in individual

studies on local scales. For instance, polygonal tundra in Alaska has been simulated by Kumar et al. (2016) using a multiphase,
3D thermal hydrology model (PFLORTRAN), by Grant et al. (2017) who included lateral fluxes of subsurface water as well

as redistribution of snow and surface water, and by Bisht et al. (2018) who simulated a 104 m long transect with sub-meter
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resolution including snow redistribution and lateral water and energy fluxes. In the warmer (discontinuous and sporadic)
permafrost zones, Kurylyk et al. (2016) and Sjoberg et al. (2016) included groundwater flow and related heat advection in the
simulation of peat plateaus in Canada and Sweden, respectively. Although capturing different aspects of lateral fluxes in ice-
rich permafrost landscapes, these simulations have been performed with models running-operating on high-resolution grids
which are not transferable to largescale Land Surface Models (LSMs). NerFurthermore, these studies have theynot included
the-mechanieal-deformationmicrotopography changes aspeet-needed-to represent transient landscape ehangesevolution, e

which should be treated this-in a unified way that can be applied to both continuous and discontinuous/sporadic permafrost

features.

On the larger scale, Lee et al. (2014) included excess ground ice in a global LSM simulation which estimated land
subsidence related to permafrost thaw and ground ice melt, but without including subgrid-scale variations and related lateral
fluxes. Qui et al. (2018) included a separate subgrid tile in an LSM receiving surface runsoff from the surrounding tiles to
simulate peatlands with related carbon, moisture and energy fluxes. Gisnés et al. (2016) and Aas et al. (2017) used subgrid
tiles to represent heterogeneous snow accumulation, and showed how this influenced soil thermal regime and surface energy
fluxes, respectively. Finally, Langer et al. (2016) employed a two-tile approach to simulate lateral heat exchange in polygonal
tundra, te-showing that heat loss to surrounding land masses was reeded-required to simulate stable thermokarst pondstakes
in Northern Siberia.

In this study.Here we extend the two-tile approach of Langer et al. (2016) with lateral fluxes of snow and subsurface
water flow, and combine this with the excess ice formulation of Lee et al. (2014). In this way, we can dynamically simulate
changing microtopography dynamieally-together-which impactswith-the-effeet-thishas-en lateral fluxes of snow, water and
heat. We thereby aim to for-the-first-time-simulate dyramieal-landscape changes due to excess ground ice melt; and-related
changes-nlateral fhaxes;-in a framework suitable for implementation in ESMs. We apply this laterally coupled two-tile system
to a polygonal tundra site in Northern Siberia and a peat plateau {eeation-in Northern Norway, and compare with results from
a standard 1-D reference simulation. The two sites represent cold, continuous permafrost and warm, sporadic permafrost,
respectively. Signs of permafrost degradation ean—are currently be—foundobserved at both locations, and small-scale
heterogeneity in soil moisture and snow accumulation is a common feature for the two locations. Hence, they represent two
very different climatic conditions_for which —where-current large-scale models fail to capture key small-scale processes that

are important for the soil thermal regime. Aiming for a proof-of-concept rather than capturing the detailed properties at the

test sites, By—testingthe-modelatthese-twoloeations—wwe shew-toexplore the capability of the simple two-tile systemswhat
extent-the-samesimple-meodel-appreach-ean_to represent knewn-observed landscape changes and related water and energy

fluxes.d

vz d arant N o ond on nd ey azh h A he o m

11



2 Methods
2.1 Site descriptions

The model is applied to the two permafrost locations shown in Fig. 1. Samoylov Island in northern Siberia represents a
polygonal tundra location in cold, continuous permafrost, whereas-while the-peat plateaus in Suossjavri, northern Norway,

represents warm, sporadic permafrost. Both locations are, however, examples of carbon- and ice-rich permafrost landscapes

where-in which small-scale lateral fluxes are-impeortantforrepresentingtheof water, heat and snow are known to occur-physieat
state-of permatrost.

2.1.1 Samoylov Island, Northern Siberia

Samoylov Island (72°22°N, 126°28°E) is located in the southeast corner of the Lena River delta. The size of the entire

Delta, including more than1500 islands and about 60 000 lakes, is about 25 000 km? (Fedorova et al., 2015), and the area is
underlain by

continuous, cold permafrost. The island of Samoylov, located in the southern part of the delta, mainly consists of polygonal
tundra surreunding-with a number of ponds and lakes (Fig. 1b; Boike et al., 2013, 2018). All degradation stages described by
Liljedahl et al. (2016) can be found here, from non-degraded low-centered polygons to high-centered polygons with connected
troughs (see Nitzbon et al., 2018). Between 1997 and 2017, the mean annual air temperature at the island was approximately
-12.3 °C, with an annual liquid precipitation of 169 mm and mean end-of-winter snow depth of 0.3 m (Boike et al., 2018). At
the Fhe-depth of zero annual amplitudes-at (20.8 m), andthe permafrost has warmed from - 9.1 °C in 2006 to - 7.7 °C in 2017.
Numerous studies have been conducted on the island, including stadies-investigations of water and surface energy balance
(Boike et al., 2008, Langer et al., 2011a, b) and carbon cycling (Knoblauch et al., 2018; Knoblauch et al., 2015). As a well-
studied site with available meteorological, soil physical, and hydrological measurements (Boike et al., 2018), it has also been
used as test site for various permafrost modelling studies, including ESM validation and development (Chadburn et al., 2015;
Chadburn et al., 2017; Ekici et al., 2014; Ekici et al., 2015).

2.1.2 Suossjavri, Northern Norway

Suossjavri (69°23°N, 24°15°E) is situated in the central part of Finnmark county in northern Norway. It is part of the sporadic
permafrost zone in northern Fennoscandia (Fig. 1), where permafrost outside mountain regions is confined to palsas and peat
plateaus in mires. The site has an elevation of approximately 335 m asl and covers-evere-a- about 23 ha. It is bordered by the
Iesjoka River on the South and the Suossjavri Lake on the East and North and consists of metrie-to-decametrie-palsas and peat
plateaus that rises 20-emup to 2 m above the sevea-surrounding wet mires. These-permafrost-bearingmorphelogiesThese
permafrost features are degrading strongly-are-eurrently-degrading, and-hhaveing lost approximately 30 % of their area in the

last six decades (Borge et al., 2017). Largest degradation rates are seen for the smaller plasas and peat plateaus, which have

lost almost half of their areas in this period, compared to only 15% degradation-acrial loss of the feurlargestr peat plateaus.
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The mean annual air temperature in the region-is usually-range eemprised-betweenfrom -2°C and-to -4°C, with a
summer mean value of 10°C (JJA) and winter value of -15°C (DJF, Aune, 1993, for the 1961-1990 period). The mean annual
precipitation is below 400 mm according to the nearest measurement station (Borge et al., 2017). Mean annual ground surface
temperatures (MAGST) have been measured with iButton® temperature loggers at 25 locations aeress-ene-of-the-mires-since
September 2015, aleng-in conjunction with end-of-summer thaw depths and end-of-winter snow depths at the same points.
These show snow depths on the interierpeat plateaus mostly between zere-0 and 40 cm, an A-Factive layer thickness (ALT)

between 40 cm and 70 cm, and 1°C to 2°C colder MAGST than-compared to the surrounding sireswet mire areas.

2.2 The NoahMP land surface model

Our-The modeling study is performed with the NoahMP LSM version 3.9, with a number of modifications described below.
In its default configuration the NoahMP model (Niu et al., 2011) simulates soil temperature and frozen and liquid water in four
soil layers down to a depth of 2 m. It includes up to three snow layers with representation of liquid water retention and
refreezing, as well as a separate canopy layer. Compared to the original Noah code, NoahMP is an augmented version that
includes multiple alternative model representations for key processes, including parameterizations of supercooled liquid water
and frozen ground hydraulic conductivity (see details in Niu et al., 2011). It is substantially less complex and computationally

expensive than LSMs used in current state-of-the-art ESMs, disregarding—lacking for instance representations of

biogeochemical processes and dynamical vegetation. However, in its basic treatment of soil thermal and hydrological
processes, it is comparable to, and includes some of the same parameterizations as; the Community Land Model (CLM;

Lawrence et al., 2011). Furthermore, lateral subsurface water fluxes are already implemented in this model as part of the WRF-

Hydro modelling system (see sec. 2.2.4). With some modifications it is therefore a suitable base model for studying the

geophysical aspects of permafrost thaw, including the importance of lateral fluxes. In the following, we will describe the

modifications and augmentations to the NoahMP model for our simulations.

2.2.1 Soil resolution, excess ice and soil organic fraction

To better represent permafrost processes, the number of soil layers was increased from the default four to 37, with the total
soil depth increased from 2 m to 7 m or 14 m, plus excess ice thickness (Fig. Al). These soil depths where chosen to
approximately include the zero annual amplitude depth at Suossjvari and Samoylov, respectively, but still be shallow enough
to avoid long spin-up times, as the emphasis here-of this work is on the-near--surface processes rather than the-deep soil
conditions.

Secondly, we added soil organic fraction as an additional (fixed) input variable. Following Lawrence and Slater
(2008), soil thermal and hydraulic properties were calculated assuming a linear weight between organic and the (original)
mineral fractions. This alewedus-tefacilitated simulatinge organic rich soils like peat whose ;whieh-has-properties are very
different than-from the default soil types available in NoahMP.

Following Lee et al. (2014), we included excess ice within the existing layers #-of the model, so that the layer

thicknesses and properties of the layers change throughout the simulation as the excess ice melt. Excess ice is initialized as a
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certain fraction (Fexice), within a certain depth region in each soil column (see Fig. 3 and A1). Because excess ice is incorporated
as an initial condition, it only melts and does not grow. The water from melting excess ice is added to the soil column in the

layer where it melts, or the nearest unsaturated layer above if this layer is saturated.

2.2.2 Implementation of interacting tiles

Sub-grid tiles have been implemented in the original Noah version as part of the Weather Research and Forecasting model
(WREF) to represent a mosaic of land cover types (Li et al., 2013). This tiling included soil columns simulated independently
for each tile, but without any interaction between the tiles during the simulation. Here we build upon this methodology to
explicitly simulate individual land units within a grid cell, but include also lateral fluxes as described below. In the following
general description of the interactive tiles, we will refer to these as tile 1 and 2, but later refer to them as RIM and CENTER

for the polygonal tundra and PPLAT and MIRE for the peat plateau setting (Fig. 2).

2.2.3 Snow redistribution between interactive tiles

To represent the effect of snow redistribution by wind, we scale the amount of snow received in tile 1 and 2 based on the
difference in elevation at the top of the snow/soil column. Similar to Aas et al. (2017), this is done with a scaling factor, so
that the accumulation of snow in tile 7 is calculated according to the grid-cell mean snowfall S, times the scaling factor f; (S; =
fi*S).

The scaling factor is calculated as follows:: fEor snow depths below a minimum snow value (HS,,,;;, ), no redistribution
takes place, i.e. -
fi = 1.0, for Hs; < Hs;,ip, (1)
Once the tile with the highest elevation reaches the minimum snow value, the scaling factor is calculated so that no new snow
accumulates on this tile before the total snow and soil elevation (z;) is-are within 5 cm of each other:

1.0, for |z, — z;| < 0.05m

fir = 0.0, for (z,; —z,,) = 0.05m ’ 2)

1.0 + %, for (z,, — z,,) = 0.05m
1,2

where A refers to the area of the tile, and the subscript refers to the tile number (1 or 2).

2.2.4 Lateral subsurface water flux between interactive tiles

Lateral water flux is calculated similar to subsurface flow in WRF-hydro (Gochis et al., 2015), with a few modifications

relevant for permafrost conditions. The flow rate [m3 s'!] from-& one tile to another can be calculated as

_(—Ttan(B)L, forp <0
q_{o , forB= 0O 3)

where T is the transmissivity, L is the contact length and § is the water table slope between the tiles. T is given by
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Ksat,o0ZB Zwt n
v M (1—5) , for z,e < Zp

0, for z,, > Zg

(4)

Here z,, is the water table depth, Z; is the total soil depth, K, o is the saturated hydraulic conductivity at the surface and n

is a tunable local power law exponent determining the decay rate of K, with depth.

Here we set n = 1, and use the depth to the minimum (highest) frost table depth (Zfym;y) instead of the full soil depth Zp.

Zwt1,2 _Zwtz_l

Inserting tan(B) = >

, where D is the distance parameter, the flow rate can then be calculated as:

Zwtl_z _Zwtz‘l
q _ _WKsat D (Zfrzmin - Zwtmin)' fOT Zfrzmin = Zwtmin (5)
1,2 — s

0' fOT' Zfrzmin < Zwtmin
Here we set the frost table to the top of the first layer (from the top) with more than 1 % volumetric soil ice (including excess

ice). The water table depth is taken as the depth to the top of the first saturated soil layer.

2.21.5 Lateral greund-heat flux between interactive tiles

The lateral ground heat flux [W m2] between two grid-eeHstiles with overlapping soil depth of Az can be calculated as (see
Langer et al., 2016):

L Ty1—T,
481, = — k22 Az, (6)
27 Ar, D

where kj is the thermal conductivity. This is calculated individually for each partially overlapping soil layer.

2.3 Model setup and forcing

The model setup is shown in Fig. 3 and Table 1 and 2 and described separately for the two locations in the following, together
with the forcing data for the corresponding locations. In both cases, a model timestep of 15 min is applied, with zero flux as
the lower thermal boundary condition. To represent larger-scale landscapes with a small number of tiles, we exploit the concept
of self-similarity (i.e. translational symmetry). At both locations, a separate reference simulation (REF) is run with the same
initial conditions as the elevated tile in the laterally coupled system (RIM or PPLAT), corresponding to the same model setup
as emploved in - Byusinethisasthe reference—weuse excessicestudyby-Lee etal. (2014). i.e. a 1D -asthe startinepointexcess
ice representation without lateral exchange. The other (initially lower) tile in the laterally coupled simulation is referred to as

CENTER and MIRE for the tundra and mire locations, respectively.

2.3.1 Polygonal tundra on Samoylov Island, Northern Siberia

The polygonal landscape at Samoylov Island is here-represented with-by two tiles that represent center regiens-and rim
regiensareas, respectively. These are in reality of different sizes and shapes (Fig. 1), but can to a first approximation be

considered a self-repeating pattern, as also described by Nitzbon et al. (2018). Due to symmetry, a larger region can then be
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represented as a single feature with a representative geometry, where-neglecting the interaction between the-different polygons
ean-be-ignored. For simplicity, we here simulate a representative polygon as a circular feature with center and rim of equal
area; and a total diameter of 10 m. Assuming nstead-hexagons instead of circles, like Nitzbon et al. (2018), would only require
minor modifications to the parameters shown in Fig. 3, particularly the distance parameter and the interaction length.

To represent an ice wedge occupying the majority of the soil volume, we initialize the RIM tile with an excess ice
fraction of two thirds between the simulated ALT at 55 cm and 2.8 m below the surface—Fhis, which expands the soil thickness
of the RIM with-by 1.5 m. To allow the RIM to degradesink below the elevation of the center, we additionally-add excess ice
to the bottom soil layer, with the largest amount in CENTER, n-beth-ecoupled-ties)-so that the top-ef RIM-is-only-elevated
total elevation difference is only 35 cm relative-te-CENTER-(Fig. Al).;~whieh_This is an approximate midele-average value
for observed rim heights at Samoylov. The model is initiated-initialized with a soil temperature of -9 °C and fully saturated

and frozen soil throughout the column. Fhis-While this is substantially colder that the equilibrium temperature reached by the
model—Hewever, the soil temperatures in the lowest cell (lower boundary at ca. 16m, i.e. 14 m plus 2.15-2.5 m excess ice)
reach an equilibrium within the first decade of the simulation (mean increase of 0.3 °C yr'!), with-total seil-column-ofabout

inerements-changes vary between positive and negative values.

As model forcing for the Samoylov Island simulation, we used the same model input as Westermann et al. (2016).
This is based on the CRU-NCEP data for the historical period (1901-2015; Viovy, 2018). For the future part of the simulation,
this dataset uses model output from the CCSM4 climate model following the mitigation scenario RCP4.5, to calculate monthly
climate anomalies for temperature, humidity, pressure and wind, and scaling factors for precipitation and radiation. These are
added or multiplied to the high-frequency data from 1996-2005 from the historical (CRU-NCEP) data, —Fhis-methedelogy
followings Koven et al. (2015). The RCP4.5 scenario was chosen as it represents a strong mitigation scenarioeffort, ane-is
henee-an-eptimistie-seenarior-but still shows continued warming in the Arctic throughout the 21 century saking-which makes
understanding permafrost processes highly relevant.

Detailed measurements of snow accumulation from 8 low-centered polygons from 2008 showed average snow depths

of 17 cm on the rims, and 46 cm in the centers, with a total average SWE of 65 mm (Boike et al., 2013). As the model

accumulated too much snow compared to these observations due to a bias in the precipitation forcing (Westermann et al.,

2016), we scaled the precipitation with a constant factor (Pscaie) of 0.6 throughout the simulation in order to simulate realistic
SWE and snow depths. O
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2.3.2 Peat plateaus in Suossjavri, Northern Norway

Similar to the polygonal tundra, the peatland of Suossjavri is represented with two interacting land units. In this case
we represent a single, circular peat plateau with a diameter of 10 m, corresponding to the smaller features observed at-in the
study area. This is placed in a significantly larger (100 m x 100 m) surrounding mire, so that the effect of the coupling is-mainly
affectsen- the elevated tile. The areas of both the mire and the peat plateau can be increased to represent larger features (see
Sect. 4.2), and more complex geometries can be represented by applying appropriate distance and contact length parameters.
As the mire does not contain permafrost, only the peat plateau tile (PPLAT) was initiated with excess ice (Fig. Alb), starting
75 cm below the surface; and-with a total excess ice thickness of 75 cm distributed down to 3.75 m below ground. Both tiles
were started from fully saturated conditions and 0 °C soil temperatures. The soil water was initially unfrozen in all soil layers,
except for the ones containing excess ice, where-in which soil (pore) water was initially frozen.

Forcing data for this location was-were generated in a similar way as the data used at Samoylov Island. CRU-NCEP
data from nearest grid point svas-were used for the historicalal part, whereasile anomalies for the future (starting in year 2010)
were taken from an CCSM4 simulation following the RCP4.5 scenario and added/multiplied to the reference period 1996-
2005. . S L -

3. Results

In the following, we wil-Heek-attheoutline the model results efthe-tweolaterallycoupled-tilescompared-to-theuneoupled
referenee-tile; beginning-with-for the polygonal tundra site in Northern Siberia (seetion-Sect. 3.1) and beforetookingat-the

peat plateau location in Northern Norway (seetion-Sect. 3.2).

3.1 Samoylov Island, Northern Siberia

During the eeurse-efeur-simulation period, Samoylov island experiences a strong increase in annual mean air temperature and
a modest increase in precipitation (Fig. 4a). Mean air temperatures rise-increase from approximately -14 °C in the early 20™
century to as-high-asabout -8 °C towards the end of the 21st century with-the-(RCP4.5 scenario), with most of the warming
happening-occurring during-in the 21% century.

Both the reference and the laterally coupled simulations show stable permafrost with ALT between 0.45 m and 0.65
m during the historical period of the simulation (until 2010). This is in good agreement with observations, showing mean ALT
close to 0.5 m (Boike et al., 2013; 2018). For snow depth and near surface soil moisture conditions, the laterally coupled
simulations show clear differences from REF (Fig. 4 b and c); and mimic mere-eloselymimies-the observed conditions more
closely (see Boike et al., 2013; 2018 and Nitzbon et al., 2018). The simulated maximum snow depths in 2008 compares euite
well with observations for both RIM (0.23 m compared to 0.16 m), and centers (0.39 m compared to 0.46), although the
observations show a considerable spread (see Nitzbon et al., 2018). This was partly achieved —This-agreementisparthydue
toby applying thea scaling factor for precipitation applied-to-thissite-(Pscale) of 0.6 (Table 2). In agreement with observations
(see Chadburn et al., 2017 and Nitzbon et al. 2018), the model displaysP dry near-surface soil conditions in the RIM-tile; and
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mostly saturated_conditions in the -CENTER tile,

MNitzben—etal—2018—adistinetion—which cannot be represented in the REF simulation.: With increasing istg—air
temperatures in the 21 century, the ALT deepens and surface subsidence occurs in REF, reaching 35 cm the-difference

E—Aarround

2030 the-subsidenee-inREF-hasreached 35-em;-and more than 1 m by the end of the century-the-subsidenee-is-mere-thantm;

with-the AT -still-growing. In the eeupled-two-tile simulation, RIM remains relatively stable and elevated above the center

until around 2070, almost four decades later than REF. RIM subsequently subsides due to excess ice melt, eventually sinking

below CENTER, which marks the transition from LCP to HCP. Towards the end of the simulation RIM appears to stabilize
with a subsidence of 80cm and an ALT of less than 1 m, whieh-+s-alse-in contrast to the ureeupled-single-tile REF.

CENTER experiences ALT deepening in the 21% century, which reaches a maximum around 2070. Fhis—The

deepening of the active layer follows the rapid increase in forcing temperature, and lasts until RIM has subsided below

CENTER. After this point the elevated RIM tile has turned into a trough, and the top layers in CENTER starts to drain, resulting

in shallower ALT. This marks the transition from a low centered to a high centered polygon.

Soil temperatures: The annual cycle of the soil temperature is shown in Fig. 5. In current climate (left column), the
elevated rim shows annual temperature variations in the active layer of more than 20 °C, in agreement with observations (Boike
et al., 2018). At depth, the soil temperatures are higher than observed, with values around-abest -3 °C in REF and -5 °C in the
laterally coupled simulations, compared to -8.6 °C at 10.7 m depth observed during the second half of this decade (Boike et
al., 2013). Here it is worth noticing, however, that these-these temperatures are—+ising—and-have increased more than 1 °C
during the last decade (Boike et al., 2018).

Again, clear differences can be seen between REF and the laterally coupled tile system. In the current climate (left
column), REF and CENTER shows a very similar annual cycle, whereas the amplitude of the temperature cycle is much larger

in RIM. In the active layer, the difference is almost exclusively observed during winter, when the effect of shallower snow

depth is decreasing the winter insulation in RIM. Deeper inte-in the soil column the differences in soil temperature become
less pronounced between the two coupled tiles (RIM and CENTER )shew-much-mere-similartemperatures, as heat exchange
between the twe-tiles becomes more important. In the deep soil (Fig. 5c) the temperature is therefere-similar (within 0.5 °C),
but around two degrees colder than in REF. Similarresults-are-seenfortheAt the end of the century (Fig. 5b), exeept-with
eppesﬁ%eha%aete&sﬂes—fer—tk%twe—eeap%ed—tﬂesthe situation has reversed and— Fthe now elevated, dry CENTER with low

snow accumulation ha
RIM largely follows REF. Deeper inte the soil, we-againsee-beth-the two coupled tiles are beirg-again colder than REF,
although the difference is smaller than in the beginning of the century (Fig. 5d). Comparing the temperatures at 2 m depth

Hfeature cold winter temperatures, whereas

from the surface in REF and the area-weighed mean of the two coupled tiles (here mean of RIM and CENTER), we find the
coupled simulation on average 2.1 °C colder than REF during the 20% century. This difference decreases to almost zero during
the transition from LCP to HCP, before the coupled simulation becomes 1.4 °C colder +4->c-during the final two decades of

the simulation.
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Summer surface energy fluxes: A clear difference between the tiles is alse-seen in the summer surface energy fluxes
(Fig. 6). As expected, the dry RIM shows larger sensible (SHHEX) and lower latent (LH) heat fluxes than REF before
degradation, whereas the wet CENTER shows the opposite (Fig. 6 a). This is reversed at-in the degraded state when CENTER
is dry and the trough (subsided RIM tile) is wet. Interestingly, the landscape aggregated values (here the mean of RIM and
CENTER) is only a few W m different from the reference for these two fluxes both before and after degradation (Fig. 6a, b).
We note, however, that this depends on drainage conditions. Here only surface water (infiltration excess) is removed as runoff,
whereas advanced degradation is-of this kind of polygons is often associated with drainage also of the troughs (Liljedahl et
al., 2016). This effect is not included here, but is simulated and discussed by Nitzbon et al. (2018), and would likely meve
increase the Bowen ratio of laterally coupled tiles teswardshicher Bowenratiens—atin the degraded stage compared to both
REF and the non-degraded stage. It is also likely that the difference between the reference simulation and the aggregated values

would be larger with a different areal fraction of RIM compared to CENTER.

The ground heat flux (GRDFLX) is lower during both time periods for the mean of the two coupled tiles than the
REF, due to a substantially reduced flux in the dry, elevated tile (first RIM, then CENTER). This points to the effect of dry
peat insulating the soil, and suggests that the lower temperatures in the laterally coupled system could be a result of both
increased summer insulation as well as the reduced winter insulation mentioned above.

Qualitatively, our simulation captures the observed difference between the RIM and CENTER reported by Langer et
al. (2011b), although the simulation seems shifted towards higher sensible heat fluxes and lower latent heat fluxes. This again
might be related to too low water holding capacity in our simulations, as well as the lack of surface water on top of the low-

centered polygon.

3.2 Suossjavri, Northern Norway

Figure 7 shows the soil moisture, surface elevation, ALT and snow depth at the mire location in the sporadic permafrost zone
in Northern Norway. InHere REF, permafrost starts to degrade at the beginning of the simulations—is—tnableto-maintain
permafrostand, with -the-excess ice-is rapidly disappearing duringewer the first 3-4 decades of the simulation. After this point,

REF aets-has turned into as-a mostly saturated wetland with maximum snow depths around 1 m. The corresponding tile in the
laterally coupled system (PPLAT) experiences low maximum snow depths and dry surface conditions (Fig. 7c), which results
in a thermally stable peat plateau throughout the 20% century. Compared to observations at this location (see Sec. 2.1.2), the
PPLAT shows asemewhat somewhat larger ALT (0.75 - 0.9 m) in the historical period. The initial excess ice does not start to
melt until around 2030, swhieh+s-when both air temperatures and precipitation starts to increasinge rapidly. Accelerating ALT
deepening in conjunction with surface subsidence due to excess ice melt is seen after 2050—At-thispeoint, when the mean air
temperature has stabilized at about -1 °C and precipitation around 650 mm.-Hewever;—+_This-he aceeleration—of-the- ALT
deepentngprocess appears to be driven by feedbacks in the system:: Eirst—we have-the-melt-subsidence-snowfeedback—-Aas

the ATL deepens and excess ice melts, the peat plateau subsides, leading to more snow remaining in this tile and smaller heat

loss during winter, which again enhances summer melt. NextFurthermore, the subsidence also results in a thinner layer of dry

peat as the water table is largely controlled by the elevation relative to the surrounding wet mire, which lowers the insulation
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during summer. Combined with the direct effect of water from the excess ice melt increasing the soil moisture in PPLAT, this

leads to a melt-subsidence-soil moisture feedback, in addition to the melt-subsidence-snow feedback. The surrounding MIRE

is largely unaffected efby the presence and disappearance of the elevated peat plateau as it is heresimulatedassumed to be
about two orders of magnitude larger. Hence, REF and MIRE develops very similarly after the initial excess ice in REF has
melted.

Soil temperatures: The soil temperatures in the laterally coupled tiles differs substantially in the present, non-degraded
state (Fig. 8 a, c). Whereas-While REF and MIRE have nearly identical annual temperature cycles near the surface, PPLAT
deviates en-in several points. First-ef-all, the elevated PPLAT shows cold winter soil temperatures (as low as -7.6 °C in
January), compared to a constant, zero-degree temperature in MIRE and REF. Furthermore, PPLAT responds quicker to the
onset of both summer and winter, with both MIRE and REF shifted semewhat-to warmer temperatures in late summer and
colder temperatures during spring. One key factor controlling these differences is the low snow accumulation in PPLAT, which
lead to both increased annual temperature cycle near the surface; and an-earlier enset-ef spring-due-to-less-energygoingto
snow melt. Another factor is the higher soil moisture in REF and MIRE (both mostly saturated), which due to the high heat
capacity of water wiH-delays the soil response to changing atmospheric temperatures.

Below the depth of zero annual amplitude, PPLAT sees-displays warm permafrost conditions at zere-0 °C, whereas
the MIRE and REF is-feature temperatures close to 3 °C. Here-there-is-aslight-difference between Tthe REF-and MHRE -with
thefermer-being_simulations are about a—guarter-of-a-degree0.25 °C colder than MIRE, due-to-the-memeryatwhich is most
likely a legacy -this-depthof excess ice-frem tee-melting earlier in the simulation (Fig. 7).

After degradation (Fig. 8 b, d), the-differences between the three realization nearthe-surfaceisare marginal between
all-threerealizationnear the surface. At this point, +there is no elevation difference, and-heneeneoso that differences in snow
accumulation er-and other surface fereingattheparameters vanish-surface. The-dSome differences remain in-is-then-eonfined
to-the lewer-deeper soil layers, where the PPLAT tile isstitfcontinues to warming after the ice melt.

Summer surface energy fluxes: The different snow and soil conditions between the MIRE and PPLAT are alse-clearly
visible in the summer surface energy fluxes (Fig. 9). In the present, undegraded state, the PPLAT tile shows almost opposite
SH HEX-and LH fluxes compared to both MIRE and REF, which again are practically identical. Whereas-While the MIRE
and REF both shows three to four times larger LH than SHHEX, the opposite is the case for the dry, elevated PPLAT. At-this

sonboamakleeth oo b o e e e e e e o eope el e Ll e ksl oo 0 Ag the

MIRE is two orders of magnitude larger than PPLAT in the preseat-model setup, the aggregated fluxes is-are only be-marginally
different than-whatafrom the single MIRE tile (similar to REF). However, observed peat plateaus can occupy a large area of
the landscape (as also seen from Fig. 1b), and configurations with representing-MIRE-andlarger PPLAT area ef-mere-equal
size-wilwould likely result in larger differences in the aggregated fluxes.

For the ground heat flux (GRDFLX) the differences are smaller, but still substantial. The elevated PPLAT receives

on average less energy from the surface during summer compared to both RIM and MIRE. With colder temperatures at depth

in this tile, this points to the insulating effect of dry peat-as-being-a-contributerto-sustainingpermafrost, in addition to the

above-mentioned winter effect frem-due to shallower snow depths. In the degraded phase, the difference between all three
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realizations have nearly vanished, as the PPLAT is no longer elevated from the MIRE. Here only a slightly larger GRDFLX
(seareely-barely visible) shows that temperatures belew-in deeper layers are-stil-adjustingfrom-atter-the-iee-meltedhave not

yet reached an equilibrium.

4. Sensitivity studies

To further investigate the importance of the different processes in the laterally coupled system, we perform two sets of
sensitivity studies. First, we look at the effect of selectively turning—on—anactivating -effthe-different lateral fluxes at both
locations, before leekingfurtherinvestigating-at the effect of the distance parameter (D) for the simulation of the peat plateau
Trention,

4.1 Snow, water and heat coupling

Figure 10 shows the surface elevation in the initially elevated tiles (RIM/PPLAT) at both locations for different combinations
of lateral fluxes. Here, the tick blue anrd-red-tines-line represents the reference simulation (similar to REF), whereas the
simulation with all lateral fluxes activated are-inehaded—and-thefullyeeupled-(similar to RIM/PPLAT) is shown with a thick

red line andrealizationstseetion3;respeetively—(in the following referred to as “fully coupled™).
For the polygonal tundra site (Fig._10a) the snow effect alone (thin red) gives similar results as the fully coupled

simulation during most of the time period. The difference is clear only towards the end, when the snow-only experiment
continues to melt and subside with a trough approaching 1 m depth (corresponding to 1.35 m subsidence), whereas-while the
fully coupled system stabilizes with a 45 cm trough. Individualy-aAdding lateral water (yellow) or heat (purple) fluxes has
opposite effects, decreasing and increasing the melting-preeess, respectively. The snow +plus water coupling (green) results
in an almost stable rim throughout the simulation, subsiding only about 10 cm before the end of the 21 century, whereas the
snow +-plus heat coupling (thin blue) results in about 10 years earlier subsidence than the fully coupled realization, but
eventually stabilizing at almost the same depth.

At the peat plateau location in Northern Norway, the combined effect of snow and water coupling is needed to
simulate a stable peat plateau throughout the 20™ century with-the foreingused-here—(Fig 10b). Only the fully coupled (tick

red) and the snow +plus water coupling (green) can represent stable permafrost, whereas all other simulations see-display

degradation starting within the first decades of the 20" century and ground ice disappearing entirely before 1970. This is in

agreement with previous studies of palsas and peat plateaus in this region, pointing to low snow accumulation and dry peat

during summer as the most important factors for their stability (see Seppéla, 2011). Adding the lateral heat flux to the reference

setup (purple) has little effect. However, in combination with the snow and water coupling, the heat flux is-speedingspeeds up

the melt, so that the peat plateau disappears two decades earlier than witheut-the-heateeuphngin the simulations without lateral

heat fluxes.
Seen-In conclusiontegether, it appears that all three lateral fluxes are important at both locations. Compared only to

the reference simulation, the effect of snow redistribution is largest, followed by the effect of coupling through water fluxes

21



ceuphing, whileereas the effect of the lateral heat flux alone is marginal. However, both snow and water coupling act to cool
the elevated tile compared to the CENTER/MIRE, as seen by the delayed subsidence. Hence, an increased thermal gradient
between the different tiles is is-predueedgencrated thatwhich increases the effect of the lateral heat flux, reducing the —Fhe
resultis-thatthe-stabilizing effect of snow and water fluxes are+edueed;-and speeding up degradation. -speededup-The relative
effect of the different processes is therefore complex, and must be seen in combination with the other fluxes.

The influence of the different lateral fluxes is to-seme-degree-sensitive to process implementation and the-key model
parameters-and-how-itis-implemented. This is especially the case for snow redistribution, which in our simulations was found
to be the most important eeupled-lateral process. Here, we redistribute all solid precipitation from the tile with the highest

surface elevation (soil + snow), once a minimum snow depth is reached (Hs,,;;,). Increasing (decreasing) this limit will

decrease (increase) the effect of snow redistribution in the simulation. An additional set of sensitivity simulations with different

values of Hsmin ranging from 0.0 to 0.15 m (not shown) revealed that the landscape evolution at the polygonal site was relatively

insensitive to this value, with the transition from LCP to HCP shifting by less than two decades between the minimum and

maximum value. A larger sensitivity was seen for the peat plateau site, for which the lowest values of Hsmin resulted in stable

permafrost throughout the 215 century. Similarly, the thermal and hydraulic conductivity of the soil swH-determines the effect

of the heat and water fluxes, respectively. However, the effect of lateral heat flux was only important in combination with

snow and/or water coupling, as there must already be a thermal gradient between the tiles before it can have an effect. Einally;

4.2 Distance parameter (D)

At the peat plateau location, Fe-we test-performed hew-a sensitiveity analysis the-system-istoof the distance parameter (D),
weperform-another sensitivity testfor the mire location-As-seenfrom Eq- and-(6);bethwhich determines lateral water and
heat fluxes depend hinearhyin-on-thisparameterin an inverse proportional fashion (Eq. (5) and (6)). However, the water has
the-petential-for-can potentially draining fast-and, with soil water contents -beeeming-inquickly reaching equilibrium, while
the heat conduction is generally much slower-and-remove-temperature-differencestess—effietently. To test a wide range of

parameter values, we-simulatealargersystem-thanin-seetion3-we -Aagain;—we simulate a circular elevated tile (as in Sect. 3),
but scale both the elevated PPLAT and the surrounding MIRE by a factor of 100 in each horizontal direction, are-testing length

scales from 0.2 m to 500 m.

Figure 11 shows the resulting surface elevation in the peat plateau (a), as well as the lateral heat (b) and water fluxes
(c) shown as 10-year running averages. Here we see that for the most part larger distance parameterss correspond to earlier
permafrost thawselt and ground subsidence. This is clearly a water effect, as the simulated annual horizontal heat flux (HHF)
is small ;(-and-scaleings almost linearly with D !-) and snow redistribution does not depend on this parameter. Hence the main

mechanism appears to be that larger D gives-sleads to lower lateral water flux;es and hence a higher soil moisture and larger

soil thermal conductivity at PPLAT. Only with very small or large D is this picture reversed. Geing-Increasing frem-the
distance parameter effrom 0.2 m to 0.5 m gives-instead results in a slight delay in degradation, as- Fersueh-smalvalues-ofD;
the changes in lateral heat fluxes are—become important for such small values of D,; whereas—while lateral-water
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redistributionwaterfluxes occursare almost instantaneousty and doeses not change noticeably- Henee-the-effeet-isso that-that

larger values of D giveslead to a slower degradation. In the other end of the simulated range, degradation is also delayed when

geing-increasing D from 50 m to 100 m; and further to 500 m. With-sueh-large D-valaesIn these cases, the drainage is much
slowers;—and, so that full drainage on the annual time scale is no longer realized. Henee-Therefore, other processes like the

higherinereased heat capacity due to frem-increased soil moisture might be more important than the conductivity effect of
reduced drainage.

This sensitivity analysis shews

what-highlights the importance of different —twe—La%eml—sabs&mﬁaeﬁefeeesses—afﬁnpeﬁaﬂtlateral fluxes on different scales,

shewing-suggesting that the resultsfrom-the-previeusseetioncftect of laterally coupled tiles strongly depends strengly-on the
geometries and sizes of the landscape structures represented.

5. Discussion

With a relatively simple two-tile system, we have been able to simulate observed microtopographic changes associated with
degradation of ice-rich permafrost-degradation. As-a-direct-etfeetwe-haveseen-that-this-altered The introduction of laterally

coupled tiles influenced both the mean soil temperatures, active layer thicknesses, timing of permafrost degradation, soil

moisture conditions and the surface energy balance fluxes. In the following, we wil-discuss limitations and sources of errors
in the current study (5.1), hew-this-methed-might-be-implementationed in large-scale models (5.2), and possible implications
for stmulatiens-simulatingef the PCF (5.3).

5.1 Limitations and sources of errors

The method applied here is by design a minimalistic approach to include the-important lateral processes in permafrost
landscapes, where-keeping the number of new parameters (see Fig. 3) have beenkeptat a minimum. As capturing the detailed
properties at the two speeifie-test siteslocations has-have not been_the objective of this study, the different model parameters
have not been fine-tuned, neither for the default NoahMP model nor the new tile geometry parameters. As noted abewvein Sect.

3, there are differences between simulations and observations for both locationsthe-ebserved-properties-at-the-two-loeations;
and-whatis-simulated-here. In particular, the simulations showed considerably warmer permafrost temperatures and a larger

Bowen ratios at Samoylov Island, whereas-while the peat plateau at Suossjavri appears more stable in the simulations than

whatis-ebservedcompared to observations (Borge et al., 2017). In the following, we wi-discuss seme-aspects of the two-tile

system that were found to be particularly important for our simulations, as well as etherpreperties-and processes ignored
herein the model setup, which —whiehFhese-might explain some of the these-discrepancies-between-eursimulations-and-what
is-observed-at-thesesites. However, given the relatively coarse resolution of the forcing data, a certain disagreement must be

expected.
Snow:-First;t The minimum snow depth_(Hsmin-) was found to be a key parameter. As seen in Fig. 10, the timing of

the degradation at both locations wwere-was sensitive to the snow redistribution. This was further confirmed with the sensitivity
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simulations exploring different Hsmin values, and Fhis-is in agreement with previous studies on the effect of the seasonal snow

cover speow-on the thermal regime (e.g. Ginsas et al., 2016). FerIn our simulations, #wasfeund-thataa higher minimum snow
accumulation limit was needed for the peat plateau (10 cm) than for the polygonal site (5 cm); in order to simulate stable
conditions in the beginning of the simulation and degradation within the current century. We note that the end-of-winter snow
depths at both locations are within the observed range; and that differentthe Hsmin values mainly affects the timing of initial
permafrost thaw. In the future Ideally; this value should ideally inthe-future-be linked to surface characteristics, such as the
like-vegetation height.-

o5 1i on heicht

Excess ice initialization: Another key aspect of the esupled-two-tile system is how the excess ice is initiatedinitialized,
in particular the—Fhe depth at which the excess ice was-is inserted in the soil column (Zextop)-cottd-in-theorybesetto-the
observed-ALT.- TTest simulations revealed;however; that inserting the excess ice this-at a too large or too shallow depths
werldresulting in either-a too stable or too unstable-dynamic system, respectively. faserting-thisSetting Zexiop atto the depth of
the simulated ALT was therefere-found te-be-impertantto-simulateproduce reasonable degradationsresults, while inserting the

excess ice below the observed ALT, resulted in immediate excess ground ice melt, as the active layer thickness was

overestimated for both locations (Sect. 3). Likewise, the density-volumetric fraction of the excess ground ice is important for

how fast the system evolves once degradation starts.; ard-Aat the polygonal tundra site, what-this in particular determines is

thethe new stable state after excess ice thaw in RIM, as it determines how fast an excess ice-free buffer layer can form. The

values used kere-in the simulations isare to some extent based on observations and expert judgement, but still a certain degree

of trial and error was needed, in particular to simulate a stable trough at the tundra site, without a continued, unrealistic
deepening of the RIM tile.

Soil properties: An important limitation in the current model system is the uniform soil properties, both with respect
to depth and between the tiles. This is a simplification inherent in the current NoahMP model, which does not consider different
soil types at different depths, including swhichinehaded-alse-our implementation of organic fractions. This meant that in order
to represent observed soil properties near the surface, in particular the high porosity typical for peat, we likely had to accept
alse-simulated-too large porosities deeper #te-in the soil. Fhe-effeetefthisisthatAs a consequence, -too much soil water is
undergoes a phase changeehangingphase at the bottom of the-in-the active layer-every-year, dampening the temperature signal
from the surface. Anether-effeet-might bethatln addition, as the initial amount of soil (pore) ice is too large, too much the
energy might be needed to thaw the soil- HH
to-setl-properties;-Furthermore, formation of new is-thelaek-efnew-excess ice fermationandis not represented in the model,

as well as-ef explicit representation of surface water above the soil column, ;beth-efwhichmightactto-slow-down-degradation:

While appropriate model formulations are lacking for the former-is-a—ere—tneertainprocess—for-which-appropriate-medel
formulations—arelacking, the latter has been accounted for in the-a companion paper (Nitzbon et al., 2018)_using a more

dedicated permafrost model.

Larger scale hydrology: As shown in the-eempanton-paper{Nitzbon et al., 20183, the hydrological setting surreunding
hydrelegy-iswithin the larger-scale drainage regime is important for the stability of permafrost in polygonal tundra. Here-In

24



this study, we-havesimulated-one-hydrological setting—where-surface water is removed as runoff, but-etherwise-thepolygon
is-detachedfrom-the surreundingswhich corresponds to a single (possible rather artificial) hydrological setting. Observations
from Samoylov Island reveals-heweves; that very different hydrological conditions can be found even on this relatively small

island. Simulating instead-surface water in low-centered polygons, or water-filled troughs in the degraded, high-centered stage,
world-would likely modify the results presented-here-through reduced albedo, increased heat conduction and lower snow

redistribution due to smaller elevation differences between the tiles. Results from model simulations, which —ncladingtake

larger-scale hydrology into account-these—proeesses, show increased soil ALT and earlier permafrost degradation when

standing water is included (Langer et al., 2016; Nitzbon et al., 2018).-
Vegetation: Another factor not considered in this study that-eould-medify-theresults-is the influence of vegetation;
which-hasnot-been-—censidered-here. In particular, the appearance of new vegetation in troughs might-is likely to lead to an

increased insulation, and act as a negative feedback to the degradation of the polygons, while also interacting alse-with the

local hydrology.
Other lateral processes: Finally, we—nete—that-there are other lateral processes that-we—have—not accounted for,
ineludingsuch as lateral erosion and heat advection associated with lateral water flow. While-we-have-included-theeffectof

rrargins-Lateral erosion is a complex process, which likely requires accounting for the heat input along the (vertical or inclined)

erosion surface, which cannot be included in the presented model scheme in a straight-forward fashion. Furthermore, our

simulation only includes lateral water flux near the surface, whereas-while a number of studies have demonstrated that deeper
water movement and related heat advection might affect soil thermal conditions (Kurylyk et al., 2016; Sjoberg et al., 2016).
Both of these processes Hikely=might play a roleeentributete for the degradation of peat plateaus currently observed in Northern
Norway.

Despite these limitations, fn-summary—we-have seen-that Despite-these- limitations;eurour results shew-suggest a
major 1mprovement in terms of representlng current permafrost conditions at the two locations;-despite-theselimitations—and
i , with —Fhe-discrepancies with in-situ eurrent

observations are-consistently smaller for the laterally coupled simulation compared to REF. Considering alse-thatebservations
from-both-loecationsshow-econsiderablethe documented spatial variability of the permafrost ground thermal regime,tion—and
eurrent-temperataresat-the pelygonal site israpidly-inereasing;- we consider these differences aeeeptable-to be modest, mainly
influencing the timing of the future permafrost degradation. Nevertheless, adding further key processes to the two-tile system
FEurtheris likely to 4 vimprove the simulation results-addingmoreprocesses
to-the-two-tile-system. Here, we highlightconsider the representation of standing water as the most important process—we
constderto-be-ofhighestpriority, followed by representation of-F
with vertically varying organic fractions and soil types, andsas well as as—well-as-dynamical vegetation. Most of these are;
whiehis already included in several large-scale LSMs (e.g. Lawrence et al., 2011; Reick et al., 2013).
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5.2 Interactive tiling in coupled ESM simulations?

n this study, we have used NoahMP

as a test model, in which_the representation of subsurface processes is are-represented-comparable to LSMs used for global

climate simulations. In the-a companion study, Nitzbon et al. (2018) kave-demonstrated that the same basic method can be
utilized in a completely different model, which suggests that the method is medel-independent_of the individual model setup.

Implementation in a large-scale LSM, also with full biogeochemistry, should therefore be-more-efarather be a technical rather
than a conceptual challenge, as is applying the modified model online in an ESM framework. From the theoretical side, the
challenge is mainly the scale gap between the small-scale units considered here (on the order of 10 — 100 m) to the 100-km
scale typical for current global simulations. However, as mentioned in seetien-Sect. 2.3, the concept of self-similarity offers
the possibility to represent larger landscapes with a small set of laterally coupled units.

As the simplest implementation, we-suggest-using-the two-tile structure outlined here-in this study te-could represent

a fraction of a grid-cell in a large-scale model, alongside the default LSM simulation. Using for instance the maps from Olefeldt
et al. (2016) i
thesecould-ean be represented by a separate land unit consisting of two laterally coupled tiles.- Ground ice data from Brown et
al. (1998) could provides a starting point here, which-was-alse-usedsimilar to -n-ththe study by Lee et al. (2016). tn-thesimplest

orm;-this-would require-only-some representative seometries foreach-type-of permafrost landseape-Assigning excess ground

, arcas of ice-rich permafrost

ice to the first soil layers below the simulated ALT is4n-our-viewhas been a reasonable first-order choice for the two test sitess

, but this procedure is likely not adequate for areas with excess ice well below the current active layer, e.g. due to burial or

melting of excess ground ice in the past (e.g. truncated ice wedges, Brown, 1967). Ultimately, new global data sets for ground

ice depth, whereasexcess ice density —and the-geometries forof the two tiles must be compiled, for example building on

approaches as in Hugelius et al, (2014) and Strauss et al., (2017). Nevertheless, even with Evea-with-relatively crude estimates

of representativegeometriesthese parameters-in-each-permafrostregion, the proposed method would this-weuld-for the first
time allow including the effects of lateral heat, moisture and snow fluxes on permafrost degradation in global models. As

suggested by field observations (Liljedahl et al., 2016), these can have substantial effects on the evolution of the permafrost
region which cannot be represented when assuming homogeneous permafrost and ice distributions.

The method described here is, however, not limited to a two-tile structure. As demonstrated by Nitzbon et al. (2018),
the same basic formulation can be applied also with three tiles, and with water exchange with an external reservoir. In such a
configuration, the coupling method already gives a substantially higher level of eemplexity-and-realism for the specific site
studied (Samoylov Island), although the number of input parameters is correspondingly increased. From a system with three
coupled tiles, one ean-could expand the method further to more coupled tiles representing physical locations in a single system
(like surrounding hills or waterbodies), or to an ensemble of two- or three-tile systems with different geometries within a single
grid cell. However, with the computational cost of current LSMs used in ESMs, this wewld-is likely relativelreuieldyto become

a large computational burden.
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Regardless of the choice of implementation, the method proposed here should be considered in the context of a larger

effort to improve the representation of horizontal land processes ESMs. The land component of coupled atmosphere-land

surface models has-is typically been-of considerable complexity in the verticallycomplex dimension, but includesd little

horizontal interaction and variation (see e.g. Clark et al., 2015). While representing heterogeneous excess ice is a relevant only

in certain regions, we believe that a more flexible model structure with individual sub-grid soil columns that can exchange

water and snow is a concept that deserves further investigation also in other regions.

5.3 Interactive tiling to improve simulations of future permafrost-carbon-feedback?

Improved representation of the PCF is a key motivation for the model developments euthned-herein this study;. I-n the

following, and-we will-therefore-inthe folewing-discuss the prospectsqualitatively-how-itmight be-affected-by-the geophysieal

changesseenhere: of a coupled tile structure in LSMs with respect to simulations of carbon turnover in permafrost regions.

As a first order effect, the PCF depends on how much, and s#herat what time, currently frozen ground is thawed and
soil carbon exposed to microbial decomposition. As substantial changes in permafrost state (e.g. Fig. 5) and timing of
degradation (Fig. 4 and 7) have been demonstrated here, it is clear that also the simulated PCF will-is likely be-affected by
implementing this method in a fully coupled ESM. The CMIPS ensemble of climate models showed drastically different
permafrost areas (Koven et al., 2013a), which have been a major contribution to the uncertainty in the PCF. More recent
simulations with improved ESMs (McGuire et al., 2018) still show significant ws-huge-differences in simulated PCF and
vegetation response in the permafrost region:, d-Fhis-is-despite the fact that they all still-lack thea representation of kind-eof

sub-grid processes-inetaded-here. Our results therefore suggest that the lack of lateral processes that-eurrentin current large-

scale LSMs used-in-elimate-medelsmight-alse-havecould potentially contribute to large-biases in the ameunt-ef-permafrost
area and when-it-could-thaw-due-to-the lack-of lateral processes-diseussed-heretiming of thawing (e.g. Rowland et al., 2015).

Ontep-efthisFurthermore, our method shows a non-linear behavior and thresholds that are not found in the reference

simulation. Both the polygonal tundra and peat plateau settings shew-display mere-stable conditions when lateral fluxes are
included, before relatively rapid changes were-are initiated. One reason for this; is the non-linear effect of the snow coverhas
on the insulation of the se#-ground during winter. When considering a grid-cell sean-averaged snow depth, the effect of
slightly increased or decreased snow accumulation is eften-generally small. However, in a laterally coupled system swhere-in
which snow redistribution depends on dynamical micro-topography, even a small increase in snow accumulation can be

enough to initiate-trigger a change. Once elevated features begin to degrade, they-more snow begins to accumulate, so that the

changes cannot be reversed; and may not even-stabilize before reaching a new state, even if the initial changes in snow

accumulationfereing- were temporary. This kind-efbehavierirreversible behaviour has-should be investigated in more detail
imphieations-for fer-so-called overshoot scenarios;which-is-being diseussed-inrelation- which are discussed in the context ofte

the more ambitious mitigation scenarios (Comyn-Platt et al., 2018).

Accurate simulation of the PCFPEC-depends also on the soil moisture conditions under which permafrost thaws and
carbon is mobilized. This has been demonstrated both in laboratory measurements-studies (Elberling et al., 2013; Schédel et

al., 2016; Knoblauch et al., 2018) and model simulations (Lawrence et al., 2015), showing that a realistic simulation of local
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hydrology is important for PEC-PCF simulation. Our results here capture key soil moisture conditions observed in the two

kinds-ef-simulated permafrost landscapes-simutated, which cannot be represented in the reference simulation. Furthermore,

our method simulates the rapid transitions in soil moisture conditions that are associated with thermokarst development, which
might in itself be an important factor for the amount and partitioning (CO2 vs CH4) of carbon release to the atmosphere.
Incubation measurements-experiments have shown that the largest greenhouse gas production from thawing permafrost could
be realized when previously wet soil was decomposed under drained conditions (Elberling et al., 2013). This is exactly the
process observed in the centers when LCP transition #te-to HCP, which again demenstrates—suggests that the processes
included here might play an important role in-aeeurately-simulating PEC-for simulating permafrost carbon turnover.

Finally, the-sub-gridlaterally coupled tiling propesed-here-will likely impact dynamical vegetation modeling in the
permafrost region, which is important for understanding the future carbon signal from this region. Both greening and browning
of the Arctic have been observed ever-in the recent past-and-both-could-be-expected-alse-in-the-future, although models predict
a general greening and increased carbon storage in vegetation is—what—medels—are—predieting—(McGuire et al., 2018).

Representing sub-grid variability in snow and soil conditions in conjunction with a dynamical vegetation model might

contribute to simulate future vegetation changes more accurately, e.g. by representing frost damage at locations with shallow

snow cover (Phoenix and Bjerke, 2016)

. This further exemplifies the potential

_realism-whenfor simulating land-

atmosphere interactions in the Arctic permafrost region_in a more realistic fashion.

6. Conclusions

Here-In this study, we have-simulated dynamically changing microtopography and related lateral fluxes of snow, water and
heat in permafrost landscapes with-using a two-tile model approach;-and-applied-it-to-two-very-differentkinds-of permafrost

landseapes. The model is tested for polygonal tundra in the continuous and peat plateaus in the sporadic permafrost zone,

representing two highly different permafrost landscapes dominated by ice-rich ground. The main findings of our investigation
are as follows:

1. Currently observed degradation processes in both polygonal tundra and peat plateaus could be simulated with a simple

tiling approach accounting for changing micro-topography and small-scale lateral fluxes. This included representing

the transition from low- to high-centered polygons and the transition from a stable to degrading peat plateau in the

sporadic permafrost zone.

2. The timing and speed of degradation at the polygonal site differed strongly between the two-tile model and reference

simulations with a classic model using only a single tiletwo-simulations. Whereas reference simulation showed slow,

but eentinuing-consistent degradation-which-did-netstabilize-during-the simulation, the laterally coupled tiles showed

a delayed onset of permafrost degradation, followed by a more rapid ice melt and subsidence, before the system

stabilized in a new state with an elevated, dry center and wet trough.
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3. Deep soil temperatures differed substantially between the reference simulation and the two-tile system. For the
polygonal tundra site-at-Samelylov-Island, the-simulated temperatures at approximately 13 m depth was-were about
2 °C colder with coupled tiles inthe-eurrentehmatecompared to the reference simulation.

4. The two-tile model was capable of representing Bdry near-surface soil conditions in the elevated features eetld-be

represented-at both locations, with substantial effect on surface energy balance fluxes.
5. Sensitivity studies showed that lateral fluxes of snow, water and heat all affected the stability of the permafrost at
both locations, with their relative contribution depending on the distance parameter.
These results show that lateral fluxes and changing microtopography have a strong impact on simulated permafrost extent
and conditions. Together with the-a companion study by Nitzbon et al. (2018), we have-demonstrated that this-laterally
coupled tiles facilitate a simple and computationally effective first-order representation for a range of observed
degradation processes in ice-rich permafrost arcasean—berealizedto—a—first-order—with-a—simple-and-computationally
effeetivetiling—appreach. Applying the proposed method in land surface models with full biogeochemistry shows

significant potential to drive simulations of the permafrost-carbon-feedback towards reality.

Code availability. The NoahMP model code is available at https://github.com/NCAR/hrldas-release. Modifications to the

code implemented here are available from the corresponding author upon request.
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Figure 1: a) Location of the two test sites on top of the map of permafrost distribution in the Arctic (Brown et al. 1998). b) example
of low-centered polygons on Samoylov Island, Northern Siberia (Photo: Sebastian Zubrzycki). ¢) Example of peat plateau near
Suossjavri, Northern Norway (Photo: Sebastian Westermann). The two sites are located in the continuous and sporadic permafrost
zones, respectively.
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Figure 2: a) Schematic presentation of undegraded, low-centred polygon (left) and degraded, high-centred polygons (right) with
corresponding tiles used in this study (adapted from Liljedahl et al. 2016). b) Schematic presentation of peat plateau in a surrounding
mire (left), and the mire after the peat plateau has degraded (right), with corresponding tiles.
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Figure 3: Schematic presentation of the two-tile system with geometry parameters. Parameter values used for the two locations are
listed in Table 1.
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Samoylov Island, Siberia
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Figure 4: a) 10-year running average of mean annual air temperature (MAAT) and mean annual precipitation (MAP) at Samoylov
Island. Soil moisture and surface elevation are shown as colored region in b) reference simulation, c) and in the_laterally coupled
tiles. Note that both the surface elevation (relative to the CENTER tile) and the unsaturated soil (orange and green colors) change
in the coupled tiles as excess ice melts and the lateral fluxes changes. -Maximum annual snow depth (MaxSD) and active layer

thickness (ALT) are shown as gray and black lines, respectively.
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Figure 5: Average annual temperature cycle during first (a, ¢) and last (b, d) decade of 215t century at Samoylov Island, in the 5%

model layer (a, b; 0.23 m below surface) and the 37t model layer (c, d; approximately 13 m below reference height). See layer depths

in Fig. Ala.
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Figure 6: Summer surface energy fluxes at Samoylov Island during first (a) and last (b) decade of the 215t century in reference
simulation (REF) and laterally coupled tiles (RIM and CENTER). HEXSH: sensible heat flux, LH: latent heat flux, GRDFLX:

ground heat flux.
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Suossjavri, Northern Norway
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Figure 7: a) 10-year running average of mean annual air temperature (MAAT) and mean annual precipitation (MAP) at Suossjavri,
Northern Norway. Soil moisture and surface elevation are shown as colored region in b) reference simulation, c) and in the laterally
coupled tiles. Note that both the surface elevation (relative to the CENTER tile) and the unsaturated soil (orange and green colors)
change in the coupled tiles as excess ice melts and the lateral fluxes changes. -Maximum annual snow depth (MaxSD) and active

layer thickness (ALT) are shown as gray and black lines, respectively.
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Figure 8: Average annual temperature cycle during first (a, ¢) and last (b, d) decade of 21t century at Suissjavri, Northern Norway,

in the 5% model layer (a, b; 0.23 m below surface) and the 37" model layer (c, d; 6.5 m below reference height). See layer depths in

Fig. Alb.
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Suossjavri, Northern Norway (b) for different combinations of lateral fluxes. Thick blue line represents reference simulations (REF;

no lateral fluxes), and thick red line represents fully coupled_two-tile simulation. S: snow, W: water, H: heat.
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of PPLAT is different (larger) here than in the standard simulations (Fig. 7), giving a different evolution for the same (D=10) distance

parameter.

40



Location: | A{(m2) | A¢(m2) | L(m) | D(m) | e(m) | Zextop(M) | Zexbor(m) Fexice
(%)
Sam 39.3 39.3 222 | 427 | 0.35 0.55 2.8 66.7
Suo 9.92¢3 78.5 31.4 | 10.0 | 0.75 0.75 3.75 25.0
Table 1: Tile geometry and excess ice distribution. See detail in Fig 3.
Location: | OrgF(%) | Scenario | To(°C) HSpin (M) | Pscale Soil
type
Sam 50 RCP4.5 -9.0 0.05 0.6 Silt
Suo 80 RCP4.5 0.0 0.1 1.0 Silt

Table 2: Soil properties and initial conditions.
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Figure A1: Vertical resolution and at Samoylov Island (a) and Suossjavri (b). Gray colours indicate layers initialized with excess ice.
Excess ice initiated in bottom layer at Samoylov Island is used to adjust the rim height (e,.) independently of near-surface excess ice.
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