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Abstract. Infrastructure built on perennially frozen ice-rich ground relies heavily on thermally stable subsurface conditions.
Climate warming-induced deepening of ground thaw puts such infrastructure at risk of failure. For better assessing the risk
of large-scale future damage to Arctic infrastructure, improved strategies for model-based approaches are urgently needed.
We used the laterally-coupled one-dimensional heat conduction model CryoGrid3 to simulate permafrost degradation
affected by linear infrastructure. We present a case study of a gravel road built on continuous permafrost (Dalton highway,
Alaska) and forced our model under historical and strong future warming conditions (following the RCP8.5 scenario). As
expected, the presence of a gravel road in the model leads to higher net heat flux entering the ground compared to a reference
run without infrastructure, and thus a higher rate of thaw. Further, our results suggest that road failure is likely a
consequence of lateral destabilization due to talik formation in the ground beside the road, rather than a direct consequence
of a top-down thawing and deepening of the active layer below the road centre. In line with previous studies, we identify
enhanced snow accumulation and ponding (both a consequence of infrastructure presence) as key factors for increased soil
temperatures and road degradation. Using differing horizontal model resolutions we show that it is possible to capture these
key factors and their impact on thawing dynamics with a low number of lateral model units, underlining the potential of our
model approach for use in pan-arctic risk assessments.

Our results suggest a general two-phase behaviour of permafrost degradation: an initial phase of slow and gradual thaw,
followed by a strong increase in thawing rates after exceedance of a critical ground warming. The timing of this transition

and the magnitude of thaw rate acceleration differ strongly between undisturbed tundra and infrastructure-affected
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permafrost ground. Our model results suggest that current model-based approaches which do not explicitly take into account
infrastructure in their designs are likely to strongly underestimate the timing of future Arctic infrastructure failure.

By using a laterally-coupled one-dimensional model to simulate linear infrastructure, we infer results in line with outcomes
from more complex 2D- and 3D-models, but our model's computational efficiency allows us to account for long-term
climate change impacts on infrastructure from permafrost degradation. Our model simulations underline that it is crucial to
consider climate warming when planning and constructing infrastructure on permafrost as a transition from a stable to a
highly unstable state can well occur within the service life time (about 30 years) of such a construction. Such a transition can
even be triggered in the coming decade by climate change for infrastructure built on high northern latitude continuous

permafrost that displays cold and relatively stable conditions today.

1 Introduction

Land surface temperatures in the Arctic are reported to have warmed by more than 0.5 °C per decade since 1981 (Comiso
and Hall, 2014). This exceeds the average global warming by a factor between two to three and already is leading to
pronounced observable cryospheric changes ranging from sea-ice decline, Greenland ice sheet melt and reduction in spring
snow cover, to a wide range of permafrost degradation processes (Rowland et al., 2010). Rapid changes of permafrost
landscapes are in particular triggered and accelerated by melting of excess ground ice, resulting in land surface subsidence
(Kokelj and Jorgenson, 2013). The potential damage to ecosystems and infrastructure caused by permafrost thaw is linked to
diverse ecological, social, and financial risks. The economic development of the Arctic requires highly resilient
infrastructure such as supply roads, pipelines, fuel storages, airports, and other buildings to be constructed on highly
sensitive frozen ground (Larsen and Fondahl, 2015). Even offshore activities and shipping in the Arctic depend on reliable
onshore facilities in permafrost-dominated regions such as ports and local transportation networks. Functional and safe
infrastructure is important for the livelihood of the local population, and is directly dependent on the thermal stability of the

underlying and surrounding permafrost (Romanovsky, 2017).

Field investigations have demonstrated that the degradation of permafrost landscapes is not limited to top-down soil
warming and thawing, but is often accompanied by thermokarst and a variety of erosional and mass wasting processes that
operate on different spatial and temporal scales (Fortier et al., 2007;Liljedahl et al., 2016). Landslides, thermokarst features,
and thermo-erosion gullies are prominent geomorphological features that reflect the active dynamics of destabilized
permafrost landscapes, which directly threaten man made infrastructure (Nelson et al., 2001). Infrastructure itself can also
cause thermokarst and other processes resulting from thawing ground ice. Significant efforts are made during road planning
to quantify ground ice (Trochim et al., 2016). Ground ice distribution is one important factor towards understanding and

predicting thermokarst processes that affect infrastructure. Additionally, these thermokarst processes in turn affect local
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heat, water, erosion and carbon and nutrient exchange processes, so that a variety of feedback mechanisms such as additional
greenhouse gas emissions may well be associated with permafrost erosion (Chapin et al., 2005;Schuur et al., 2015;Schneider
von Deimling et al., 2015;Walter Anthony et al., 2018). Climate, terrain and local processes are critical additions to generate
holistic understanding of infrastructure response to permafrost (Stephani et al., 2014). Reliable and prompt assessments of

risks of possible damages to both the ecology and infrastructure are therefore critically important.

Recent studies indicate that many areas are already experiencing issues, including Alaska where this study is focused. 18%
(34 out of 187) of rural communities evaluated there were designated as high risk with over half located in continuous
permafrost (Kanevskiy et al., 2019). In the oilfield region of Prudhoe Bay on the North Slope of Alaska, permafrost
degradation has been documented over 62 years with acceleration after 1990 in the rates of thermokarst related to a rise in
summer air and permafrost temperatures (Raynolds et al., 2014). Considering projected climate change under the RCP8.5
scenario, Streletskiy et al. (2019) and Suter et al. (2019) show that infrastructure built on permafrost will be negatively
affected by decreases in bearing capacity and ground subsidence by mid-century, resulting in large infrastructure lifecycle
replacement costs. The risk of disasters caused by damage to sensitive infrastructure such as pipelines, fuel storages, and
plants have yet to be estimated. Passive cooling techniques can be effective at reducing climate effects but mitigation and
adaptation can be more expensive than conventional construction (Doré et al., 2016). Globally, the emission of additional
greenhouse gases from thawing permafrost is increasing the risk for extra costs of overall climate change (Hope and
Schaefer, 2016;Melvin et al., 2017).

Given the lack of high-resolution circum-Arctic model projections of permafrost thaw and subsidence, recent risk assessment
studies of infrastructure failure have used statistical approaches and suggested that fundamental engineering structures in the
Acrctic are at risk by mid-century (Hjort et al., 2018;Karjalainen et al., 2019). Such statistical approaches allow accounting
for various sources of local-scale information such as ground ice content, sediment type, or slope gradient at comparatively
low computational costs. They have their strength in providing high resolution geospatial maps for evaluating the potential
of future infrastructure failure in specific regions. But these statistical approaches cannot capture transient changes in
permafrost well enough and they particularly fail to predict dynamical and non-linear features of permafrost degradation
(such as thermokarst). Therefore these approaches can miss key factors that determine the timing of future infrastructure
damage, which likely lead to an underestimation of the timing when infrastructure is at risk in the future. Daanen et al.
(2011) have suggested a risk assessment approach that can benefit frozen ground engineering applications. Their approach
accounts for dynamical permafrost modelling, driven by regional climate change predictions, to estimate a Permafrost Thaw
Potential which includes the effects of climate warming and infrastructure elements on future thawing depths but does not
account for lateral interactions between infrastructure and adjacent permafrost ground. Different approaches used in previous

studies have their strengths and weaknesses, outlined below.
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1.1  State-of-the-art global modelling of permafrost degradation

The current global land surface models (LSMs) have undergone extensive improvements within the last decade to include
key processes related to permafrost changes and degradation. The focus of these model developments is on a better
description of physical thaw processes and of biogeochemical cycles of soil carbon release, but the impact of infrastructure
has not yet been included.

Widespread thawing of permafrost is expected in a warmer future climate and LSM-based model studies suggest large-scale
degradation of near-surface permafrost at the end of the 21st century (Lawrence et al., 2008;Lawrence et al., 2011).
However, current modelling approaches used to simulate permafrost degradation under a warming climate are highly
simplistic since they only consider one-dimensional (top-down) thawing and ignore important lateral processes such as snow
redistribution, soil erosion and mass wasting - common processes in many regions that accelerate thaw. This limits the
ability to understand the magnitude of impacts under permafrost thaw. Thus, current model assessments are most likely far
too conservative in their estimates of permafrost thaw impacts, which is underlined by observational evidence of strong
permafrost degradation even under present day climate conditions not being captured by models (Farquharson et al.,
2019;Nitzbon et al., 2020).

1.2 Modelling climate change impacts on infrastructure built on permafrost - an issue of scales

Under the current projections of climate warming in the Arctic, there is an increasing need to incorporate these permafrost
thaw scenarios into understanding the fate of infrastructures in the Arctic region. Given the pace of permafrost degradation,
Arctic infrastructure may well be seriously affected within 30 years, a common service lifespan for many infrastructure
types. It is important to note that infrastructure constructed on permafrost is not only being impacted by climate change, but
it is itself affecting ground thermal and hydrological conditions, thus leading to infrastructure-related impacts on permafrost
stability. Infrastructure embankments strongly change ground thermal properties and surface albedo. They result in an
increased winter insulation where additional snow accumulates (e.g. at the embankment shoulder and toe, (Fortier et al.,
2011;0'Neill and Burn, 2017). In contrast, snow clearance at the road surface leads to strong subsurface winter cooling.
Infrastructure embankments can also act as a dam that alters natural drainage networks, causing water to accumulate next to
the road (Andersland and Ladanyi, 1994;de Grandpre et al., 2012;0'Neill and Burn, 2017). An elevated permafrost table in
the embankment also hampers drainage, which may result in ponding at the embankment toe and increase the potential for
thaw subsidence there. Further, dust deposition from the road on the adjacent tundra is favoured and can alter snow-related
thermal insulation (Raynolds et al., 2014). These examples underline the need for capturing fine-scale components (meter
scale) when modelling infrastructure elements.

Comparable to the challenge of modelling microtopographic landscape features such as for polygonal tundra dynamics

(Nitzbon et al., 2019; Nitzbon et al., 2020), a key limitation of modelling infrastructure in current LSMs is in their coarse
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infrastructure failure though climate change can be captured in a modelling context, we present a case study focusing on
gravel roads built over ice-rich permafrost, particularly the area around the Prudhoe Bay (Dalton highway, Alaska). In
section 2, we give details about our simulation set-up. In section 3, we show model results of permafrost degradation
affected by linear infrastructure for historical, present day and future warming climate conditions. In section 4 we discuss
how our modelling approach can be applied pan-arctic wide where we suggest a strategy for modelling impacts of
permafrost degradation on Arctic infrastructure by bridging the gap between small and large scales. Conclusions are drawn

in section 5. Details of model set-up and model evaluation are given in the appendix.

2  Model description and simulation setting

We aimed to simulate the temperature regime under a typical gravel road built on continuous permafrost and its thermal
evolution under climate warming. Given the abundance of infrastructure in the Prudhoe Bay Area (Alaska, coastal plain), we

chose this region as our target region for modelling (Fig. 2).

We used a (laterally-coupled) one-dimensional heat conduction model (CryoGrid3) which is able to simulate dynamic
surface and subsurface processes in permafrost landscapes (Langer et al., 2016;Westermann et al., 2016). The CryoGrid3
model includes a dynamic snow cover representation and an explicit surface energy balance scheme for simulating heat and
water exchange with the atmosphere. Our model version also accounted for lateral heat and water fluxes in the ground
between adjacent tiles (Nitzbon et al., 2019).

Vertical water flow is described by an instantaneous infiltration scheme, while the calculation of lateral water fluxes is based
on Darcy's law, assuming a constant lateral hydraulic conductivity. The model has been extensively evaluated with respect to
its performance in representing key physical processes in tundra landscapes, namely surface energy balance, thermal state of
ground, soil hydrology, and snow cover dynamics (Westermann et al., 2011;Langer et al., 2013;Westermann et al., 2016),
including subsurface water exchange (Nitzbon et al., 2019;Nitzbon et al., 2020). Further, the model has been evaluated
under different climate conditions and for different permafrost landscape types such as peat plateaus and palsas (Martin et
al., 2019). The source code of the model wversion used in this study can be downloaded from Github
(https://github.com/CryoGrid/CryoGrid3/tree/xice_mpi_lIS).

2.1 Model limitations

We do not model heat advection by lateral water flow which can strongly accelerate road failure (de Grandpre et al.,
2012;Chen et al., 2019). Our model represents the thermal impact of the snow cover on the ground by a simple bulk snow
density approach neglecting any temporal changes in snow cover properties resulting from snow metamorphism (i.e., depth

hoar) or wind compaction (i.e., ice crusts). The snow scheme emulates lateral redistribution of snow, but without explicitly
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The sensitivity of model to horizontal model resolution was investigated using three set-ups to capture the gravel road and

tundra up to a distance of 100 m from the road centre with increasing horizontal resolution (Tab. 3 and appendix).

3 Results and discussion
3.1 Present day conditions

Figure 4 illustrates how a replacement of the tundra surface by a gravel embankment is affecting subsurface temperatures:
the removal of the protective peat layer and the clearance of snow on the road centre increases the coupling of surface air and
ground temperatures. Warm summer air temperatures penetrate much deeper into the ground under the road surface as
compared to the tundra (Fig. 4, right panels). Snow accumulation at the toe and road shoulder results in strong winter ground

warming (Fig. 4, left panels).

Our simulation results describe a gravel road which is stable under year 2000 climate conditions as simulated thaw depths
only reach levels well above the embankment base (Fig. 4). Warming from the beginning of the century until today (year
2020) has increased overall ground temperatures, which leads to a pronounced active layer deepening under the toe (SU3). In
this area, snow accumulation and related soil warming leads to excess ice melt and pond formation in the year 2014, further
enhancing subsoil temperatures. Our model results are in line with our observations taken along a transect away from the
Dalton highway close to Deadhorse (see appendix), which show increasing winter ground surface temperatures with

declining distance to the road (Fig.A2), underlining the thermal imprint of snow accumulation at the shoulder and toe.

Under present day climate conditions (year 2020), the active layer at the toe is close to reaching the embankment base - in
contrast to the active layer below the road centre which is still elevated relative to the toe. The active layer in the tundra
(SUA4) is around 70 cm by 2020, in line with observations (CALM Database. Washington, D.C.: The George Washington
University. https://www2.gwu.edu/~calm/data/data-links.html.). The formation of a zone of temperatures approaching zero
degrees at the end of the winter season (light bluish areas in Fig. 4, March 2020) indicates vulnerable conditions where
additional future warming will have a strong effect on thaw depths. The general characteristic of strongly increased heat
penetration below the road centre as compared to the tundra and the increased soil warming under the toe caused by snow
accumulation was also inferred in other modelling approaches (Fortier et al., 2011;Flynn et al., 2016). For a vegetated

hillslope side, Jafarov et al. (2018) inferred a pronounced effect on soil warming from preferential snow accumulation.

For investigating the impact of infrastructure on permafrost degradation we have additionally run a reference run (single tile)
with identical parameter choices, but without including infrastructure. It can be seen that the outer tundra tiles from the
laterally coupled setting reach soil temperatures very close to the reference run (separate right soil temperature columns),

therefore justifying our assumption of a zero boundary flux at the outer model domain.

9
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3.3 Sensitivity to number of structural units

A key question of interest to modelling concerns the amount of detail necessary to satisfactorily capture the road thermal
state and its adjacent environment. We investigated this aspect by running our model with low lateral resolution (1 road tile,
1 tundra tile), with medium resolution resolving all structural units (road, shoulder, toe, tundra) and with high resolution. In
the latter case we further subdivided structural units into multiple tiles (total of 30 tiles, Tab. 1).

When describing our model-setup by only two tiles, our results suggest that permafrost degradation under the road centre is
underestimated, resulting in less pronounced thaw The medium and high resolution settings show consistent results, with
slight differences when focusing on the outer edge of the road (Fig. 6a). In contrast, modelled maximum thaw depths for the
adjacent tundra show no sensitivity to horizontal model resolution (Fig. 6b). The toe and shoulder tiles (Fig. 6c, d) are not
resolved in the low resolution setting and reveal much stronger permafrost degradation, underlining the importance of
accounting for these elements in the model design. While the difference in simulated thaw trajectories between medium and
high resolution runs is rather small for the shoulder tile (Fig. 6¢), larger deviations are seen for the toe tile (Fig. 6d). Yet both
experiments reveal very similar thaw dynamics and reveal differences in the timing of thaw below the embankment base of

only a few years.

4 Perspective on future modelling of Arctic infrastructure failure

Our results clearly exhibit that there are combined effects from climate warming, permafrost degradation, and the presence
of infrastructure. This highlights that future model-based risk-assessment of Arctic infrastructure should take into account all
three components in understanding and quantifying the consequences of permafrost degradation on Arctic infrastructure. For
such a purpose the use of numerical modelling appears the most appropriate tool to account for the full spectrum of
dynamical permafrost changes expected in a warmer future.

We suggest that a collaborative development of models from decimetre to meter scale used in geotechnical models (GTM)
to typically a hundred kilometres used in land surface models (LSMs), could help in capturing processes operating across

scales and therefore enabling an accounting for process interactions between infrastructure and permafrost affect land areas.

Despite the large difference in scales between (GTMs) and (LSMs), we see a potential for bridging this gap by the use of
physically-based tiling models (PTMs). These models are computationally more efficient than GTMs, structurally more
flexible in terms of describing processes of relevance to permafrost degradation, and adaptable to differing scales. They can
be run for climate change scenarios and be used to explore the minimum number of structural units needed to satisfactorily
simulate the thermal state of specific infrastructure elements. This information could then be used by LSMs to define a
tiling-based model-setup for describing infrastructure in a reduced but manageable manner (Cai et al., 2020). The result of

these tiling-based LSM simulations can produce a pan-Arctic map showing key regions where infrastructure failure through

11
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melting of excess ice and subsequent ground subsidence is likely for a given infrastructure design under a given scenario of
future climate change.

Additional information of importance for a risk assessment could then come from further PTM simulations with a focus on
identified key risk regions. These PTM simulations could be conducted in an ensemble setting to account for parameter and
structural uncertainty in the model set-up, thus allowing probabilities to be linked to infrastructure failure estimates. To
better capture regional weather scales, these simulations could also be driven by downscaled climate forcings, or they could
be run for an ensemble of climate input data inferred from different ESM simulations. In a final step, a GTM-based case
study could be performed with boundary conditions taken from the PTM modelling (i.e. using simulated soil temperature
and soil moisture fields). The GTM application would allow a more case-specific model setup for a given location, therefore
allowing it to better capture design-specific aspects of certain infrastructure elements. This approach could also provide

additional diagnostics of importance to road stability determination.

5 Conclusions

In our study we show the applicability of a laterally-coupled one-dimensional heat conduction model for simulating
permafrost-affected infrastructure failure, demonstrated for the case of a gravel road built on continuous permafrost. Our
simulation results allow an improved process understanding of how the ground below infrastructure can degrade under a

scenario of intensive future climate change, and underline the potential for use of such models in pan-arctic risk assessments.

Our model simulations show a transition from slow and gradual thaw to fast, and likely irreversible permafrost degradation,
and point to a threshold-like behaviour where (without extensive active ground cooling measures) road failure is inevitable
once a critical level of ground warming has been reached. Rather than a simple top-down thawing and deepening of the
active layer below the road centre, we identify lateral destabilization of the embankment and subgrade caused by talik

formation under the toe, a key process which results in accelerating thaw rates and results in subsequent road failure.

The comparison of modelled thawing depths under the road and tundra underlines that infrastructure can exert a strong
impact on ground temperatures as a consequence of increased net heat input in the subsurface. Therefore it is crucial that
model-based estimates of the timing of Arctic infrastructure failure account for the amplification of permafrost degradation

through the presence of Arctic infrastructure itself.

Based on our modelling results with differing lateral model resolutions we conclude that the minimum number of model tiles
should be chosen such that important structural units are captured, such that small-scale processes which exert a key impact
on the ground thermal regime are accounted for. In our example of a gravel road we have identified snow accumulation and
ponding at the shoulder and toe such key processes. For our linear infrastructure example we suggest a minimum number of

four structural units to represent the road surface, the shoulder, the toe, and the tundra. For other types of infrastructure,

12



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions



505

510

515

520

525

530

535

https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions

Cai, L., Lee, H., Aas, K. S., and Westermann, S.: Projecting circum-Arctic excess ground ice melt with a sub-grid
representation in the Community Land Model, The Cryosphere Discuss., 2020, 1-28, 10.5194/tc-2020-91, 2020.

Chadburn, S. E., Burke, E. J., Essery, R. L. H., Boike, J., Langer, M., Heikenfeld, M., Cox, P. M., and Friedlingstein, P.:
Impact of model developments on present and future simulations of permafrost in a global land-surface model, Cryosphere,
9, 1505-1521, 10.5194/tc-9-1505-2015, 2015.

Chapin, F. S., Sturm, M., Serreze, M. C., McFadden, J. P., Key, J. R., Lloyd, A. H., McGuire, A. D., Rupp, T. S., Lynch, A.
H., Schimel, J. P., Beringer, J., Chapman, W. L., Epstein, H. E., Euskirchen, E. S., Hinzman, L. D., Jia, G., Ping, C. L., Tape,
K. D., Thompson, C. D. C., Walker, D. A., and Welker, J. M.: Role of land-surface changes in Arctic summer warming,
Science, 310, 657-660, 2005.

Chen, L., Fortier, D., McKenzie, J. M., and Sliger, M.: Impact of Heat Advection on the Thermal Regime of Roads Built on
Permafrost, Hydrological Processes, n/a, 10.1002/hyp.13688, 2019.

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway, J., M. Heimann, C.,
Jones, C., Quéré, L., Myneni, R. B., Piao, S., and Thornton, P.: Carbon and Other Biogeochemical Cycles

in: Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth Assessment Report

of the Intergovernmental Panel on Climate Change, edited by: Stocker, T. F., D. Qin, G.-K. P., M. Tignor, S.K. Allen, J., and
Boschung, A. N., Y. Xia, V. Bex and P.M. Midgley, Cambridge University Press, Cambridge, 2013.

Comiso, J. C., and Hall, D. K.: Climate trends in the Arctic as observed from space, WIREs Climate Change, 5, 389-409,
10.1002/wcce.277, 2014,

Daanen, R. P., Ingeman-Nielsen, T., Marchenko, S. S., Romanovsky, V. E., Foged, N., Stendel, M., Christensen, J. H., and
Svendsen, K. H.: Permafrost degradation risk zone assessment using simulation models, Cryosphere, 5, 1043-1056,
10.5194/tc-5-1043-2011, 2011.

Darrow, M. M.: Thermal modeling of roadway embankments over permafrost, Cold Reg. Sci. Tech., 65, 474-487,
10.1016/j.coldregions.2010.11.001, 2011.

de Grandpre, 1., Fortier, D., and Stephani, E.: Degradation of permafrost beneath a road embankment enhanced by heat
advected in groundwater, Canadian Journal of Earth Sciences, 49, 953-962, 10.1139/e2012-018, 2012.

Doré, G., Niu, F., and Brooks, H.: Adaptation Methods for Transportation Infrastructure Built on Degrading Permafrost,
Permafrost and Periglacial Processes, 27, 352-364, 10.1002/ppp.1919, 2016.

Ekici, A., Lee, H., Lawrence, D. M., Swenson, S. C., and Prigent, C.: Ground subsidence effects on simulating dynamic
high-latitude surface inundation under permafrost thaw using CLM5, Geosci. Model Dev., 12, 5291-5300, 10.5194/gmd-12-
5291-2019, 2019.

Farouki, O., Research, C. R., and Laboratory, E.: Thermal Properties of Soils, U.S. Army Corps of Engineers, Cold Regions
Research and Engineering Laboratory, 1982.

17



540

545

550

555

560

565

https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions

Farquharson, L. M., Romanovsky, V. E., Cable, W. L., Walker, D. A., Kokelj, S. V., and Nicolsky, D.: Climate Change
Drives Widespread and Rapid Thermokarst Development in Very Cold Permafrost in the Canadian High Arctic, Geophysical
Research Letters, 46, 6681-6689, 10.1029/2019GL.082187, 2019.

Flynn, D., Kurz, D., Alfaro, M., Graham, J., and Arenson, L. U.: Forecasting Ground Temperatures under a Highway
Embankment on Degrading Permafrost, Journal of Cold Regions Engineering, 30, 10.1061/(asce)cr.1943-5495.0000106,
2016.

Fortier, D., Allard, M., and Shur, Y.: Observation of rapid drainage system development by thermal erosion of ice wedges on
Bylot island, Canadian Arctic Archipelago, Permafrost and Periglacial Processes, 18, 229-243, 10.1002/ppp.595, 2007.
Fortier, R., LeBlanc, A. M., and Yu, W. B.: Impacts of permafrost degradation on a road embankment at Umiujaq in
Nunavik (Quebec), Canada, Canadian Geotechnical Journal, 48, 720-740, 10.1139/t10-101, 2011.

Grenfell, T. C., and Maykut, G. A.: The Optical Properties of Ice and Snow in the Arctic Basin, Journal of Glaciology, 18,
445-463, 10.3189/S0022143000021122, 1977.

Hjort, J., Karjalainen, O., Aalto, J., Westermann, S., Romanovsky, V. E., Nelson, F. E., Etzelmuller, B., and Luoto, M.:
Degrading permafrost puts Arctic infrastructure at risk by mid-century, Nat. Commun., 9, 10.1038/s41467-018-07557-4,
2018.

Hope, C., and Schaefer, K.: Economic impacts of carbon dioxide and methane released from thawing permafrost, Nature
Climate Change, 6, 56-59, 10.1038/nclimate2807, 2016.

Jafarov, E. E., Coon, E. T., Harp, D. R., Wilson, C. J., Painter, S. L., Atchley, A. L., and Romanovsky, V. E.: Modeling the
role of preferential snow accumulation in through talik development and hillslope groundwater flow in a transitional
permafrost landscape, Environmental Research Letters, 13, 105006, 10.1088/1748-9326/aadd30, 2018.

Kanevskiy, M., Connor, B., Schnabel, B., Shur, Y., Bjella, K., Trochim, E., Dean, K., and Ellison, A.: Risk Evaluation for
Permafrost-Related Threats:Methods of Risk Estimation and Sources of Information, 2019.

Karjalainen, O., Aalto, J., Luoto, M., Westermann, S., Romanovsky, V. E., Nelson, F. E., Etzelmuller, B., and Hjort, J.:
Circumpolar permafrost maps and geohazard indices for near-future infrastructure risk assessments, Scientific Data, 6,
10.1038/sdata.2019.37, 2019.

Kleinen, T., and Brovkin, V.: Pathway-dependent fate of permafrost region carbon, Environmental Research Letters, 13,
094001, 10.1088/1748-9326/aad824, 2018.

Kokelj, S. V., and Jorgenson, M. T.: Advances in Thermokarst Research, Permafrost and Periglacial Processes, 24, 108-119,
10.1002/ppp.1779, 2013.

Koven, C. D., Riley, W. J., and Stern, A.: Analysis of Permafrost Thermal Dynamics and Response to Climate Change in the
CMIP5 Earth System Models, Journal of Climate, 26, 1877-1900, 10.1175/JCLI-D-12-00228.1, 2013.

Lachenbruch, A. H., Sass, J. H., Marshall, B. V., and Moses Jr, T. H.: Permafrost, heat flow, and the geothermal regime at
Prudhoe Bay, Alaska, Journal of Geophysical Research: Solid Earth, 87, 9301-9316, 10.1029/JB087iB11p09301, 1982.

18



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions



605

610

615

620

625

630

https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions

Nicolsky, D. J., Romanovsky, V. E., Panda, S. K., Marchenko, S. S., and Muskett, R. R.: Applicability of the ecosystem type
approach to model permafrost dynamics across the Alaska North Slope, Journal of Geophysical Research-Earth Surface,
122, 50-75, 10.1002/2016jf003852, 2017.

Nitzbon, J., Langer, M., Westermann, S., Martin, L., Aas, K. S., and Boike, J.: Pathways of ice-wedge degradation in
polygonal tundra under different hydrological conditions, The Cryosphere, 13, 1089-1123, 10.5194/tc-13-1089-2019, 2019.
Nitzbon, J., Westermann, S., Langer, M., Martin, L. C. P., Strauss, J., Laboor, S., and Boike, J.: Fast response of cold ice-
rich permafrost in northeast Siberia to a warming climate, Nat. Commun., 11, 11, 10.1038/s41467-020-15725-8, 2020.
O'Neill, H. B., and Burn, C. R.: Impacts of variations in snow cover on permafrost stability, including simulated snow
management, Dempster Highway, Peel Plateau, Northwest Territories, Arct. Sci., 3, 150-178, 10.1139/as-2016-0036, 2017.
Qiu, C., Zhu, D., Ciais, P., Guenet, B., Peng, S., Krinner, G., Tootchi, A., Ducharne, A., and Hastie, A.: Modelling northern
peatland area and carbon dynamics since the Holocene with the ORCHIDEE-PEAT land surface model (SVN r5488),
Geosci. Model Dev., 12, 2961-2982, 10.5194/gmd-12-2961-2019, 2019.

Raynolds, M. K., Walker, D. A., Ambrosius, K. J., Brown, J., Everett, K. R., Kanevskiy, M., Kofinas, G. P., Romanovsky,
V. E., Shur, Y., and Webber, P. J.: Cumulative geoecological effects of 62 years of infrastructure and climate change in ice-
rich permafrost landscapes, Prudhoe Bay Oilfield, Alaska, Global Change Biology, 20, 1211-1224, 10.1111/gch.12500,
2014.

Romanovsky, V., Isaksen K., Drozdov D., Anisimov O., Instanes A., Leibman M., McGuire A. D., Shiklomanov N., Smith
S., Walker D.: Changing permafrost and its impacts, in: Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017,
Gylling, DK-8300 Odder, Denmark, 65-102, 2017.

Rowland, J. C., Jones, C. E., Altmann, G., Bryan, R., Crosby, B. T., Hinzman, L. D., Kane, D. L., Lawrence, D. M.,
Mancino, A., Marsh, P., McNamara, J. P., Romanvosky, V. E., Toniolo, H., Travis, B. J., Trochim, E., Wilson, C. J., and
Geernaert, G. L.: Arctic Landscapes in Transition: Responses to Thawing Permafrost, Eos, Transactions American
Geophysical Union, 91, 229-230, 10.1029/2010E0260001, 2010.

Schneider von Deimling, T., Grosse, G., Strauss, J., Schirrmeister, L., Morgenstern, A., Schaphoff, S., Meinshausen, M., and
Boike, J.: Observation-based modelling of permafrost carbon fluxes with accounting for deep carbon deposits and
thermokarst activity, Biogeosciences, 12, 3469-3488, 10.5194/bg-12-3469-2015, 2015.

Schuur, E. A. G., McGuire, A. D., Schadel, C., Grosse, G., Harden, J. W., Hayes, D. J., Hugelius, G., Koven, C. D., Kuhry,
P., Lawrence, D. M., Natali, S. M., Olefeldt, D., Romanovsky, V. E., Schaefer, K., Turetsky, M. R., Treat, C. C., and Vonk,
J. E.: Climate change and the permafrost carbon feedback, Nature, 520, 171-179, 10.1038/nature14338, 2015.

Stephani, E., Fortier, D., Shur, Y., Fortier, R., and Dore, G.: A geosystems approach to permafrost investigations for
engineering applications, an example from a road stabilization experiment, Beaver Creek, Yukon, Canada, Cold Reg. Sci.
Tech., 100, 20-35, 10.1016/j.coldregions.2013.12.006, 2014.

20



635

640

645

650

https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions

Streletskiy, D. A., Suter, L. J., Shiklomanov, N. I., Porfiriev, B. N., and Eliseev, D. O.: Assessment of climate change
impacts on buildings, structures and infrastructure in the Russian regions on permafrost, Environmental Research Letters, 14,
10.1088/1748-9326/aaf5e6, 2019.

Sturm, M., Taras, B., Liston, G. E., Derksen, C., Jonas, T., and Lea, J.: Estimating Snow Water Equivalent Using Snow
Depth Data and Climate Classes, Journal of Hydrometeorology, 11, 1380-1394, 10.1175/2010jhm1202.1, 2010.

Suter, L., Streletskiy, D., and Shiklomanov, N.: Assessment of the cost of climate change impacts on critical infrastructure in
the circumpolar Arctic, Polar Geography, 42, 267-286, 10.1080/1088937X.2019.1686082, 2019.

Trochim, E. D., Schnabel, W. E., Kanevskiy, M., Munk, J., and Shur, Y.: Geophysical and cryostratigraphic investigations
for road design in northern Alaska, Cold Reg. Sci. Tech., 131, 24-38, 10.1016/j.coldregions.2016.08.004, 2016.

Walter Anthony, K., Schneider von Deimling, T., Nitze, 1., Frolking, S., Emond, A., Daanen, R., Anthony, P., Lindgren, P.,
Jones, B., and Grosse, G.: 21st-century modeled permafrost carbon emissions accelerated by abrupt thaw beneath lakes, Nat.
Commun., 9, 3262, 10.1038/s41467-018-05738-9, 2018.

Westermann, S., Boike, J., Langer, M., Schuler, T. V., and Etzelmuller, B.: Modeling the impact of wintertime rain events on
the thermal regime of permafrost, The Cryosphere, 5, 945-959, 10.5194/tc-5-945-2011, 2011.

Westermann, S., Langer, M., Boike, J., Heikenfeld, M., Peter, M., Etzelmiller, B., and Krinner, G.: Simulating the thermal
regime and thaw processes of ice-rich permafrost ground with the land-surface model CryoGrid 3, Geosci. Model Dev., 9,
523-546, 10.5194/gmd-9-523-2016, 2016.

21



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions

EGU

$S920y uadQ

Horizontal A
Resolution [m]
global 108
105 Computational
Demand
macro 104 .
high
103
meso 102
10t
. low
micro  10°
10t
102
Simulation
101 100 101 102 horizon [yrs]
months years centuries

655 Figure 1: Classification of model classes according to their representative temporal and spatial scales. Geotechnical models
(GTMs) operate on short time horizons (with a focus on the construction period), Land Surface Models (LSMs) focus rather on
decadal to multi-centennial timescales. Process-based Tiling models can fill the gap in scales between GTMs and LSMs.
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Figure 2: Focus of the model domain in the Prudhoe Bay region, Alaska (Deadhorse, 70.099°N 148.511°W, middle figure).
Exemplary drone view of the Dalton highway close to Toolik (right figure). The asterisk in the middle figure illustrates the location
of our soil surface temperature monitoring site (see appendix).
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Figure 3: Modelled half-cross-section from the road centre to the adjacent tundra. The setting shown illustrates the sub-division
into 4 structural units (SU1-4: Road Centre (including the additional tile for resolving the outer edge), Shoulder, Toe, Tundra).
The greyish area with black dots represents the road embankment. The light blue shading indicates potential maximum snow
height. The dark blue area illustrates ponding next to the road.
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Figure 6: Temporal evolution of the maximum thaw depth (MTD) under gravel road (a,c) and tundra conditions (b,d) for different
lateral model resolutions. Shown is the 5 year mean of maximum thaw depth (MTD) under RCP8.5 warming for low horizontal
model resolution (2 tiles, red lines), medium resolution (vulnerable setting, 5 tiles, blue curves), and high resolution (vulnerable
setting, 30 tiles, black curves). Also shown is the outer edge of the road centre (a, dashed lines). The vertical lines indicate the first
occurrence of a MTD exceeding the embankment depth (dashed horizontal line). Note the difference in y-axis scales between upper
and lower panels.
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695

Figure Al: Transect of iButton soil temperature loggers across the Dalton highway at our site close to Deadhorse (70.099°N,
148.511°W). Red dots indicate the position of ibutton sensors, the bright grey element shows the gravel road surface, the adjacent
darker grey elements show the road shoulders. To the right a side road leading to the adjacent Sagavanirktok River (lower right)
is seen (drone photo Soraya Kaiser).

27



https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions

700

Figure A2: Transect of modelled (MedRes conservative setting) and observed soil surface temperatures for increasing distances to
the road centre. The upper panel shows modelled and observed soil surface temperatures averaged over the snow season (1st of
November to 30th of April). The lower panel shows the difference of snow-season surface soil minus surface air temperature. Blue
dots and blue lines indicate the median and min-max range of individual CryoGrid3 runs from 2010 to 2020, orange dots give

705 estimates based on ibutton measurements (Dalton highway, Alaska) for the winter season 2018/2019. The vertical dotted black
lines illustrate the structural unit domains (SU1: road centre, SU2: embankment shoulder, SU3: toe, SU4: adjacent tundra).
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albedo snow free surface tundra 0.2 Langer et al. (2011)

albedo snow free surface gravel road 0.3 (Andersland and Ladanyi, 1994)
albedo fresh snow 0.85 (Grenfell and Maykut, 1977)
albedo old snow 0.5 (Grenfell and Maykut, 1977)
density snow cover 250 kg m* (Sturm et al., 2010)

thermal mineral soil and gravel fraction 3.0 (Langer et al., 2013),(Farouki et al.,
conductivity W miK? 1982)

thermal organic soil fraction 0.25 (Farouki et al., 1982)
conductivity W mtK?

volumetric heat | mineral soil and gravel fraction 2.0*108 Farouki (1982)

capacity JKIm3

volumetric heat | organic soil fraction 2.5*10° Farouki (1982)

capacity JKim3

geothermal heat | lower model boundary 0.05 (Lachenbruch et al., 1982)

flux W m?

725 Table 2: Model parameters in CryoGrid3 used in this study.

730

735

30




https://doi.org/10.5194/tc-2020-192
Preprint. Discussion started: 16 September 2020 The Cryosphere
¢ Author(s) 2020. CC BY 4.0 License. Discussions



