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Abstract 

 

Simulation of ice wedge polygon geomorphic transition, 

Prudhoe Bay, Alaska 

 

Charles Joseph Abolt, M.S. Geo.Sci. 

The University of Texas at Austin, 2015 

 

Supervisor:  Michael Young 

 

 

A numerical model is presented to simulate the changes in topography associated 

with ice wedge polygon transition from low-centered to high-centered form. The model 

applies a hillslope diffusion equation to an eroding polygon using a finite-difference 

approach. It is calibrated using a LiDAR dataset from a site where low-centered polygons 

exist within meters of high-centered polygons, whose formation appears to have been 

triggered by construction of the Dalton Highway. The loss of hydrologic storage and the 

transport of soil from the polygon center into polygon troughs during transition are 

estimated from model simulations. Optimized values of the hillslope diffusion coefficient 

suggest that multiple physical processes, including frost heave and continuous soil creep, 

may drive lateral soil transport at the site. The optimized parameters, furthermore,      

capture the decreasing influence of anthropogenic disturbances (in this case, the Dalton 

Highway) on polygon form at distances greater than 35 meters. Overall, a match between 
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the topography of simulated and observed high-centered polygons confirms that the 

hillslope diffusion paradigm approximates much of the complexity of polygon transition. 

Future refinements to the model should include more process-based treatment of the 

mechanisms that drive soil transport and control rates of polygon erosion. 
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Chapter 1. Introduction 

 

1.1 BACKGROUND 

This thesis describes a numerical model of an increasingly common thaw-related 

process that occurs in terrain underlain by permafrost. The model was calibrated using 

elevation data from an airborne LiDAR survey and incorporates field observations from a 

visit to the calibration site. Permafrost, precisely defined, is ground in which the 

temperature remains below 0°C for two years or longer (van Everdingen, 1998). The 

Alaska North Slope region, which stretches from the Brooks Range north to the Arctic 

Ocean, is part of the continuous permafrost zone, meaning that permafrost underlies 

upwards of 90% of the land area. Across the outer coastal plain of the North Slope, 

including the Prudhoe Bay region, the subsurface is sometimes classified one step further 

as ice-rich permafrost, due to the exceptionally high content of ground ice (on average, 

77% by volume) found in the upper three meters of permafrost (Kanevskiy et al., 2013). 

Here, the volume of ice exceeds the thawed porosity of the soil, with the excess existing as 

nearly pure, macroscopic bodies distributed heterogeneously through the subsurface. These 

bodies are commonly referred to as segregated ice (ice lenses) and massive ground ice (ice 

wedges) (Shur et al., 2014). As a consequence of their presence, when the upper portion of 

the permafrost experiences sufficient warming, thawing processes trigger uneven 

subsidence at the ground surface. Both the resulting terrain and the processes leading to its 

formation are commonly referred to as thermokarst, due to visual similarities with true 

karst landscapes (Shur, 1988). 
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 Due to the highly visible nature of thermokarst, understanding of the physical 

processes that underlie it can help us to read the deformed ground and thereby characterize 

the spatial distribution of permafrost thaw based on visual inspection. The Prudhoe Bay 

region in particular is a prime location to study these processes, as thermokarst has been 

closely monitored since the 1960s and is driven by both regional climate warming 

(Jorgenson et al., 2006) and local placement of oil and gas-related infrastructure (Walker 

et al., 1987; Raynolds et al., 2014). Here, one of the most prevalent forms of thermokarst 

is the geomorphic transition of features known as ice wedge polygons from a low-centered 

to a high-centered form (Figure 1.1). Ice wedge polygons are patterned ground features, 

similar in appearance to desiccation polygons, which form on the scale of several meters 

to tens of meters across (Lachenbruch, 1962). The processes involved in polygon formation 

normally drive mounding of soil at the polygon edges, producing rims that enable the 

resulting low-centered polygons (LCPs) to function as hydrologic microbasins (Liljedahl 

et al., 2012). Thawing processes manifest themselves in subsidence at the boundaries 

between polygons, creating or deepening a network of troughs, into which material from 

the LCP rims may erode (Shur et al., 2014). The end member of this process is a convex-

up, high-centered polygon (HCP) (Figure 1.2). This phenomenon has become ubiquitous 

throughout the Prudhoe Bay region, where aerial photographs document its increasing 

prevalence in each of the last several decades (Raynolds et al., 2014). 

 The process of ice wedge polygon transition has been described primarily on the 

basis of field studies, and while permafrost researchers agree that the transition is triggered 

by the thawing of massive ground ice bodies beneath polygon edges (Shur et al., 2014), 
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little attention has been paid to the redistribution of soil that occurs within the polygon and 

at its edges as the boundaries subside. This thesis presents a numerical model that was 

inspired by a recognition that the physical system of an eroding polygon, bound on all sides 

by a gradually dropping and often water-filled trough, is amenable to simulation using 

hillslope diffusion theory—a landscape evolution paradigm that has been developed by 

geomorphologists over the last century. Creating a numerical model of ice wedge polygon 

transition can yield insights into underlying physical processes and provide a means of 

quantitatively estimating environmental consequences such as the loss of depressional 

hydrologic storage in the basin of an eroding LCP. It is envisioned, furthermore, that a 

well-calibrated model may eventually serve as a diagnostic tool to estimate the age of 

thermokarst activity in various parts of the tundra, based on the observed shape of 

transitioning polygons. 

 

1.2 OBJECTIVES 

 The principle goal of this thesis, as alluded to above, was to create a numerical 

model that describes the change in topography and redistribution of soil associated with 

ice wedge polygon transition. To achieve this goal, a computer model was developed to 

simulate diffusive erosion on a transitioning polygon using finite-difference principles. The 

model was intended to address the following research questions: 

1. How well can ice-wedge polygon transition be simulated using hillslope 

diffusion theory? 
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2. What geomorphic parameters (e.g., depth of boundary subsidence and value of 

the hillslope diffusion coefficient) characterize observed HCP forms, and what 

do they tell us about the processes that drive geomorphic transition? 

3. How much soil is displaced from polygon rims into the trough during 

transition? 

4. How quickly is depressional hydrologic storage lost in the LCP basin during 

transition? 

The simulations and discussion presented in this thesis represent an attempt to answer these 

questions based on an initial calibration of the modeling approach, using high-resolution 

LiDAR data from an area where LCPs and HCPs exist in close proximity. In the future, it 

is envisioned that the model will be improved based on field studies and more explicit 

representation of the physical processes, such as creep and frost heave, which drive soil 

transport. The ability of the model to predict the age of thermokarst in newly observed 

areas of the tundra will ultimately be influenced by how accurately and reliably the model 

can simulate the forward process of polygon geomorphic transition. 

 

1.3 THESIS ORGANIZATION 

 The remainder of this thesis is divided into three chapters. Chapter 2, the literature 

review, provides a summary of topics including the geological setting of permafrost in the 

Prudhoe Bay region, ice wedge polygon formation and erosion, and the history of hillslope 

diffusion theory. Chapter 3 presents the numerical model and describes its initial 

calibration at a site where the tundra appears to have been disturbed by construction of an 
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important transport corridor, the Dalton Highway. Chapter 3 has been submitted for review 

to the journal Permafrost and Periglacial Processes, and therefore may contain repetition 

of some of the material covered in other chapters. Chapter 4, the discussion, focuses on the 

limitations of the current model and identifies future research directions to improve its 

representation of thermokarst processes in polygonal tundra.  
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Figure 1.1:  Low-centered (above) and high-centered (below) polygons. LCPs are 

characterized by elevated rims surrounding surface depressions that can 

host ponded water. HCPs are characterized by a network of subsided 

troughs at polygon boundaries. Soil that once formed polygon rims has 

eroded into these troughs. Photos courtesy of http://www.eu-interact.org/ 

field-sites/russia-6/samoylov (above) and http://permafrost.gi.alaska.edu/ 

photos/image/85 (below). 
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Figure 1.2:  Conceptual model of ice wedge polygon geomorphic transition from low-

centered form (top) to high-centered form (bottom). Transition is initiated 

by the partial melting of massive ground ice bodies known as ice wedges 

(blue triangles). During and after the melting of ice wedges, soil from the 

polygon rims erodes into the newly deepened trough space, reducing the 

topographic gradient between the rim and the trough. 
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Chapter 2. Literature Review 

 

2.1 GEOLOGIC SETTING 

 The geologic setting of the Prudhoe Bay region, and particularly its recent history 

of fluvial sedimentation, impacts both the structure and behavior of its permafrost. The 

region is located in the outer portion of the Alaska North Slope, a broad coastal plain that 

stretches north from the foothills of the Brooks Range to the coast of the Arctic Ocean. A 

map of State of Alaska, identifying the North Slope and the Prudhoe Bay region, is shown 

in Figure 2.1. The Brooks Range, which formed in the Cretaceous Period from the collision 

of what is now the North Slope with the rest of the state, trends east-west and is 

approximately 150 km south of the coast at Prudhoe Bay. Recent sedimentation in the 

Prudhoe Bay region is associated with northward flowing braiding and meandering 

streams, such as the Sagavanirktok and Kuparuk Rivers, carrying sediment from the these 

mountains (Shur et al., 2014). The deposits of these streams range from coarse gravel to 

fine silt, and are described in greater detail below. 

 Google Earth imagery of the center of the Prudhoe Bay region, located between the 

two aforementioned streams, is shown in Figure 2.2, and a stratigraphic section designed 

to characterize the upper several meters of the region’s subsurface is shown in Figure 2.3. 

Although lateral variability in the soil column exists, observations from four pits excavated 

in the region suggest that the general pattern described in Figure 2.3 is consistent 

(Rawlinson, 1993). As depicted in the section, below about two meters, gravels and sands 

deposited by ancient (~9-15 ka) channels of the modern streams predominate. At depths 
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shallower than two meters, however, aeolian silts, grading upward into surface peat 

accumulations, comprise the majority of the material. The silt is thought to originate from 

bars in the Sagavanirktok River. Based on radiocarbon dating, it appears to have begun 

accumulating about 9,000 years ago (Walker and Everett, 1991). The transition between 

coarse material at depth and silt near the surface is important because, between the two, 

only silt is susceptible to ice wedge formation and frost heave upon freezing (Lachenbruch, 

1962; Miller, 1980). These phenomena are responsible for the formation of bodies of 

segregated and massive ground ice, whose melting drives thermokarst. In general, because 

ice content exceeds the normal porosity of the silt, subsidence will occur as it is subjected 

to thaw. In contrast, because ice content does not exceed porosity in the sands and gravels 

at greater depths, thawing in this zone would not be expected to contribute to deformation 

at the surface.  

 Extending this view of the subsurface deeper, Figure 2.4 depicts the mean annual 

temperature profile at Prudhoe Bay to approximately 700 m, taken from borehole 

measurements (Lachenbruch and Marshall, 1986). Returning to the definition of 

permafrost—that is, ground which maintains a temperature below 0°C for two years or 

longer—it can be seen here to extend to a depth of approximately 660 m. This represents 

the greatest measured thickness of permafrost in the State of Alaska (Gold and 

Lachenbruch, 1973). The temperature profile to this depth is very nearly linear, reflecting 

steady transport—across material of near-constant thermal conductivity—of geothermal 

heat outwards from the planet’s interior. The steepening of the gradient deeper than 660 m, 

then, is due to an abrupt change (i.e., decrease) in thermal conductivity at the transition 
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between frozen and thawed rock. In contrast, the non-linearity near the top of the profile 

has been interpreted as reflecting transient heat conduction, downward from ground 

surface, due to recent climate warming (Lachenbruch and Marshall, 1986; Anderson, 

2008). Analyzing this departure from steady state using a model of one dimensional heat 

conduction through a semi-infinite solid, Lachenbruch and Marshall (1986) found that the 

distortion to the profile could be explained by a range of scenarios involving an 

atmospheric temperature increase of 2-4°C that began either late in the 19th century or early 

in the 20th century. This departure from the geothermal gradient within the upper 200 m 

has been observed in boreholes throughout northern Alaska, and might be expected to 

deepen with continued climatic warming until surface temperatures stabilize and a new 

profile is established. 

 Most of the mean annual temperature curve in Figure 2.4 can also be taken as 

representing temperature at an instant, as ground temperatures tend to remain steady (or, 

only very gradually changing, as with climate warming) at depths greater than several 

meters. Close to ground surface, however, the temperature is subject to seasonal and daily 

fluctuations. Thus, although the mean annual surface temperature for Prudhoe Bay is 

shown as close to -8°C in the figure, the soil temperature, depending on the time of year, 

may be warmer or colder. In an idealized scenario, considering a homogeneous soil column 

and ignoring the effects of water phase change, the soil temperature fluctuations should be 

equal at the top of the column to those in the atmosphere and decay exponentially with 

depth. The exact rate of decay would depend on the thermal properties of the soil and the 

frequency of the temperature oscillations (Hillel, 1980). Heterogeneity in the soil column 
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and the effects of latent heat transfer during freeze and thaw of soil moisture, however, 

preclude a simple analytical description of the soil thermal regime.  

One useful field measurement, nonetheless, is the depth of the active layer, defined 

as the upper portion of soil that thaws at least once every other year (van Everdingen, 

1998). In late summer, the ice table, which underlies the thawed portion of the soil column, 

marks the interface between the active layer and perennially frozen soil, or permafrost (van 

Everdingen, 1998). In the area south of Prudhoe Bay, the active layer is generally about 50 

cm thick, and therefore contained within the surficial peat and silt accumulations shown in 

Figure 2.3 (Liu et al., 2012). Although accurate measurements of active layer thickening 

over timescales longer than a few years are difficult to obtain (Shiklomanov et al., 2013), 

isotopic age analysis of carbon emissions from the soil column indicates that the top 

boundary of the permafrost has receded in recent decades, exposing centuries to millennia-

old frozen soil to thaw (Schuur et al., 2009). As it does, the melting of segregated and 

massive ground ice, formerly embedded in the permafrost, drives the uneven land 

subsidence that characterizes thermokarst.  

 

2.1.1 Organic Carbon Content of the Soil 

 In recent years, warming trends in Arctic soils have sparked much interest in the 

potential fate of the large volumes of organic carbon contained therein. As described above, 

the surface horizon in soils south of the Prudhoe Bay area, and indeed across much of 

northern Alaska, is carbon-rich peat. This peat is a reflection of the surface environment: 

in the cold climate of northern Alaska, and especially in flat, waterlogged marshes, plant 
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growth generates organic matter at a rate faster than it can be decomposed. Across the 

Arctic, the resultant peat accounts for at least 250 Pg (1 Pg = 109 metric tons) of organic 

carbon (Schuur et al., 2009). Outside of peat accumulations, much organic carbon is also 

stored in the mineral soils of the far North. Notably, large swaths of territory (>106 km2) 

across Siberia and North America are mantled by a layer of unconsolidated silt some tens 

to hundreds of meters thick, termed yedoma (Zimov et al., 2006). These Pleistocene-aged 

deposits are of polygenetic origin but are nearly uniform in physical appearance. The 

presence of roots and animal remains throughout the deposits indicates historical 

accumulation at a slow enough pace to be altered by pedogenic processes, resulting in an 

average organic carbon content of 2-5%. The yedoma, in all, is thought to contain at least 

500 Gt of carbon, or twice the amount stored in peat (Zimov et al., 2006). Accounting for 

all Arctic soils, frozen and unfrozen, to a depth of three meters, Schuur et al. (2009) 

estimate that the total organic carbon stock near the surface is ~1024 Pg, close to 150% the 

amount present in the global atmosphere. Mishra and Riley estimated that 77 Pg of this 

carbon is found in Alaska soils, with 27% of that amount effectively sequestered below the 

ice table in permafrost. 

 As the soil column in the Arctic experiences warming, organic carbon currently 

trapped in the upper portion of the permafrost is expected to thaw. Furthermore, the carbon 

already stored in the active layer may be subjected to different physical and biogeochemical 

processes than it has experienced during the last several millennia. A number of studies, 

using numerical models as well as field and laboratory experiments, have predicted varying 

extents to which the soil may thus serve as a carbon source (e.g., Neff and Hooper, 2002; 
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Hayes et al., 2014; Mu et al., 2014) or a carbon sink (Huemmrich et al., 2010; Sharp et al., 

2013) under warming climatic conditions. The general consensus, however, seems to be 

that carbon will primarily be exported from the soil. Potential loss pathways include 

methanogenesis (Sturtevant et al., 2012; Emmerton et al., 2014), aerobic microbial 

respiration (Zona et al., 2011; Zulueta et al., 2011; Sharp et al., 2013), and lateral transport 

of dissolved organic carbon into hydrologic systems (O’Donnell et al., 2012, Giesler et al., 

2014, Schreiner et al., 2014). Importantly, each of these pathways is heavily controlled by 

the saturation state of the soil, which in polygonal tundra is strongly related to the 

geomorphic form of individual polygons (Liljedahl et al., 2012). Moreover, although the 

effect has not been formally investigated, the shedding of soil material from the rims of an 

eroding polygon into a water-filled trough space may facilitate the introduction of 

dissolved organic carbon into surface hydrologic flows. It is reasonable, then, that the 

geomorphic transition of ice wedge polygons could affect the exchange of carbon between 

the soil, the atmosphere, and the tundra’s hydrologic system. Research beyond the scope 

of this thesis would be necessary to constrain the direction and magnitude of this effect.  

 

2.1.2 Frost Susceptibility and Ice Lens Formation 

  Another important property of soils in which ice wedge polygons develop, 

including those near Prudhoe Bay, is their susceptibility to frost heave. An illustration of 

the effects of this phenomenon is shown in Figure 2.5. Frost heave is driven by the 

formation of a series of segregated ice lenses, each generally several millimeters thick, as 

the soil column is traversed by a freezing front (Miller, 1980). These lenses form in the 
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neighborhood of and parallel to the freezing front, which is usually parallel itself to ground 

surface. The formation of ice lenses is possible only when soil moisture is continually 

wicked toward the freezing front to feed their growth—a process referred to as freezing 

induced redistribution (Figure 2.6). This redistribution allows the ice content in a frost 

susceptible soil to exceed its thawed porosity, with the excess stored in the lenses. As a 

result, frost heave is associated with a measureable vertical strain, as the soil “puffs up” or 

heaves at the same rate at which ice lenses are formed (Anderson, 2002). Although ice 

lenses are separate from the vertical wedges of massive ice whose melting initiates polygon 

erosion, they may play a role in the physical transport of soil outward from the rims toward 

the trough space in an eroding polygon. For this reason, their formation is briefly described 

here. 

 While the precise mechanics of frost heave remain controversial (Peppin and Style, 

2012), there is consensus that the phenomenon is related to capillarity. A schematic 

diagram of a growing ice lens is shown in Figure 2.7. For the purposes of this discussion, 

it may be assumed that the lens in the figure is forming at the very top of the soil column. 

It is further assumed that a freezing front is moving downward into the soil—i.e., that a 

vertical temperature gradient exists, with the coldest temperatures at the top. The ice lens 

per se exists only at the top of the schematic, where no liquid water or soil matrix are 

present. Below the ice lens is a zone referred to as the frozen fringe, where liquid water and 

ice co-exist between soil grains. 

 Although pure water at atmospheric pressure freezes at 0°C, the frozen fringe exists 

at temperatures down to several degrees below 0°C because the energy state of liquid water 
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in the pore space is reduced through interactions with the matrix, meaning that the water 

must be cooled further than usual before phase change becomes thermodynamically viable 

(Peppin and Style, 2012). Given that the soil water matric potential varies microscopically 

throughout a pore space, it follows that the temperature likewise varies at which water in 

different spaces within the pore will freeze. This relationship is quantified in the Clapeyron 

equation, commonly approximated as: 

𝑃𝐻20

𝜌𝑤
−

𝑃𝑖

𝜌𝑖
= (

𝐿

273.15
) 𝑇         2.1 

where PH20 and Pi are the pressures of water and ice, respectively (kPa), ρw and ρi are the 

their densities (kg/m3), T is the temperature in degrees Celsius, and L is the latent heat of 

fusion of water (333 kJ/kg). Equation 2.1 can be interpreted as predicting the extent to 

which ice pressure exceeds liquid pore water pressure when both phases exist at a given 

temperature below freezing. It follows, then—and has been verified in laboratory 

experiments—that after making corrections for the surface tension at a water-ice (as 

opposed to an air-water) interface, the moisture retention curve of a soil may be used in 

conjunction with Equation 2.1 to describe the ratio of frozen to liquid water in a 

representative elementary volume of saturated, freezing soil as a function of temperature 

(Koopmans and Miller, 1966). This is equivalent to describing the ratio of air to liquid 

water in a thawed, unsaturated soil as a function of the difference between atmospheric and 

pore water pressure. 

 The Clapeyron equation explains freezing induced redistribution because it predicts 

that the difference Pi - PH20 will increase as temperature decreases. Assuming that Pi  
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remains constant, this effectively means that pore water pressure decreases within the 

frozen fringe as the freezing front advances. A moisture potential gradient is thereby 

created that drives redistribution of water in the unfrozen zone not only to the freezing 

front, but beyond it and toward the ice lens. The lens thus grows so long as water continues 

to flow to and freeze at its base. A perpetual, dynamic process of thawing and re-freezing 

in the frozen fringe, termed regelation, allows its solid portion to be pulled upward as a 

rigid body without deforming the pore space, so as to accommodate this growth (Miller, 

1980). The solid phase of the frozen fringe also grows in volume as temperature decreases, 

occupying a greater fraction of the pore space and limiting the hydraulic conductivity of 

the pathways by which water is transported toward the lens. Water flux to the ice lens 

therefore experiences greater resistance as the freezing front progresses further from it, 

even while the suction at the ice lens base increases. The growth of the ice lens eventually 

ceases when the frozen fringe closes off these pathways entirely. At this point, a new ice 

lens is formed at the freezing front, and the process re-initiates itself (Peppin and Style, 

2012). 

 Importantly, it can be seen from this explanation that the susceptibility of soil to 

frost heave depends on two somewhat competing physical properties. On the one hand, the 

soil matrix must generate capillary forces strong enough to drive freezing induced 

redistribution as the pore space gradually fills with ice—these capillary forces are expected 

to be greatest in soil with a fine grain size distribution and narrow pores. On the other hand, 

the soil pores must also be large enough to maintain sufficient hydraulic conductivity to 

transport moisture across the frozen fringe toward a growing ice lens. Experience shows 
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that a functional balance between these properties is found in silt (Miller, 1980). Frost 

heave, as should be expected, is therefore ubiquitous both within the active layer of soils 

in the Prudhoe Bay region and in the yedoma deposits distributed throughout the 

circumpolar Arctic (Kenevskiy et al., 2013; Shur et al., 2014). 

 Frost heave is important to ice wedge polygon erosion because it represents one 

reasonable mechanism by which soil may be transported outward from the polygon interior 

and toward developing troughs as the polygon assumes a high-centered form. As 

mentioned above, frost heave is associated with a measureable “puffing up” of the soil, 

normal to the ground surface. This heaving distance is equal to the summed thicknesses of 

the ice lenses formed during a freezing cycle (Anderson et al., 2002). Importantly, when 

frost heave occurs on a non-level surface, the thawed soil does not return to its original 

position, but instead settles nearly vertically downward with gravity (i.e., at an angle to the 

normal of the non-level surface) (Matsuoka and Moriwaki, 1992) (Figure 2.8). The net 

result is downslope transport of soil material (Anderson et al., 2002). Thus, once a low-

centered polygon begins to erode, frost heave may facilitate the destruction of rims 

characteristic of its geomorphic transition. This effect is described in more detail in later 

sections of this thesis.  

 

2.2 ICE WEDGE POLYGON FORMATION AND EROSION 

 As stated in the introduction, ice wedge polygons are patterned ground features that 

develop in fine grained soils underlain by permafrost. The mechanics explaining why 

polygons preferentially develop in materials of certain grain size have not been as 
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thoroughly investigated as frost heave theory. However, researchers have observed that 

their formation is likewise common in silt (Lachenbruch, 1962; Shur et al., 2014). Polygons 

range in size from several meters to tens of meters across, and are found in ~250,000 km2 

of the Arctic, an area the size of the United Kingdom (Minke et al., 2007). Their formation 

has been explained as a result of thermal contraction of frozen soil during the winter. When 

soil temperatures drop below a threshold near -15°C, tensile stresses become sufficient to 

open a network of vertical cracks at the ground surface, similar in appearance to the 

desiccation cracks observed in drying clays (Mackay, 1993). These cracks, which extend 

up to four meters deep (Kanevskiy et al., 2013), will eventually mark polygon boundaries. 

Importantly, for polygons to form, cracks must penetrate the permafrost, meaning that at 

Prudhoe Bay they must cross the ~50 cm thick active layer. As a result of their depth, the 

cracks are then prone to fill with massive ground ice that precludes their closing. This ice 

originates either from the re-freezing of infiltrated meltwater in the spring or from direct 

deposition of winter hoarfrost (Shur et al., 2014). Because ice has a lower tensile strength 

than frozen soil, cracks usually form in the same location each year, provided that thermal 

conditions remain favorable. On the timescale of centuries to millennia, the cyclical 

process of cracking and filling results in vertically-laminated wedges of ice, which can 

grow to thicknesses of up to five meters (Kanevskiy et al., 2013) (Figure 2.9). 

 As ice wedges grow each year in the subsurface, they exert pressure on the 

neighboring soil column, warping it upward (Lachenbruch, 1962). This localized distortion 

creates the continuous rims of soil that bound low-centered polygons (LCPs), and is visible 

in the subsurface in the form of warped soil horizons and sediment layers (Figure 2.10). 
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The rims, roughly 10-30 cm tall, form on either side of the ice wedge, often leaving a trough 

space in between. This morphology is important from a hydrologic perspective because 

LCP rims usually represent the dominant topography in an otherwise flat landscape 

(Liljedahl et al., 2012). As described earlier, and seen in Figure 1.1, LCPs frequently 

function as micro-catchments, hosting ponded water from the spring snowmelt or 

summertime rainfall which can only infiltrate into the soil with seasonal dropping of the 

water table (Helbig et al., 2013). Moreover, the capacity of a LCP to retain water within its 

rims is often affected by soil thermal properties and the shape of the ice table within its 

boundaries. The relatively drained soils atop polygon rims are poor conductors of heat in 

relation to the wet or inundated soils of the rest of the polygon. This slows summertime 

thaw within the rims, such that the ice table develops as an exaggerated reflection of surface 

topography, with a pronounced depression beneath the polygon center (Minke et al., 2009). 

As long as the interiors of the polygon rims remain frozen, they are effectively 

impermeable to shallow groundwater. This may prevent drainage in the polygon center, 

even as hydraulic head drops in the trough space over the summer. It is reasonable that this 

structure may limit fluxes of dissolved organic carbon from the polygon interior to the 

exterior hydrologic system. 

 While all polygons initially have a low-centered form, high-centered polygons 

(HCPs) are thought to develop when LCPs experience increased soil temperatures (Shur et 

al., 2014). The most immediately visible effect of a warming regime in the soil is on the 

ice wedge, which degrades in a predictable fashion, described in detail by Jorgenson et al. 

(2006) and illustrated in Figure 2.11. Jorgenson’s description of ice wedge thaw is based 
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on contemporary observation of trough subsidence in the outer coastal plain of the Alaska 

North Slope. During the stage of “initial degradation,” as shown in the figure, the top 

several centimeters of the ice wedge thaw, resulting in localized land subsidence that either 

accentuates the trough between adjacent polygons, or creates the trough, if it does not 

already exist. As the wedge proceeds to “advanced degradation,” melt continues downward 

and the trough grows to a maximum depth of ~65 cm. The trough is usually inundated 

during this stage, as it comes to define a pronounced topographic low in relation to the rest 

of the landscape. The mean depth of trough water by the end of this stage is 37 cm, meaning 

that the water surface has assumed an elevation ~28 cm below the original boundary of the 

LCP. As time progresses, soil eroded from the former LCP and new peat accumulation in 

the trough bottom create an insulating mat that protects the ice wedge from further melt. 

The ice wedge is then said to have reached a stage of “advanced stabilization,” during 

which water levels remain on average ~25-29 cm below the original boundary of the 

polygon. Thus, if the interface between soil and water at the trough edge can be 

conceptualized as the boundary of an eroding polygon, then the total process of ice wedge 

thaw might be represented in a numerical model as a gradual downward forcing of the 

boundary several decimeters below its initial elevation in the LCP. Jorgenson et al. (2006) 

report that the progression of ice wedges from their initial state to one of advanced 

stabilization is currently occurring on the time scale of 10-20 years at locales near the 

Prudhoe Bay region. Both during this time and following trough stabilization, erosive 

processes attack the former LCP rim, transporting the bulk of its material outward, or 

across the boundary, into the newly developed trough (Figure 1.2). Evidence for the action 
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of such outward-oriented soil transport mechanisms, complementing the direct subsidence 

of soil overlying the melting ice wedge, has been identified in the form of slumping 

structures in the collapsed rims of buried pre-Illinoisan polygons in the American Midwest 

(Walters, 1994). 

 Modern ice wedge degradation and the concurrent conversion of LCPs into HCPs 

have been extensively observed in the tundra surrounding Prudhoe Bay since the 1960s, 

when large scale hydrocarbon extraction began in the region. On the basis of soil 

stratigraphy, researchers believe that ice wedge polygons here have historically progressed 

through a natural cycle of oscillation between LCP and HCP state (Raynolds et al., 2014). 

However, in the last five decades, HCP formation has accelerated and proceeded to such a 

degree as to be considered largely irreversible (Raynolds et al., 2014). During the initial 

years of development of the Prudhoe Bay Oilfield, thermokarst development was primarily 

observed at tundra in the immediate vicinity (i.e., within some tens of meters) of 

infrastructure (Walker et al., 1987). Commonly, HCPs were seen developing on one or 

both sides of newly constructed gravel roads, a trend that has been attributed to: 1) dust 

emissions from traffic which coat the polygons, reducing their albedo and increasing soil 

temperatures, and 2) impoundment of runoff on one side of poorly constructed corridors, 

increasing at once the water saturation and thermal conductivity of the soil column (Walker 

et al., 1987; Raynolds et al., 2014). While thermal erosion associated with infrastructure 

placement continues to the present, thermokarst since 1990 has been increasingly observed 

at undeveloped sites, presumably as an effect of regional climate warming (Jorgenson et 

al., 2006). As of 2010, approximately 34% of the tundra at three sites extensively surveyed 
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within the Prudhoe Bay region appeared to be affected by thermokarst development 

(Raynolds et al., 2014).  

 

2.3 HILLSLOPE DIFFUSION THEORY 

 The model presented in this thesis relies on hillslope diffusion theory to simulate 

ice wedge polygon evolution as an example of thermokarst. Hillslope diffusion as a concept 

traces its origins to the work of geomorphologist G. K. Gilbert, who observed over a 

century ago the tendency for hillslopes in nature (that is, any land area that is not a stream 

channel or a beach) to evolve into convex-up shapes. He thereafter developed a conceptual 

model in which a 1-D hillslope reaches a steady state, convex-up form when certain 

assumptions are maintained regarding the nature of downslope regolith transport (Gilbert, 

1909). This conceptual model is illustrated in Figure 2.12. In the figure, bedrock is assumed 

to be immobile. The regolith column mantling the hillslope (shown in red) is created by 

weathering processes, which proceed at the same rate at which regolith is removed by 

downslope transport, maintaining a constant thickness. Although the elevation at any point 

along the hillslope is depicted as decreasing over time, the downward rate of change is 

equal at all points, resulting in a consistent form. Such an equilibrium requires that the 

regolith flux past any point at a horizontal distance x from the summit be directly 

proportional to x. This is because, over a given time period, the rate of downslope regolith 

removal past x must equal the rate of regolith creation at all points upslope from x, with the 

weathering rate assumed uniform across the hillslope (Anderson and Anderson, 2010). By 

making one further assumption—that lateral regolith transport is proportional to the 
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topographic gradient at a point, this model predicts that the topographic gradient should 

increase linearly from zero with distance from the summit, resulting in a surface with the 

form of a downward-facing parabola. 

 Gilbert’s model pertains only to hillslopes at steady state, and requires 

modifications in order to describe an eroding polygon, whose form changes over time. It 

may, however, be considered an approximation of reality where a hillslope is bound by a 

stream at its base which carries away regolith as quickly as it is shed, and which erodes its 

own bed material, thereby decreasing in elevation at the same rate as the hillslope. 

Alternatively, the downward parabola shape has been observed near the summits of ridges 

formed in relatively erodible rocks such as shale, where the topographic gradient increases 

approximately linearly with distance away from the summit until it reaches a threshold at 

which lateral soil transport can no longer be considered proportional to slope (Anderson 

and Anderson, 2010) (Figure 2.13).  

 Since Gilbert’s time, geomorphologists have developed and reformulated his ideas 

in the language of differential equations, thereby extending their applicability to a wider 

range of systems. Fundamentally, Gilbert’s assumption that volumetric sediment transport 

is proportional to slope is described in the equation: 

𝑞𝑥 = −𝐷
𝜕𝑧

𝜕𝑥
          2.2 

where qx is the volumetric flux of sediment oriented in the x-direction per unit width of 

hillslope (L3/L∙T), ∂z/∂x is the topographic gradient (--), and D is the constant of 

proportionality, termed hillslope diffusivity or the hillslope diffusion coefficient (L2/T). The 

negative sign indicates that regolith transport is downslope, or opposite the gradient. 
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Equation 2.2 describes a linear relationship between slope and regolith flux, and therefore 

describes a system subject to linear hillslope diffusion (Fernandes and Dietrich, 1997). 

Although non-linear hillslope diffusion equations have been developed for application to 

other scenarios (Rempe and Dietrich, 2014), the linear equation is generally treated as a 

reasonable approximation in areas of low relief, including landscapes subject to frost creep 

(Matsuoka and Moriwaki, 1992; Anderson and Anderson, 2010).  

 The hillslope diffusion equation may be applied to transient conditions in a similar 

manner to other diffusion equations. Returning to the 1-D conceptual model of a hillslope, 

the rate of accumulation of regolith in the neighborhood of any point along the profile 

should be equal to the difference between the regolith transported inward across the 

upslope boundary of that neighborhood and the regolith transported outward across the 

downslope boundary. The average rate of change of elevation, then, is equal to the rate of 

volumetric regolith accumulation divided by the area of the neighborhood.  Downsizing all 

dimensions to an infinitesimal scale, this can be represented mathematically as: 

𝜕𝑧

𝜕𝑡
=  −

𝜕

𝜕𝑥
𝑞𝑥 = 𝐷

𝜕2𝑧

𝜕𝑥2          2.3 

or, applying the equation in two dimensions: 

𝜕𝑧

𝜕𝑡
=  𝐷 (

𝜕2𝑧

𝜕𝑥2 +
𝜕2𝑧

𝜕𝑦2)          2.4 

One can interpret Equation 2.4 intuitively by imagining a two dimensional grid projected 

downward onto a surface of interest. If the surface is subject to linear hillslope diffusion, 

the average rate of change in elevation within any cell may be approximated by subtracting 

the sum of outward-oriented regolith fluxes from the sum of inward-oriented fluxes, 
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evaluated along each cell edge using Equation 2.2, then dividing by the cell area. In the 

case of an eroding ice wedge polygon, the concepts of regolith thickness and bedrock 

weathering can be ignored, as it is assumed that all material above the ice table is 

unconsolidated regolith. 

 Of course, for this mathematical treatment to be justified, soil transport mechanisms 

must be identified in the field that reasonably conform to Equation 2.2. Frost heave has 

already been mentioned as a likely candidate. Another process that is frequently observed 

in the tundra and may play a role is continuous soil creep, or the fluid-like motion of 

(oftentimes, water saturated) soil in response to shear stresses generated by gravity alone 

(Kirkby, 1967). The representation of both of these processes using the linear hillslope 

diffusion equation is discussed in Section 3.3. A detailed discussion of the implications of 

representing frost heave as a linearly diffusive process is included in Section 4.2.  
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Figure 2.1 Imagery of the State of Alaska, labeled to show the Alaska North Slope, 

the Brooks Range, and Prudhoe Bay. Image courtesy of ESRI. 
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Figure 2.2 Imagery of the Prudhoe Bay region, with the center unit of the oilfield 

outlined in teal. The study area refers to the site of model calibration. The 

Sagavanirktok River is visible as a braided stream just east of the Dalton 

Highway, and the Kuparuk River is seen as a meandering stream several 

tens of kilometers to the west. Image courtesy of Google Earth. 
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Figure 2.3 Soil stratigraphy in the Prudhoe Bay region. From Shur et al. (2014). 
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Figure 2.4 Average annual temperature profile from borehole measurements at 

Prudhoe Bay. Reconstructed from Lachenbruch and Marshall (1986). The 

solid blue line represents average annual ground temperature. The dashed 

line is an extrapolation of the geothermal gradient to the ground surface, 

and represents a reasonable reconstruction of the temperature profile prior 

to the industrial era. 
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Figure 2.5 A soil core demonstrating the effects of frost heave. Ice lenses are visible 

in the top half. Image from http://civilengineersforum.com/frost-heave-

action/. 
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Figure 2.6 Conceptual model of freezing induced redistribution. Tm refers to the 

melting point of ice at atmospheric pressure, 0°C. As a freezing front 

(where T = Tm) progresses downward, soil moisture is wicked upward, 

past the front, to feed the growth of ice lenses (see Figure 2.7). From 

Peppin and Style (2012). 
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Figure 2.7 Schematic of a growing ice lens and associated frozen fringe. Temperature 

is below 0°C within the frozen fringe. From Peppin and Style (2012). 
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Figure 2.8 Schematic of a frost heave event, showing “puffing up” and downslope 

settling of soil. The details of this figure are discussed in greater depth in 

Chapter 4. From Anderson (2002). 
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Figure 2.9 Schematic of a growing ice wedge, including warping of adjacent soil. 

From Lachenbruch (1962). 

 

 

 

 

 

 

 

 

 

 

 

 

 

1st Winter 1st Fall 500th Fall 500th Winter 

Active Layer 

Permafrost 



36 

 

 

 

 

Figure 2.10 An exposed ice wedge near the Arctic coast. The axis of the wedge runs 

into the paper, with low-centered polygons on either side. Image from 

http://www.page21.eu/gallery/fieldstations2012. 
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Figure 2.11 Idealized illustration of ice wedge degradation due to increased soil 

temperatures, based on recent field surveys on the Alaska North Slope. 

From Jorgenson et al. (2006). 
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Figure 2.12 Illustration of G.K. Gilbert’s conceptual model of a 1-D convex hillslope 

experiencing erosion (1909). To maintain a steady form, the downslope 

regolith flux at any point must equal the cumulative rate of sediment 

production at all points upslope. Therefore, the flux at point B is roughly 

twice that at point A. From Anderson (2008). 

 

 

 

 

 

 

 

 

 

 

 

 

creeping 
regolith 

summit 

present 
surface 

earlier 
surface 



39 

 

 

 

Figure 2.13 Convex-up ridge formed in the Tropic Shale in central Utah. The shadow 

reveals that at the summit topography is nearly a parabola, as predicted by 

the linear hillslope diffusion equation. From Anderson and Anderson 

(2010). 
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Chapter 3. Numerical Model 

 

Author’s note: The following manuscript (Chapter 3) was submitted to Permafrost and 

Periglacial Processes on March 24, 2015. The abstract at the beginning of this thesis 

accompanied the manuscript. 

 

3.1 INTRODUCTION 

Ice wedge polygons are patterned ground features that cover approximately 

250,000 km2 within the continuous permafrost zone (Minke et al., 2007). The 

transformation of low-centered polygons (LCPs) into high-centered polygons (HCPs) is 

thought to be triggered by increases in soil temperatures, and therefore may be a bellwether 

for permafrost degradation. Highly visible changes in surface topography are initiated by 

partial melting, from the top down, of ice wedges that underlie polygon boundaries. This 

results in the subsidence of trough spaces into which soil from LCP rims erodes, eventually 

producing a convex-up shape in some HCPs. This process has been described primarily on 

the basis of field observations, and may occur reversibly or irreversibly – in the latter case, 

it is thought that HCP formation may precede kilometer-scale land subsidence and the 

formation of thermokarst lakes (Raynolds et al., 2014). 

The goal of this study was to develop a model which can numerically simulate 

changes in topography associated with ice wedge polygon transition. The field site is 

located south of Deadhorse, Alaska, but the results could be applied to similar patterned 

grounds in other Arctic areas. Specifically, this study addresses whether an established 

geomorphic concept, linear hillslope diffusion, can be applied to reproduce predicted HCP 
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morphology obtained through LiDAR measurements. The model developed for this 

purpose generates a time series of synthetic DEMs, characterizing an eroding polygon as 

it transitions from LCP to HCP form. By analyzing the simulated topography, the model 

can also predict changes in depressional hydrologic storage capacity in the center of the 

polygon and the volume of soil shed from polygon rims into troughs. These variables may 

inform estimates of the rate of soil organic carbon release from the polygon during 

geomorphic transition. 

 

3.2 BACKGROUND 

Ice wedge polygon formation is associated with thermal cracking at the ground 

surface during Arctic winters (Leffingwell, 1915). When soil temperatures drop beyond a 

threshold near -15°C, a network of vertical cracks may open that bounds polygon features, 

each several meters to tens of meters across (Mackay, 1993). Deposition of hoarfrost or 

freezing of infiltrating meltwater in the spring then prevents the cracks from closing. 

Because the tensile strength of ice is less than frozen soil, cracks tend to re-open and fill in 

the same places each year (Lachenbruch, 1962). As a result, cracks come to host ever-

growing, vertically laminated wedges of ice. The pressure that growing ice wedges exert 

on the neighboring soil column distorts sediment layers and displaces soil at the edges of 

polygons upward, resulting in elevated rims and a low-centered morphology. These LCPs 

are capable of retaining ponded water in their centers, impeding runoff following the spring 

freshet and summertime precipitation events (Liljedahl et al., 2012). 
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 When average soil temperatures warm over a multi-year period, two of the most 

visible changes at ground surface are the partial melting of ice-wedges and the conversion 

of LCPs to HCPs. The resulting changes in topography are often labeled thermokarst, due 

to visual similarities with karst landscapes (Raynolds et al., 2014). As described by 

Jorgenson et al. (2006), ice wedge degradation begins with melting of the top few 

decimeters of ice wedges, resulting in formation (if they do not already exist) and 

subsidence of troughs, which often partially fill with water. Ice wedges in the outer coastal 

plain of Arctic Alaska have recently been observed to progress through this stage for 10-

20 years, at which point melting ceases. Throughout this time, soil from LCP rims erodes 

into the trough, creating an insulative mat at the trough bottom that eventually precludes 

further thaw-related deepening. The erosion of LCP rims, which may continue even after 

trough stabilization, converts the polygons into HCPs, often with a convex-up morphology. 

Walker et al. (1987) observed that this process occurs frequently near infrastructure in the 

Prudhoe Bay Oilfield and often seems to be triggered by dust emissions from gravel roads, 

which coat the tundra and alter its albedo such that summertime soil temperatures increase. 

Since 1990, HCP formation distal to infrastructure in northern Alaska has also accelerated 

and is attributed to regional climate change (Jorgenson et al., 2006).  

 The physical mechanisms that drive lateral transport of soil from polygon rims to 

troughs are not well characterized, but two likely processes are frost heave and continuous 

soil creep. Frost heave is characterized by the formation of segregated ice lenses at a 

subsurface freezing front that “puff up” soil several millimeters to centimeters normal to 

the ground surface (Anderson et al., 2002). Importantly, when ice lenses melt, the direction 
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of settling is not normal to the surface, but at some angle between the original vector of 

displacement and directly downward. The net result is downslope transport of soil. 

Numerous investigators have studied this process at a hillslope scale, and have 

demonstrated both empirically and theoretically that the resultant rate of downslope soil 

transport scales linearly upward with the magnitude of the topographic gradient (e.g., 

Matsuoka and Moriwaki, 1992; Anderson et al., 2002; Font et al., 2006). Continuous soil 

creep, in contrast to frost heave, is the fluid-like motion of soil down a hillslope in response 

to shear stresses generated by gravity alone (Kirkby, 1967). Theoretical treatment of this 

process is in some respects more complex than frost creep, due to the difficulty in defining 

a stress field through a continuously deforming inhomogeneous material. Nonetheless, 

geomorphic studies in the past several decades have also tended to treat soil creep as a 

process that drives downward soil transport at a rate that scales upward with slope (e.g., 

Reneau and Dietrich, 1990). McKean et al. (1993), furthermore, examined profiles of 10Be 

along a hillslope experiencing soil creep in California and found that the distribution of the 

isotope was consistent with the premise of a linear relationship between soil transport and 

slope. Fernandes and Dietrich (1997) reviewed investigations into hillslope processes 

including frost heave and soil creep, and suggest that the linear relationship between soil 

transport rate and slope is most applicable at length scales below several hundred meters. 

This mathematical relationship, on the scale of a polygon, is fundamental to the numerical 

model presented in this study. 
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3.3 STUDY AREA AND METHODS 

The polygons used to calibrate the model are located just north of Milepost 387 on 

the Dalton Highway, approximately 40 km south of Deadhorse in Alaska’s North Slope 

Borough. The site (ca. 69°51'00"N 148°47'50" W) was included in a roughly 480km2 

airborne LiDAR survey conducted in 2012, producing a point cloud representation of 

topography with approximately 20 returns/m2 (Paine et al., 2015). The site is bisected by 

the highway and is notable for the presence of intact LCPs showing no obvious signs of 

disturbance directly across the corridor from HCPs surrounded by well-developed 

thermokarst pits. Whereas LCPs to the east of the highway are covered in regionally typical 

vegetation including sedges, grasses, and willow shrubs, HCPs to the west are largely 

stripped of vegetation and locally coated by a thin (~5 mm) layer of silt and fine gravel that 

appears to originate from the highway (Figure 3.1). In line with observations made by 

Walker et al. (1987) and Raynolds et al. (2014) of thermokarst triggered by adjacent 

infrastructure placement, these conditions were interpreted as evidence that the formation 

of the HCPs began following construction of the highway in 1974. Besides the dust effect 

already mentioned, it is also noted that increased flooding to the west of the highway, 

caused by alterations to drainage patterns, may have increased the thermal conductivity of 

the soil column and thereby contributed to thermokarst, as was also reported by Walker et 

al. (1987) and Raynolds et al. (2014). In any case, the date of 1974 provides a convenient 

timeframe for inverse modeling of polygon evolution. 

 As stated above, the model’s treatment of erosion is based on the premise that 

downslope soil transport rates are proportional to the local topographic gradient. Assuming 
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that soil density remains constant over time, this relationship can be expressed in a linear 

hillslope diffusion equation: 

𝑞𝑥 = −𝐷
𝜕𝑧

𝜕𝑥
          3.1 

where q is the volume of soil transported downslope per unit width in the x-direction 

(L3/L∙T); D is a constant termed hillslope diffusivity (L2/T), and ∂z/∂x is the slope of the 

ground surface in the x-direction (--). The model was written in MATLAB and applies the 

above equation in two dimensions across a raster representation of a single polygon’s 

topography. The change of elevation within each cell over a timestep is then     

approximated as the net volumetric flux of sediment into or out of that cell divided by the 

cell’s area. For this exercise, the outermost cells of the polygon raster represent the 

interface between soil and water in developing troughs, and are treated as a fixed-   

elevation (Dirichlet) boundary that is forced gradually downward during the first stage of 

the simulation, representing the process of trough subsidence. This stage lasts for fifteen 

years in the model, given recent observations that trough subsidence in northern Alaska 

may last for 10-20 years before elevation stabilizes (Jorgenson et al., 2006). (Following 

simulations, the assumption of fifteen years of trough deepening was evaluated in a 

sensitivity analysis described below.) Overall, then, model inputs include a gridded DEM 

of the initial LCP, estimates of the constant D and the total trough subsidence depth, and 

the length of time to simulate. Output at each time-step includes a synthetic DEM 

representing the polygon as it erodes to an HCP form. The intermittency of the model is 

set at one month, with active diffusive processes and trough deepening only during the  

four months of the year with average daytime temperatures above freezing (Alcorn and 
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Dorava, 1995). The input value of D in units of m2/mo is therefore equivalent to one fourth 

of the effective annual D in m2/yr. 

To constrain estimates for D and trough elevation lowering at the present study site, 

two sets of polygons were selected for analysis: five LCPs from the eastern side of the 

highway, used as model input, and five HCPs from the western side, against which the 

topographic profiles of simulated HCPs could be compared (Fig. 3.2). The experimental 

design, therefore, assumed that prior to highway construction, polygons on the western side 

of the highway were similar in appearance to polygons on the eastern side. Spatial 

characteristics including the area and perimeter of each polygon are presented in Table 3.1. 

Polygons on the western side of the highway were chosen by distance from the road, 

varying from immediately adjacent to the equivalent of several polygon diameters away, 

to examine to influence of the road’s proximity on polygon evolution. The topographic 

data for each polygon were clipped from a 50 cm resolution gridded DEM generated from 

the LiDAR point cloud in ArcGIS (version 10.2, ESRI, Redlands, CA), then imported as 

an ASCII file into MATLAB. The model was then applied to each LCP  for 38 years (the 

time between highway construction and the LiDAR survey), sequentially varying D and 

the total depth of boundary forcing, ranging from 0-0.2 m2/yr (in increments of 0.002 

m2/yr) and 0-50 cm (in increments of 1 cm), respectively. This exploration of parameter 

space was meant to identify the values of the diffusion coefficient and trough subsidence 

depth that best characterized the observed HCPs, as described below. 

After each 38-yr run, two elevational transects intersecting the polygon centroid 

were extracted from the final simulated HCP and one field-observed HCP. The orientations 
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of these transects were determined by drawing a rectangle of minimum width bounding 

each polygon; one transect was then drawn parallel to the major axis, and one parallel to 

the minor (shown as black and gray lines, respectively, in Figure 3.2). Elevation at the 

centroid was chosen as the reference datum for each elevation profile, for ease of 

comparison between the polygons. Distances across each transect were normalized from 0 

to 1 by the polygon dimensions. Elevations were then subsampled at 41 evenly spaced 

points (82 elevation points per polygon). The root mean square error (RMSE) between 

these 82 points for the measured and simulated HCP was calculated and used as the 

objective function. The minimum in the objective function was identified as corresponding 

to the best fit values of input parameters describing each polygon pair. This process was 

repeated for each combination of LCP and HCP, resulting in 25 sets of optimized 

parameters total.  

After optimized parameters were determined for all 25 polygon pairs, the 

importance of the assumption of fifteen years of boundary subsidence was evaluated by re-

running each simulation with the best fit parameters, but with boundary forcing spread 

across timespans ranging from 10 years to 20 years, in increments of one year. As it was 

found that RMSE for each simulation varied on average less than 2% during this analysis, 

it was deemed that the model was insensitive to the precise duration of boundary lowering. 

Subsequently, the model was run forward one final time on each polygon pair to generate 

a calibrated series of synthetic DEMs representing 38 years of erosion that yielded the HCP 

form. These DEMs were then processed to estimate the volumetric flux of soil into troughs 

and the reduction in depressional hydrologic storage during transition. To evaluate the soil 
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volume transported to the troughs via diffusive processes in each timestep, the change in 

elevation over the timestep was calculated for each cell and multiplied by the cell area. The 

values for all cells were then summed, except for those at the boundary, where changes in 

elevation were forced according to the boundary conditions. Mathematically, this treatment 

can be summarized as:  

𝛥𝑉 = ∑ (𝑧𝑇0
𝑛
𝑖=1 − 𝑧𝑇1)𝑎        3.2 

where ΔV is the volume of soil transported into the troughs, zT0 is a cell’s elevation at the 

beginning of the timestep, zT1 is elevation following the timestep, a is the area of the cell 

(constant for all cells), and n is the number of cells excluding boundary cells in the polygon 

raster. To evaluate the area and volume of the largest pond that could be contained within 

the polygon at each timestep, the synthetic DEMs were processed with a MATLAB script 

that generates a raster representation of their central depression. The area and volume of 

this depression were calculated by summing the number of cells and their depths, 

respectively, then multiplying by cell area. 

 

3.4 RESULTS AND DISCUSSION 

 Best fit values for D and boundary subsidence forcing are reported alongside  

RMSE for each of the 25 optimized simulations in Table 3.2. A visualization of the 

simulation pairing LC-3 with HC-3 is shown in Figure 3.3. Examples of the elevation 

transects used during optimization, corresponding to the lowest RMSE simulations using 

HC-1, HC-3, and HC-5, are shown in Figure 3.4. Optimized values for D decrease 

noticeably in simulations calibrated with polygons HC-4 and HC-5, which are the polygons 
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farthest from the Dalton Highway (Table 3.2). The close visual match between simulated 

and observed HCPs in Figures 3.3 and 3.4, as well as low RMSE values for all simulations 

(ranging from 3.30-7.47 cm), imply that, at least during the first several decades, the 

process of polygon transition can be reasonably approximated by the linear hillslope 

diffusion equation. Furthermore, in simulations calibrated with more thoroughly eroded 

polygons HC-1, HC-2, and HC-3 (i.e., essentially, end members), optimized values of D, 

ranging from 0.018-0.060 m2/yr, are comparable with the higher end of estimates that have 

previously been determined from sites experiencing frost heave (e.g., Anderson et al., 

2002; D ≈ 0.032 m2/yr) and continuous soil creep (e.g., McKean et al., 1993; D ≈ 0.036 

m2/yr). The model’s optimized boundary forcing depth for these same polygons, ranging 

from 11-32 cm, also agrees well with field observations of advanced, stabilized 

thermokarst troughs reported by Jorgenson et al. (2006).  

As indicated above, the lowering of the polygon boundary in the model represents 

a lowering in elevation of the interface between soil and water at the polygon trough—a 

space where water levels in reality may fluctuate significantly over the course of a summer. 

In the present case, however, the deepening reported in Table 3.2 may be interpreted as 

representative of average mid-summer conditions (e.g., July), similar in time to when the 

LiDAR survey used to calibrate the model was flown. Overall, the model seems to 

represent an adequate first approximation of several decades of polygon erosion. To the 

best of the author’s knowledge, this is the first time that a numerical model of this process 

has been presented in the literature.  
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 The model results provide interesting insights into the environmental implications 

of polygon evolution, as well as the physical processes that underlie and accompany it. For 

example, Figure 3.5 presents changes in three variables derived from the synthetic DEMs 

during each simulation: potential pond area, with values normalized by polygon area; pond 

volume, with values again normalized by polygon area (i.e., represented as water 

volume/polygon area); and soil flux into the trough space, represented as soil volume per 

unit polygon area per year. The figure is organized in rows corresponding to specific HCPs 

and each trace on each plot represents the simulation based on the HCP with one (starting) 

LCP, as listed in the legend. In simulations calibrated with heavily eroded polygons (HC-

1, HC-2, and HC-3), an average of ~1.5 cm hydrologic storage (calculated as pond volume 

divided by polygon area) was lost during transition—most rapidly within the initial fifteen 

years when troughs are deepening, as marked by the vertical line in each graph. This loss 

is especially important in areas, such as the field site, where active layer depths average 

only ~50 cm, limiting liquid water storage in the soil. The results also support suggestions 

by other researchers (e.g., Liljedahl et al., 2012) that HCP dominated landscapes 

experience greater runoff in comparison with LCP landscapes, because of the lack of 

storage capacity to buffer runoff volume. Like changes in pond volume, the simulated soil 

flux into troughs, shown in the third column of Figure 3.5, is also greatest during the initial 

fifteen years of erosion. Mathematically, this is to be expected, as the model treats soil 

transport as proportional to the topographic gradient, which increases during the first 

fifteen years as the boundary cells are forced gradually downward. Following stabilization 

of the boundary between polygon and trough water, the model predicts that soil flux 
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declines asymptotically toward zero, though some flux is maintained throughout all 38 

years of simulation. Interestingly, the cumulative soil flux in simulations including 

polygons HC-1, HC-2, and HC-3 was relatively constant when normalized by polygon 

area, averaging from 0.11 – 0.13 m3/m2.  

  The process of soil flux into the presumably water-filled trough space may warrant 

special attention among the results of the model, due to implications for carbon cycling. 

For example, the inundated trough environment represents a marked change in both redox 

potential and microbial communities as compared with the relatively drained LCP rims, 

where most of the transported soil originates. It is reasonable that the high organic carbon 

content of the upper peat horizon in polygonal soils near the study site, estimated at 20 

kg/m3 or higher (Michaelson et al., 1996), is potentially degraded after transport into this 

space, through either aerobic microbial respiration, methanogenesis, or a combination of 

both, depending on site conditions (Campbell et al., 2010; Zona et al., 2011). Thus, the 

redistribution of this soil, although occurring only on the scale of meters, may represent a 

significant process affecting carbon emissions throughout broad, thawing regions of the 

tundra. In the future, further study of bacterial communities and geochemical properties in 

both LCP rims and trough environments may help tie the model’s predictions of soil 

transport to rates of soil organic carbon mobilization and degradation. 

 The model results also show an interesting relationship between the variables 

evaluated in Figure 3.5 and the LCP used to start a simulation. For example, considering 

plots of soil flux, it is noted that simulations using polygons LC-1 and LC-2 as input predict 

the greatest diffusive transport of soil during transition, whereas simulations using LC-5 
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consistently predict the lowest flux, suggesting that LC-5 is closer in form to an HCP than 

the rest of the LCPs. It is also noted that the five LCP’s used in this study have initial 

depressional storage capacities that vary from ~0.6-2.6 cm equivalent depth of water when 

normalized by polygon area. For plots of HC-1, HC-2, and HC-3, then, the five curves 

representing transient pond volume are relatively spread apart in early years of the 

simulation, but converge towards the mean curve as the simulation progresses. The five 

curves, however, do not converge as strongly in simulations calibrated with HC-4 and HC-

5. This is interpreted as further evidence that polygons HC-1, HC-2, and HC-3 represent 

highly eroded “end members” of polygon transition, whereas polygons HC-4 and HC-5 are 

more lightly impacted by thermokarst formation, and therefore more sensitive to the input 

LCP used to model their formation. 

 

3.5 FUTURE DEVELOPMENT AND CONCLUSION 

 Future development of the approach and model will focus on more detailed, 

process-based treatment of the input parameters, especially the hillslope diffusion 

coefficient, D, which encapsulates many different processes. Figure 3.6 presents a 

logarithmic fit of estimated values of D and boundary subsidence as functions of distance 

from the Dalton Highway, in which the distances correspond to the centroids of HCPs used 

in model calibration. The depicted drop in D, varying roughly one order of magnitude over 

a distance of 60 meters, reflects the decreasing influence of the highway on the surface 

environment of the soil. It is reasonable that the decrease in D also might indicate an 

altering of the physical processes of soil transport. As mentioned in the Results section, 
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estimates of effective annual D for simulations involving HC-1, HC-2, and HC-3 were 

similar to a pair of previous studies characterizing sites dominated by both frost heave 

(Anderson, 2002) and continuous soil creep (McKean et al., 1993). While this indicates 

that the estimates of D for these three polygons are reasonable, they are, nonetheless, at 

least an order of magnitude higher than values more commonly used to characterize either 

process by itself (Anderson et al., 2002). One plausible explanation, then, may be that both 

processes (or perhaps more) are active in HCPs adjacent to infrastructure, while only one 

process dominates at greater distances. If soil creep is augmented by reshaping of the ice 

table beneath thawing polygons, for example, it might be more effective in polygons with 

heavily disrupted surfaces close to roadways or other disturbances, whereas frost heave 

may dominate elsewhere.  

The model in its present form is valuable because it demonstrates that the process 

of polygon erosion may be reasonably simulated using relatively simple mathematics. 

Future observations of the specific transport processes involved in polygon transition, 

moreover, may ultimately be incorporated while applying the same linear hillslope 

diffusion paradigm, by quantifying the contribution of each transport process to D. This 

approach provides a reasonable means to improve the model’s fidelity to nature without 

changing its fundamental character. The results ultimately might be used to improve 

characterization of water and carbon cycling in Arctic land surface models. The author 

acknowledges that polygon transition, as observed in the field, is influenced by numerous 

complex feedbacks between environment and physical processes, which will ultimately 

elude numerical modeling (Raynolds et al., 2014). If, however, a selection of key 
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environmental variables, such as distance from infrastructure, is identified and correlated 

with key soil transport mechanisms and rates of erosion, the model’s usefulness in 

predicting environmental impacts associated with eroding polygons may be increased and 

extrapolated to greater spatial scales. 
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Table 3.1 Spatial characteristics of polygons used for model calibration, labeled in 

Figure 3.2 

 

 

 

 Area (m2) Perimeter (m) Major axis (m) Minor axis (m) 

LC-1 281.86 65.17 18.92 16.85 

LC-2 198.41 53.78 16.35 13.60 

LC-3 175.00 51.52 14.94 13.00 

LC-4 228.73 58.21 19.49 13.41 

LC-5 250.94 59.96 18.49 16.14 

HC-1 184.40 52.34 16.22 13.75 

HC-2 173.25 52.38 13.66 13.10 

HC-3 121.38 42.12 11.22 11.12 

HC-4 208.56 54.75 16.22 14.64 

HC-5 290.91 63.94 20.82 15.53 
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Table 3.2 RMSE and optimized parameters determined by the model. Each HCP 

was matched with each LCP, yielding 25 simulations. 

 

 

 

 LC-1 LC-2 LC-3 LC-4 LC-5 

HC-1 

RMSE = 0.0547 m 

D = 0.036 m2/yr 

Drop = 0.22 m 

RMSE = 0.0553 m 

D = 0.026 m2/yr 

Drop = 0.22 m 

RMSE = 0.0641 m 

D = 0.028 m2/yr 

Drop = 0.32 m 

RMSE = 0.0499 m 

D = 0.032 m2/yr 

Drop = 0.31 m 

RMSE = 0.0538 m 

D = 0.018 m2/yr 

Drop = 0.28 m 

HC-2 

RMSE = 0.0734 m 

D = 0.054 m2/yr 

Drop = 0.20 m 

RMSE = 0.0747 m 

D = 0.04 m2/yr 

Drop = 0.20 m 

RMSE = 0.0722 m 

D = 0.036 m2/yr 

Drop = 0.32 m 

RMSE = 0.0743 m 

D = 0.046 m2/yr 

Drop = 0.29 m 

RMSE = 0.0702 m 

D = 0.032 m2/yr 

Drop = 0.25 m 

HC-3 

RMSE = 0.0335 m 

D = 0.06 m2/yr 

Drop = 0.12 m 

RMSE = 0.0422 m 

D = 0.046 m2/yr 

Drop = 0.11 m 

RMSE = 0.033 m 

D = 0.04 m2/yr 

Drop = 0.24 m 

RMSE = 0.0415 m 

D = 0.054 m2/yr 

Drop = 0.19 m 

RMSE = 0.0353 m 

D = 0.04 m2/yr 

Drop = 0.15 m 

HC-4 

RMSE = 0.0493 m 

D = 0.02 m2/yr 

Drop = 0.07 m 

RMSE = 0.0688 m 

D = 0.018 m2/yr 

Drop = 0.05 m 

RMSE = 0.0579 m 

D = 0.01 m2/yr 

Drop = 0.22 m 

RMSE = 0.061 m 

D = 0.014 m2/yr 

Drop = 0.17 m 

RMSE = 0.0505 m 

D = 0.004 m2/yr 

Drop = 0.15 m 

HC-5 

RMSE = 0.0438 m 

D = 0.008 m2/yr 

Drop = 0.10 m 

RMSE = 0.0587 m 

D = 0.004 m2/yr 

Drop = 0.13 m 

RMSE = 0.0657 m 

D = 0.006 m2/yr 

Drop = 0.23 m 

RMSE = 0.045 m 

D = 0.004 m2/yr 

Drop = 0.21 m 

RMSE = 0.0553 m 

D = 0.002 m2/yr 

Drop = 0.15 m 
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Figure 3.1 Low-centered polygon (above), showing intact rims and regionally typical 

vegetation, and high-centered polygon (below), showing a surface layer of 

recently deposited silt and gravel, likely originating from the roadway in 

the foreground. Polygons are located on opposite sides of the Dalton 

Highway, near Milepost 387. Backpack included for scale. Photo was 

taken in late July, 2014. 
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Figure 3.2 Polygon pairs used in modeling, outlined within the 50 cm resolution 

DEM from which elevation was extracted. “LC” refers to low-centered 

polygons and “HC” to high-centered. Major and minor axes, where 

elevation was extracted during model calibration, are shown in black and 

gray, respectively. Elevation is expressed in meters above sea level. 
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Figure 3.3  Surface plots, at selected timesteps, of the optimized simulation using 

polygons LC-3 and HC-3. Red lines mark the transects used to calculate 

RMSE between the observed and simulated HCP. 
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Figure 3.4  Plots of the transects used to calculate RMSE between observed and 

simulated HCPs. The lowest RMSE simulations using polygons HC-1, 

HC-3, and HC-5 are shown, reflecting the effect of increasing distance 

from the Dalton Highway. 
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Figure 3.5 Summary of three environmental impacts associated with polygon 

transition: column 1 shows the normalized area of the largest pond that 

may be contained within a polygon, column 2 shows normalized pond 

volume expressed as an equivalent depth of hydrologic storage, and 

column 3 shows the normalized annual soil flux into the trough. Rows 

correspond to HCPs. Each trace represents one simulation with an LCP. A 

vertical dashed line marks the end of boundary forcing at year 15. 
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Figure 3.6  Logarithmic fit of best fit parameters as functions of HCP distance from 

the haul road. Hollow circles represent individual simulations, and filled in 

circles represent the mean for all five simulations on one HCP. 
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Chapter 4. Discussion 

 

4.1 MODEL UNCERTAINTY AND LIMITATIONS 

 As with all numerical representations of reality, the model presented in the previous 

chapter is subject to multiple sources of uncertainty. For the purposes of this discussion, 

the sources may be divided into three categories: representation of initial conditions (i.e., 

the input LCP DEM), representation of boundary conditions (downward forcing of outer 

polygon cells), and mathematical representation of physical processes (use of the linear 

hillslope diffusion equation).  

 Fortunately, the uncertainty associated with the first of these sources is limited by 

the use of high-resolution LiDAR technology. As described in Section 3.3., the DEM used 

to represent the initial LCP in each simulation is derived from a point cloud with roughly 

20 returns/m2, meaning that each 0.25 m2 pixel’s assigned elevation is based on 

approximately five measurements. The LiDAR-based estimates of elevation have a vertical 

accuracy on the scale of several centimeters and an even tighter range of precision, such 

that the resultant DEM can be considered an extremely reliable representation of the ground 

surface (Paine et al., 2015). Some uncertainty may stem from interference of vegetation 

with the laser. However, as seen in the top photograph in Figure 3.1, vegetation on top of 

the LCPs in the study area is low, thin, and even-growing. For this reason, it was deemed 

unnecessary to filter returns in the point cloud as “canopy” and “bare surface,” as is 

common practice in forested terrain (e.g., Lu et al., 2008). It is worth noting, as seen in the 

lower photograph in Figure 3.1, that vegetation in HCPs appears to be more clumped near 



69 

 

the polygon boundary than in LCPs, with most interior plants choked out by dust 

deposition. For this reason, the HCP DEMs used to calibrate the model might be more 

likely to be distorted from plant growth than the input LCP DEMs. This distortion, 

however, would only affect a small portion of the elevation profiles used to calculate 

RMSE during parameter estimation—and might in fact help to explain why observed HCPs 

showed a consistent tendency to drop off slightly more steeply at the edges than simulated 

HCPs (visible in Figure 3.4). Some uncertainty also exists as to whether the LCPs on the 

eastern side of the corridor in the study area truly represent polygon forms on the western 

side prior to road construction. However, given the lack of evidence otherwise, the close 

proximity of the LCPs to the HCPs, and the frequency with which the pattern of disturbance 

seen here has been observed in the past (Walker et al., 1987; Raynolds et al., 2014), this 

assumption seems reasonable. 

 A second source of model uncertainty is the representation of boundary conditions 

(discussed briefly in Section 3.3). Specifically, the numerical model forces the boundary 

of the polygon linearly downward during the first fifteen years of simulated erosion to 

represent the process of trough subsidence due to ice wedge melting. This treatment is 

based on the observation of Jorgenson et al. (2006) that troughs above ice wedges on the 

North Slope are currently progressing from their initial state to one of “advanced 

stabilization” on the timescale of 10-20 years. To test the sensitivity of the model to its 

current treatment of this process, each of the 25 simulations, following optimization, was 

re-run using best fit parameters, but varying the time period during which the boundary 

was forced downward from 10 to 20 years, in increments of one year. It was observed that 
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final RMSE between the simulated and observed HCPs varied an average of only 1.1% for 

all simulations in this analysis, so long as the total depth of trough subsidence was 

unchanged. The model therefore seems to be relatively insensitive to the exact time regime 

of boundary deepening. This is taken as evidence that the model’s treatment of boundary 

conditions, beyond inclusion of a somewhat arbitrary time period during which the trough 

is allowed to decrease in elevation, is unlikely to impact either the final form of the 

simulated HCP or the ability of the model to inversely estimate erosion parameters (values 

of D and cumulative trough subsidence depth). 

 The principal source of uncertainty, then, is likely the use of the linear hillslope 

diffusion approach to simulate erosion without rigorous field-based knowledge of the 

processes driving soil transport. Although the equation has been widely employed to 

simulate hillslope processes in low-gradient environments (Fernandes and Dietrich, 1997), 

it is at least one step divorced from a true physical representation of the processes effecting 

erosion, which are lumped together in the parameter D. The implicit assumptions that this 

parameter is a linear coefficient of the topographic gradient and that it is constant in time 

are partially justified from studies of hillslope processes in other environments, as 

described in Section 3.2. However, outside of the current modeling exercise, these 

assumptions are not yet verified in the system of an eroding polygon. Additionally, it is 

unclear whether the processes eroding the rims of degrading LCPs only become active after 

ice wedges begin to thaw, as represented in the model. Rather, it might be assumed that, 

prior to ice wedge degradation, potential erosion of the LCP rim is counteracted by yearly 

upward soil warping from ice wedge cracking, leading to a roughly steady state form; 
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however, this hypothesis has not been evaluated. These examples illustrate that, while use 

of the hillslope diffusion equation represents a convenient means of simulating the 

deformation of polygon topography, it relies on several currently under-evaluated 

assumptions, which (in absence of a more physically based modeling approach) could only 

be tested by repeat surveying of topography before and throughout the geomorphic 

transition of a polygon. The model in its current form is also limited in the spatial zone 

across which it can be applied, as the calibration at the current field site does not inform 

predictions of the D in distal areas of the tundra. In consideration of these limitations, it 

seems that the most promising approach to reduce uncertainty in future versions will be 

more explicit incorporation of the erosive mechanisms that drive soil transport, bringing 

simulations closer to true physical representations of the real system. One reasonable 

means of moving in this direction is suggested in the next section. 

   

4.2 FUTURE DEVELOPMENT AND APPLICATIONS OF MODEL 

 Although the model presented in this thesis relies on inverse parameter estimation 

to constrain values of D, it may also be possible to estimate this variable on the basis of 

measureable field conditions, if the mechanism of soil transport is known. Working in the 

high elevations of the Wind River Range in Wyoming, where the dominant mechanism is 

presumed to be frost heave, Anderson (2002) developed one particularly interesting 

approach to deriving the hillslope diffusion coefficient from knowledge of the average 

heaving distance and the probability distribution function of depth of freezing events. 

Figure 4.1 illustrates his method, depicting an idealized representation of the downslope 
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regolith transport resulting from a single freeze-thaw event. The method assumes that soil 

is heaved perpendicular to the ground surface when ice lenses form, then displaced 

vertically downward when lenses melt. This results in a net downslope vector of soil 

transport that is greatest at the ground surface, decreasing linearly to zero at the base of the 

freeze. The downslope volumetric transport of regolith per unit width of hillslope is then 

the area of the gray triangle shown in the figure, evaluated as: 

𝑞𝑖 =
(𝛽𝜁𝑖)(𝜁𝑖

𝑑𝑧

𝑑𝑥
)

2
 =

𝛽

2

𝑑𝑧

𝑑𝑥
𝜁𝑖

2        4.1 

where qi is the downslope regolith discharge from one event (L2), ζi is the depth of the 

freezing event (L), and β is the strain associated with frost heave, defined as the ratio of 

heaving height to ζi. As described in Section 2.2, the heaving height is equal to the summed 

thicknesses of the ice lenses, and therefore might be obtained by observing a soil core 

collected in the wintertime. If a probability density function, p(ζi), whose integral evaluated 

from zero to infinity equals one, can then be defined for the depth of freezing at a given 

site, the annual downslope discharge of regolith may be estimated as: 

𝑞 = 𝑓 ∫ 𝑞𝑖
∞

0
𝑝(ζi )𝑑𝜁𝑖           4.2 

where f is the total amount of frost heave events per year. Obviously, the deepest freezing 

event in the tundra, occurring annually, will penetrate the entire active layer, or about  

50 cm at Prudhoe Bay. Smaller freeze-thaw events, however, will be expected to occur 

throughout the autumn freeze-up, on the timescale of days. Thus, f and p(ζi) might be 

estimated by installing thermistors at various depths through the active layer and 

monitoring over a period of several years. Ultimately, if Equation 4.2 is evaluated 
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numerically, q will be seen equal to the sum of a number of terms, 𝑓𝑞𝑖 ∫ 𝑝(𝜁𝑖  )𝑑𝜁𝑖
ζi+∆ζi

ζi
,                        

in each of which the derivative dz/dx appears raised to the first power, via Equation 4.1. 

By comparison with Equation 2.2, Equation 4.2 can therefore be considered equivalent to 

the linear hillslope diffusion equation, with D defined by the relationship: 

𝐷 =
𝑓 ∫ 𝑞𝑖

∞
0 𝑝(𝜁𝑖 )𝑑𝜁𝑖
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∞

0
      4.3 

 Anderson’s approach would be useful in future versions of the model because it 

provides a means of incorporating physical knowledge of tundra soils into the code without 

abandoning the concept of hillslope diffusion. In doing so, it would be possible to begin to 

address the hypotheses that frost creep is a potential driver of polygon erosion and that it 

does so in a linearly diffusive manner: Should these hypotheses be true, D evaluated at the 

calibration site using Equation 4.3 should be less than or approximately equal to the values 

of D evaluated by inverse parameter estimation in Chapter 3. Moreover, Equation 4.3 

should specifically predict a smaller D than that obtained using inverse parameter 

estimation if frost heave is active but not the only relevant process at the study site. 

Although Anderson’s approach, in such a case, would not fully replicate the results seen in 

Chapter 3, it would still allow one to estimate the portion of D directly attributable to frost 

creep, which is a first step toward untangling the variety of physical parameters that 

underlie the single diffusivity coefficient.  

 Exploring more potential outcomes from using Anderson’s approach at the    

present field site, it might be found that estimates of D using inverse parameter      

estimation at weakly eroded polygons HC-4 and HC-5 align closely with a prediction of D 
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using Equation 4.3, whereas only the more heavily eroded polygons closer to the roadway 

cannot be explained as a result of frost creep alone. A reasonable next hypothesis would 

then be that continuous soil creep is also a pertinent transport mechanism, but only becomes 

active (and perhaps, the dominant soil transport process) in polygons that experience 

relatively severe thermal disruption. This interpretation would complement a conceptual 

model of thermokarst recently proposed by Raynolds et al. (2014) and summarized in 

Figure 4.2. The figure presents two idealized progressions of thermokarst development: a 

reversible, less severe cycle is shown with blue arrows, while an irreversible progression 

(characterizing the majority of thermokarst currently developing near Prudhoe Bay) is 

labeled in red. The main factor distinguishing the two is the destruction of a zone known 

as the transient layer or intermediate layer, shown in pink. The transient layer is a zone 

several centimeters thick at the top of the permafrost that experiences thaw on a decadal to 

centennial timescale, due to natural variation in summertime temperatures (Shur et al., 

2005). Due to the increased frequency of freeze and thaw in this zone as compared to the 

lower permafrost, it tends to be enriched with ground ice in the form of ice lenses, and 

therefore requires especially high influxes of latent heat prior to thawing (French and Shur, 

2010). Figure 4.2 implies that the ice table of a high centered polygon becomes convex-up 

only when this zone has been thoroughly eliminated in the polygon interior—at the present 

field site, this condition might only be expected at polygons closer to the haul road. Once 

the ice table assumes a convex-up shape, shear stresses generated by gravity along this 

interface might serve as the impetus for continuous soil creep, accelerating the rate of 

polygon erosion. 
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 Although the preceding discussion is hypothetical, it represents a potential pathway 

by which the parameter D might ultimately be unpacked. For example, if shear stresses at 

a deformed ice table are found to be the main drivers of soil creep, this process might be 

physically modeled following the measurement of field parameters such as soil strength, 

bulk density, and ice table curvature. Ultimately, the goal of such efforts should be a more 

robust representation of the real system, which may be applied across broad areas of the 

tundra. Such a model would predict, with higher certainty, dynamic variables such as 

hydrologic storage loss and soil shedding during polygon transition—and these variables, 

in turn, might then be input into land surface models to more accurately represent the Arctic 

hydrologic and carbon cycles. By its nature, this research would be aimed toward 

generating much more detailed understanding of specific soil erosion mechanisms in the 

tundra, including the timescale on which they operate and the locations where they are 

likely to be active. This would be useful because, if D can be reliably predicted without the 

use of inverse parameter estimation, the model may then be run on HCP topographic data 

from newly surveyed locales to estimate the age of thermokarst distal to human 

infrastructure. Such an application, in turn, would be useful to researchers interested in 

reconstructing the history of thermokarst development on regional scales and predicting 

the areas of the tundra most vulnerable to thawing with continued climatic warming. These 

examples illustrate how further development of the physics behind the model described in 

this thesis would help both to refine its current output and extend its applicability to a 

greater range of research questions.  
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4.3 SUMMARY 

 To the best of the author’s knowledge, this thesis presents the first numerical 

simulation of ice wedge polygon transition from low-centered to high-centered form. The 

method uses the linear hillslope diffusion equation to simulate outward-oriented soil fluxes 

from the polygon interior to the trough, solved while the polygon boundary is forced 

gradually downward to represent the process of ice wedge melting. The model is calibrated 

at a field site where intact LCPs exist within meters of HCPs at various stages of 

development, whose transition appears to have been triggered by construction of the Dalton 

Highway in 1974. This interpretation of the calibration site’s history is based on field 

observations of anthropogenic dust deposition atop the HCPs and an overall pattern of 

thermokarst development that is consistent with the reports of other researchers near the 

Prudhoe Bay Oilfield over the last several decades (e.g., Walker et al., 1987; Raynolds et 

al., 2014).  

The modeling approach presented here is valuable because it demonstrates, through 

a close visual match between simulated and observed HCPs, that the process of polygon 

transition may be reasonably approximated using relatively simple mathematics. 

Moreover, the approach lends itself well to future refinement and extrapolation to greater 

geographic scales, through improved field identification of the processes driving soil 

transport and quantification of their contributions to the hillslope diffusion coefficient. 

Potentially relevant transport processes to focus such research efforts on include frost 

heave and continuous soil creep. Through this approach, model simulations would provide 

a means of representing time-variant topography in land surface models used to study the 
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Arctic water and carbon cycles. It is also envisioned that a refined version of the model 

may be used as a tool to estimate the age of recent thermokarst based on the observed shape 

of polygons across wide regions of tundra. The results of these applications, extrapolated 

across polygonal terrain in North America and Eurasia, would ultimately help researchers 

to better understand the changing form and function of Arctic landscapes in the years and 

decades to come. 

 

 

 

 

 

 

 

 

 

 

 



78 

 

 

 

Figure 4.1 Schematic of a single frost heave event, with volume of downslope 

regolith discharge shown highlighted in gray. From Anderson (2002). 
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Figure 4.2 Recent conceptual model of thermokarst development, including a 

reversible cycle labeled with blue arrows, and an irreversible, more severe 

progression labeled with red arrows. From Raynolds et al. (2014) 
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Appendix: MATLAB Code 

 

The following MATLAB scripts were written by the author for this thesis. 

 

Forward diffusion model: 

 

function [SimulatedHCP,SedShedYrly]=PolyDiff(LowCenPolygon,D,drop,pxlsz,yrs) 

  
% author: cabolt, date: 9/26/14 

  
% LowCenPolygon must be a matrix containing gridded elevation data in 
% meters for a low centered polygon. The rows and columns at the edges of 
% the matrix must all have a value equal to the lowest elevation of the 
% polygon (this should be at the interface with the trough). 

  
% D = hillslope diffusion coefficient in m^2/mo 

% drop = cumulative downwards boundary forcing during first 15 years (m) 

% pxlsz = cell area in LowCenPolygon (m^2) 

% yrs = model duration in years 

 

% SimulatedHCP = gridded elevation data for simulated HCP 

% SedShedYrly = array of volume of soil shed into troughs each year 

  
T0=LowCenPolygon; 

  
rownum=size(T0,1); 
colnum=size(T0,2); 
b=unique(T0); % unique values in T0; b(1) = trough elevation 
SedShed=[]; % time series of cumulative sediment shed each month, to be filled in 
BoundaryCells = sum(sum(LowCenPolygon-min(min(LowCenPolygon))==0)); % number of boundary cells 
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% Diffusion applied to initial topographic surface 
 

for years=1:yrs 
    for months=1:12 
        if 5<months && months<10       % limit erosive processes to summer months 
            for i=1:rownum 
                for j=1:colnum                     
                    if T0(i,j)==b(1) && years < 16     
                        T1(i,j)=T0(i,j)-(drop/60);  % force boundary cells down for first 15 years 
                    elseif T0(i,j)==b(1) && years > 10 
                        T1(i,j)=T0(i,j);            % leave boundary z unchanged after 15 years 
                    else 
                        T1(i,j)=T0(i,j)+D*( T0(i-1,j)-2.*(T0(i,j))+T0(i+1,j) )/pxlsz^2;  
                        T1(i,j)=T1(i,j)+D*( T0(i,j-1)-2.*(T0(i,j))+T0(i,j+1) )/pxlsz^2;  % Equation 2.4 
                    end 
                end    
            end 
            b=unique(T1); 
            if years < 16 
                SedShed(end+1)=(sum(sum(T0-T1))-(drop/60)*BoundaryCells)*pxlsz^2;  % Equation 3.2 
            else 
                SedShed(end+1)=sum(sum(T0-T1))*pxlsz^2;      
            end 
            T0=T1; 
        end 
    end 
end 
SimulatedHCP=T0; 

  
for k=1:yrs 
     SedShedYrly(k)=sum(SedShed((k-1)*4+1:k*4));    % Convert monthly values to yearly values 
end 
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Inverse parameter estimation: 

 
function [Dbest,dropbest] = 

paramfit(LowCenPolygon,HiCenPolygon,LowCenMask,LowCenMask2,HiCenMask,HiCenMask2,pxlsz)  
 

% author: cabolt, date: 10/1/14 

  
% A nested function is defined, which runs the forward diffusion model on a 
% given LCP, using assigned values for D, drop, and pxlsz. Following a 
% complete simulation, elevation transects are extracted from the major and 
% minor axes of the simulated HCP, which are each identified using mask 
% rasters that were created in ArcGIS (LowCenMask and LowCenMask2). 
% Corresponding transects are extracted from an assigned HCP, using similar 
% masks. Both sets of transects are sampled at an equal number of evenly  

% spaced points, and RMSE between the sets is used as an objective function  
% of error. 

  
% The main function repeatedly runs the nested function with systematically 
% varying inputs of D and drop. The simulation with the lowest RMSE is 
% identified as the optimized simulation. 

  
    function [RMSE]=PolyDiffNested(LCP,HCP,LowCenMask,LowCenMask2,HiCenMask,HiCenMask2,D,drop) 

     
    T0 = LCP; 

  
    rownum=size(T0,1); 
    colnum=size(T0,2); 
    b=unique(T0);  

     
    % Repeat of forward model 

     
    for years=1:38 
        for months=1:12 
            if 5<months && months<10 
                for i=1:rownum 
                    for j=1:colnum 
                        if T0(i,j)==b(1) && years < 16    
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                            T1(i,j)=T0(i,j)-(drop/60); 
                        elseif T0(i,j)==b(1) && years > 10 
                            T1(i,j)=T0(i,j);  
                        else 
                            T1(i,j)=T0(i,j)+D*( T0(i-1,j)-2.*(T0(i,j))+T0(i+1,j) )/pxlsz^2; 
                            T1(i,j)=T1(i,j)+D*( T0(i,j-1)-2.*(T0(i,j))+T0(i,j+1) )/pxlsz^2; 
                        end 
                    end    
                end 
                b=unique(T1); 
                T0=T1; 
            end 
        end 
    end 

  
    ErodedPoly=T1; 
    b2=unique(ErodedPoly); % to be used for transect extraction 
    b3=unique(HCP);  
     

    % Create two 2D topo transects across the eroded low-centered and 
    % high-centered polygons for comparison 

     
    erodedpolyrows = size(ErodedPoly,1); 
    erodedpolycols = size(ErodedPoly,2); 
    highcenrows = size(HCP,1); 
    highcencols = size(HCP,2); 
     

    TopoTranLCeClip = []; % extract raw transect data from simulated HCP major axis ('LCe') 

         
    if LowCenMask(1,1) == 1; % mask cells(1,1) identify whether transect runs NW-SE or SW-NE 
        for k1 = 1:erodedpolyrows; 
            for k2 = 1:erodedpolycols; 
                if LowCenMask(k1,k2) == 0; 
                    TopoTranLCeClip = [TopoTranLCeClip, ErodedPoly(k1,k2)]; 
                end 
            end 
        end 
    end 
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    if LowCenMask(1,1) == 2; 
        for k3 = 1:erodedpolyrows; 
            for k4 = 1:erodedpolycols; 
                if LowCenMask(erodedpolyrows+1-k3,k4) == 0; 
                    TopoTranLCeClip = [TopoTranLCeClip, ErodedPoly(erodedpolyrows+1-k3,k4)]; 
                end 
            end 
        end 
    end 

     
    TopoTranLCeClip = [b2(1),TopoTranLCeClip,b2(1)]; % bound transect with trough elevation 

     
    % extract elevation data from simulated HCP minor axis 

     
    TopoTranLCe2Clip = []; 

     
    if LowCenMask2(1,1) == 1; 
        for k1 = 1:erodedpolyrows; 
            for k2 = 1:erodedpolycols; 
                if LowCenMask2(k1,k2) == 0; 
                    TopoTranLCe2Clip = [TopoTranLCe2Clip, ErodedPoly(k1,k2)]; 
                end 
            end 
        end 
    end 
    if LowCenMask2(1,1) == 2; 
        for k3 = 1:erodedpolyrows; 
            for k4 = 1:erodedpolycols; 
                if LowCenMask2(erodedpolyrows+1-k3,k4) == 0; 
                    TopoTranLCe2Clip = [TopoTranLCe2Clip, ErodedPoly(erodedpolyrows+1-k3,k4)]; 
                end 
            end 
        end 
    end 
     

    TopoTranLCe2Clip = [b2(1),TopoTranLCe2Clip,b2(1)]; 
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    % extract elevation data from observed HCP major axis 
     

 
    TopoTranHCClip = []; 

     
    if HiCenMask(1,1) == 1; 
        for k5 = 1:highcenrows; 
            for k6 = 1:highcencols; 
                if HiCenMask(k5,k6) == 0; 
                    TopoTranHCClip = [TopoTranHCClip, HCP(k5,k6)]; 
                end 
            end 
        end 
    end 
    if HiCenMask(1,1) == 2; 
        for k7 = 1:highcenrows; 
            for k8 = 1:highcencols; 
                if HiCenMask(highcenrows+1-k7,k8) == 0; 
                    TopoTranHCClip = [TopoTranHCClip, HCP(highcenrows+1-k7,k8)]; 
                end 
            end 
        end 
    end 

     
    TopoTranHCClip = [b3(1),TopoTranHCClip,b3(1)]; 

     
    % extract elevation data from observed HCP minor axis 

     
    TopoTranHC2Clip = []; 

     
    if HiCenMask2(1,1) == 1; 
        for k5 = 1:highcenrows; 
            for k6 = 1:highcencols; 
                if HiCenMask2(k5,k6) == 0; 
                    TopoTranHC2Clip = [TopoTranHC2Clip, HCP(k5,k6)]; 
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                end 
            end 
        end 
    end 
    if HiCenMask2(1,1) == 2; 
        for k7 = 1:highcenrows; 
            for k8 = 1:highcencols; 
                if HiCenMask2(highcenrows+1-k7,k8) == 0; 
                    TopoTranHC2Clip = [TopoTranHC2Clip, HCP(highcenrows+1-k7,k8)]; 
                end 
            end 
        end 
    end 

     
    TopoTranHC2Clip = [b3(1),TopoTranHC2Clip,b3(1)]; 

     
    % sample simulated and observed transects at an equal number of 

    % evenly spaced points, then concatenate major and minor axis  
    % transects for each polygon. Compare unified simulated transects 

    % with unified observed transects and calculate RMSE 

     
    xLCe = linspace(0,40,length(TopoTranLCeClip)); 
    xLCe2 = linspace(0,40,length(TopoTranLCe2Clip)); 
    xHC = linspace(0,40,length(TopoTranHCClip)); 
    xHC2 = linspace(0,40,length(TopoTranHC2Clip)); 
    x4stats = 0:40; 

     
    TopoTranLCeinterp = interp1(xLCe,TopoTranLCeClip,x4stats); 
    TopoTranLCe2interp = interp1(xLCe2,TopoTranLCe2Clip,x4stats); 
    TopoTranHCinterp = interp1(xHC,TopoTranHCClip,x4stats); 
    TopoTranHC2interp = interp1(xHC2,TopoTranHC2Clip,x4stats); 

     
    TopoTranLCeUni = [TopoTranLCeinterp,TopoTranLCe2interp]; 
    TopoTranHCUni = [TopoTranHCinterp,TopoTranHC2interp]; 

     
    TopoTranLCeUni= TopoTranLCeUni - mean([TopoTranLCeUni(18:22),TopoTranLCeUni(60:64)]); 
    TopoTranHCUni = TopoTranHCUni - mean([TopoTranHCUni(18:22),TopoTranHCUni(60:64)]); 
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    errors = TopoTranLCeUni - TopoTranHCUni; 

     
    RMSE = sqrt(mean(errors.^2)); 

     
    end % end of nested function 
  

 

% Use nested function to calculate RMSE for various combinations of D and 
% drop. Identify parameters corresponding to lowest RMSE. 

 
Dinput = 0:(0.001/2):(0.2/4); 
dropinput = 0:0.01:0.5; 
RMSEsurf=zeros(length(Dinput),length(dropinput)); 
for k9 = 1:length(Dinput) 
    for k10 = 1:length(dropinput) 
        RMSEsurf(k9,k10) = 

PolyDiffNested(LowCenPolygon,HiCenPolygon,LowCenMask,LowCenMask2,HiCenMask,HiCenMask2,Dinput(k9),dropinput(

k10)); 
    end 
end 

  
[M,N]=find(RMSEsurf==min(min(RMSEsurf))); 
Dbest=Dinput(M); 
dropbest=dropinput(N); 
end 
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Depressional Storage Evaluation: 

 
% author: cabolt, date: 3/1/2015 

  
% FilledDEM uses a moving window analysis to fill in the pond in the center 
% of a raster representation of a LCP. The script is designed to produce 
% the same results as the Fill tool in the hydrology toolset of ArcGIS 10.1. 

  
% The LCPDEM raster may be subtracted from the FilledDEM raster to 
% generate a representation of the pond alone. 

  
function FilledDEM = FilledDEM(LCPDEM) 

  
DEMstart = LCPDEM; 
FilledDEM = LCPDEM; 
b1 = unique(LCPDEM); 
i = LCPDEM; 

  
while sum(sum(i)) > 0 
    for k1 = 2:(size(DEMstart,1)-1); 
        for k2 = 2:(size(DEMstart,2)-1); % move window systematically across LCPDEM 
            C = DEMstart(k1,k2); % center elevation 
            U = DEMstart(k1-1,k2); % upper cell elevation 
            D = DEMstart(k1+1,k2); % lower cell elevation 
            L = DEMstart(k1,k2-1); % left cell elevation 
            R = DEMstart(k1,k2+1); % right cell elevation 
            UL = DEMstart(k1-1,k2-1);  % upper left 
            UR = DEMstart(k1-1,k2+1);  % upper right 
            LL = DEMstart(k1+1,k2-1);  % lower left 
            LR = DEMstart(k1+1,k2+1);  % lower right 
            b2 = [C,U,D,L,R,UL,UR,LL,LR]; 
            b3 = unique(b2); 

      % incrementally raise center cell until it matches elevation of lowest neighbor 
            if C>U==0 && C>D==0 && C>L==0 && C>R==0 && C>UL==0 && C>UR==0 && C>LL==0 && C>LR==0 && C>b1(1) 

&& numel(b3)>1; 
                FilledDEM(k1,k2) = b3(2);  
            end 
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        end 
    end 
    i = FilledDEM - DEMstart; % loop continues until FilledDEM is unchanged between iterations 
    DEMstart = FilledDEM; 
end 

  
% Smooth out any irregularities in FilledDEM pond surface (make sure it is flat) 

  
pondZ = []; % Array of all elevation values assigned to pond cells (to be filled in) 

  
for k1 = 2:(size(DEMstart,1)-1); 
    for k2 = 2:(size(DEMstart,2)-1); 
        if FilledDEM(k1,k2) - LCPDEM(k1,k2) > 0;   
              pondZ = [pondZ,FilledDEM(k1,k2)]; 
        end 
    end 
end 

  
for k1 = 2:(size(DEMstart,1)-1); 
    for k2 = 2:(size(DEMstart,2)-1); 
        if FilledDEM(k1,k2) - LCPDEM(k1,k2) > 0; 
            FilledDEM(k1,k2) = min(pondZ);             
        end 
    end 
end 

  
for k1 = 2:(size(DEMstart,1)-1); 
    for k2 = 2:(size(DEMstart,2)-1); 
        if FilledDEM(k1,k2) - LCPDEM(k1,k2) < 0; 
            FilledDEM(k1,k2) = LCPDEM(k1,k2);             
        end 
    end 
end 
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