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Abstract
The proportion of the Earth’s land area that is underlain by permafrost, currently about 25%,
is widely anticipated to shrink in response to climate change. Numerous models have been
employed to project potential permafrost distribution into the mid- to latter 21st century given
an expected rise in global temperature. This analysis complements these efforts by using the
temperature at the top of permafrost (TTOP) model on past and future climate data for the
North Slope of Alaska, an area for which the TTOP has not yet been applied. First, using a
climate time-series dataset, trends in permafrost temperatures were determined for the North
Slope from 1901 to 1999. Relative to the 20th century TTOP mean, mean TTOP for five-year
intervals spanning the entire century remained within 1ºC below or above the mean, although
a clear warming trend was evident from 1986 to 1999. Second, four climate models
(HadCM3, CGCM2, PCM, and CSIRO2) were used to project trends in permafrost
temperatures in the North Slope under the A1FI climate change scenario developed by the
Intergovernmental Panel on Climate Change. All models revealed a clear warming trajectory
across the 21st century. The average difference of mean TTOP for five-year intervals
spanning the century against the 21st century TTOP mean was +0.0226ºC. Comparing
temperature differences between the latter twenty-five years of both centuries revealed a
relative temperature difference of +1.068ºC. This clear warming trend suggests that under the
A1FI scenario, permafrost degradation may occur across the North Slope, resulting in the
probable destabilization of Arctic infrastructure and ecosystems.
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Introduction
Permafrost is soil, sediment, or rock that remains below 0◦C (32◦F) for at least two
years (NSIDC 2006). Although its presence is contingent upon a host of variables, namely
seasonal snow cover, moisture, location, vegetative cover, and soil composition, permafrost
can generally be found in areas with a mean annual air temperature of -2◦C (Goodwin et al.
2005). The current estimate of permafrost’s full extent is 25.5 million-ha or about 23% of
the land area in the northern hemisphere (Jorgenson et al. 2001). The majority of the
permafrost in the northern hemisphere occurs between 60◦N and 68◦N in the Arctic regions of
Russia, Alaska, Scandinavia, and Canada with other pockets dispersed throughout the
Himalayan and Rocky Mountains. Permafrost continuity fluctuates across its extent, ranging
from continuous to isolated patches, and its thickness can vary from one meter to as much as
1,000 meters (NSIDC 2006). The active layer, or the portion of permafrost that thaws in the
summer and refreezes in the winter, constitutes permafrost’s top-most layer. Active layer
thickness typically decreases with ever-northward latitude.
The climate in the Arctic has warmed significantly over the past 30 years (Serreze et
al. 2000). Permafrost has responded in kind by warming and thawing throughout its Arctic
extent. Borehole analysis of Alaska’s North Slope revealed a 2-4◦C increase in permafrost
temperatures over the last 50-100 years (Lachenbruch and Marshall 1986). Discontinuous
zones of permafrost warmed concomitantly (Osterkamp and Romanovsky 1999; Osterkamp
2003). An analysis of deep bore-hole temperatures and an array of nine wells showed that
permafrost on the Alaska Arctic Coastal Plain and Alaska Arctic Foothills warmed by
approximately 3◦C since the late 1980s (Clow and Urban 2002). Similarly, permafrost
temperatures in the Alaskan Arctic Coast suggest that the active layer and permafrost

6

warmed about 2-3◦C near Prudhoe Bay since the mid-1980s (Romanovsky and Osterkamp
1997; Osterkamp 2003).
As a result of these thermal events, hydrological processes are changing, topography
is shifting, and entire biological and social systems are evolving in response to these varying
conditions (Hinzman et al. 2005). As noted in numerous studies, (Osterkamp 1983;
Osterkamp et al. 1998) permafrost essentially acts as bedrock, providing physical support to
ecosystems. The loss of permafrost leads to thermokarst, or subsidence of the overlying
ground surface, typically resulting in deformation of an initially level surface into irregular
terrain with substantial local relief (Nelson et al. 2002). The warming of discontinuous
permafrost has resulted in extensive areas of thermokarst terrain (Osterkamp and
Romanovsky 1999; Osterkamp et al. 2000). In particular, thermokarst has developed in
Alaska’s boreal forests where ice-rich discontinuous permafrost is thawing (Osterkamp et al.
2000; Jorgenson et al. 2001). Such a phenomenon is particularly destructive to surrounding
ecosystems as permafrost controls soil temperature, moisture, subsurface hydrology, rooting
zones, and microtopography (Woo 1992). As such, its degradation can lead to the
conversion of terrestrial ecosystems to aquatic or wetland systems (Drury 1956; Woo 1992;
Vitt et al. 1994; Osterkamp et al. 2000). In areas featuring ice-rich permafrost, permafrost
degradation leads to the flooding of tree roots resulting in tree death and the formation of
wet-sedge meadows, bogs, and thermokarst ponds and lakes (Hinzman et al 2005). This is
presently occurring in Tanana Flats, an area close to Fairbanks, Alaska. At this site, ice-rich
permafrost, which for some time has supported birch forests, is thawing rapidly, converting
the forest to “minerotrophic floating mat fens.” Permafrost had underlain 84% of this study
area a century ago. At present, half of the permafrost has partially or completely degraded
resulting in 1 to 2-m and sometimes even 6-m subsidence. The site now supports aquatic
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birds and mammals whereas it previously favored land-based birds and mammals (Hinzman
et al. 2005). Such changes are expected to be especially pronounced in Alaska, where 85% of
the state is within permafrost zones, a significant portion of which is ice-rich and
discontinuous (Jorgenson et al. 2001).
Degradation-induced processes carry considerable engineering implications. Risks
associated with permafrost degradation on slopes, especially in mountainous areas, are
heightened as thawing can create mechanical discontinuities in the substrate and lead to
active layer detachment slides and thaw slumps. Road construction and other anthropogenic
disturbances remove the insulating, vegetative cover and expedite permafrost degradation. As
a result, many roads, buildings, and runways throughout Alaska undergo subsidence annually,
oftentimes destroying these structures outright or rendering them unusable. Increased
thawing across all permafrost zones will likely augment the occurrence of such engineering
hazards and slow, if not prevent, further development in the Arctic (U.S. Arctic Research
Commission Permafrost Task Force 2003).
Permafrost degradation will likely impact traditional migratory patterns of birds and
mammals. Active layer thickening could potentially compromise the full extent of Porcupine
caribou calving habitat on the North Slope of Alaska, forcing the caribou to concentrate herd
density. Such a response could very well expedite permafrost degradation on remaining
habitat with increased trampling of the surface and overgrazing (Forbes 1999). In regards to
migratory birds, Smith et al. (2005) found that permafrost degradation may explain the loss
of 100 lakes in the Arctic region of Siberia over the past 30 years. With the thawing of
permafrost, the lakes drained and, consequently, critical migratory bird habitat was lost. Such
patterns of lake loss may continue given the gradual thawing of permafrost across the Arctic.
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Knowing where these permafrost degradation-induced shifts are occurring, where
they will likely occur in the future and the extent to which they will do so is integral to
understanding the future state of Arctic terrestrial ecosystems and how humans must respond
to this new regime. As climate change will determine the future extent of permafrost, its
impact on permafrost degradation and active layer thickening must be determined. Numerous
studies have attempted to project permafrost zonation under various climate change scenarios
(Nelson and Outcalt 1987; Nelson and Anisimov 1993; Anisimov and Nelson 1997; Smith
and Burgess 1998; Henry and Smith 2001; Stendel and Christensen 2002; Nelson et al. 2002;
Wright et al. 2003; Sazonova and Romanovsky 2003; Yamaguchi et al. 2005; Lawrence and
Slater 2005). This study will complement these by attempting to understand the historical
(1901-1999) and future (2001-2100) changes to the permafrost regime across Alaska’s North
Slope by using the temperature at the top of permafrost (TTOP) model developed by Smith
and Riseborough (1996). The TTOP model has been used extensively throughout Canada to
map permafrost zonation and project potential changes to the permafrost regime (Smith and
Burgess 1998; Henry and Smith 2001; Wright et al. 2003). In fact, the maps used by the
Geological Survey of Canada to show the sensitivity of permafrost to climate change were
derived from the TTOP-based analyses of Smith and Burgess (1998) (Geological Survey of
Canada 2007). Outside of Canada, the TTOP model has been used to model permafrost in
Sweden (Kukkonen and Šafanda 2001), Norway (Juliussen and Humlum 2007), and
Switzerland (Hanson and Hoelzle 2005). Busey and Hinzman (2006) applied the TTOP
model to delineate past, present, and future permafrost extent on the Seward Peninsula. This
study is the only instance in the literature that features the use of the TTOP model on
Alaskan permafrost. This analysis will attempt to fill that void by using the TTOP model to
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determine past and future trends in permafrost temperatures across Alaska’s North Slope
Borough (Figure 1).

Figure 1. Alaska and the North Slope Borough

Here, analysis of the changes to permafrost temperatures across the 20th century on
the North Slope of Alaska will be based off of one climate time-series dataset. Trends will be
extracted from these changes to 1) determine how the permafrost regime on the North Slope
has changed over the 20th century and to 2) use as a point of comparison for the projected
permafrost conditions for the 21st century. Analysis of projected changes to permafrost
temperatures across the 21st century will be based off of one climate scenario developed by
the Intergovernmental Panel on Climate Change (IPCC) and four coupled climate models.

TTOP Model
The TTOP model provides a functional framework for analyzing the influence of
climate, terrain, and lithological features on ground temperatures and thus, the distribution of
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permafrost (Smith and Riseborough 1996; Smith and Riseborough 2002; Wright et al. 2003).
Specifically, the model links permafrost temperature conditions with the surface climatology
through seasonal surface transfer functions and subsurface thermal properties (Smith and
Riseborough 2002). The model output is the mean annual temperature at the base of the
active layer and it is independent of active layer thickness. Because the maximum
temperature reached at the depth of TTOP is 0ºC, no significant phase change occurs at lower
depth, such that soil thermal properties below the active layer remain relatively constant
(Smith and Riseborough 1996). According to Smith and Riseborough (2002), the model has
been shown to be exact for equilibrium permafrost conditions and provides a reasonably
accurate estimate of subsurface temperature under transient conditions. Indeed, work by
Wright et al. (2003) in the Mackenzie River valley (Yukon, Canada) found that the TTOP
provided estimates of the equilibrium temperature at the top of permafrost nearly identical to
those generated by “sophisticated finite-element methods.” The model’s accuracy in zones
of equilibrium permafrost makes it highly applicable in areas of non-transient permafrost
regions or continuous permafrost zones. For this reason, this analysis focuses exclusively on
continuous permafrost. According to permafrost zonation by Ferrians (1965), the North
Slope of Alaska exists entirely within the continuous permafrost zone (Figure 2).
While the TTOP model has been shown to be in general agreement with field
measurements, it does have its weaknesses (Wright et al. 2003; Osterkamp and Romanovsky
1998). As noted by Osterkamp and Romanovsky (1998), the TTOP model is limited in its
usefulness as it “does not include the effects of inhomogeneous active layers with multiple
layers, variable thermal properties, unfrozen water dynamics and nonconductive heat flow.”
Moreover, the model also assumes a state of thermal equilibrium (on a year-to-year basis)
between the atmosphere and the ground thermal regime and requires highly simplified
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classifications of surficial geology and vegetation cover at a level of detail comparable to that
generally inherent to regional-scaled maps (Wright et al. 2003).

Figure 2. Permafrost zonation in Alaska and the boundaries of the North Slope Borough. Permafrost
zonation based off of Ferrians (1965).

TTOP Equation
Where:

kT = Thermal conductivity of ground (thawed)
kF = Thermal conductivity of ground (frozen)
NT = Thawing N-factor – scaling factor between summer air and surface thawing
indices (vegetation effect)
NF = Freezing N-factor – scaling factor between winter air and surface freezing
indices (snow cover effect).
DDTA = Air thawing degree-days (seasonal thawing index)
DDFA = Air freezing degree-days (seasonal freezing index)
P = Time period (356 days)
12

Seasonal Thawing and Freezing Indices
The seasonal thawing (DDF) and freezing (DDF) indices are expressed as degreedays with respect to a reference temperature of 0ºC. The units for DDF and DDT are Celsius
degree-days. DDT is defined as the cumulative number of degree-days above 0ºC over a
period of one year. DDF is defined as the cumulative number of degree-days below 0ºC over
a period of one year. Both DDF and DDT are expressed as positive values (Henry and Smith
2001).

N-factors
The N-factor is defined as the ratio of the time-temperature integral at the soil surface
to that in the air (at standard 2-m screen height) (Klene 2000). It was originally developed
during and immediately after World War II as military-based engineering and construction
projects accelerated in the Arctic. Of primary interest was the development an index that
would aid in determining active-layer thickness because the change in volume between
frozen and thawed soils created considerable engineering difficulties on frost-susceptible
surfaces. The N-factor evolved as a degree-day based application due to the strong
relationship between degree days above the base of 0ºC and the depth of thaw in soils (Klene
2000). For much of the 20th century, N-factors were used exclusively for homogenous,
engineered surfaces, such as pavements or building materials. Interest in using the N-factor
in the modeling of natural ecosystems and permafrost grew in 1980s and 1990s. Recent
empirical developments in this regard have facilitated mapping of active-layer thickness over
large areas using land and snow cover specific N-factors (Klene 200; Klene 2001b).
N-factors account for the influence of surface conditions, principally vegetation and
snow cover in the summer and winter months, respectively. In the TTOP model, seasonal
(thawing and freezing) n-factors are applied as multipliers to air temperature indices to obtain
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values applicable to the ground surface (Henry and Smith 2001). Klene et al. (2001) found
that the n-factor index has the potential for parameterizing the surficial thermal regime for
spatial modeling over large areas.
NF relates directly to the nival offset. The nival offset is the difference between mean
annual ground surface temperature (MAGST) and mean annual air temperature (MAAT)
(Smith and Riseborough 2002). This nival offset is governed largely by the presence of snow
cover (Henry and Smith 2001). Defined as the ratio of the surface-freezing index to the airfreezing index, NF accounts for the influence of winter snow cover on the MAGST. For any
snow cover condition, the nival offset increases with the value of DDF. When there is no
snow, NF equals one and the nival offset is zero (Henry and Smith 2001).
Defined as the ratio of the surface-thawing index to the air-thawing index, NT
accounts for the influence of vegetation on the MAGST (Henry and Smith 2001). Since the
winter season in the permafrost regions is considerably longer than summer and DDTA >
DDFA, variations in NF are likely to be more important than variations in NT. Moreover,
while air temperature is the most important single factor controlling ground temperatures,
seasonal snow cover and soil moisture are the most important site factors (Zhang and
Stamnes 1998). It is assumed, therefore, that snow conditions and surficial materials
conditions comprise the primary localized influences on the geographic variation of ground
temperatures, while variations in NT (vegetation effect) are seen as a “second order effect”
(Henry and Smith 2001).

Thermal Conductivity
Between the ground surface and the top of permafrost, heat transfer via conduction
varies seasonally between frozen and thawed states, as the thermal conductivity of ice is four
times that of water (Smith and Riseborough 2002). This variation creates a difference
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between the MAGST and the mean annual ground temperature (MAGT), with the MAGT
becoming progressively colder through the active layer (Romanovsky and Osterkamp 1995).
The lowest MAGT occurs at the permafrost table; this is called TTOP or the mean
temperature at the top of permafrost (Smith and Riseborough 1996). This conductive
phenomenon is called the thermal offset and it is what allows for the existence of permafrost
even where MAGST is above 0ºC (Smith and Riseborough 2002).
The magnitude of the thermal offset depends primarily upon DDT, yet it is also
heavily influenced by the ratio of the thermal conductivity of the thawed and frozen states of
the substrate (Smith and Riseborough 2002). A substrate’s thermal conductivity (kT/kF) is
often expressed as rK, or the conductivity ratio. The conductivity ratio is always less than or
equal to one, meaning the thermal offset is negative and the TTOP will be colder than the
MAGST. For example, TTOP is reduced by 3ºC between rK = 1 and rK = 0.3. According to
Smith and Riseborough (2002), this temperature difference is equivalent to a distance of 300km or more in terms of an equivalent change in mean annual air temperature. Thus, the
smaller the conductivity ratio the more the temperature at the top of permafrost deviates from
the mean annual surface temperature.
The conductivity ratio becomes much smaller in highly porous, low-conductivity
organic soils, like peat, but for low porosity materials such as bedrock, it is “practically
unity” and there is no offset effect (Kukkonen and Šafanda 2000; Smith and Riseborough
2002; Henry 1999). For mineral soils, the conductivity ratio will be in the range of 0.6 to 0.9.
For organic soils, the conductivity ratio may be from 0.3 or less under saturated conditions to
about 0.9 for very dry conditions (Smith and Riseborough 2002). The thermal offset is the
reason why the active layer is thinnest beneath poorly drained and vegetated areas and
thickest beneath well-drained bare soil or rock (Henry 1999). With warming, areas with ice-
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poor lithology should experience rapid permafrost degradation due to the lower heat required
for melting the ground materials (Smith and Riseborough 1983). Other permafrost sites with
ice-rich lithology would be more susceptible to other effects such as subsidence due to the
higher levels of ice. In regards to seasonality, the lower conductivity during thawing season
insulates the permafrost, whereas the higher conductivity during freezing season increases
the loss of heat.

IPCC Climate Scenarios
The climate scenario used in this analysis to model temperature trends for the 21st
century is the A1FI scenario as developed by the Intergovernmental Panel on Climate
Change (IPCC). The IPCC’s “Special Report on Emissions Scenarios” (SRES) developed
pathways of future greenhouse emissions (IPCC 2000). All “A1” scenarios feature rapid
economic growth and global population that peaks at mid-century and declines thereafter. A
major theme of these scenarios is the economic convergence across regions (Table 1).
Table 1. IPCC SRES Pathways

Economic Emphasis
Environmental Emphasis

Global Integration Regionalism
A1FI
A2
B1
B2

The A1FI scenario describes a future world with rapid economic growth, a reduction
in regional differences in per capita income, low population growth and the rapid
introduction of new and more efficient technologies, with energy needs supplied largely by
fossil fuels. In short, the A1FI scenario is representative for a fossil fuel-intensive energy
sector (Joos et al. 2001). The A1FI, as the IPCC’s most fossil fuel-intensive scenario, was
chosen to project patterns in permafrost change under relatively extreme conditions.

Methods
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Study Area
The study area for this analysis is the North Slope of Alaska (Figure 3). As noted
previously, the North Slope is entirely within the continuous zone of permafrost as
established by Ferrians (1965) (Figure 2). With a total area of 245,436-km2, the North Slope
is the largest county-level subdivision in the United States, with a larger land area than the
state of Idaho (216,632-km2). Moving clockwise from west to south, its political boundaries
are framed by the Chukchi Sea, Arctic Ocean, Beaufort Sea, and the foothills of the Brooks
Range.
According to the National Research Council (NRC) (2003), the region features three
main physiographic provinces, the Arctic Coastal Plain, Arctic Foothills, and the Brooks
Range (Figure 3). The Arctic Coastal Plain is mostly flat, and composed primarily of thaw
lakes, wetlands, drained lake basins, polygonal patterned ground, and pingos, which are low
hills created by permafrost. Near the city of Barrow the coastal plain is about 150-km wide,
but it narrows further east with the rise of the northern foothills and Brooks Range. Home to
Prudhoe Bay (the origin of the Trans-Alaska Pipeline) and the Kuparuk oil field, the coastal
plain features the greatest extent of oil and gas activity on the North Slope (Figure 3).
The Arctic Foothills, also known as the northern foothills, is a band, approximately
50-100-km wide, of generally smoothly rounded hills between the Arctic Coastal Plain and
the Brooks Range. Between the hills, major drainage systems form broad valleys that are
populated by peat deposits and wetlands. The Brooks Range stretches almost across the
width of Alaska and is centered at about 68º N. The range, which runs across most of the
width of northern Alaska, is a complexly folded sedimentary mass composed of shale, slate,
sandstone, schist, conglomerates, limestone, marble, and granite. Its north slopes are incised
by north-south river valleys. Maximum elevations achieve only about 3,000-m, but due to the
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mountains’ northern location, they form a barrier to many plants, particularly trees, that occur
on the south slopes (NRC 2003).

Figure 3. Select physiographic, political, and economic features of the North Slope.

The North Slope features six general vegetation classes: 1) dry prostrate dwarf-shrub
tundra and barrens, 2) moist sedge, dwarf-shrub tundra (nonacidic), 3) moist tussock-sedge,
dwarf-shrub tundra (sandy-acidic), 4) moist tussock-sedge, shrub tundra (nonsandy, acidic), 5)
shrub tundra and other shrublands, and 6) wet sedge tundra (NRC 2003). Given the steep
elevation gradient of the Brooks Range, the vegetation patterns found there are complex. But
the dominant vegetation on well-drained, wind-blown slopes is generally dry tundra
dominated by arctic avens (Dryas). The Arctic Foothills are dominated by moist tussock
tundra with tussock cottongrass, abundant shrubs, and mosses. The Arctic Coastal Plain
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features an intricate mosaic of wetlands composed of wet, moist, and aquatic vegetation
types. Wet tundra is dominated by sedges and mosses. Moderately drained or relatively moist
areas on the plain have either moist nonacidic tundra with sedges, mosses, and low-growing
and creeping shrubs, or on sand substrates, a dwarf form of moist acidic tussock tundra (NRC
2003).
Summer temperatures on the coastal plain of the North Slope range between 5 and 15
°C (40-60 °F), but can sometimes be higher in inland areas. In the winter, the temperature is
normally below -18 °C (0 °F) and sometimes below -40 °C (-40 °F). Average snowfalls
range between less than 50-cm in coastal areas to greater than 2-m in the mountains.

20th Century Climate
Source data on 20th century climate were retrieved from the Climate Research Unit
(CRU) at the University of East Anglia. Temperature data was derived from the CRU climate
dataset CRU_TS_2.0,
CRU Climate Research Unit
TS
Time Series (1901 to 2002)
2.0
Version of the dataset (three versions (1.0, 1.1, and 1.2) preceded 2.0)
The dataset features gridded (0.5º), monthly climate data for the global land surface
and was developed by Mitchell et al. (2004). The construction of this dataset was based upon
the interpolation of 20th century weather station data into 0.5º grids, creating a global dataset
comprised of 6,7420 cells. The station data were anomalized relative to 1961-1990. The
time-series were adjusted to ensure that the mean anomaly for the base period (1961-1990)
was zero for each grid-box. Finally, the data in the grids were constrained to lie within the
range of the physically possible (Mitchell 2003a). CRU_TS_2.0 was chosen as it features
relatively high resolution relative to other 20th century climate datasets and because it is
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intended to be a companion dataset to 21st century climate projections developed by the
Climate Research Unit that were used in this analysis.
The actual grid and average monthly temperature values were downloaded from the
Consultative Group on International Agricultural Research – Consortium for Spatial
Information (CGIAR-CSI). CGIAR-CSI provides CRU_TS_2.0 data in a format that is
compatible with Environmental Systems Research Institute (ESRI) geographic information
system (GIS) software. ESRI’s GIS programs, ArcMap® and ArcCatalog®, were the
principal software packages used in this analysis.
Temperature data for each month of each year of the 20th century were read into
Excel. Average temperatures for each month were multiplied by the number of days in that
month, respectively, with careful attention given to leap years. The products were then
summed for each pixel to determine DDTA and DDFA – all values <0.0ºC were summed to
determine DDFA and all values >0.0ºC were summed to determine DDTA. DDFA was
assigned a positive value so that (DDTA - DDFA)/365 yields the mean annual air temperature,
while (NT* DDTA - NF* DDFA)/365 yields the mean annual ground surface temperature.
DDTA and DDFA values were determined for five-year intervals so that the eventual TTOP
model output would be a five-year average temperature. 21 five-year intervals were created
to cover the 1901 – 1999 time period. The five-year interval approach was chosen as annual
changes were expected to be too insignificant (Shiklomanov, personal communication).

Constants: rK, NT, and NF
rK, NT, and NF values were retrieved from Kade et al. (2006) and Klene et al. (2001),
both of which feature analysis in Arctic Alaska. Thus, these values correspond well to the
vegetation, lithologic, and physiographic features that dominate the North Slope Borough.
Raster layers for each of these variables were created in ArcMap® modeler. A land cover
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raster and physiographic province layer were combined to create a raster of unique
combinations from which the appropriate rK, NT, and NF value raster would be built.
The 100m resolution land-cover raster was retrieved online from the Alaska
Geobotany Center (Figure 4). This Landsat Multi-Spectra Scanner (MSS)-derived raster was
created in 1998 by Tundra Ecosystem Analysis and Mapping Laboratory of the Institute of
Arctic and Alpine Research at the University of Colorado and was intended to be an
extrapolation of the Kuparuk River Basin’s AVHRR-derived land cover maps developed by
Muller et al. (1998) (Muller et al. 1999). Klene et al. (2001) used this AVHRR-derived
Kuparuk land-cover map in their analysis. The Landsat-MSS land-cover raster is a 26 image
mosaic. The mosaic was prepared by the National Mapping Division, U.S. Geological Survey,
EROS Data Center. Importantly, the land-cover raster does not cover the entirety of the
North Slope Borough. The area south of the Brooks Range and east of approximately 150º W
was cropped from the image since this area is south of the treeline. Furthermore, areas of
ocean (including sea-ice and clouds) were cropped, resulting in some loss of islands and spits
off of the coasts (Muller et al. 1999) (Figure 4).

21

Figure 4. Land-cover for the North Slope. The hashed white line represents the political boundary of the
North Slope Borough.

The North Slope land cover map has nine classes (Figure 1). These nine classes were
reclassed down to five to match those considered in Klene et al.’s (2001) analysis. The five
classes created were barrens, moist non-acidic, moist acidic, shrublands, and wet tundra.
Shadows, water, and clouds and ice were discarded as they had no corresponding rK, NT, and
NF values.
The physiographic province layer was retrieved online from the Alaska Geospatial
Data Clearinghouse. It was developed by the U.S. Geological Survey EROS Alaska Field
Office in 1965 (Wahrhaftig 1965). The physiographic province layer features several distinct
classes for the North Slope. These were merged into three – coastal plain, northern foothills,
and southern foothills – to match those considered in the Klene et al. (2001) analysis.
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The land-cover and physiographic province layers were then combined, creating 15
distinct classes. Each of these classes was assigned an appropriate rK, NT, and NF value
(Table 2).
Table 2. Land-cover-physiographic province combinations and their corresponding rk, NT, and NF values.
*Klene et al. 2001a; **Klene et al. 2008; ***Klene et al. 2001b; ****Kade et al. 2006; *****Klene 2000.

Land Cover Class and Physiographic Province rK*****

NT

NF

1
1

1.43****
0.97****

0.94****
0.73****

1
0.5
0.5

1.25*
0.78***
0.81*

0.84****
0.49**
0.54**

Moist Acidic Southern Foothills
Moist Nonacidic Coastal Plain
Moist Nonacidic Northern Foothills

0.5
0.53
0.46

0.76*
0.82*
0.95*

0.44**
0.58**
0.51**

Moist Nonacidic Southern Foothills
Shrublands Coastal Plain
Shrublands Northern Foothills

0.46
0.49
0.49

0.95*
0.70***
0.97*

0.51**
0.43**
0.43**

Shrublands Southern Foothills
Wet Tundra Coastal Plain
Wet Tundra Northern Foothills

0.49
0.55
0.48

0.70***
1.00*
0.92*

0.43**
0.56**
0.35**

Wet Tundra Southern Foothills

0.48

0.92*

0.35**

Barren Coastal Plain
Barren Northern Foothills
Barren Southern Foothills
Moist Acidic Coastal Plain
Moist Acidic Northern Foothills

It was decided that the land-cover-physiographic province raster should be projected
from 100-m resolution to match the 0.5º resolution of the climate data. Given the coarseness
of the temperature data and the broad vegetation classifications, it was determined that a final
100-m resolution TTOP output would produce an incongruous and inappropriate result where
the TTOP values were coarse (by virtue of the 0.5º temperature data), but the resolution was
fine (by virtue of the 100-m constant data). Before projecting it to 0.5º, the land-coverphysiographic province complex was filtered to create 100 x 100-cell rectangles. Each
constant value for each rectangle would be the mean of the appropriate constant contained
within each rectangle. Filtering was done because projecting the land-cover-physiographic
province complex to 0.5º resulted in significant “No Data” gaps in areas of water and
shadows. Filtering the complex to 100 x 100-cell rectangles alleviated this problem (Figure
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5). Notably, filtering resulted in the complete absorption of one class, “Wet Tundra Southern
Foothills,” so that the final complex layer only featured 14 rather than 15 classes. The landcover-physiographic complex was then projected to 0.5º and separate rK, NT, and NF rasters
were then extracted from this layer. The rK, NT, and NF rasters were then used to run the
TTOP model for each five-year interval with the appropriate DDTA and DDFA values.

Figure 5. Land-cover-physiographic province complex and classes created by combining land-cover and
physiographic province layers and filtering the 100m cells to 100 x 100-cell rectangles.

21st Century Climate
Source data on 21st century climate were retrieved from the CRU at the University of
East Anglia. Temperature data was derived from the CRU climate dataset TYN_SC_2.0,
TYN Tyndall Centre for Climate Change Research
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SC
2.0

Set of scenarios
Version of the dataset (version 1.0 features 10' resolution and covers
the European land surface)

The dataset features gridded (0.5º), monthly climate data for the global land surface
and was developed by Mitchell et al. (2004). The dataset features 16 climate change
scenarios. These climate change patterns are the permutations of four general circulation
models (GCMs) (HadCM3, CSIRO2, CGCM2, PCM) with four SRES scenarios (A1FI, A2,
B1, B2). HadCM3 (Hadley Centre Couple Model, Version 3) is a coupled atmosphere-ocean
GCM produced by the Hadley Centre in the United Kingdom (McAvaney et al. 2001).
CSIRO2 (Commonwealth Scientific and Industrial Research Organisation, Version 2) is a
global coupled ocean-atmosphere-sea-ice model produced by the Commonwealth Scientific
and Industrial Research Organisation in Australia (Gordon and O'Farrell 1997). CGMC2 is
the second version of the Canadian Centre for Climate Modelling and Analysis (CCCma)
Coupled Global Climate Model (CCCma 2004). Finally, PCM is the Parallel Climate Model
developed in 1998 by the National Center for Atmospheric Research and the U.S.
Department of Energy (Semtner 2000).
Inter-annual variations in the data were constructed from 20th century observations.
The scenarios were constructed by taking the observed grids for 1951-2000, anomalising
them compared to 1961-1990, removing the global warming trend, duplicating the 50-year
period, and imposing the full length of the period on 2000-2100 (Mitchell 2003b). The
TYN_SC_2.0 dataset was chosen as the four GCMs included in the dataset allow for a
thorough analysis of each SRES scenario.
All temperature analyses were conducted in R statistical software. An editable Python
script was created that would run a scenario (i.e. A1FI) through a selected GCM over a
defined time scale (i.e. 2001-2099). The script was implemented in R four times – one for
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each GCM running on the A1FI scenario from 2001-2099. The output from each of these
runs was then manipulated to create DDTA and DDFA for each year. The same methods were
used here as in the 20th century temperature analyses – all values <0.0ºC were summed to
determine DDFA and all values >0.0ºC were summed to determine DDTA. DDFA was
assigned a positive value so that (DDTA - DDFA)/365 yields the mean annual air temperature,
while (NT* DDTA - NF* DDFA)/365 yields the mean annual ground surface temperature.
DDTA and DDFA construction was conducted with the R contributed package “Julian,”
which accommodates leap years.
Using the R contributed package “rgdal” (R – Geospatial Data Abstraction Library),
the TTOP constant layers rK, NT, and NF rasters were read into R (Keitt et al. 2007). TTOP
was then calculated for each year for 2001-2099. The ASCII outputs were then converted to
grid format in ArcCatalog® and read into ArcMap®. As with the 20th century analysis, fiveyear intervals were constructed for each GCM output on the A1FI scenario.

Temperature Differencing
Trends for Each Century
As previously noted, the existence of permafrost is not simply a function of
temperature. Other factors, such as vegetation, topography, soil, and precipitation are
important variables that influence the occurrence, distribution and thickness of permafrost.
As noted by Smith and Riseborough (2002), local variations in these variables can produce
variations of several degrees in mean ground temperatures over a small area. The TTOP
accommodates several but not all these variables and those that it does accommodate are
highly generalized. Thus, the TTOP model cannot accommodate the local or micro-scale
variations in permafrost integrity produced by these and other environmental variables. Thus,
due to the coarseness of the temperature data and the generalizations associated with the N-
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factor and rK values, it would be inappropriate to report absolute TTOP values. Instead, for
both the 20th and 21st centuries, TTOP analyses involved finding trends in temperatures over
time. These trends were found by conducting temperature differencing. The mean TTOP for
each century was calculated by using the five-year intervals from each century. For the 20th
century, mean values for the five-year intervals and the century were calculated for the
output from each GCM. The five-year intervals for each century were then subtracted from
their century mean. Thus, for both the 20th and 21st centuries, temperature trends were
established over 20 five-year increments against the TTOP century mean.
For the 21st century, temperature differencing was conducted for each GCM output.
The differences from each were then averaged to create an overall temperature differencing
trend across the 21st century.
For both the 20th and 21st centuries, temperature differences against the century mean
were classified into three categories above and below the mean: greater than 2ºC
below/above the mean, within 2ºC below/above the mean, within 1ºC below/above the mean.
The classes were established to observe the changes in area that corresponded to each of
these classes over time.

Comparing Century Trends
Differences between 20th and 21st century temperature trends were determined by
calculating the average TTOP value for the warmest periods for each century, 1976-1999 and
2076-2099. The 21st century TTOP average was then subtracted from the 20th century TTOP
average to determine the degree to which temperatures had changed over that 100-year
period according to the across-GCM average under the A1FI scenario.
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Results
20th Century
The 20th century TTOP mean for the North Slope was -3.063 ºC. Temperature
differencing across the 20th century against this mean produced a standard pattern of the fiveyear interval temperatures being within 1ºC below or above the mean (Fgure 6).
20th Century TTOP Differencing
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Figure 6. Relative temperature differences for the 20th century produced by differencing the TTOP
mean for each five-year interval against the century TTOP mean.

The one exception occurred in the 1996-1999 interval, which featured one grid cell that
reaches a maximum temperature difference that is 1.0418ºC above the century TTOP mean
(Table 3).
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Table 3. Mean TTOP difference and maximum and minimum TTOP differences above and below the
century mean.

Five-Year
Interval
1901-1905
1906-1910
1911-1915
1916-1920
1921-1925
1926-1930
1931-1935
1936-1940
1941-1945
1946-1950
1951-1955
1956-1960
1961-1965
1966-1970
1976-1980
1981-1985
1986-1990
1991-1995
1996-2000

Mean
Difference
0.136075
-0.272672
0.107051
-0.317909
-0.233085
0.09877
-0.24749
0.248136
0.106693
-0.032124
-0.124514
-0.100644
-0.155825
-0.098555
0.222143
-0.059792
0.294893
0.235812
0.397704

Maximum
Temperature
Difference Above the
Mean
0.5203
0.4617
0.2987
0.6643
0.5261
0.1499
0.0553
0.1212
0.6437
0.0929
0.8552
0.7305
1.0418

Maximum
Temperature
Difference Below the
Mean
-0.046
-0.7668
-0.0585
-0.9398
-0.9254
-0.2684
-0.5939
-0.2546
-0.2761
-0.1982
-0.3328
-0.3228
-0.1815
-

For the entire century, the five-year TTOP means stayed within 0.5ºC above the
century mean and 0.4ºC below the century mean. The 1996-1999 interval TTOP mean had
the maximum temperature difference above the mean with a value of 0.3978ºC. The 19161920 interval had the maximum temperature difference below the mean with a value of 0.3180ºC. With one exception (the transition between 1916-1920 and 1921-1925, both of
which are below the mean), the first half of the 20th century follows a cyclical pattern of
every other five-year interval being either above or below the century mean (Figure 6; Table
3). From 1946-1970; however, there appears to be a cooling trend as every five-year interval
in that timeframe features a negative temperature difference against the century mean. The
1971-1985 timeframe reverts to the early century cyclical pattern of every other five-year
interval falling above or below the mean. From 1986-1999; however, there appears to be a
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warming trend that ends with the highest temperature difference against the mean in the
1996-1999 interval (1.0418ºC).
Temperature differences relative to the mean were classified into zones to determine
the amount of area within each temperature class on the North Slope (Figure 7).
Changes in Temperature Zonation over 20th Century
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Figure 7. An areal representation of temperature zones created by differencing five-year TTOP averages
against the TTOP century mean.

This approach provides an areal perspective on how the transitions from 1ºC below
and above the mean are patterned throughout the 20th century. The zonation shows a clear
cooling trend from 1946-1970 and a growing warming trend from 1986-1999. The entire
North Slope was last within 1ºC of the century mean during the 1961-1965 interval. The
North Slope was then entirely within 1ºC above the mean from 1986-1995. From 1996-1999,
1.06% of the North Slope was within 2ºC above the century mean. The extra classes in the
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legend are provided as a means of comparison to the same areal zonation figures for the 21st
century (Figures 7-10).
Finally, maps of the North Slope across the 20th century reveal the spatial patterns
over which the temperature zones shift (Figures 8-11). It is clear that the temperature shifts
tend to occur along the periphery of the North Slope, particularly the far western and eastern
portions, and then creep inland. These areas roughly correspond to mountainous terrain, or
those sites that feature high NT and rK values.

Figure 8. Maps of temperature trend zonation for 1901-1930.
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Figure 9. Maps of temperature trend zonation for 1931-1960 and 1961-1990.
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Figure 10. Maps of temperature trend zonation for 1991-1999. Note that one grid cell in the 1996-1999
map exceeds the 20th century mean beyond 1ºC, the only time that this occurs in the 20th century.

21st Century
The 21st century TTOP mean across all GCMs was -3.617 ºC (Table 4). Thus, the
century mean of the four GCMs under the A1FI scenario is 0.554ºC lower than the 20th
century mean produced by the CRU_TS_2.0 dataset. The TTOP means for HadCM3,
CSIRO2, CGCM2, and PCM were -3.508, -3.773, -3.301, and -3.887 ºC, respectively (Table
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4). From the coldest TTOP century mean to the warmest, the models rank: PCM, CSIRO2,
HadCM3, and CGCM2. The 2096-2099 interval had the maximum temperature difference
above the mean for all GCMs, with an average value of 2.260 ºC. The 2001-2005 interval
had the maximum temperature difference below the mean with a value of -1.715ºC.
Table 4. Average TTOP for each GCM for the 21st century, average difference of the five-year intervals
against the century average for each GCM, and the largest difference above and below the mean for each
GCM.
HadCM3
CSIRO2
PCM
Mean
Model: CGCM2
TTOP Century Average
-3.30118
-3.50767
-3.77257 -3.88671 -3.61703
Average Difference
0.02581
0.02368
0.02171 0.01922 0.02260
Largest Temperature Difference Below the Mean -1.96238 -1.80941
-1.58181 -1.50804 -1.71541
Largest Temperature Difference Above the Mean 2.58053
2.36783
2.17062 1.92142 2.26010

Plotting the average TTOP of each five-year interval for each GCM reveals the same
pattern (Figure 11). The plot features two distinct periods of cooling, relative to the clear
warming trend across the century. These cooling periods occur between 2020-2025 and
2070-2075. The plot also reveals that the models follow a similar pattern in their temperature
projections under the A1FI scenario; they appear to rise and fall concomitantly. Moreover,
the trends in the model’s temperature projections flip from the beginning to the end of the
century; CGMC2, HadCM3, CSIRO2, and PCM are ordered by the coldest to warmest
projections at the beginning of the century, yet they are then ordered by the warmest to the
coldest projections at the century’s end. These trends in the data may signify errors in the
script that was used to open the TYN_SC_2.0 dataset, calculate DDTA and DDFA, and TTOP.
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A1FI Scenario: 21st Century TTOP Differencing
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Figure 11. Relative differencing of 21st century five-year intervals against the century TTOP mean for
each GCM.

An areal representation of the temperature changes across the North Slope reveals
that the temperature zonations progress along a clear warming trajectory across the 21st
century (Figure 12). Aside from temperatures more than 2ºC below the mean, each
temperature class dominates the study area for a short period before giving way to a warmer
temperature class. The maximum extent achieved by temperatures more than 2ºC below the
mean is 20.57% in the 2001-2005 interval. This temperature class disappears after the 20212025 interval, during which time it reaches 15.96% of the study area. The maximum extent
achieved by temperatures within 2ºC below the mean is 87.94% in the 2006-2010 interval.
This temperature class disappears after the 2041-2045 interval where it reaches 0.35% of the
study area. In 2041-2045, temperatures within 1ºC of the mean reach their maximum extent
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Across Model Average: Changes in Temperature Zonation over 21st Century
(A1FI Scenario)
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Figure 12. Across-model average in temperature differencing zonation for the 21st century.

with 99.65% of the study area. This temperature class then disappears after 2051-2055 where
it reaches 71.63%. Temperatures within 1ºC above the mean claim 100% of the study area
from 2056-2065, before vanishing after 2075. The maximum extent achieved by
temperatures within 2ºC above the mean is 89.72% during the 2081-2085 interval. This
temperature class gradually gives way to temperatures greater than 2ºC. This final
temperature class finishes the 21st century with the highest areal representation, 62.77%, of
the North Slope.
Maps of these temperature trends reveal the spatial patterns over which these
temperature trends shift across the North Slope (Figures 13-15). As in the 20th century,
temperature shifts in the 21st century first appear along the periphery of the North Slope.
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These shifts then move inland until the entire study area has either cooled or warmed. Again,
the southwestern and southeastern boundaries of the North Slope are characterized by
mountainous terrain and rocky substrates and, thus, higher NT and rK values. Temperature
differences above the mean first appear during the 2046-2050 interval.

Figure 13. Maps of temperature trend zonation for 2001-2030.
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Figure 14. Maps of temperature trend zonation for 2031-2060 and 2061-2099.
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Figure 15. Maps of temperature trend zonation for 2091-2099.

Century Comparison: 1976-1999 – 2076-2099
The mean TTOP was calculated for the warmest periods of each century, 1976-1999 and
2076-2099. The mean values were then differenced to determine the temperature increase.
Relative to the 1976-1999 TTOP mean, mean temperatures for 2076-2099 were found to be at
least 1ºC greater than the mean, with significant portions of the North Slope being within and
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beyond 2ºC of the mean (Figure 16). Overall, the average increase in temperature between these
two time periods was 1.068ºC.

Figure 16. Map of temperature zonation of the differencing of the TTOP means of 1976-1999 and 2076-2096.

Discussion
Given the results of this analysis, it is clear that i) permafrost is sensitive to changes in
climate of the magnitude that have occurred over the 20th century and ii) that the North Slope
will experience extensive active layer thickening and potential permafrost degradation under the
A1FI scenario. The anticipated thaw will have profound implications for Arctic ecosystems and
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human engineering efforts. Caution must be observed; however, in projecting the degree of
permafrost degradation or in forecasting its complete loss. Thawing of ice-rich permafrost is
subject to a considerable time lag resulting from the large latent heat of fusion of ice (Anisimov
et al. 2001). Time scales for changes in permafrost thicknesses range from decades to millennia.
As noted by Anisimov et al. (2001), where permafrost is currently thick, such as in the North
Slope and Siberia, it could persist in relict form for many centuries.
Here, the degree of degradation and thickening is a matter of speculation, since the TTOP
model merely provides mean, annual permafrost temperatures. As stated by Smith and
Riseborough (1998), “there is no unique value of active layer depth corresponding to a particular
value of TTOP.” These temperatures are the products of broad generalizations across highly
variable expanses of vegetation, lithology, and climate that indirectly account for other important
variables such as hydrology and elevation. Moreover, this analysis is built upon the assumption
that the conductivity values remain constant over time. It does not take into account the
possibility that vegetation and substrate patterns may change over time and space. Such changes
are likely given that plant and active layer dynamics are intricately intertwined and that the
behavior of soils is influenced by the presence of ice-rich permafrost (Smith and Burgess 1998).
Shifts in thermal conductivity would accompany these changes and permafrost temperatures
would respond in kind. Thus, TTOP model output should be taken as a generalized view of
trends, not absolute values. The same rationale must be used in addressing potential shifts in
permafrost zonation. It would be inappropriate to use these TTOP model results to delineate
shifts in permafrost zonation, which, by virtue of permafrost dynamics, are in fact simplifications
of situations in which changes are transitional rather than abrupt or absolute (Nelson and Outcalt
1987).

41

Regardless of model limitations, these analyses have highlighted the complexity of the
permafrost-climate relationship over two centuries and revealed the patterns by which shifts in
permafrost integrity may have occurred in the 20th century and very well may occur in the 21st
century.

20th Century
Results of 20th century permafrost analysis revealed a structured, cyclic variation in
permafrost temperatures over much of the century until a warming trend becomes established in
the late 1980s to early 1990s. These findings generally agree with previous work in northern
Alaska and other high latitude regions over the same time period. Federov (1996) found that
permafrost stability in central Sakha was sensitive to summer air temperatures and noted three
main periods of cryological stress between 1931 and 1991, the late 1930s, mid-1940s to mid1950s, and the late 1970s to early 1990s (Jorgenson et al. 2001). According to Pavlov (1994)
near-surface permafrost temperatures in northern Russia increased by 0.6-0.7ºC from 1970-1990
and permafrost temperatures exhibited a general warming trend across northern Eurasia since
1966 (Pavlov 1994). While these results relate primarily to Siberian permafrost, they largely
correspond to trends established here for the North Slope over the same time periods (Figures 7
and 9).
Using data from deep drill holes maintained by the U.S. Geological Survey, Lachenbruch
et al. (1982) and Lachenbruch and Marshall (1986) showed that permafrost has generally
warmed from the 1940s through the 1980s in northern Alaska with typical changes being 2 to
4ºC, although some areas cooled or showed no change. All instances of cooling occurred in the
early 1980s. The mid-century warming trend found by these analyses are somewhat at odds with
those produced here, which show a general cooling period from 1946 to 1975 relative to the 20th
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century mean. In agreement with Lachenbruch et al. (1982) and Lachenbruch and Marshall
(1986), though, this analysis did detect a cooling period in the early 1980s.
Modeling has shown that higher air temperatures in the late 1800s and early 1900s
preceded the permafrost warming (Serreze et al. 2000). Such trends correspond to the 1901-1905
interval produced here, which is warm relative to other five-year intervals in the early century.
Finally, borehole analyses at four sites in northern Alaska by Osterkamp et al (1994) and
Osterkamp and Romanovsky (1996) revealed a cyclic variation in permafrost temperatures from
1983 to 1993. Permafrost cooled until the mid 1980s, warmed into the early 1990s and then
cooled until 1993, followed again by warming. This analysis generally followed these findings,
although there does not appear to be a cooling trend in the early 1990s (Figures 7 and 9).
Overall, the TTOP model output based on CRU_TS_2.0 climate data is in general
agreement with previous permafrost research, both modeled and field-based, on the 20th century.
The results of this analysis and others reveal that permafrost has been sensitive to climate of the
scale that occurred over the 20th century. This is significant, as it suggests that further warming
will likely expedite the responses in permafrost already seen during the 20th century, potentially
leading to active layer thickening and possibly even degradation.
As noted by Serreze et al. (2000); however, variations in active layer thickness have not
generally followed those in permafrost temperature in 20th century analyses. Thicknesses at
Prudhoe Bay remained near minimum from 1992-1996, a period of rising permafrost
temperatures, and thicknesses on the Arctic Coastal Plain were average or near minimum during
1993, one of the warmest years of the decade (Serreze et al. 2000; Romanovsky and Osterkamp
1997). Serreze et al. (2000) maintained that this trend is “not entirely surprising” as active layer
thicknesses are principally determined by summer conditions whereas permafrost temperatures
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reflect changes in mean annual conditions. Thus, while a late-century warming trend on the
North Slope is highlighted here, it may not be appropriate to assume that active layer thickening
and permafrost degradation accompanied it, at least on a broad scale. Active layer thickening and
the resultant ecosystem and engineering consequences have been brought to light in areas of
discontinuous permafrost in central Alaska by a considerable body of research (Osterkamp and
Romanovsky 1999; Osterkamp et al. 2000; Jorgenson et al. 2001; Yoshikawa and Hinzman
2003). The same may not hold true for the North Slope.

21st Century
This analysis highlighted a strong warming trajectory across the 21st century under the
A1FI scenario (the IPCC’s most fossil-fuel intensive climate projection) and established an
average permafrost temperature increase of over 1ºC between the 1976-1999 to 2076-2099 time
periods. As noted previously, simply knowing TTOP or trends in TTOP does not reveal what the
active layer depth is.
Given changes presently observed in the discontinuous zones of permafrost in Alaska’s
interior and the clear and constant warming trajectory established in this analysis, it would be
reasonable to predict that active layer thickening will occur on the North Slope as warmer
temperatures shift northward. Such thickening has profound consequences. As most exchanges
of energy, gases, and moisture between the atmospheric and terrestrial systems occur through the
active layer, thickening of this stratum will most likely have considerable effects on hydrological,
biological, and geomorphic processes (Stendel and Christensen 2002). Thickening maintained
and accelerated over time will develop into degradation and reduce the area underlain by nearsurface permafrost (Nelson et al. 1993). The anticipated ecological and structural changes are
likely to mirror those already seen in zones of discontinuous permafrost that have already begun
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to degrade throughout central Alaska. Such changes may even be magnified on the North Slope
given the larger extent of permafrost and higher ground-ice content relative to central Alaskan
discontinuous zones (Nelson et al. 2002). As noted by Smith and Burgess (1998), the
consequences of permafrost thaw containing little or no ice is generally negligible. Whereas the
melting of ice-rich permafrost can lead to a loss in strength and ground instability resulting in
thaw settlement, thermokarst development, increased soil creep, and active layer detachment
slides. The rate and magnitude of the response of the ground thermal regime will not be uniform
across the North Slope. As noted, the thermal response of permafrost depends upon the presence
or absence of certain buffer factors such as snow, vegetation, and soil type that act to reduce the
impact that increase in air temperature have on the ground temperature (Smith and Burgess 1998)
The most pronounced projected changes in temperature occur along the North Slope’s
perimeter, areas that correspond to the Brooks Range and the Arctic Coastal Plain (Figures 1315). These changes then move inland to encompass the entire North Slope. Warming permafrost
temperatures in mountains terrain can create mechanical discontinuities in the substrate, leading
to active-layer detachment slides and retrogressive thaw slumps. Permafrost thaw along the
coastline can produce extremely high rates of coastal and shoreline erosion (Nelson et al. 2002).
Current research suggests that permafrost degradation will lead to perturbations in the region’s
water balance. While permafrost thaw is believed to be the cause of an increase in open water in
the Tanana Flat of interior Alaska, it has also been implicated in the significant loss of water
bodies across portions of Siberia, Alaska, and Canada (McGuire et al. 2003). Moreover, analysis
of Siberian imagery from 1973 to 1998 by Smith et al. (2005) revealed that lakes have been
disappearing or shrinking in zones of sporadic, isolated, and discontinuous permafrost while total
lake area has increased in zones of continuous permafrost.
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Measurements of changes in the permafrost thermal regime based on past and future
climate data suggest major changes in the integrity of permafrost in the North Slope of Alaska. A
general warming trend is clearly evident in both the 20th and 21st century analyses. Details of the
localized and region-wide effects this warming trajectory on active layer depth and the onset of
permafrost degradation can only be left to speculation due to the general results of the TTOP
model. It is clear; however, that in light of the present-day permafrost thaw-induced changes to
hydrologic, vegetation, and geomorphic features in discontinuous zones of Alaska, such
phenomena will likely migrate northwards with ever-increasing temperatures and may come to
characterize the permafrost regime throughout the North Slope.
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Appendix
Table 1. Land-cover classes and area per class for the Landsat-MSS-derived raster from the
Tundra Ecosystem Analysis and Mapping Laboratory of the Institute of Arctic and Alpine
Research at the University of Colorado.
Class
Dry Prostrate-shrub Tundra and Barrens
Moist Graminoid, Prostrate-shrub Tundra (nonacidic)
Moist Dwarf-shrub, Tussock-graminoid Tundra (typical tussock tundra)
Moist Low-shrub Tundra and Other Shrublands
Moist Tussock-graminoid, Dwarf-shrub Tundra (cold, acidic)
Wet Graminoid Tundra
Water
Clouds and ice
Shadows
Total

Area (ha)
254.379
550.9021
638.263
439.1169
74.9343
190.9519
135.4965
16.8846
103.8357
2404.764

% Area
10.58%
22.91%
26.54%
18.26%
3.12%
7.94%
5.63%
0.70%
4.32%
100.00%

Table 2. Reclassified land-cover table. The original nine classes were reduced to five. Shadows,
clouds and ice, and water were not considered as they do not have corresponding rK, NT, and NF
values.
Class
Barrens
Moist Nonacidic
Moist Acidic
Shrublands
Wet Tundra
Total

Area (ha)
254.379
550.9021
713.1973
439.1169
190.9519
2148.5472

% Area
11.84%
25.64%
33.19%
20.44%
8.89%
100.00%
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Figure 1. Physiographic provinces of the North Slope of Alaska.
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Figure 2. Thermal conductivity layer. Note that areas featuring higher K-values are those with a greater degree of rocky terrain as
opposed to soil.

57

Figure3. Thawing N-factor layer. Barrens and other areas featuring sparse vegetation have higher NT values.
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Figure 4. Freezing N-factor layer. Generally, those areas featuring less snow-cover have higher NF values.
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Changes in Temperature Zonation over 20th Century
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Figure 5. Outline of the temperature zones for the 20th century.
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Table 4. Percent Area for each temperature zonation for the 20th century.
Time
Interval
1901-1905
1906-1910
1911-1915
1916-1920
1921-1925
1926-1930
1931-1935
1936-1940
1941-1945
1946-1950
1951-1955
1956-1960
1961-1965
1966-1970
1971-1975
1976-1980
1981-1985
1986-1990
1991-1995
1996-1999

Greater than
2ºC Below
Mean
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Within 2ºC
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Within 1ºC
9.57%
100.00%
12.77%
100.00%
100.00%
22.34%
100.00%
0.00%
0.00%
81.91%
100.00%
97.87%
100.00%
91.49%
96.81%
1.06%
81.91%
0.00%
0.00%
0.00%

Greater than
1ºC Above
Mean
90.43%
0.00%
87.23%
0.00%
0.00%
77.66%
0.00%
100.00%
100.00%
18.09%
0.00%
2.13%
0.00%
8.51%
3.19%
98.94%
18.09%
100.00%
100.00%
98.94%

Within 2ºC
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
1.06%

More than
2ºC
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
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Figure 6. Across-model average for temperature differencing against the 21st century TTOP.
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CGCM2 A1FI: Change in Temperature Zonation Over 21 Century
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Figure 7. Areal representation of temperature zonation for CGCM2 temperature differencing.
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HADCM3 A1FI: Change in Temperature Zonation over 21st Century
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Figure 8. Areal representation of temperature zonation for HadCM3 temperature differencing.
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PCM A1FI: Change in Temperature Zonation over 21 Century
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Figure 9. Areal representation of temperature zonation for PCM temperature differencing.
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CSIRO2 A1FI: Change in Temperature Zonation over 21st Century
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Figure 10. Areal representation of temperature zonation for CSIRO2 temperature differencing.
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Table 4. Percent area for each temperature zonation for the 21st century.
Time
Interval
2001-2005
2006-2010
2011-2015
2016-2020
2021-2025
2026-2030
2031-2035
2036-2040
2041-2045
2046-2050
2051-2055
2056-2060
2061-2065
2066-2070
2071-2075
2076-2080
2081-2085
2086-2090
2091-2095
2096-2099

More than 2ºC
Below Mean
20.57%
12.06%
0.71%
0.71%
15.96%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Within 2ºC
79.43%
87.94%
76.24%
80.85%
84.04%
13.48%
39.36%
13.48%
0.35%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Within 1ºC
0.00%
0.00%
23.05%
18.44%
0.00%
86.52%
60.64%
86.52%
99.65%
91.84%
71.63%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Within 1ºC
Above Mean
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
8.16%
28.37%
100.00%
100.00%
51.06%
58.51%
0.00%
0.00%
0.00%
0.00%
0.00%

Within 2ºC
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
48.94%
40.78%
81.21%
89.72%
78.72%
60.99%
37.23%

More than
2ºC
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.71%
18.79%
10.28%
21.28%
39.01%
62.77%
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