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Abstract

The vastness in size of permafrost regions in North America, together with the country’s
harsh climates and rugged terrain, present considerable problems for determining per-
mafrost distribution. Direct methods for determining distribution are expensive and time
consuming, so there is a need for indirect methods of prediction.

This study addresses the problem of predicting permafrost distribution. It represents a pre-
liminary effort to develop an indirect method of predicting permafrost distribution in a
mountainous region of Western Canada. The study area is Plateau Mountain, which is located
about 80 km southwest of Calgary, Alberta, Canada in the outer ranges of the Rocky Moun-
tains.

The problem is addressed by using spatial analysis conducted within the geographical
information system ARC/INFO. Specific criteria used to predict the probable location of
permafrost are primarily derived from 1) a digital elevation model of Plateau Mountain and
2) a landcover classification. The results of the analysis are tested against known locations of
permafrost to establish accuracy of the methodology. Results suggest 70% accuracy. This
study is the impetus for further development of the methodology to predict permafrost

distribution in Jasper National Park, Alberta, Canada — a project currently in progress.

INTRODUCTION

Predicting permafrost distribution in mountainous regions is a task of
both commercial and academic interest. Commercial developments in are-
as underlain by permafrost require specialized planning and use of con-
struction techniques that are designed to cope with the delicate ther-
modynamic regime associated with permafrost (HARRIS, 1986; HAEBERLI,
1992). Proper identification of the distribution of permafrost is important
for hazard assessment and to minimize construction costs and environ-
mental impacts. Methodologies (e.g., HAEBERLI, 1973, 1975; HARRIs, 1981,
1995; JorGENSON, KREIG, 1988; KELLER, 1992; KING, et al., 1992; HOELZLE,
et al., 1993; HOELZLE, M. 1996; FRAUENFELDER, et al., 1998) developed for
the prediction of permafrost can also be adapted for use with a variety of
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research topics such as geomorphology, environmental modeling and
vegetation studies (e.g., FRANKLIN, 1995).

The 1990s have seen a move towards the use of computers as a tool to
solve the problem of predicting permafrost distribution. Considerable mo-
delling of permafrost distribution has been carried out in the Swiss Alps.
KELLER (1992) developed a method to predict the distribution of mountain
permafrost there, using the application PERMAKART. PERMAKART, an
executable program for use in the geographical system ARC/INFO, applies
an empirical model of permafrost distribution based on a relationship
between slope, aspect and altitude to a digital terrain model (FRAUEN-
FELDER, et al., 1998). HoeLzLE (1994 as cited in FRAUENFELDER, et al.,
1998) developed the model PERMAMAP in ARC/INFO. In PERMAMAP,
the spatial relation between BTS measurements, mean annual air tempe-
rature, and potential direct solar radiation is used to derive permafrost
distribution. FRAUENFELDER (1997, as cited in FRAUENFELDER, et al., 1998)
developed a model PERMAMOD based on field data from the Swiss Alps
and a set of permafrost rules of thumb (HAEBERLI, 1975; HAEBERLI, et al.,
1996). The model joins topo-climatic information with bio-geographical
data and other permafrost indicators to derive permafrost distribution.
FRAUENFELDER, et al. (1998) evaluated the three models against empirical
field data. They found that PERMAKART and PERMAMAP correspond
well at high altitudes, but with diminishing accuracy towards lower alti-
tudes. PERMAMOD appeared to show the most accurate estimation of per-
mafrost distribution, but concern was expressed that combining different
approaches in one model may result in the loss of independent variables.
Loss of independent variables is an issue in model calibration.

Computer modelling of alpine permafrost distribution outside of
Europe (e.g., JORGENSON, KREIG, 1988; GRANBERG, 1989; PEDDLE, FRANKLIN,
1992, 1993; L1, CHENG, 1999) began earlier, but appears to be somewhat less
prolific. This may partly be due to a paucity of detailed data about
regional permafrost features and landforms in comparison to data com-
piled for Europe — especially for the Swiss Alps.

BTS (bottom snow temperatures) measurement is another method
widely used in Europe to establish the presence of permafrost (HAEBERLI,
1973, HOELZLE, et al., 1993), but the mean winter snow cover of 50—60 cm
is too shallow for the method to be widely used in western Canada (c.f.,
KING, 1983). The method is labour intensive and only suitable for use in
small areas, whereas Canada is vast.

A need has been expressed for the development of an indirect method
to predict permafrost distribution in the mountainous regions of western
North America. HARRIS (1981) indicates that a reconnaissance tool capable
of predicting permafrost distribution would help focus fieldwork and
equipment more effectively and efficiently. The vastness in size of North
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American permafrost regions, together with harsh climates and rugged
terrain, present considerable problems for determining distribution. Direct
methods (see e.g., KING, et al., 1992) for determining permafrost distri-
bution are expensive and time-consuming, so there is a practical appli-
cation for indirect methods of prediction (HARRIS, 1983). PEDDLE and
FRANKLIN (1992, 1993) have developed software for evidential classifica-
tion of landcover and permafrost in mountainous terrain in the southwest
Yukon Territory, Canada, using remote sensing imagery, but there is still
room for more work in computer modelling of permafrost distribution in
the Rocky Mountains.

This paper presents a preliminary effort to develop methodology to
predict permafrost distribution in a mountainous region of Western Cana-
da. This will form the basis for a more extensive project currently being
undertaken in Jasper National Park, Alberta, Canada.

STUDY AREA

The study area is Plateau Mountain (Fig. 1), located about 80 km
southwest of Calgary, Alberta, Canada in the outer ranges of the Rocky
Mountains (50°13’N and 114°31’W). It has been extensively studied over the
past two decades (e.g. HARRIS, BrROWN, 1978; HARRIS, 1997) and the
availability of a considerable amount of field data makes it an ideal choice
for a study area.

© Red Digr

Fig. 1. Location of Plateau Mountain in southwest Alberta, Canada
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The mountain has a flat top approximately 13 km? in size and a maxi-
mum elevation of 2519 m. Plateau Mountain is formed from the core of an
anticline tilted downwards towards the north and west (HARRIS, 1997).
Typical landcover includes forest below the treeline and grassy alpine
meadow at higher elevations. Treeline averages 2290 m in elevation on the
west side (BRYANT, SCHEINBERG, 1970 as cited in HARRIS, 1997). Vegetated
areas are broken up by the presence of block slopes, which surround much
of the mountain.

Plateau Mountain lies in the rain shadow east of the Continental Di-
vide. Most snowfall received generally blows off the exposed top and ac-
cumulates in forested areas and in cirques on the southern and eastern
sides of the mountain. Mean winter snow cover is 12 cm on exposed sites
and approximately 95 cm in the adjacent forest. Mean annual air tempe-
rature (1974-1995) at 2500 m is —=2.22°C (HARRIs, 1997).

METHODS AND ANALYSIS

The problem of predicting permafrost distribution on Plateau Mountain
is addressed using spatial analysis conducted within the geographical
information system ARC/INFO. Criteria specifically related to Plateau
Mountain were established to identify potential locations of permafrost in
the study area. The criteria were then applied to landscape data and a di-
gital elevation model of Plateau Mountain. Landscape data was acquired
from the ALBERTA VEGETATION INVENTORY (1991), a comprehensive land-
cover database for the province of Alberta. A digital elevation model with
a 20 m grid was interpolated from a topographic map of Plateau
Mountain. Spatial analysis consisted of 1) isolating areas that met the cri-
teria, and 2) combining individual outputs using overlay procedures to pro-
duce a prediction of permafrost distribution in the study area. The criteria
were applied to landscape data and the digital elevation model as summa-
rized briefly in the following illustrations.

Normally, timberline acts as the lower limit of widespread permafrost
in rock or soil (e.g., GRAY, BROWN, 1982; HARRIS, 1982; HAEBERLI, et al.,
1996; HOELZLE, 1996; FRAUENFELDER, et al., 1998). GRAY and BrowN (1982)
suggest that treeline may provide a reliable index for regional mapping of
permafrost in place of altitudinally derived temperature isotherms. Ad-
iabatic lapse rates would be a preferred method to derive temperature
isotherms on Plateau Mountain. HARRIS (e.g., 1995) has done considerable
work with adiabatic lapse rates and freeze/thaw indices, but the data are
insufficient to permit the derivation of at least four different lapse rates,
one for each of the four principle aspects. An empirical model of per-
mafrost distribution used by KELLER (1992) received consideration;
however, climatic differences between the Swiss Alps and the western



Modelling permafrost distribution in the Canadian Rocky Mountains... 87

Canadian Rockies (HARRIS, 1995) raise concerns about the model’s trans-
ferability. Treeline (Fig. 2) was established using aerial photographs and
overlay analysis of elevation, aspect and landcover.
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Fig. 2. Treeline, Plateau Mountain

The probability of occurrence of permafrost in areas of well-developed
vegetation is under 25%, but increases to above 75% in unvegetated areas
covered with debris (HAEBERLI, 1975; HOELZLE, et al., 1993; HOELZLE,
1996). This characteristic of permafrost distribution is supported by
HARRIs and Prick (1997) and HARRIs and PEDERSEN (1998), who find that
annual ground temperatures are 4—7°C cooler in coarse blocky material on
Plateau Mountain than in adjacent mineral soils. This condition provides
one explanation as to why isolated zones of permafrost can occur below
treeline. Plateau Mountain is characterized by grassy alpine meadow
above treeline in the lower part of the alpine zone, grading into lichen-
-covered rocks on the flat summit (HARRIS, 1997). The mountain is also
surrounded by block slopes, which extend down below treeline. A land-
cover classification was derived based on SQL query of the Alberta Fores-
try Vegetation Inventory database (1991) (Fig. 3).
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Fig. 3. Landcover classification, Plateau Mountain

Permafrost should be expected in areas with perennial or persistent
snow deposits (Fig. 4). Winter snow covers over 50 cm thick have the ef-
fect of inhibiting frost penetration (HARRIS, BROwWN, 1978) and favour
higher sub-nival winter temperatures. However, persistent snow cover pre-
vents the penetration of heat during the thawing season (HAEBERLI, 1978;
GOODRICH, 1982; GrAY, BROWN, 1982). Most snowfall received on Plateau
Mountain generally blows off the exposed top, accumulating in forested
areas and in cirques on the southern and eastern sides of the mountain.
Mean winter snow cover is 12 cm on exposed sites and approximately 95
cm in adjacent forest (HARRIS and Prick, 1997). A classification of
persistent snow cover was derived based on SQL query of the Alberta
Forestry Vegetation Inventory database (1991), classification of Landsat
imagery, examination of aerial photography, and analysis of a DEM for
concavity, slope and aspect (Fig. 4).

Extremely shaded debris has a propensity to contain permafrost
(HAEBERLI, 1978). Conditions of extreme shade may cause permafrost
occurrences at altitudes where mean annual air temperatures exceed 0°C
(e.g., PANCZA, 1989 as cited in HAEBERLI, et al., 1993). The degree of
sun/shade experienced by a surface element was calculated for the entire
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Fig. 4. Persistent snow classification, Plateau Mountain
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Fig. 5. Areas of extreme shade, Plateau Mountain
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study area on the basis of a digital elevation model utilizing hillshade
analysis and with tabular input of positive solar altitude and azimuth for
50°N latitude as the light source (Fig. 5). This output was further adjusted
using overlay procedures to isolate extremely shaded debris (Fig. 6). The
adjustment was made to reflect the results of colder ground temperatures
in block slopes noted by HARRIs and Prick (1997) and HARRIS and
PEDERSEN (1998). They also indicate that typical slopes of block fields are
approximately 30° while steeper slopes tend to be solid rock.
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Fig. 6. Extremely shaded debris filtered to reflect block fields, Plateau Mountain

APPLICATION TO THE OCCURRENCE OF PERMAFROST

The results of the analyses briefly summarized above were integrated
to establish a binary prediction of permafrost distribution in the study
area (Fig. 7). The predicted distribution was compared to known points
identifying permafrost presence or absence on Plateau Mountain as well
as with other information about permafrost distribution in the study area
(e.g., HARRIS, BROWN, 1978; HARRIS, 1997) in order to arrive at a measure
of accuracy (Fig. 8). 70% of the known points were correctly identified
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using the GIS methodology. Overall, the prediction indicates that perma-
frost underlies 2,113 hectares (20%) of the study area. A total of 49 hecta-
res (2%) of the predicted permafrost lies as isolated bodies in debris

below the treeline.
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Fig. 8. Location of ground temperature cables and weather stations on Plateau Mountain
(modified from HARRIS and BROWN)
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CONCLUSION

Research interests and commercial developments are creating a demand
for information about the distribution of alpine permafrost. The vastness
in size of mountainous regions, together with their harsh climates and rug-
ged terrain, pose numerous problems for determining distribution. Direct
methods for determining permafrost distribution are expensive and time-
-consuming, so there is a need to develop indirect methods.

Considerable work has been carried out in the Swiss Alps to address
this problem, but there is still a need for more work in the western Cana-
dian Rocky Mountains. In this preliminary study, we used spatial analysis
within the geographical information system ARC/INFO to arrive at a pre-
diction of a permafrost distribution of 2,113 hectares on Plateau Mountain,
Alberta, Canada (see Fig. 7). Based on specific criteria describing the
probable location of permafrost, which were primarily derived from a di-
gital elevation model and a landcover classification, we were able to pre-
dict the probable location of permafrost with a 70% accuracy. We were
also successful in identifying a number of isolated permafrost bodies in
debris below the treeline.

This study will form the basis for a more extensive study currently
being undertaken in Jasper National Park, Alberta, Canada.
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