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FOREWORD

This report documents work undertaken as part of the Terrain
Sciences Division’s Mackenzie Valley Integrated Research and
Monitoring Area (MIRMA). The study examines one approach that can
be taken to determine the sensitivity and response of permafrost
terrain to global warming. Site specific one-dimensional
geothermal modelling of the transient response to a change from 1
X C02 to 2 X CO2 climate is undertaken at three locations,
representing the range from continuous through to discontinuous
permafrost: MacKenzie Delta, Norman Wells and Fort Simpson.
Several different functions were examined in the simulation of the
transient response: step, linear and exponential.

At each location two boreholes are modelled, an ice-rich and an
ice-poor. The boreholes were selected for the analysis on the
basis of the availability of the following model input parameters:
physical and thermal properties, lithology, ground temperature-
depth measurements, snow cover data and air temperatures. A
compilation of the pertinent geotechnical, geothermal and climate
data for each site was forwarded to the contractor and can be made
available upon request.

Funding for this project was provided by the Panel on Energy
Research and Development (PERD) and the Green Plan.
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Margo Burgess

Scientific Authority
Terrain Sciences Division
Geological Survey of Canada
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EXECUTIVE SUMMARY

The phenomena of global warming will likely have dramatic and adverse effects to
permafrost along the Mackenzie Valley as the result of a doubling of the carbon dioxide in
our atmosphere. Climatic changes provided from Global Circulation Models, suggest that
increases of between +4.2 and +5.0°C will likely occur over the next 50 years within the
Mackenzie Valley.

This study summarizes the results of a series of geothermal analyses undertaken on six soil
profiles from three areas within the Mackenzie Valley; the Mackenzie Delta (near
Tuktoyaktuk), Norman Wells and Fort Simpson. The analyses were undertaken with the
end value climatic conditions provided from Atmospheric Environment Services Global
Circulation Model.

Based on the results of the analyses, warm discontinuous permafrost zones, such as Fort
Simpson, will likely either have no permafrost in 50 years, or thaw depths anywhere from
2.3t0 8 m. It is possible that in very local areas, where micro-climatic conditions are ideal,
some permafrost may exist. However, it is not likely this will occur on a widespread
basis. Permafrost within the Norman Wells area will experience almost the same type of
impact, although it is likely more isolated pockets of permafrost will exist at Norman Wells
than for Fort Simpson.

The results of the analyses for the Mackenzie Delta suggest that permafrost conditions will
likely exist even under sustained 2 x CO, Scenario climatic conditions, although the

permafrost would be warm and discontinuous.

The time period of all simulations was 50 years. In most cases, the changes were very
subtle in the first 10 years but, depending on the surface function applied, tended to

accelerate with time.

The likely impacts of warming of the permafrost or complete degradation would be
characterized by any of the following:

. thickening of the active layer,




- -

. thaw settlement,

. thermokarst feature development, such as thaw lakes, etc.,
. warming of ground temperature,

. decrease in permafrost thickness,

. instability of some foundations on ice-rich permafrost, and
. instability of slopes in ice-rich permafrost.

In summary, the impact of global warming on permafrost within the Mackenzie Delta will
likely be dramatic and should be addressed in any future nothern work, if the present
Global Circulation Model predictions are considered correct.




1.0 INTROD N

Geo-Engineering (M.S.T.) Ltd. was retained by the Terrain Sciences Division of the
Geological Survey of Canada (GSC) to undertake a geothermal modelling study of the
potential impacts of global warming on permafrost within the Mackenzie Valley. The
Mackenzie Valley is one of the key focal areas of the Integrated Research Monitoring Areas
(IRMA) program and, as such, is an area of multidisciplinary research. The phenomena of
global warming potentially has a widespread effect on climate, vegetation, geological
conditions, etc. The geothermal modelling presented in this study therefore, reflects a very
specific area of research which forms a part of a more complete overall evaluation of the
problem being undertaken by the GSC.

Terms of reference for this study were established in our proposal of December 2, 1991,
and are briefly restated below:

. review available geotechnical and meteorological conditions for three study
areas in the Mackenzie Valley,

. establish equilibrium, steady-state permafrost conditions for six
soil/permafrost profiles,
. perform a series of geothermal simulations using meteorological conditions

which reflect a doubling in the carbon dioxide level in our atmosphere; and

. prepare a report summarizing the results of all the geothermal simulations
and a discussion of the potential impact on permafrost in the Mackenzie
Valley.

Three general areas along the Mackenzie Valley were selected for consideration by the

GSC, one at each of the following locations:

. Mackenzie Delta near (Tuktoyaktuk),
. Norman Wells, and
. Fort Simpson.
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Two soil profiles for each general area were also investigated, typically representing ice-
poor and ice-rich conditions. The wide range of latitudes of the three sites, as well as the
differences in soil/permafrost conditions, were selected to represent reasonable bounds to
the anticipated permafrost conditions found along the Mackenzie Valley. The locations of
the general study areas are shown in Figure 1 (Appendix A).

All work performed on this study was under Contract 03255.23397-1-1424.
2.0 BACKGROUND

Over the past decade, the effect of increased carbon dioxide levels in our atmosphere on
global weather patterns has been the topic of much discussion and research. The general
consensus to-date (although not universally accepted by all scientific authorities) is that an
increase in carbon dioxide emissions will tend to result in an overall global warming. The
mechanism by which this warming occurs is commonly referred to as the “greenhouse
effect.” In simplistic terms, this theory proposes that as carbon dioxide levels increase,
additional solar radiation will be trapped within the atmosphere that normally would reflect
back into space, thus causing an increase in the earth’s atmospheric temperature.

Presently, the most sophisticated means to predict global weather patterns is with highly
sophisticated models referred to as Global Circulation Models (GCM). Climatologists not
only attempt to predict the impact of increases in carbon dioxide levels on weather patterns
with these models, but also model existing and historical weather patterns. For the
purposes of our study, only one possible scenario (ie. GCM prediction) was selected as the
endpoint for all geothermal modelling, and this was the doubling of the carbon dioxide
level in our atmosphere. This condition is referred to in this report as the 2 x CO;

Scenario.

The meteorological data for the 2 x CO; Scenario was transmitted to us by the GSC from
the Canadian Climate Centre of Atmospheric Environmental Services (AES) and is
enclosed in Appendix C. This information was provided in a format that consisted of mean-
monthly air temperatures and monthly total precipitation for various weather station
locations in the Mackenzie Valley. The time for the 2 x CO; event was estimated to be
approximately 50 years. Some estimate of maximum snow depths were also provided but
were not used directly in this study as will be discussed in a later section.
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As the end conditions for the geothermal modelling and the time over which the event s to
occur were assumed fixed, several alternate ways of reaching this point from present-day,
relatively stable permafrost conditions, were evaluated. This included an instantaneous
step to the 2 x CO, Scenario, a linear increase and an exponentially increasing function.

Details of the design approach are presented in the following sections.
3.0 STUDY LOCATIONS
3.1 GENERAL

Three general study areas were selected for consideration by the Geological Survey of
Canada at locations shown in Figure 1. These locations represent a broad range of latitudes
and include zones of very warm discontinuous permafrost near Fort Simpson to cold
continuous permafrost in the Mackenzie Delta near Tuktoyaktuk. Two soil profiles were
selected at each site for typically ice-rich and ice-poor conditions.

A compilation of all pertinent geotechnical, geothermal and historical meteorological data
was provided by the Geological Survey of Canada, in a document entitled “Documentation
Provided by the Terrain Sciences Division, Geological Survey of Canada for Contract
032SS.23397-1-1424.” This data was reviewed and used where applicable as input
parameters for the geothermal model. In some instances, minor adjustments were made to
ensure stability of the permafrost existed for present-day meteorological conditions.

Specific conditions at each of the sites are discussed individually in the following sections.
3.2 MACKENZIE DELTA - SITE A

Site A is located along the Geological Survey of Canada’s Lousy Point Transect. Two soil
profiles were considered for analysis; one consisting of massive ice underlying a thin
glaciofluvial layer and the other consisting of a relatively ice-poor glaciofluvial deposit.
The massive ice profile is referred to as A.1, and is based approximately on soil and

permafrost conditions encountered in GSC Borehole 91-11. The simplified soil profile,
and selected geotechnical and geothermal properties are summarized in Table 3.1.
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Soil conditions at Site A.1 consist of a thin ice-rich glaciofluvial layer of silts and sands
extending to a depth of approximately 3.2 m. Below a depth of 3.2 m, massive ice or ice
with soil (till) inclusions extends to the base of the borehole at a depth of 30 m. No
surficial organic layer was identified on the borehole log. This is considered reasonable,
considering the location of Borehole 91-11 near the crest of a ridge along the transect.

Based on the thermistor data shown in Figure 2, the ground temperature at a depth below
the seasonal effects is approximately -7.0 to -7.3°C, consistent with continuous permafrost
we would anticipate in the Mackenzie Delta area. Permafrost thickness was assumed to be
between 450 and 600 m (Pelletier, 1987). Therefore, based on prevailing permafrost
temperatures and thicknesses, a geothermal gradient of 0.012°C was used in our modelling
for both the Mackenzie Delta sites.

The ice-poor, glaciofluvial profile is referred to as A.2 in the analysis, and is based on soil
and permafrost conditions encountered in GSC Borehole 91-12. The simplified soil
profile, and selected geotechnical and geothermal properties are summarized in Table 3.2.

Soil conditions at Site A.2 consist primarily of silts and sands which extend from 0.8 m to
the base of the borehole at 30 m. A surficial layer of peat and organics was encountered to
a depth of 0.8 m. Based on the location of Borehole 91-12 in a terrain depression on the
transect, the existence of relatively thick organics appears explainable.

Ground temperatures below the seasonal effects are typically between -6.0 and -6.5°C, also
consistent with continuous permafrost conditions we would expect in the area. Thermistor
data for Site A.2 is shown in Figure 3.

Geotechnical and geothermal information for both locations on the Lousy Point Transect
were the least extensive of all the areas considered in this study. This information
consisted primarily of natural water contents, but also included some frozen bulk densities
and frozen thermal conductivities. Additional information as noted in Tables 3.1 and 3.2
was supplemented based on our past experience from projects with similar soil conditions
and as required to achieve a stable permafrost soil profile.
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Historical meteorological data for this area was available for two Tuktoyaktuk weather
stations and Inuvik. This data was provided to Geo-Engineering in the form of computer
files from the Atmospheric Environmental Services Archive System. Upon review of the
information, it was decided that data for Tuktoyaktuk would most closely resemble
conditions along the Lousy Point Transect. Specific information used in this study
consisted of the 30-year normal mean-monthly air temperature and precipitation data for the
period 1951 to 1980, and the daily snowfall on ground measurements from 1963 to 1980.

Mean-monthly air temperatures and snow depth thickness as derived from the
meteorological data are presented in Figures 4 and 5 respectively. The figures also show
the 2 x CO Scenario end values. The method by which the of the 2 x CO; Scenario snow

depths were derived will be discussed in a later section.

In order to achieve steady-state permafrost conditions, the snow depth values shown in
Figure 5 were further adjusted for each site. The snow depths for Site A.1 were reduced
by 18 percent and the snow depths at Site A.2 were increased by S0 percent. These
adjustments appear reasonable given the topographical setting of the two sites and that Site
A.2 is in a terrain depression that potentially could collect more snowfall than Site A.1.

3.3 NORMAN WELLS - SITE B

The Norman Wells study area consists of two separate sites; one near the Town of Norman
Wells and the other on the north side of Canyon Creek. Both sites are on the east side of
the Mackenzie River, near the Norman Wells to Zama (IPL) Pipeline.

Site B.1, near the Norman Wells townsite, is situated on an ice-rich lacustrine plain just
north and east of Seepage Lake. Soil and permafrost conditions are based approximately
on the Hardy Associates (1978) Ltd. Borehole 80-1, drilled for the Norman Wells to Zama
Pipeline. The simplified profile and selected geothermal properties are summarized in
Table 3.3.

Soil conditions at Site B.1 consist of a 0.3 m layer of peat overlying a medium to high
plastic clay extending to a depth of approximately 6.0 m. Although not encountered in
Borehole 80-1, it is our understanding shallow bedrock consisting of clay shale is
encountered frequently in this area. For purposes of our analysis, therefore, shale has been
assumed to exist below a depth of 6.0 m.
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Ground temperatures for Site B.1 were based primarily on thermistor monitoring data from
off the right of way at the Norman Wells Pump Station as shown in Figure 6. The ground
temperature was around -2.0°C at a depth of 15 m. Based on a geothermal gradient of
0.05°C/m measured in the deep instrumentation at Canyon Creek, permafrost thicknesses
of approximately 40 to 50 m were estimated for this site.

Site B.2 is located at KMP 19 of the Norman Wells Pipeline on the north side of Canyon
Creek. Soil and permafrost conditions are based approximately on those encountered in
GSC/INAC Borehole 84-2A. The simplified soil profile and selected geotechnical and
geothermal properties are summarized in Table 3.4.

Although not reflected in the log for Borehole 84-2A, approximately 0.4 m of organic
silt/peat existed off the right of way at Site B.2. In order to maintain stable permafrost in
the Norman Wells area, it has been our experience this organic layer must be present. It
has been well-documented that the disturbance of the organic cover in discontinuous warm
permafrost areas can result in degradation of permafrost or at least an increase in the
surficial active layer.

Below the assumed 0.4 m of organic material, the soil profile consisted of a relatively low-
ice content glacial silt or clay till to a depth of approximately 9 m. Clay shale was
encountered below 9 m and is assumed to extend to depth in the profile.

Ground temperatures for Site B.2 were determined from the thermistor string in Borehole
84-2A as shown in Figure 7. The ground temperature at Site B.2 is warmer than at Site
B.1, and is approximately -0.6°C at 15 m. Based on the measured geothermal gradient in a
deep borehole in the area of 0.05°C/m, a permafrost thickness of 26 m was estimated for
this site.

More geotechnical and geothermal material properties were available for the Norman Wells
sites than for the Mackenzie Delta, and consisted primarily of natural moisture contents,
frozen bulk densities and frozen thermal conductivities. Data, where unavailable, was
assumed, based on our experience for typical soils in the area. In addition, minor changes
in soil/meteorological data were made to ensure steady-state permafrost conditions were
- maintained for base conditions.
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Historical meteorological data for this area was derived from the airport weather station at
Norman Wells. This data was available on computer file from the Atmospheric
Environmental Services Archive System. Specific meteorological information used in this
study consisted of the 30-year normal mean-monthly air temperature, precipitation data for
the period 1951 to 1980 and the daily snowfall on ground measurements from 1955 to
1980.

Mean-monthly air temperatures and snow depth thicknesses derived from the historical
meteorological data for Norman Wells are presented as Figures 8 and 9, respectively.
Snow depths for Site B.1 and Site B.2 were reduced by 30 and 20 percent respectively
from the values measured for the Norman Wells weather station in order to obtain

equilibrium conditions.
3.4 FORT SIMPSON - SITE C

The Fort Simpson study area consists of two separate sites approximately 50 km apart.
Both sites are located south of the Liard River and the Town of Fort Simpson.

Site C.1 is located near the Norman Wells to Zama Pipeline near Jean-Marie Creek, and is
situated in an ice-rich peat plateau. Soil conditions are based approximately on GSC/INAC
Borehole 85-12B. A simplified soil profile and selected geothermal properties are
summarized in Table 3.5.

Based on borehole information, the soil profile at Site C.1 consists of approximately 3 m of
peat overlying a low plastic clay or clay till. Below 10 m, a glaciofluvial gravel was
encountered to the bottom of the borehole at 16.8 m.

- Based on the thermistor string installed in Borehole 85-12B, permafrost at the site is very
thin, being around 5 to 6 m (Figure 10). The geothermal gradient measured in this
borehole was relatively steep and had a value of around 0.07°C/m.

This type of permafrost is considered “sensitive” and exists only due a unique micro-

climate and local vegetation.
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Site C.2 is located near the Norman Wells to Zama Pipeline in the Manners Creek drainage
basin on a lacustrine plain. The soil and permafrost conditions were based approximately
on GSC/INAC Borehole 85-8A and are summarized in Table 3.6.

The soil profile for Site C.2 consists of 5 m of silts and sands overlying ice-rich medium to
high plastic clay. The site is overlain by approximately 0.5 m of peat.

Thermistor data from Borehole 85-8A, shown in Figure 11, indicates a steep geothermal
gradient exists below a depth of 20 m and has a value as high as 0.10°C/m. The thickness
of permafrost is relatively thin at this site, being approximately 12 m thick.

Geotechnical and geothermal material properties were readily available for both the Fort
Simpson profiles. Information typically consisted of full moisture content and density
profiles, in-situ frozen thermal conductivity profiles, laboratory frozen thermal conductivity
tests, unfrozen water content curves, etc. Data where unavailable was assumed, based on
our experience for typical soils in the area. Minor adjustments were made as required to
maintain steady-state permafrost conditions for the 1951 to 1980 meteorological

informaton.

Historical meteorological data was derived from two airport weather stations near Fort
Simpson. This data was available on computer files from the Atmospheric Services
Archive System. Specific meteorological information used in this study consisted of the 30-
year normal mean-monthly air temperature and precipitation data for the period 1951 to
1980, and the daily snowfall on ground measurements from 1955 to 1980.

Mean-monthly air temperature and snow depth thicknesses derived from the historical
meteorological data for Fort Simpson are presented as Figures 12 and 13, respectively.
Snow depths for Site C.1 did not have to be adjusted to obtain steady-state permafrost
conditions, while a reduction in snow depth of 20 percent was required at Site C.2.
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4.0 THE 2x CO, SCENARIO

4.1 GLOBAL CIRCULATION MODEL PREDICTIONS

The Global Circulation Model 2 x CO, Scenario predictions used in this study consisted of
mean-monthly air temperature and monthly total precipitation estimates for a doubling of
the carbon dioxide level in our atmosphere for the same weather stations that the historical
meteorological information came from. Only three of the weather stations were used
specifically in this study. Table 4.1 summarizes the annual 30-year climatic normal and
the 2 x CO; Scenario values for the Mackenzie Delta (Tuktoyaktuk), Norman Wells and

Fort Simpson areas and the relative changes at each location.

In general, the GCM predictions suggest an increase of between 4.2 and 5.0°C on the mean-
annual air temperature will occur for the study area under consideration. In addition,
increases in total precipitation of between 20 and 56 mm are also predicted. However, as
discussed in the next section, increased total precipitation does not necessarily mean

increased snowfall.

As it is our understanding that temperature predictions from the GCM have the highest level
of confidence, total precipitation being next and estimates of snow cover the least, it was
felt that the historical information could be more useful in predicting some of the end-point
parameters for the model, such as snow depth.

A description of the method to predict snow depth is discussed in the next sections.
4.2  ESTIMATIONS OF SNOW DEPTH FOR ANALYSIS

Snow depth information is extremely difficult to estimate, for a specific site due to the
potential for dramatic variations locally from aspect, tree cover, elevation, etc. While it can
be argued the temperature is also affected by these same factors, generally it can be
demonstrated that this amounts to a only few degrees (Smith and Riseborough, 1985). In
the case of snowfall, however, an open area can be swept clean of snow, a treed area may
collect average snowfall depths and, in some cases where conditions are right, even

accumulate huge snow drifts.
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The GCM predictions provided an estimate of maximum snow depth thickness in March
only and did not provide information for other months. For this reason, it was decided to
use historical data to predict snow depths.

The snow depth information used in this study come from actual monitoring data collected
at specified weather stations within the Mackenzie Valley. As the location of the actual
monitoring sites greatly influences the amount of snow depth measured, this parameter
obviously is extremely site-dependent and, consequently, snow depth became the input
parameter in the geothermal runs that was adjusted to obtain steady-state permafrost

conditions.

The snow data on ground information originally was in form of daily records. These
records were averaged by month for the period of time which closely-matched our desired
base case interval (i.e. 1951 to 1980). However, as most of the weather stations in the area
did not begin actively recording this information until between 1955 and 1963, we have
assumed the information available for the partial time period approximates the 30-year

normal values.

Using the snow depth thicknesses calculated for the three general study areas for climatic
normal conditions, the next step was to devise a reasonable means of predicting snow
depth on the ground in the 2 x CO; Scenario. Following discussions with Ms. M. Burgess
of the Geological Survey of Canada, a method of estimating snow depth from total
precipitation and temperature data was proposed, based on correlations from the historical
snow depth records.

In this method, the first step involved an estimation of the percentage of total precipitation
that fell in the form of snow versus temperature. The 30-year normal precipitation data
was plotted against temperature for the Tuktoyaktuk, Norman Wells and Fort Simpson
weather stations, as shown in Figures 14 to 16, inclusive. As can be seen for each area,
above a certain temperature, all precipitation fell in the form of rain, and below a certain
temperature, all precipitation fell in the form of snow. For temperatures in between these
limits, precipitation was a mixture of snow and rain. Based on these relationships,
estimates of snowfall for each month for each of the three study areas were made using the
2 x CO; Scenario temperature and total precipitation values.
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The next step involved modelling the accumulation/ablation behavior of a typical snow
pack. Normally, in the general Mackenzie Valley area, a snow pack develops in the early
fall and a large percentage of the snowfall received goes to increasing the snow depth.
Then in the early spring, with longer days and warmer air temiperatures, the snow pack
begins to decrease. Snowfall during the spring is often wet, and generally there appears to
be no significant net increase to the snow pack beyond March. A two-stage correlation of
first increasing and then decreasing the snow pack versus temperature and snowfall was
then derived for each study area as discussed below.

Between the first snowfall and the end of March, relationships of percentages of snowfall
contributing to snow depth as a function of temperature were established. These
correlations are shown in Figures 17 to 19 for each of the three study areas. Between April
and the last day of snow on the ground, relationships between the percentage decrease in
snow pack as a function of temperature were also established. These decreasing
correlations are shown in Figures 20 to 22 for each study area. Using this two-step
approach, snow depths for each weather station were derived from the temperature and
snowfall values of the 2 x CO, Scenario. These snow depth predictions are shown in

Figures 5, 9 and 13 for Tuktoyaktuk, Norman Wells and Fort Simpson, respectively.

Although the above method may seem highly subjective, it matches the existing data quite
well. As the method incorporated both the effects of precipitation and temperature, it was
felt the technique was a reasonable approximation to what conditions may be like with the
2 x CO3 Scenario. As previously discussed snow depths at specific sites were further
either increased or decreased to obtain steady-state permafrost conditions with the 1951 to
1980 mean monthly air temperatures. The same factor used to adjust the base case snow
depth values at each site were also used to adjust the 2 x CO; Scenario values.

5.0 GEQTHERMAL MODELLING
5.1  ANALYTICAL APPROACH

The analytical approach used to model the potential impacts of global warming on
permafrost involved running several series of one-dimensional geothermal simulations
reflecting steady-state permafrost as the start condition and then varying surface conditions
with time. The end-point of the simulations in all cases was the 2 x CO; Scenario predicted

by the Global Circulation Model.
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Snow depths for the 2 x CO; Scenario were normally assumed to be less than the 30-year
climatic normals as derived in the previous section, with the exception of one series of
analyses where the end snow depth values were assumed to be 10 percent greater than the
climatic normals. This series of analyses was included to investigate the sensitivity of
snow depth on the analysis and assumed both temperature and snow depth increased
linearly with time.

As it was felt that equilibrium climatic conditions may not exist at present-day, and some
global warming effects may have already occurred, the 1951 to 1980 climatic normal
meteorological values were selected as the base conditions for steady-state permafrost
rather than the 1961 to 1990, 30-year normals.

The geothermal analyses were performed using the one-dimensional finite difference
program THERM1 under license from Nixon Geotech Ltd. This one-dimensional
geothermal simulator has been used on many projects and its use is well-documented
(Nixon, 1983). Geotechnical and geothermal properties used in the geothermal model were
as presented in Section 3.0.

All geothermal modelling was performed on a 100 m deep soil profile, with a large mass of
soil in the bottom of the finite difference mesh, to act as a heat sink. Had such a large mesh
not been used, the effects of the increased surface temperatures from global warming

would have been exaggerated.

Boundary conditions for the geothermal model consisted of surface temperatures and snow
depths. As the GCM model provided mean-monthly air temperatures rather than surface
temperatures, it was felt the best way to apply these temperatures to the ground was by the
use of n-factors. Although much more sophisticated means of applying boundary
conditions to the geothermal model exist, the information required to input into the model is
not available and would have had to be assumed. In addition, as the intent of the study was
to observe the effect of changes in air temperature, it was felt that this method was best-
suited for the purpose. '
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Surface temperatures were applied to the top of the snow pack in winter and directly to the
ground surface in summer. Based on our experience and published literature values, an n-
factor of 1.0 was considered appropriate for both freezing and thawing conditions
(Andersland and Anderson, 1978). This assumed the surface of the ground in summer
was turf (i.e. vegetated) and in winter was snow.

For each of the six sites/soil profiles, steady-state permafrost conditions were established
by a trial and error method until negligible variations were measured between the start and
end conditions in a 50-year time period. The input parameter, which was varied most
significantly to achieve steady-state conditions, was the snow depth on the ground. The
criteria used for establishing equilibrium conditions for this study over a 50-year period
were when the following conditions were reasonably approximated:

. ground temperature below the depth of seasonal effects, matched the
thermistor data,

. active layer thickness was reasonable, and

. base of permafrost was reasonable for the area or as measured by thermistor
data.

5.2 SURFACE FUNCTIONS

The end values for the 2 x CO, Scenario were discussed in Section 4.0. Although the
GCM model was able to estimate what the end result would be, there was very little
indication on how fast or at what rate these changes would occur. To establish some
bounds to this problem, four cases or surface functions were investigated, as follows:

. base case (stable permafrost conditions),

. step case (instantaneous application of the 2 x CO; end values),

. linear case (linear increase of temperature/linear decrease of snow depth),
and

. exponential case (exponential increase of temperature/exponential decrease

of snow depth).
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The bounds to the problem for a given set of end conditions, therefore, are the base case
(no change) and the step case (instantaneous change). The probable solution, therefore,
would likely be somewhere in the middle, which would be most closely represented by
either the linear or the exponential case. Figure 23 illustrates the relative shape of each of
the surface functions. Base conditions are reflected by “0”, while 2 x CO, Scenario end

values are reflected by “1” on the y-axis in Figure 23.

Figures 24 to 47, inclusive, summarize the actual surface functions for each of the general
study areas for temperature and snow depth for the 2 x CO; Scenario that assumed

temperatures will increase and snow depth will decrease.

As the end temperature conditions for the 2 x CO; Scenario were not assumed to vary, but
the end snow depth values were estimated by an empirical method only, a further series of
analyses reflecting a different set of end conditions was undertaken. In this case,
temperature was assumed to increase linearly as before, but snow depth was assumed to
also increase linearly to a 2 x CO; Scenario where snow depth was 10 percent greater than
the 30-year climatic normals. This combination of increased snow pack and increased
temperatures reflects more adverse end conditions than those modelled above.

Figures 48 to 50 show the linearly-increasing snow depth factors for Tuktoyaktuk,
Norman Wells and Fort Simpson, respectively, for this special series of analyses.

6.0 RESULTS
6.1 GENERAL

The results of all the geothermal analyses are presented in Appendix B. As the results
represent a sizeable amount of information, the order in which it is presented is discussed

below.

All analyses have been grouped according to the specific site locations, which then are
broken down to specific surface functions, and finally to the specific graphs themselves.
The site groupings are A.l to C.2, inclusive, as previously discussed. The surface
functions for each site are presented in the following order:
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. base case conditions (steady-state permafrost),

. exponential case conditions (exponentially-increasing temperature/
exponentially-decreasing snow depth),

. linear case conditions (linearly-increasing temperature/linearly-decreasing
snow depth),

. step case conditions (instantaneous application of 2 x CO; Scenario end

values), and

. linear case with an increased snow pack (linearly-increasing temperature/
linearly decreasing snow depth).

For each geothermal simulation represented above, there are also an accompanying series
of four figures which include the following: ‘

. temperature profile (consisting of trumpet curves for years 10 and 50 and
base conditions),

. thaw depth versus time (which may include the base of permafrost when the
thickness of permafrost was less than 30 m),

. surface temperature versus time (which reflects temperatures just below the
ground surface), and
. ground temperatures versus time (reflecting temperatures at three discrete

depths which vary with each soil profile and supplement the trumpet curve
information regarding changes in the ground thermal regime).

In addition to the individual results, Table 6.1 summarizes some of the more important
aspects of the analyses. One of the parameters summarized in the table is a comment on
whether the permafrost is degrading. For the purposes of this study, degrading refers to a
condition where the depth of thaw continues to increase with time following a surface
perturbation, with little chance of regaining equilibrium. It does not refer to an increase in
thaw depth with time alone if the thaw depth is a function of a transient surface boundary
condition.

In most cases, the decision of whether the permafrost will likely regain equilibrium if the
surface boundary conditions stabilize, is a judgment call, based on our experience with the



Table 6.1 Summary of Geothermal Analyses

SITE SURFACE ACTIVE LAYER THICKNESS (m) PERMAFROST CONDITION
FUNCTION
t=0yrs t=10yrs t=50yrs Is Permafrost Time for complete
Degrading (yes/no) degradation
Al Base 0.9 0.9 0.9 No -
Exponential 0.9 0.9 1.2 No -
Linear 0.9 0.95 1.2 No -
Step 1.2 1.2 1.2 No .
Linear+10% 0.9 0.95 1.3 No -
A2 Base 0.4 0.4 0.4 No -
Exponential 0.4 0.4 0.55 No -
Linear 0.4 0.4 0.55 No -
Step 0.55 0.55 0.55 No -
Linear+10% 0.4 0.4 0.65 No -
B.1 Base 0.9 0.9 0.9 No -
Exponential 0.9 0.9 1.3 Yes -
Linear 0.9 1.0 1.4 Yes -
Step 1.1 1.3 1.7 Yes -
Linear+10% 0.9 1.0 3.1 Yes -
B.2 Base 1.1 1.1 1.1 No -
Exponential 1.1 1.1 3.5 Yes -
Linear 1.1 1.3 4.7 Yes -
Step 1.4 42 12.0 Yes -
Linear+10% 1.1 1.3 7.8 Yes -
CA1 Base 0.9 0.9 0.9 No -
Exponential 0.9 0.9 2.3 Yes -
Linear 0.9 0.95 - Yes 48
Step 1.0 1.8 - Yes 26
Linear+10% 0.9 0.95 - Yes 41
c2 Base 1.1 1.1 1.1 No -
Exponential 1.1 1.1 6 Yes -
Linear 1.1 1.2 8 Yes -
Step 1.3 4.9 - Yes 30
Linear+10% 1.1 1.1 - Yes 50
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geothermal model. A discussion of the results of each site are presented in the following

sections.

6.2  SITE A.1 - MACKENZIE DELTA
Massive Ice Underlying a Thin Glaciofluvial Deposit

The results of the geothermal analyses for Site A.1 are presented as Plates B.1 to B.20,
inclusive (Appendix B) and as summarized in Table 6.1.

Active layer thicknesses predicted for all the surface functions for this soil profile were
larger than average for such a northern site, but is explainable by the absence of a surface
organic layer. An active thaw depth of 0.9 m was predicted for the average or base
conditions. This thaw depth increased to 1.2 m when the 2 x CO4 Scenario end values
were imposed as an instantaneous step. The greatest depth of thaw occurred at 50 years in
the extreme case of an increased snow pack and, even then, the value was still only 1.3 m.

Active layer thicknesses quickly went into a quasi-steady-state condition, which strongly
suggests that even under long-term exposure to the 2 x CO; Scenario end values,

permafrost conditions will likely be maintained.

However, what is not apparent in the plots of active layer or surface thaw, is the overall
warming of the permafrost. For example, in the case of the step surface function, the
ground temperature in the upper 5 m had shifted approximately 3°C and the variation
between the 10-year and 50-year trumpet curves was minor nearsurface (Plate B13). The
warming trend is slower at depth and is heavily-damped by the presence of several hundred
meters of permafrost. Given sufficient time, however, it is likely the temperature profile
for Site A.1 would resemble a profile from a more southern discontinuous permafrost

Zone.

The exponentially- and linearly-increasing surface functions suggest that in 10 years, little
change to the ground temperature will have occurred, but by the end of 50 years,
significant warming would have begun in them as well (Plates B5 and B9).
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6.3  SITE A.2 - MACKENZIE DELTA - Ice-Poor Glaciofluvial Deposit

The results of the geothermal analyses for Site A.2 are presented in Plates B21 to B40,
inclusive, and summarized in Table 6.1.

The results of the analyses for Site A.2 were very similar to the results of Site A.1, except
the actual thickness of the active layer was predicted to be substantially less at Site A.2, due
to the moderately-thick surface organic layer. Based on the average or base surface
conditions, only 0.4 m of thaw was predicted for this soil profile.

Ground temperature response to the various surface functions was approximately the same
for Site A.2 as for Site A.2. The exponentially- and linearly-increasing surface temperature
functions (and decreasing snow pack) suggest little change in ground temperatures will
occur in 10 years, but by 50 years, the change will be significant (Plates B25 and B29).

The most significant impact on permafrost of ariy of the surface functions investigated for
this soil profile was the linearly-increasing temperature and snow depth case. As can be
seen in Plate B37, a mean-temperature shift of 5 or 6 degrees nearsurface is predicted at
year 50, when both temperature and snow depth conditions are most adverse. It is difficult
to ascertain whether this profile is stable or not without running a simulation for additional
time without further increasing the temperature or snow cover. If permafrost conditions are
stable for this profile, the permafrost would likely be very warm (-0.5 to -1.0°C).

6.4 SITE B.1 - NORMAN WELLS - Ice-Rich Lacustrine Plain

The results of the geothermal analyses for Site B.1 are presented on Plates B41 to B60,

inclusive, and summarized in Table 6.1.

The active layer thickness for this site, as predicted for base case conditions, was
approximately 0.9 m. When the same profile was subjected to an instantaneous increase in
temperature (and decrease in snow depth), thaw depth began to increase with time. This
response is significant in that it suggests that under the 2 x CO, Scenario end values,

permafrost conditions cannot be maintained. Within 50 years, the active thaw depth
increased from 0.9 to 1.7 m (Plate B54). Although less dramatic, the results of the
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exponentially- and linearly-increasing temperature surface functions predicted active thaw
depths of 1.3 and 1.4 m by the end of 50 years.

Ground temperatures in most of the analyses typically rose between 1 and 1.5°C within the
permafrost within 50 years. Given the original permafrost temperature was between -2.0
and -2.5°C, the potential for adverse ramifications are obvious.

6.5  SITE B.2 - NORMAN WELLS - Low-Ice Glacial Till Deposit

The results of the geothermal analyses for Site B.2 are presented in Plates B61 to B8O,
inclusive, and as summarized in Table 6.1.

The active layer thickness for the base climatic conditions was predicted to be 1.1 m.
When an instantaneous step temperature increase was imposed on the soil profile, the
permafrost began to degrade quickly and, by year 50, thaw depth had reached 12 m.

The exponentially- and linearly-increasing temperature functions (and decreasing snow
depth) cases both produced degrading permafrost scenarios. By year 50, thaw depths of
3.5 and 4.7 m, respectively, were predicted by the model.

The linearly-increasing temperature and snow depth case also produced degrading
permafrost, predicting a thaw depth of approximately 7.8 m by year 50. It is interesting to
note that at Site B.1, the linearly-increasing temperature and snow depth scenario predicted
more thaw than the step case, yet in the Site B.2 analyses, the linearly-increasing
temperature and snow depth case produced less thaw than the step case. This difference in
trend illustrates the complex interaction of transient boundary conditions and the actual
properties of the soil profile. ’

Ground temperatures in all the analyzed profiles for Site B.2 show the dramatic shift of the
trumpet curves to above freezing at nearsurface depths by year 50. The lag that occurs as a
result of latent heat effects near the 0°C isotherm is very evident in most profiles. If the
geothermal simulation had been continued for additional time, all of the surface functions
investigated (except the base case) would have resulted in a complete thawing of the
permafrost and a shift of the trumpet curves above 0°C.
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6.6  SITE C.1 - FORT SIMPSON - Ice-Rich Organics - Peat Plateau

The results of the geothermal analyses for Site C.1 are presented in Plates B81 to B100,
and are summarized in Table 6.1.

The active layer thickness predicted for the average or base case conditions was 0.9 m.
When an instantaneous step temperature increase was imposed on the soil profile, complete
permafrost degradation had occurred by year 26.

In the case of the exponentially-increasing temperature (and decreasing snow depth) case,
complete permafrost degradation had not occurred by year 50, but a thaw depth of 2.3 m
had developed. With an original permafrost thickness of between 5 and 6 m, this kind of
surface thaw is very significant. In all other geothermal simulations, complete permafrost
degradation occurred before year 50.

Based on our experience with permafrost in southern latitudes, they are extremely sensitive
to minor surface changes. The existence of permafrost at all these locations is generally a
result of a combination of local vegetation and micro-climatic conditions. Given the very
thin nature of the original permafrost layer, it is not surprising to see the results of the
geothermal model’s predictions. It is interesting to note, however, that in both the
exponentially- and linearly-increasing temperature (and decreasing snow depth) cases, by
year 10, the changes to the ground temperature profiles are subtle (Plates B85 and B89,
respectively). This suggests it may be difficult to actually observe the early impacts of
global warrnihg in a real monitoring situation when the normal seasonal variations exceed

the global warming effects.

6.7  SITE C.2 - FORT SIMPSON
Lacustrine Deposit - Ice-Poor in Top 5 m; Ice-Rich Below

The results of the geothermal analyses for Site C.2.are presented in Plates B101 to B120,
and are summarized in Table 6.1.



28

The active layer predicted for average or base case conditions was 1.1 m. When an
instantaneous temperature increase (and decrease in snow depth) was imposed to the soil
profile, complete degradation of the permafrost layer occurred by year 30. The only other
analyses to produce complete permafrost degradation within 50 years was the linearly-
increasing temperature and snow depth case.

In the exponentially- and linearly-increasing temperature (and decreasing snow depth)
cases, thaw depths of 6 and 8 m were predicted by year 50, respectively. With an original
permafrost thickness of approximately 12 m, this magnitude of thaw depth is highly
significant.

In all the geothermal simulations undertaken for Site C.2, only the base case conditions
resulted in a situation where the permafrost was not degrading. Again, as in the results of
Site B.1, the changes in the ground temperature profiles by year 10 were subtle, but by
year 50, they were dramatic.

7.0 DISCUSSION AND CONCLUSIONS

The results of the geothermal analyses presented in the previous section, suggest that the
temperature increases of +4 to +5°C of the mean-annual air temperature will likely result in
significant degradation of permafrost along the Mackenzie Valley. The hardest hit areas
obviously would be the furthest south regions, typified by very warm discontinuous
permafrost. Based on a surface function that reasonably predicts what likely will occur in
the next 50 years, such as an exponentially- or linearly-increasing temperature (and
decreasing snow depth) condition, depths of thaw between 2.3 and 8 m were predicted for
the Fort Simpson area.

The Norman Wells area, although slightly better than Fort Simpson, is still presently in an
area of warm discontinuous permafrost. Based on the exponentially- or linearly-increasing
temperature (and decreasing snow depth) cases, depths of thaw of between 1.3 to 4.7.m
are predicted for this region over a 50-year period. It would also appear the likelihood of
permafrost being maintained in any of the profiles analyzed for either the Norman Wells or
Fort Simpson area is low. This does not mean all permafrost will disappear, but rather the
occurrence of these areas may be significantly reduced. Permafrost will still likely exist
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locally at Norman Wells, but it could be more sporadic and resemble conditions near the
NWT-Alberta/British Columbia borders.

The results of the analyses also suggest that dramatic warming of the permafrost will occur

in the Mackenzie Delta, but it is likely that equilibrium can be regained in the profiles

analyzed under the 2 x CO; Scenario of increased temperature and decreased snowfall.
However, permafrost temperatures would likely be very warm (possibly between -2° to

0°C). This will also result in a very slow process of a thinning of the permafrost layer as
the surface temperature of the earth regains equilibrium with the ground at depth. This

process could take centuries or thousands of years.

The majority of the analyses presented in this report have assumed that snow depth will
decrease with time. This combination of end values would tend to produce a buffering
effect of the increases in temperature that have been predicted. If, however, snow depths
remain the same or actually increase, the effects of global warming would be even more
adverse to permafrost in the Mackenzie Valley. The series of analyses that explored this
possibility resulted in the complete degradation of all permafrost in the Fort Simpson area
in less than 50 years. For the Norman Wells area, thaw depths of between 3.1 and 7.8 m
were also predicted. For the Mackenzie Delta, thaw depths were still very small, although
the ground temperature profiles were shifted very close to the 0°C isotherm.

The ramifications of the above on permafrost could resuit in some or all of the following

conditions:
. thickening of the active layer,
. thaw settlement,
. thermokarst feature development,
. ground temperature warming,
. decreases in permafrost thicknesses,
. instability of some foundations on ice-rich permafrost, and

. instability of slopes in ice-rich permafrost.

In summary, the results of the geothermal modelling suggest the potential impact on
permafrost in the Mackenzie Valley is high and, based on the soil profiles analyzed, steady-
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state permafrost conditions are likely only achievable on a widespread basis in the
Mackenzie Delta, or in the zone that presently is referred to as continuous permafrost by

today’s standards.

Respectfully submitted,
GEO-ENGINEERING (M.S.T.) LTD.

R. Saunders, M. Eng., P. Eng.
Senior Geotechnical Engineer
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SITE A.1 - MACKENZIE DELTA

Massive Ice Underlying Thin Glaciofluvial Layer






Temperature Profile - Site A.1
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Temperature Profile - Site A.2
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Temperature Profile - Site B.1
Norman Wells Pump Station - Off ROW
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Temperature Profile - Site B.2
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Snow Depth Distribution
Norman Wells
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Temperature Profile - Site C.2
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Snow Depth Distribution

Fort Simpson
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Temperature Profile
A.1 Exponential Case (Mackenzie Delta)
Temperature (C)
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Temperature Profile
A.1 Linear Case (Mackenzie Delta)
Temperature (C)

50 years
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Temperature Profile

A.1 Step Case (Mackenzie Delta)
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Temperature Profile
A.1 Linear Case with Increased Snow Pack (Mackenzie Delta)
Temperature (C)
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SITE A.2 - MACKENZIE DELTA

Low-Ice Content Glaciofluvial Deposit
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Temperature Profile
A.2 Exponential Case (Mackenzie Delta)
Temperature (C)
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Temperature Profile
A.2 Linear Case (Mackenzie Delta)
Temperature (C)
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Temperature Profile
A.2 Step Case (Mackenzie Delta)
Temperature (C)
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A.2 Linear Case with Increased Snow Pack (Mackenzie Delta)
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SITE B.1 - NORMAN WELLS

Ice-Rich Lacustrine Plain
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Temperature Profile
B.1 Linear Case (Norman Wells)
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Temperature Profile
B.1 Linear Case with Increased Snow Pack (Norman Wells)
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SITE B.2 - NORMAN WELLS

Low-Ice Content Glacial Till Deposit






-10

Temperature Profile
B.2 Base Case (Norman Wells)
Temperature (C)

5

10

10

Depth (m)
16)]

25 -

10 & 50 years

]

30

PLATE B.61




c9'd 31vd

0§

(steah) swi |
o 0€ 02 ok

f | I I

AAAANAAANANNNNANNANNNNANANNAANAANAAANANANANAANANNNNNAN

(SlleM uewIoN) ase) eseg 2'g
swll] sA yideqg mey |

0c-

Gl-

Ol-

(w) ydeQ




£9'9 31vd

0§

oY

(sreah) sawi |
0€ 02

ol

(Sllem uewloN) ase) eseq z'g
dWl] SA ainjesadwa] 8oelNg

0c-

=)
v

o

o
>~

0¢

(D) eimeissdwa |




9’9 41v1d

(s1eah) swi

0S5 oy 0e 0¢ 0l

PﬂPﬂPﬂPﬂP\\P.‘\PﬂPﬂPw\P‘PﬂP.\PﬂP\\PﬂPﬂ..ﬂPﬂPﬂPﬂPﬂPw«Pﬂ? ﬂPﬂPﬂPﬂPﬂr ‘PﬂPﬂPﬂPﬂPﬂPﬂfﬂPﬂrﬂPﬂP.‘PﬂPﬂP.‘\PﬂPﬂP ‘Pﬂ?ﬂ?ﬂ’

we

w'p w9

(Sllsm uewlop) ase) eseq z'g
9Wi| SA ainjesadwa | punoly

o
(D) ainyesadwa |

(4]




Temperature Profile
B.2 Exponential Case (Norman Wells)
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Temperature Profile
B.2 Linear Case (Norman Wells)
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Temperature Profile
B.2 Linear Case with Increased Snow Pack (Norman Wells)
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SITE C.1 - FORT SIMPSON

Ice-Rich Thick Organics - Peat Plateau
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C.1 Base Case (Fort Simpson)
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Temperature Profile
C.1 Exponential Case (Fort Simpson)
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Temperature Profile
C.1 Linear Case (Fort Simpson)
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Temperature Profile

C.1 Step Case (Fort Simpson)
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Temperature Profile
C.1 Linear Case with Increased Snow Pack (Fort Simpson)

Temperature (C)
-10 -5 0 5 10

10

Depth (m)
o

[

10 yea

- 50 years

30

PLATE B.97



869 31vid

0S8

(sreah) swi|
ov o€ 02 0l

I I ! I

gf%iizz

—]
PR
-——/

NIRRT

(uosdwig 104) ¥oed MOUS PASEBIOU| UIM 8se) Jeaulq |9
W] SA yidaqg mey]

(w) yideqg




66’9 31Vld

0S

(steak) swi
o 0g 02 0l

I I I I

AAAARAARR

(uosdwig Ho4) oed MOUS pPasEaIou| Yum asen) Jeaul] o)
OWl] SA ainjesadwa| 8oeuNg

o
v

o

o
~—

0¢

(D) aunjesadws |




ook'd 31vVd

(s1eah) awi|
05 o 0€ 02 ot

T I I I

{
/ w it

(uosdwig L04) yoed MOUS pPaseaou| Ypm ase) Jeaulq |'D
dWl] SA ainjesadwa] punolx)

Vo)

o
—

Gl

(D) ainyesadwa |




SITE C.2 - FORT SIMPSON

Ice-Poor in the Top 5 m; Ice-Rich Below 5 m







Temperature Profile
C.2 Base Case (Fort Simpson)

Temperature (C)
-10 -5 0

5

10

I

10 -

Depth (m)
o

25 |-

10 & 50 years

30

PLATE B.101




c0i'd 41vid

(ssedh) swi|
0S o 0€ 02 0l
f ’ I

MAMMMAACAAAAAAMAAAAAAAAAAAAAAAAAAAAAAAAA

Gi-

Ot-

(w) ydeq

(uosdwig 1o4) ase) eseg g'0
8wl SA yideQg mey |




gol'g 31vid

0S

oy

(ssead) swiy
0€ 0¢

ol

(uosdwig Ho4) ase) aseg 2')
dWi ] SA ainjelodwa] aoeung

- 0¢-

o
v

o

o
—

0¢

(D) aimesadwa |




vol'g 41vid

0G

oY

(siesl) mE_,._.
o€ 02

Ol

(uosdung Ho4) ase) aseg 20
dWl] SA ainjesadwa| punolx)

o

79

ol

(D) aunjesadwa |




Temperature Profile
C.2 Exponential Case (Fort Simpson)
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Temperature Profile
C.2 Linear Case (Fort Simpson)
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Temperature Profile
C.2 Linear Case with Increased Snow Pack (Fort Simpson)
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APPENDIX C
GCM PREDICTIONS
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l*l Enargy, Mines and Energie, Mines et
Resources Canada Ressources Canada
(Geological Survey Secteur de (a Commission
of Canada Sector géologique du Canada
i
TERRAIN SCIENCES DIVISION’. s |
Sedimentary & Cordilleran Geoscienco Branch - S ‘
601 Booth Strect, Ottawa, Ontario K1A OE8 ' ®

DIVISION DE LA SCIENCE DES TERRAINS =~ «
Dircction do la Géologio sédimentairs et do Ia Cordillére = -
601 rus booth, Ottawa, Ontario K1A OE8
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T Y,
' l* Government  Qouvernamant

of Canada du Canada MEMORANDUM NOTE DE SERVICE

I ™ [SECURITY - CLABBIFICATION + DE SECURITE
Margo Burgess
70 ’ GSC
OUR FILE - N/ REFERENCE
L _.l
, YOUR FILE — V / REFERENCE
™ Jamie Smith i FERENC
FROM AES/CCC
GATE
L_ _J February 12, 1992
SUBJECT
OBJET .
. a a

Tncluded are the climate data that you requasted in Decamber,
1991. The show depth (cover) estimates were provided by the
GNWT and are snow water egquivalents in mm. These estimates
were derived using remote sensing technigues, and should be
vaferenced according to the attached memo.

The climate scenarios were derived from the canadian Climate
Centre’s GCM, and the closest grid point of the GCM was used
as the source of information. I will be preducing a full set
of interpolated values for the CCC GCM and the GFDL GCM
models, as well as othsr scenarios, very shortly. I will
forward these to you when they are available.

/7 2en g

Tamia Smith

ac 177 7540.21-798.8088
o



r

Government  Gouvernement ‘
A% Graca o Canaca MEMORANDUM  NOTE DE SERVICE
!/ )
ST ™ [SECURITY + CLABBIFICATION - DE GECURITE
10 ’ Jamie Smith, CCAD ,
OUR FILE — N/ REFERENCE
L .
r ] YOUR FILE — v / REFERENCE
FROM Anne Walker, CCRD
DE |
L _J Novenmber 27, 1991

SUBJECT Average BSnow Water Equivalent for NWT, 1979-1990 (éxcludinq
OBJET 1987) Derived from Passive Microwave Satellite Data

The attached diskette contains an ASCII file of average snow
water equivalent values for the North West Tarritories as
derived from passive microwave satellite data. The file is the
result of a cooperative study that was funded by Indian and
Northern Affalrs Canada (contact: Brian Latham, Water Resources
Branch, Yellowknife) and performed by Ph.D. Associates Inc.
(Teronto) with B. Goodison (CCRD) acting as Scientific
Authority. Snow water equivalent values were extracted from
passive microwave data from Nimbus=-7 SMMR (1978-1986) and DMSP
N SSM/I (1988-1%90) for the time of maximum snow cover (March)
using one of the CCC algorithms and regridded onto a 38 km x 38
km grid. Corrsctions were applied to each SWE value to account
for the amount of water cover and forest cover within each grid
sgquare. At each grid point an average SWE value was calculated
to represent the average maximum snow cover conditions for the
study area during the 1979 to 1990 time period (excluding 1987).
At the time of tha study, passive microwava data were not
available for 1887. Brian Latham has informed us that hs
intends to acquire the 1987 data in order to complete the time
period which was studied. A new set of Yaverage SWE values"
will be generated after the 1987 data have been analysed.

Brian Latham has given us permission to provide you with this
dataset for use in the Mackenzie Basin Impact Study under the
condition that you will acknowledge its source as appropriate.
If you have any guestions please feel free to contact nme.

u@w wWalk S
Anne Walker

Spacial Projects Divisiocn, CCRD

¢.¢. Brian Latham, INAC (Yellowknife)
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