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k. ____________________________________________________________
ABSTRACT

The effects of slope, aspect and vegetation cover on the radiation balance and
active layer thermal regime of arctic tundra were investigated during the summer of 1999
and the spring of 2000. The study site is located at Daring Lake, N.W.T (64°52'N,
111°35'W) in the Slave Geological Province of the Coppermine River Basin. A sub-basin
14 ha in area and with approximately 30 meters of relief was intensely monitored for
hydrological, radiation and energy balance components.

Initiation of active layer development and subsequent thawing was earlier and
more pronounced on predominantly west facing slopes due to increased receipt of
incoming solar radiation. Late summer active layer depths were the greatest on west-
facing slopes as compared to north- and east-facing slopes (>170 cm, 84.0 £21.7 cm. 49.2
+0.8 cm respectively). Incoming shortwave radiation values were extrapolated from the
met site to various basin sites taking slope and aspect into account. Spatial and diurnal
variations in albedo were minimal within the Kakawi Lake Basin. As well. surface
temperature measurements varied little from site to site causing the long wave radiation
balance to remain relatively constant. Incoming shortwave radiation was determined to
control diurnal fluctuations in the net radiation balance on a daily and seasonal basis but
represented less than one half (41%) of the radiative supply to the surface.

Ground heat flux increased downslope on west- and north-facing hillslopes
corresponding with an increase in active layer development during the summer season.
Conversely. basal flux out of the active layer to the underlying permafrost decreased
downslope. The sensible heat flux varied least with depth between the study sites but
accounted for a significant proportion of the ground flux at sites with deeper active layers.
Active layer depths at peat dominated. east-facing hillslope sites were only 59% of the
average depth on west- and north-facing slopes primarily due to the high water content
and reduced thermal conductivity of peat soils. Latent heat is largest at the beginning of
the thaw season when there is rapid active layer development but is later reduced as
ground thaw slackens.

Kakawi Lake Basin precipitation input, outflow and lake water level were
recorded daily throughout the 36 day study period while evaporation was estimated based
on a study conducted in a nearby basin. Lateral inflow from catchment hillslopes was
determined to the dominant component of the Kakawi Lake Basin hydrological balance
for the 1999 study period. Peat dominated areas were disconnected throughout much of
the study period but drained as a single source during rainfall events.
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b
CHAPTER 1 - INTRODUCTION

L.1 - INTRODUCTION

The term “permafrost’ is used to describe the thermal condition of earth materials
such as soil and rock. Permafrost includes ground that freezes in one winter and remains
frozen through the following summer and into the next winter. This permafrost layer may
be as little as a few centimetres thick (Brown. 1970). Permafrost can range in thickness
from a few centimetres to hundreds of metres and take over one thousand years to form.
The term periglacial" refers to environments in which frost-action and permafrost-related
processes dominate (French. 1996). The extent of the periglacial zone in the northern
hemisphere is illustrated in Figure 1.1. In total, a fifth of the world’s land surface.
including over half of Canada. is underlain by permafrost (Brown. 1970). Several
different periglacial zones can be recognized occurring both in high latitude and tundra
regions as well as below the treeline and in high altitude (alpine) regions of middle
latitudes (French, 1996).

Above the permafrost is a surface layer of ground called the active layer (Figure
1.2). The active layer includes the uppermost part of the permafrost that thaws and
refreezes annually. even though the material remains cryotic (i.e. below 0°C). Depending
on the interaction of such factors as the ambient air temperature, degree and orientation of
slope. vegetation. drainage, snow cover, soil and rock type and water content. the
thickness of the active layer may vary from year to year (French. 1996). The biological

and physical processes which characterize the arctic ecosystem are all affected by the
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thermal and hydrologic boundary conditions of the active layer (Hinzman et al.. 1991).
Disturbances such as development and global climate change can upset the balance of the
periglacial zone and cause dramatic change throughout the entire system. Therefore. in
order to quantify the rate of change in this region resulting from natural and
anthropogenic stress and reduce the risk of upsetting the delicate balance of the arctic
system the hydrologic and thermal processes of the active layer must be better

understood.

1.2 - RESEARCH OBJECTIVES

The following study is a detailed investigation of active layer dynamics. hydrology
and energy balance of a small esker basin in Canada’s Arctic. Specifically. this paper will
outline methods and results pertaining to the following research objectives:

(1) To examine the effects of slope. aspect and vegetation cover on the radiation
and energy balance of an arctic esker basin.

(2) To describe the soil microclimate under varying vegetation cover and soil
characteristics.

(3) To determine spatial and temporal variability in active layer development
within the study basin.

(4) To quantify the hydrological budget of the study basin.

1.3 - LITERATURE REVIEW
1.3.1 - Active Layer Thermal Regime
Both the nature and the rate of the spring thaw and autumn freezeback are of

interest with respect to the active layer. Spring thaw influences the nature of spring



runoff while the autumn freezeback controls the nature of frost heaving and ice
segregation in the soil (French, 1996). Spring thaw initiates quickly when air
temperatures are above 0°C and occurs in one direction from the surface downwards.
Autumn freeze-back is a much more complex two-sided process where freezing of the
active layer may proceed upward from the permafvost table as well as downward from the
ground surface.

Ground thermal regimes are affected by a number of factors including soil particle
size. ice content. snow thickness and density. and surface vegetation. As noted by Owens
and Harper (1977). the active layer is normally thicker in sands and gravels than in fine-
grained soils. However. the reverse has been reported where coarse material has
permitted meltwater to penetrate rapidly to depth and refreeze. thereby building up an icy
layer that delays thawing because of its latent heat of fusion (Washburn. 1980). Grain
size influences the movement of water to the freezing front because the potential for
drawing water to the freezing front increases with decreased depth.

Whether seasonally frozen or permafrost, the thermal regime of frozen ground is
affected considerably by the amount and distribution of ice. Heat flow is influenced by
the latent heat of fusion of ice. Ice lenses and massive ice beds are predominantly
horizontal and delay the thawing of underlying ground compared with adjacent ground
lacking such ice masses. Conversely, ice veins and ice wedges are vertical in their
structure and promote vertical heat flow because of the greater thermal conductivity if ice
than soil (Washburn 1980). With respect to snow thickness and density. heavy snowfall

retards active layer thawing yet prevents extremes of ground freezing (French. 1996).



Increasing snow layer thickness and density insulates the active layer from the cold winter
air keeps the subsurface temperatures much warmer than the air and reduces surface heat
flux (Hinzman et al.. 1991).

Finally, the atmosphere’s influence on the active layer regime may be moderated
by the buffering effect of processes in the vegetation layer. Riseborough and Burn (1988)
note that the organic layer is significant primarily due to the effects of its moisture
retention properties on throughflow. storage. and evaporation. When the organic material
is moist. evaporation lowers the ground surface temperature and subsequently cools the
active layer. Therefore. an increase in vegetation density directly above the active layer
may be expected to increase cooling of the ground beneath.

The presence of moisture has a profound affect on the thermal and hydrologic
dynamics of the active layer. Complicating active layer processes is the fact that not all
water freezes at 0°C and, in certain frost-susceptible soils, as much as 40 per cent of the
water content may remain unfrozen (French, 1996). Therefore, it is important to
differentiate between the seasonally thawed layer that possess a temperature > 0°C (i.e.
seasonally cryotic) and the upper layer of permafrost that thaws seasonally but remains
below 0°C (i.e. seasonally active permafrost). As well. it is useful to differentiate
between the freezing point which is the boundary between the frozen and unfrozen soil
and the cryofront which is the 0°C boundary (French, 1996).

As illustrated in Figure 1.3. the seasonal dynamics of the active layer are
significantly different between the spring thaw and summer freeze. For example. in the

winter freezeback period. the ice content in the upper part of the active layer will increase
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due to a positive ground temperature gradient. As noted by Hinzman et al. (1991), the
movement of water upward and out of the surface soil causes subsequent desiccation of
the organic layer. As well, freezing occurs in a two-sided manner both from the
permafrost table upward and from the surface downward. In the summer however. a
negative ground temperature gradient exists which causes unfrozen water to migrate
downwards.

In any one year. the upward and downward movements of unfrozen water in the
active layer are unequal. The upward migration of unfrozen pore water occurs in the
winter when the unfrozen pore water content is low. By contrast. the amount of
downward migration of frozen pore water in the summer via the negative ground
temperature gradient is greater. Therefore. the result is that more water migrates
downward to the permafrost in the thaw cycle than migrates upward in the freezing cycle

(French, 1996).

1.3.2 - Radiation Balance

Net radiation is the sum of the short-wave and long-wave radiation balances. The
short-wave radiation balance is composed of the incoming global soiar radiation and the
reflected solar radiation. The long-wave radiation balance is the sum of the incoming
long-wave radiation from the atmosphere and outgoing terrestrial long-wave radiation.
To understand and explain regional climate and its variability. it is necessary to examine
each component of the radiation balance. each of which is subject to unique controls

specific to the particular environment in which they are being measured.



Controls on radiation balance for a given surface include the slope and aspect of
the incident plane and the surface cover type. With respect to slope and aspect. the slope
that most directly faces the Sun will receive the most radiation whereas if the Sun is
grazing the surface minimal radiation is received (Dingman, 1984). The ratio of
incoming versus reflected short-wave radiation is otherwise known as the albedo of a
surface. Albedo is directly controlled by surface characteristics including vegetation
cover and roughness. Average albedo values for tundra environments in the snow free
season vary between 0.15 and 0.20 (Rouse. 1984; Lafleur et al.. 1993) . Despite changes
in the development of the surface vegetation and the seasonal trend in surface soil
moisture, daily albedo remains relatively constant throughout the summer months (Rouse.
1984: Bailey et al.. 1989: Babrauckas and Schmidlin. 1997). On a diurnal basis however.
it should be noted that albedo is slightly higher at sunrise and sunset compared to mid-day
values (Bailey et al.. 1989).

On average 81% of the global solar radiation occurs in the 6 months of March
through August in Canada’s Arctic (Rouse and Bello. 1983). Due to high albedo of
snow. much of the incoming radiation is relatively ineffective as an energy source in
arctic environments from March to May, when 39% of the yearly total occurs, because
little is absorbed due to high albedos of snow (Rouse and Bello. 1983). As a result almost
two-thirds of the yearly solar radiation that is absorbed at the surface occurs in the period
June through August.

The first continuous measurement of global radiation in the Canadian Arctic was

started at Aklavik. N.W.T in 1948. Maps of the monthly distribution of global radiation

-8-



for the whole of Canada were published by Mateer in 1955. Understanding of the
regional distribution of global radiation in Canada was greatly improved throughout the
1960s and 1970s by Vowinckel and Orvig [1962], Barry [1964]. and Dahlgren [1974]
(Ohmura. 1982). During this time studies were conducted in different regions of the
Canadian Arctic including Resolute by Vonwinckel [1966], Norman Wells by Brown
[1965] , northern Keewatin by Pugsley [1970] and Sachs Harbour by Vonwinckel and
Orvig [1971] (Ohmura, 1982). By the mid 1970s. radiation and energy balance studies
were being conducted in many parts of northern Canada. most notably by researchers
including Ohmura, Muller and Rouse. Ohmura and Muller carried out extensive studies
comparing regional differences in the climate of the Arctic by comparing net radiation
over sea ice. the tundra and on glaciers. A well. Rouse and Stewart [1972] began a series
of field experiments near the south-west shore of Hudson Bay. Manitoba in the summers
of 1971 and 1972 examining energy balances between a ridge and sedge meadow
(Ohmura, 1982). Work at this particular study site is ongoing and has expanded to the
study of seasonal behaviour of components of the energy balance of subarctic tundra and
open forest.

More recently. work has been published on studies examining components of the
radiation balance components from a number of different cold regions environments
within Canada including alpine tundra (Bailey et al.. 1989). glaciers (Young. 1981:
Munro. 1982). high arctic (Szidler et al.. 1996) and arctic treeline (Rouse and Bello.
1983: Rouse, 1984; Lafleur. 1993: Duguay etal., 1999). As noted by Lynch et al. (1999)

though. there has been much more emphasis on tropical and boreal environments as



compared to arctic sites with respect to energy balance and radiation component analysis.
Concemns regarding the effects of global climate change in permaftost areas are prompting
the need for a more thorough understanding of the effects of increases in near-surface
temperatures.

Bailey et al. (1989) reported results from a study regarding the radiation balance
of alpine tundra in the Rocky Mountains of southwestern Alberta. Their study focussed
on the amount and duration of cloud cover and its effects on the radiation balance. The
authors concluded that surface control on short-wave radiation through albedo was
minimal, except for a brief period following snowfall. They also noted that there was no
seasonal impact on albedo as a result of surface drying. Atmospheric haze resuiting from
distant forest fires had the most significant effect reducing all solar radiation balance
components during the summer of 1985.

Rouse and Bello (1983) examined the behaviour of the summer radiation balance
for a diversity of terrain type characteristics of the low Arctic. Terrain types in their study
included upland tundra. upland open spruce forest. lowland peat and lowland swamp
covered with sedge grass. On average for the summer, Rouse and Bello found that
incoming solar radiation comprised 41 per cent of the total incoming flux with the
remainder consisting of longwave radiation. Surface albedos in the non-snow period
were generally small. being largest and the same for upland tundra and lowland peat at
0.15. less for the forest at 0.12. and least for the swamp. which ranged between 0.08 and
0.12. With respect to albedo. Rouse and Bello (1983) noted that under clear skies there

was a strongly developed diurnal pattern of large albedos in morning and evening and
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smaller values at midday. This pattern, however, was not evident on cloudy days.
Differences in net radiation between surfaces were small and ranged from 59 and 65
percent of incoming solar radiation and 24 to 27 per cent of incoming all-wave radiation.
More recently, radiation balance studies have used remotely sensed data to
upscale measurements of surface net radiation from point measurements. as previously
mentioned. to estimating fluxes at the regional scale. Duguay et al. (1999) estimated
surface albedo, and net radiation using Landsat Thematic Mapper (TM) data over a
wetland tundra at northern treeline near Churchill. Manitoba. Mean absolute differences
between remote sensing estimates and field measurements were 0.01 for albedo and 14.1
W m" for net radiation. Furthermore, the authors examined within and between terrain
type variations in surface net radiation during the growing season. Results of Duguay's
work show that surface wetness and. to a lesser extent. phenology are the two main
factors controlling the radiation balance during the summer period in this subarctic

tundra-forest landscape.

1.3.3 - Ground Heat Flux and Active Layer Development
The thermal regime in the ground is the pattern of temperature variation occurring
over time and depth from the surface (Linell and Tedrow, 1981). Moisture and heat
transfer processes of the active layer are complex. owing in part to the three phases of
water which coexist and redistribute over time (Boike. 1997). Specifically. thermal and
hydrological properties of the active layer such as volumetric heat capacity, thermal

conductivity and liquid water content affect the development of the active layer during the
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thaw season and subsequent freeze-back processes in the fall.

Volumetric heat capacity is defined as the quantity of heat required to change the
temperature of a unit of volume by one degree (Linell and Tedrow, 1981). The
volumetric heat capacity of a soil is dependent on the volume fraction of soil solids. water
and ice. Typical values of heat capacity for a sandy soil, ice, and water are 1.28 MJ m"?
K'. 1.93MJm* K", and 4.18 MJ —* K", respectively (Oke. 1987). The value fora given
soil is strongly dependent on the soil moisture because adding water, which has a very
high heat capacity. excludes a proportionate volume of soil air of low heat capacity (Oke
1987). An increase in soil water content of a soil causes a related increase in heat
capacity. For example. a dry sandy soil has an approximate heat capacity of 1.28 MJ
K™ whereas a saturated sandy soil has heat capacity of 2.96 MJ —* K*'. Peat soils. due to
their higher storage potential can range from 0.58 MJ m” K™ to 4.02 MJ m™ K" for dry
and saturated water contents, respectively.

The thermal conductivity of a soil is a property describing its ability to conduct
heat by molecular motion (Oke, 1987). Similar to its affect on heat capacity water
content also has a noteable affect on the thermal conductivity of a soil (Onishchenko et
al.. 1999). For example, a dry sandy soil has a thermal conductivity of 0.30 W m" K
whereas a saturated sandy soil has a thermal conductivity of 2.20 W m* K. Thermal
conductivity has been found to be the main mechanism of heat transfer in frozen soils
(Nixon. 1975). Woo and Xia (1996) noted that in permafrost soils. heat flux is highest
soon after snowmelt, at a time in when both the thermal conductivity and the temperature

of the near surface layer are large. In saturated soils. thawing causes a sharp switch in the
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thermal properties (thermal conductivity and heat capacity). For soils which experience
moisture fluctuations. the thermal parameters are also sensitive to drying and wetting
events. Thus, the moisture dynamics of the active layer strongly influence heat
conduction through the effects of the thermal properties (Woo and Xia, 1996).

Another thermal property of soils important in controlling heat transfer and the
thermal climate is thermal diffusivity. The product of specific heat and thermal
conductivity is thermal diffusivity which is an index of the facility with which a material
will undergo a temperature change (Linell and Tedrow, 1981). It controls the speed at
which temperature waves move and the depth of thermal influence of the active surface.
Thermal diffusivity may be viewed as a measure of the time required for temperature
changes to travel (Oke, 1987). Thermal diffusivity is affected by the same soil properties
that influence thermal conductivity and heat capacity. especially soil moisture.

Soil heat flux is only a minor component of the surface energy balance comprising
typically 10 per cent of the net radiation absorbed at the surface. However. in permafrost
terrain the phase change between water and ice represents a major energy sink or source
and the magnitude of the soil heat flux can increase appreciably (Halliwell and Rouse.
1987). Soil heat flux is a function of solar radiation. soil texture. soil moisture content
and state. surface vegetation cover and weather conditions. In general. the soil heat flux
can be treated as the sum of the storage of sensible heat and the storage of latent heat.
Sensible heat refers to the addition or subtraction of energy within the soil measured
through a temperature change. Latent heat is the heat energy released or absorbed in a

given volume of soil by a change in phase of water and accounts for 82% to 90% of the
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total ground heat flux depending on the surface and the season. According to Rouse
(1984), of the remaining heat, 75% goes into heat exchange with the mineral soils and
about 25% goes into soil water and ice components.

A number of studies examining heat transfer processes during soil cooling.
freezing and thaw have been conducted in Central and Northern Alaska. McGaw et al.
(1978) measured in-situ thermal conductivity and temperature and reported the influence
of phase change of soil moisture on thermal diffusivity. The authors concluded in their
study that permafrost within a meter of the surface at Barrow. although apparently
passive. has dynamic thermal properties under the influence of varying temperatures.
More recently. Hinzman et al. (1991) reported in their study in Imnavait watershed
located in the Brooks Range of Alaska that the layer of organic soil tends to mollify
thermal and hydrologic fluctuations below it. They noted that the thermal conductivity of
the surface organic layer at average moisture contents is about one-third that of the silt
and thus functions as a layer of insulation for the permafrost.

Hinkel and Outcalt (1994) compared two sites in central Alaska. one located
within a ground water seepage zone and another over a body of permafrost. They
concluded that warming of the active layer in spring occurs nearly instantaneously and
results from infiltration of snow cover meltwater and downward migration at the
permafrost site. In contrast, they found that water saturation of pore space at the seepage
site inhibits vertical migration of vapour and water. On a larger scale. studies by
Romanovsky and Osterkamp (1995) and Nelson et al. (1998) examined differences in

active layer thermal regime between areas extending from the Arctic Coastal Plain to the
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Arctic Foothills of Alaska. Romanovsky and Osterkamp (1995) reported that active layer
thickness increased from the coast inland (0.21 m and 0.72 m. respectively) and showed
systematic temporal variations. Nelson et al. (1998) reported that patterns of active layer
thickness are governed closely by topographic detail which influences the near-surface
hydrology. On the coastal plain. smaller variability in active layer thickness was reported
as compared to sites within the foothills where high variability occurs over much smaller
distances.

Romanovsky and Osterkamp (2000) combined precise field temperature and soil
water content data with computer modelling to provide quantitative measures of the
dynamics of unfrozen water in the active layer and permafrost at four Alaskan permafrost
sites (Prudhoe Bay, Barrow. and two sites near Fairbanks). The authors noted that
unfrozen water contents are negligible for living and dead moss layers. small in the peat
layers. larger in the silts. and show significant site-to-site variation. The effect of
unfrozen water on the ground thermal regime is reported to be largest after freeze-up and
during cooling of the active layer and is less important during warming and thawing of
the active layer. Romanovsky and Osterkamp (2000) concluded that unfrozen water in
the freezing and frozen active layer and near-surface permafrost protects the ground from
rapid cooling. This process creates a strong thermal gradient at the ground surface that
increases the heat flux out of the ground.

Active layer thermal regime studies have also been conducted in other permafrost
regions including the Yukon Territory (Leverington, 1995: Harris. 1998), Schefferville.

Quebec (Nicholson, 1978). Canada’ High Arctic (Szidler et al.. 1996; Woo and Xia.

-15-



1996), and Greenland (Jahn and Walker, 1983: Osterkamp. 1987: Tatenhove. 1994;
Humlum. 1998). With respect to computer modelling of the effects of vegetation cover
spatial variation in active layer depth, Leverington (1995) stressed the importance of
supporting such programs with field measurements made in all areas being mapped. Ina
similar study conducted in the Yukon Territory, Harris (1998) referred to the profound
differences in heat flow between five different slopes with varying aspect. Further to
comments made by Leverington (1995). Harris (1998) suggested that flat-topped
landforms such as peat plateaus require fewer field measurements for modelling than do
landforms on sloping surfaces.

In order to determine some of the effects of a warmer climate on active layer
development, Nicholson (1978) modified a tundra plot by removing the vegetation and
erecting snow fences near Schefferville, Quebec. After 5 years of monitoring. profound
changes in the energy budget were reported. Ground temperature at 10 m depth increased
by 1.8°C while the active layer deepened from 2.8 to 6.5 m. Modifications to the study
plot were reported to have completely prevented upward heat loss from 5.5 m in depth,
and below and there was an average gain in energy equivalent to 2% of net radiation at
5.5 mindepth. This study highlights the profound effects that global climate change and
open pit mining for example could have on sensitive arctic environments.

Many studies have examined the microclimate of arctic tree line near Churchill,
Manitoba. Rouse (1984) reported that forest and tundra soil display distinctive
microclimates. Forest soils were found to be substantially warmer in the active layer than

those of the tundra. The thaw period in the tree rooting zone lasted for 6 months as
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compared to 4 months at the same depth in tundra. Soil heat storage was calculated to be
large at both the tundra and forest sites, comprising 18% and 16% of net radiation
respectively during the thaw season. Furthermore, Rouse (1984) determined that between
80% and 90% of the total soil heat storage is involved in the latent heat exchange
coinciding with thawing and freezing. Of importance to future work concerning
measurement of ground heat flux. Rouse was the first to note that soil heat flux plates
underestimate the ground heat exchange and are unreliable in permafrost terrain.

Follow up studies to Rouse (1984) have further examined the subarctic surface
energy budgets across northern treeline at the Churchill study site. Halliwell and Rouse
(1987) introduced the calorimetric method of soil heat flux determination as a means of
quantifying error associated with using soil heat flux plates in permafrost regions. They
determined that heat flux plates underestimate the surface heat flux in organic permafrost
terrain by about 50 percent. Halliwell and Rouse (1987) concluded that the largest
portion of the soil heat flux is stored as latent heat in the thawing of ground ice. The
smallest component of the surface flux was determined to be the portion stored as
sensible heat in the layer between the surface and the permafrost table. Overall. they
reported that the soil heat flux represents a high fraction (from 16 to 18 per cent) of the
net all-wave radiation available at the surface.

Lafleur et al. (1992) furthered Rouse’s work by examining energy balance
differences and hydrologic impacts across the northern treeline. With respect to ground
heat flux. the authors noted that values averaged 9 and 12 per cent of net radiation for the

forest and tundra respectively. The slightly larger ground heat flux at the tundra site was
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attributed to a larger amount of energy consumed in melting permafrost. Petrone et al.
(2000) compared a subarctic wetland site near Churchill with a western wetland and
western dry site near Inuvik, N.-W.T. With respect to the ground thermal regime. the
western dry site produced the deepest active layer (0.8 m) compared to the other two sites.
Warm temperature enhanced the latent and ground heat fluxes while suppressing the

sensible heat flux at all sites. Cold temperatures were found to have the opposite effect.

1.3.4 - Energy Balance

The surface energy balance is the sum of three parts: (1) the latent heat flux
accompanying the evapotranspiration process. (2) the sensible heat exchange with the
atmosphere. and (3) heat exchange with the subsurface. Daytime energy surplus of the
surface is transported away from the ground/air interface by means of convection (Oke.
1987). The availability of water for evaporation governs the relative importance of
sensible versus latent heat with the ratio of these two fluxes referred to as Bowen's ratio
(8. Numerous studies have been undertaken in permafrost environments to quantify the
surface energy balance both spatially and temporally. Surface energy balance studies can
range from site specific to regional scales of study. each with unique controls and
relationships with respect to meteorological conditions.

Harazano et al. (1998) compared energy budget components between a coastal
tundra site at Prudhoe Bay. Alaska. and a wet sedge. and dry tussock tundra site around
Happy Valley. Alaska. Findings of this study highlighted the importance of air mass

conditions on energy partitioning. Specifically. under cold and humid conditions
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(onshore winds) the temperature gradient over the tundra ecosystem increased. which
resulted in a higher level of sensible heat. Under warm, dry conditions (offshore winds).
air and soil temperatures were found to increase along with the water vapour deficit
which resulted in an increase in latent heat. Such findings are important with respect to
forecasted increases of global temperature due to climate warming. F indings from
Harazano et al. (1998) indicate that an increase in temperature will increase the latent heat
flux of tundra, especially in flooded areas. Furthermore, expanding areas of dry tundra
will increase the sensible heat flux rather than the latent flux which will further enhance
the warming of the tundra ecosystem.

Rott and Obleitner (1992) studied energy fluxes over dry tundra from mid-May to
mid-June 1988 in Western Greenland. Temporal variations of energy fluxes in this study
were shown to be dominated by the incoming solar radiation and the availability of
moisture at the soil surface. The authors noted that desiccation of the soil crust during the
first two weeks of the observation period resulted in decreased evaporation. On average.
it was found that the sensible heat flux clearly surpassed the latent heat flux.
Measurements taken over various surface types including dry tundra and a swamp both
indicated that daily evapotranspiration was found to be closely related to net radiation and
to the difference between air temperature and surface temperature. The authors noted that
this observation offers the opportunity to apply satellite data for estimation of latent heat
flux with confidence in future regional scale energy budget analyses.

Studies on energy balance component fluxes in Canada’s high Arctic have

quantified physical processes driving such fluxes and the factors which control them.
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Szidler et al. (1996) used short-term measurements in combination with a new
mathematical model formulated to diagnose the diurnal variation of the energy fluxes and
temperature on the snow-free tundra surfaces at Princess Marie Bay, Nunavut. The
authors predicted the partitioning of net, short- and long-wave radiation reaching the
surface into convective heat exchanged with the atmosphere and heat conducted into the
soil. Their model suggested that heat conduction into the upper layers of the soil is very
important in predicting the diurnal variation of the tundra microclimate. They also noted
that the convective heat exchanged with the atmosphere is a heat sink for the surface
layer. Rouse et al. (2000) stated that while the physical processes driving energy fluxes in
the high latitudes are universal. some of the controlling factors such as permafrost.
temperature and vegetation play a special role in terms of site specific processes.

Energy balance differences across the northern treeline are also well documented
for the Hudson Bay coast near Churchill. Manitoba. Similar to the observations of
Harazano et al. (1998), Rouse (1984) and Petrone et al. (2000) concluded that energy
balance component measurements indicate a strong regional advective effect. In the
premelt period during cold onshore winds, net radiation was very small and the other
energy balance components were negligible. Under offshore warmer winds. net radiation
was found to be large. as were the other fluxes. especially the ground heat flux. During
the postmelt period. the magnitude of net radiation and the latent heat flux were little
affected by wind direction. In a comparison of a wet tundra site and a nearby open
conifer forest. Lafleur et al. (1992) showed that the sensible and latent heat fluxes were

very different. When surface moisture was not limiting. the latent heat flux was



determined to be largest for the tundra whereas at the forest site the sensible heat flux was

largest.

1.4 - RELEVANCE OF RESEARCH OBJECTIVES

Eskers are a prominent geomorphological feature throughout the Northwest
Territories. Hydrologically. eskers play a significant role in terms of trapping large
quantities of snow in their downwind side and in any depressions within the feature.
Therefore they are regarded as significant features of surface and most probably
groundwater recharge. Eskers are also biologically significant to the arctic environment
as they provide denning sites for animals including foxes, wolves and bears. are important
migratory paths for caribou and are home to unique plant communities. Economically.
eskers are geomorphological indicators of mineral deposits and are therefore the focus of
intensive diamond mine exploration and development. Extraction of such minerals is a
large scale operation that leads to road networks, mining camps. and processing units
which lead to displacement of large amounts of water and alteration of the natural
environment.

Due to concerns outlined above a more thorough understanding of eskers and
associated basins is required in Canada’s North. Expanding on the current body of
literature regarding energy fluxes in permafrost environments. the present study will
examine the effects of slope. aspect and vegetation cover on active layer dynamics in an
arctic esker basin. Due to the steep nature of the Kakawi Lake study basin. differences in

slope and aspect and the effects of surface cover type are expected to have a significant
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effect on spatial and temporal variations in the radiation balance. Furthermore,
differences in net radiation balance will affect subsurface thermal regimes and active
layer development which will also be quantified using detailed field measurements.
Finally, due to the self-contained nature of the study basin a hydrological balance
including measurement of subsurface lateral flow from hillslope segments will be

calculated.



CHAPTER 2 - STUDY SITE

2.1 - SELECTION OF KAKAWI LAKE STUDY BASIN

The 14 ha Kakawi Lake basin was selected for this study based on logistical
considerations, suitability to field research and representativeness with respect to the
surrounding Daring Lake and Coppermine River basin area. Specifically, the study site
location was based on four requirements: (1) the site was representative of the till
material and regolith of the surrounding area, (2) the site has vegetation cover which is
typical of the region, (3) that the site was logistically practical in terms of carrying out
intensive fieldwork on a daily basis. and (4) the basin is a self-contained hydrological unit
thus allowing for computation of a water budget. The Department of Resources Wildlife
and Economic Development’s Tundra Ecosystem Research Station (TERS) established in
1994 provided a well-equipped base camp to conduct this study. Therefore. research
partnerships with both BHP Diamonds Inc. and the Government of the Northwest
Territories (GNWT) provided our research team with transportation to Daring Lake, a
well-equipped research station and lodging. and an important communication and
transportation link in case of an emergency.

Daring Lake, N.W.T. (64° 52' N, 111° 35' W) is situated in the Coppermine River
basin which extends approximately 520 km from the headwaters near Lac de Gras
(approximately 460 metres above sea level) in a generally northwest direction to its
mouth at Kugluktuk located on the shores of the Coronation Gulf (Figure 2.1). The

Coppermine Basin encompasses two geological provinces; the southern Slave Geological
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Figure 2.1 - Coppermine River Basin, Northwest Territories
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Province and the northern Bear Geological Province with a gross drainage area of 50 800
km2 (Wedel et al., 1988). Daring Lake is located in the Slave Geological Province which
is characterized hydrologically by a very dense network of interconnected lakes and
rivers. The Kakawi Lake study basin is located on the north shore of Daring Lake, east of
the narrows joining Yamba Lake and Daring Lake and is at the base of a large sand and
gravel esker that runs continuously in and east-west direction for 100 km (Matthews and

Clark 1996).

2.2 - LANDSCAPE

The Kakawi Lake basin is located 1 km northeast of the narrows joining Yamba
Lake and Daring Lake. The topography surrounding this area is generally gently
undulating to moderately rugged with relief on the order of 10-20 m (Dredge et al.. 1999).
Most relief on this glacial terrain was created by eskers, drumlins. and hummocky till.
Raised beaches, deltas, marine blankets and incised river terraces create relief that is
typically less than 10 m (Dredge et al., 1999). Some eskers in the area are more than 45
m high and rugged, rocky areas around Yamba Lake have about 50 m local relief.
Numerous lakes occupy glacially scoured bedrock basins and drainage ways are shallow
because streams have not cut into the bedrock or till plain (Geological Survey of Canada,
Map 1870A)

Situated at the intersection of a trunk esker and a tributary esker. the Kakawi Lake
study basin has moderate local relief of 30 m from the lake edge to the top of the basin

divide. Slopes range from less than 10 degrees on portions of the west-facing slope up to



35 degrees on east-facing slopes. The contained lake drains north into Yamba Lake via

groundwater flow through a series of interconnected ponds and wetland areas.

2.3-GEOLOGY

The Kakawi Lake basin lies in the central Slave Province of the Canadian Shield.
Bedrock underlying the Slave Province consists primarily of Archaen sedimentary.
volcanic. and plutonic rocks that have been variably metamorphosed (Geological Survey
of Canada, Map 1870A) . The Daring Lake basin encompassing the Kakawi Lake study
basin is underlain by metasedimentary rocks belonging to the Yellowknife Supergroup
(Figure 2.2). All rock types within this area have been subjected to intense frost
shattering in the postglacial period. resulting in the frost heaving of large blocks
commonly above the level of the surrounding bedrock surfaces (reference: geology map).
Permafrost attains thickness between 160 m and more than 350 m but varies considerably
depending on local site. Permafrost is, however. absent beneath most lakes within the

Slave Province.

2.4 -TILL DEPOSITS

All features in the Slave Province are related to the Late Wisconsinan glaciation.
Till veneers, undulating till blankets and streamlined rocks and till forms that include
drumlins and eskers are the principal landforms in the area (Figure 2.3). These features
are indicative of warm-based ice conditions thus accounting for the relatively shallow

depth of permafrost in the region. (Dredge et al.. 1999). Only one stratigraphic unit of
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till has been recognized in the Slave Province which can be divided into 3 units based on
thickness and surface morphology: (1) thin veneer, (2) blanket deposits up to 10 m thick.
and (3) hummocky till up to 30 m thick. The Kakawi Lake basin is characterized by
geological predominance of esker sediments composed of sand. silt and gravel which
corresponds with the second of the three till units. This till can range from silty sand to
sand with low percentages of clay. Grain size varies according to the bedrock source and
the amount of meltwater associated with the deposition (Geological Survey of Canada,

Map 1870A) .

2.5 - ESKERS

Eskers are one of the most predominant glaciofluvial deposits in the Slave
Province. Trunk and tributary eskers mark the location of major and minor meltwater
conduits within the late-glacial ice sheet (Dredge et al.. 1999). Eskers in this region range
from small. sinuous ridges to large more linear features and contribute to the majority of
topographic relief in the area (Geological Survey of Canada, Map 1870A) . They can
range in form from those which have rounded profiles with sandy features to those which
are sharp crested and have bouldery surfaces with or without slump features along the
flanks (Dredge et al., 1999). Most eskers appear to be well drained near the surface and
may have low ice contents. However, within the Lac de Gras area, southeast of the study
site. massive ice in excess of 5 m thick is known to occur within an esker (Dredge et al..
1999).

A wide ranging network of small. generally northwest trending eskers feeds into a



large. approximately east-west trending trunk esker along the southern shore of Yamba
and Exeter lakes (Geological Survey of Canada, Map 1870A) (Figure 2.3). The Kakawi
Lake study basin lies at the confluence of this trunk esker and a tributary esker trending
north towards Yamba Lake. The trunk esker is 30 m in height along the Kakawi Lake
basin and is characterized by a broad, flat ridge with numerous boulders flanking the top.
Dredge et al.. 1999 reported from observations on 46 esker sites and five sections south of
Lac de Gras that some eskers contain high proportions (70-90% by volume) of thinly
stratified fine-grained material ranging in grain size from silty sand to clayey silt. These
eskers tend to be 15-25 m high and have broad crests ranging from 20-80 m across similar
to the esker lining the Kakawi Lake basin.  Eskers play a significant role in terms of
hydrology as they trap large quantities of snow in their downwind side and in any
depressions within the feature. Therefore, they are significant features of surface and
most probably groundwater recharge. Surficial geology maps and ground truthing efforts
in the Daring Lake basin indicate that till deposits outside what may be considered to be

the boundary of esker influence are structurally similar to the esker deposits.

2.5 - GENERAL VEGETATION AND CLIMATE
Treeline is approximately 75 km to the southwest of Daring Lake. The Daring

Lake area is characterized as a Low-Shrub vegetation zone on the “Canadian Transect and
Mapping for the Circumpolar Arctic Vegetation Map™ (Gould et al., 2000). This zone is
found entirely on the mainland in Canada and is characterized by low-shrub vegetation.

primarily Betula glandulosa on acidic soils and Salix glauca on non acidic soils.



Eriophorum vaginatum tussock tundra can be dominant on acidic substrates this zone. A
variety of tall shrubs are found in riparian and sheltered areas. Wetlands show
considerable peat development. Vegetation cover is continuous except on exposed ridges
and areas of the Canadian Shield with mineral surficial deposits (Gould et al.. 2000).
Mean annual total precipitation for the Daring Lake area is approximately 300 mm
per year (Environment Canada. 1986). 50% of which occurs in the form of snow in the
Daring Lake area (Environment Canada. 1986). Snowfall accumulation begins in mid-
August and remains on the ground until the end of May and even early June in some
years. Yearly average temperature as recorded from 1956 to 1981 at Contwoyoto Lake,
N.W.T. (65° 29' N. 110° 29’ W) is -7.8°C with mean temperatures of -35.1°C and 4.8°C

for January and June respectively.



CHAPTER 3 - METHODOLOGY

3.1 - KAKAWI LAKE VEGETATION CHARACTERIZATION

Vegetation is an important controlling factor on both the hydrology and energy
partitioning in arctic environments. In order to better understand the effects of specific
types of vegetation on active layer development a detailed inventory of dominant
vegetation types was completed within the Kakawi Lake basin. First, all dominant
species of plants. peat and lichens were documented as well as the environments in which
they were found to be most common. Tables 3.1. 3.2. and 3.3 list the major types of
plants, peat and lichens respectively including their common name and scientific name.
Tables 3.2 and 3.3 also describe the general environment in which each specific type of
peat and lichen grow.

Based on a detailed inventory of Kakawi Lake vegetation types and visual inspection
of the basin a series of 7 vegetation classes were assigned which served to generalize the
basin into specific areas with respect to dominant vegetation type. These 7 vegetation classes
include:

(1) Closed birch

(2) Open Birch

(3) Birch dominant

(4) Lichen

(5) Hummocky sedge

(6) Peat and cloudberry

(7) Sedges and weeds

These vegetation classes were first outlined on a map of Kakawi Lake basin and then

later incorporated into a detailed survey of the basin.



TABLE 3.1 - Kakawi Lake Basin Vegetation

COMMON NAME SCIENTIFIC NAME
BETULACEAE - Birch Dwarf Birch Betula glandulosa
Family
SALICACEAE - Willow Least Willow Salix herbacea (L.)
Family
EMPETRACEAE - Crowberry Empetrum nigrum (L.)
Crowberry Family
ERICACEAE - Heath Family Alpine Bear Berry Arcostaphylos aplina (L.)

(Spreng.)
ERICACEAE - Heath Family | Dry Ground Cranberry | Vaccinium vitis-idaea (L.)
ERICACEAE - Heath Family Alpine Bilberry Vaccinium ulginosum (L.)
(blueberry)
ROSEACEAE - Rose Family Cloudberry Rubus chameamorus (L.)
ERICACEAE - Heath Family Labrador Tea Ledum decumbens (L.)
ERICACEAE - Heath Family Bog Laurel Kalmia polifolia (Wang.)
Bog Rosema Andromeda polifolia (L.

TABLE 3.2 - Kakawi Lake Basin Peatland Species

COMMON NAME

SCIENTIFIC NAME

DESCRIPTION

Rusty Peat Moss

Sphagnum fuscum

- most common in basin
- orange (brown/green)
colour

- found on hummocks

Slender Hair Cap

Polytrichum strictum

- green in colour

- closely assoc. with
sphagnum

- found atop hummocks

Tall Clustered Thread
Moss

Pryom pseudotriquetrum

- less common in basin

- green to red in colour

- grows in cushions. mats
or as individuals



TABLE 3.3 - Kakawi Lake Lichen Species

DESCRIPTION

LOCATION /
ENVIRONMENT

nivalis

Snow Lichen

- black with light | *- rocks
geographicum yellow/green

spots
Parmeliopsis - whitish yellow | *- rocks
ambigua
Umbilicaria sp. Rock Tripe | - black and flaky | *- rocks
Flavocentraria Flattened - white colour - random

Flavocentraria
cucullata

Curled Snow
Lichen

%

Cladina mitus

- yellow

** - common
- on most hillslopes

Nephroma arcticum

- yellow ( like
above - broader
leaves)

- on most hillslopes

Thamnola
sobuliformis

Worm Lichen

- small. while
- looks like
antlers

¥#**_ most hillslopes

Masonhalea
richardsonii

Antler Lichen

- small, brown
- looks like
antlers

¥***_ most hillslopes

bead on top

Stereocaulon Woolly Coral | - white ¥*%*_ commonly
tomentosum interspersed with yellow
lichen
Bryocaulon - small, black.
divergens twig-like
Cladonia borealis Red Pixie-Cup | - thick yellow
antler with red




3.2 - METEOROLOGICAL STATIONS

Three meteorological stations were used for this study to monitor air temperature.
relative humidity, wind speed and direction, solar radiation, precipitation, soil moisture
and temperature, lake temperature and lake level. Each met station was positioned to take
in account microclimatic spatial and temporal variability encountered within and in close
proximity to the study basin.

The Daring Lake met site was established in 1995 approximately 300 m from the
east shore of Daring Lake by the Department of Indian A ffairs and Northern Development
(DIAND) and is located on gently sloping terrain characterized by hummocky sedge.
dwarf birch and grasses (Figure 3.1). The Laurier met station was erected at the beginning
of the 1999 field season at the top of the esker lining the southern boundary of the
Kakawi Lake basin (Figure 3.2). The area surrounding this met site is relatively flat and
is characterized by bouldery open gravelly sand areas which are interspersed with patches
of dwarf birch and lichen. As well, at the beginning of the 1999 field season the Kakawi
Lake met station was also constructed along the southern shore of Kakawi Lake
downslope of the Laurier met station (Figure 3.2). This met station’s primary function is
to monitor lake levels and wind speeds at the base of the Kakawi Lake basin.

Specific details regarding instruments used to measure variables at each

meteorological station are detailed in Tables 3.4. 3.5 and 3.6.



Daring Lake Met Station
Laurier Met Station
Kakawi Lake Basin Outflow

Source: NTS Map 76 D/11
Scale: 1:50,000

Figure 3.1 — Kakawi Lake study basin and greater Daring Lake area
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Table 3.4 - Daring Lake Met Station

VARIABLE HEIGHT / DEPTH (m) INSTRUMENT TYPE
Air temperature and 24 Vaisala HMP35CF
Relative Humidity [error: £0.4°C]
Wind Speed 29 Met One Model 013A
Anemometer
[error: £0.11 m s']
Wind Direction 29 NRG Type 200P Wind Vane
ferror: £5°]
Solar Radiation 25 LiCor LI200S Pyranometer
[error: £2%)]
Precipitation 33 Texas Electronics TE525M
tipping bucket rain gauge
[error: £1%]
Snow Depth Campbell Scientific UDGOI
[error: £1%)]
Soil Moisture 0.10,0.30 Campbell Scientific CS615
Water Content
Reflectrometry Sensors
[error: 2%)]
Soil Temperature 0, 05, 0.10. 0.20. 0.40 107B Fenwal thermistors
error: £0.2°C




Table 3.5 - Laurier Met Station

VARIABLE HEIGHT / INSTRUMENT TYPE
DEPTH (m)
Air Temperature and 0.87.2.54 Vaisala HMP35CF
Relative Humidity {error: £0.4°C]
Wind Speed 2.87 Met One Model 014A Anemometer
[error: £0.11 m s']
Wind Direction 29 NRG Type 200P Wind Vane
[error: £5°]
Solar Radiation 1.37 Kipp and Zonen NRLite Net
Radiometer (1.19 m above veg -
dwarf birch) [error: +5%)]
Precipitation 3.27 Texas Electronics TE525M tipping
bucket rain gauge [error +1%)]
Soil Moisture 0.13.0.52 Campbell Scientific CS615 Water
Content Reflectrometry Sensors
[error: 2%
Soil Temperature 0.10,0.30. 0.83 107B Fenwal thermistors
error: +0.2°C

Table 3.6 - Kakawi Lake Level Station

VARIABLE

HEIGHT / DEPTH (m)

INSTRUMENT TYPE

Water Level

Lake bottom

Keller 169 Transducer
ferror: £0.25%]

Water Temperature

107B Fenwall Thermistor
[error: £0.2°C]

Soil Temperature

107B Fenwal thermistors
[error: £0.2°C)

Wind Speed

NRG Type 40




3.3 - HILLSLOPE AND SITE SELECTION

Three hillslope transects were selected within the Kakawi Lake study basin. Each
transect was representative of a specific aspect including north-, south-, and east-facing,
referred to in this paper as transects 1. 2 and 3 respectively (Figure 3.2). Vegetation
cover was also taken into consideration in the selection of hillslope transects by ensuring
that the location of each transect corresponded with vegetation types that were
representative of both the Kakawi Lake basin and larger surrounding area.

On each hillslope transect three sites were selected for intensive monitoring of soil
characteristics. active layer development. soil temperature and moisture variability. Three
sites were selected on each hillslope; one site at the top of the hillslope (10 m downslope
from ridge), one site at the approximate middle of the hillslope. and one site at the bottom
(5-10 m upslope from lake edge). These sites will be further referred to as sites A.B. and

C respectively throughout this paper.

3.4 -SURVEY AND GIS ANALYSIS

A Leica Total Station surveying system was used to survey the Kakawi Lake
basin. The three main purposes of this survey were: (1) to measure surficial topographic
relief. (2) to determine the basin divide and (3) to delineate the major vegetation zones
located within the basin ecosystem.

With respect to the surficial topographic relief and the basin divide. hillslope
topography was documented as well as significant micro-scale features and the lake edge

boundary. The three sites on each hillslope transect were incorporated into the survey as
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well as the location of the two meteorological stations. Using the vegetation
classification system developed upon initial inspection of the basin. zone boundaries were
surveyed with each particular zone receiving a unique survey data label. These zones
include:
Basin Survey Zones:

(1) Lake

(2) Open Gravel

(3) Beach
(4) Open

(5) Discharge Area

(6) Closed birch

(7) Open Birch

(8) Birch dominant

(9) Lichen

(10) Hummocky sedge

(11) Peat and cloudberry

(12) Sedges and weeds

(13) Boulder and lichen

Arcinfo and Arcview GIS software was utilized at the University of Waterloo and
at Wilfrid Laurier University to analyze data obtained from the intensive field survey of
the Kakawi Lake basin. The data file created using the total station surveying equipment
consisted of a series of 2875 points (Figure 3.3), each of which has attributes including
northing. easting, relative elevation. and survey zone classification. Thiessen Polygon
analysis was used to interpolate between these points thus creating a polygon map with
each polygon representing a specific survey zone (Figure 3.4). This polygon map which
included 2666 polygons was then simplified using ArcInfo to produce a map consisting of

725 polygons. Reduction in the number of polygons was conducted in order to perform

analyses on areas within the basin that were larger than those displayed in the original
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Figure 3.3 — Kakawi Lake Basin survey point locations
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Figure 3.4 - Kakawi Lake Basin vegetation polygon map
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Figure 3.5 - Kakawi Lake Basin 3-D orthographic image with vegetation overlay



map. This reduced complexity of the map with respect to the number of individual
polygon attributes that would be used in subsequent calculations.

For the purposes of this study, a further simplification was required to allow for
analysis of areas that were larger in size than those created using the dissolve command in
Arcinfo. Consideration of trends produced by the Arcinfo analysis along with detailed
local knowledge of basin characteristics was further utilized to divide the 325 polygon
map into a more generalized map of 130 polygons. This map serves as the basis for
comparing areas within the Kakawi Lake basin taking slope. aspect. vegetation cover and
topographic relief into consideration.. Polygons of this scale are more representative of
hillslope sites studied in this paper with respect to size. topographic relief. and aspect.

Quantitative analysis of this map using Arcview software allows the user to obtain
information specific to each individual polygon. Usetul to this study is the average slope.
the average aspect, and the area of each polygon as well as the area of the lake surface and
the total area of the Kakawi Lake basin. These attributes were calculated for each
polygon and utilized in subsequent analysis. As well, an orthographic image of the
Kakawi Lake basin was produced with the vegetation layer overlayed on top to provide a
visual representation of the basin with respect to spatial distribution of vegetation types

(Figure 3.5).

3.5 - SOIL SAMPLING AND ANALYSIS
Nine soil pits were excavated on the hillslopes including one site directly adjacent

to the Laurier met site location. Soil pits extended from ground surface to the permafrost
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table and averaged 1 m x 1 m in area. The upslope soil pit face was then analysed
visually to produce a qualitative description which included: soil horizon depths,
maximum depth of rooting systems, type and amount of organic material present. and soil
characteristics (i.. relative particle size and colour for each horizon). Depth to the
permafrost table and the presence of large rocks or boulders were also included in this
analysis.

Prior to completing the qualitative analysis of the soil pits. samples were extracted
from the pit face to obtain physical properties including bulk density. porosity and
percent carbon. Metal tubes of known length and volume were inserted horizontally into
the upslope soil pit face until completely filled with soil. They were then extracted with
care to ensure that samples remained intact and relatively undisturbed before being
wrapped in plastic and securely taped for transport back to the Tundra Ecosystem
Research Station (TERS) laboratory. For soil bulk density. soil tubes (23 cm in length
and 254.03 cm’®) were used to collect samples from each of the main soil horizons. Soil
porosity sample tubes were smaller in length and volume (5 cm in length and 55.9 cm?).
For sites 1-C. 2-B and 2-C a total of 3 distinct soil horizons were identified and sampled
whereas for all remaining sites only 2 soil horizons were identified and sampled due to a
more homogenous soil profile.

In the TERS laboratory soil within the bulk density cores was removed and
weighed to determine the initial volume of the in situ soil including moisture. The
samples were then placed in an oven an dried for 24 hours at 105°C to remove moisture

from the samples. The samples were then weighed again and the bulk density (g/cm’)
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was calculated by dividing the weight of the dried sample (g) by the volume of the core
tube (cm’). Average bulk densities and standard deviations were then calculated for each
soil horizon.

Also in the TERS laboratory soil porosity cores were handled with care to ensure
that samples were disturbed as little as possible during the transportation and unpacking
process. Once in the lab, perforated tape was placed over one end of the core tubes and
they were placed tape side down in a vertical position in aluminum cooking trays
measuring 7 cm in depth. Once all cores were in place water was added to the cooking
trays up to a level equal to the top of the core tubes without allowing water to enter the
top opening of the core tubes. The samples were left in the aluminum trays for 24 hours
to allow water to enter the bottom of the core tubes and move upwards through the
sample under positive pressure. After the 24 hour soaking time. cores were removed
individually and the weight of the core tube, sample contents and water was recorded.
The contents of the soil tubes were then placed in an oven and dried for 24 hours at
105°C. With the weight of the core tube accounted for, the weight of the dry sample
subtracted from the weight of the saturated sample (g) was used to calculate the amount
of water occupying the pore space within the soil sample. Therefore. this volume of
water divided by the total volume of the core tube and subsequently multiplied by one
hundred is equal to the porosity. Average soil porosities and standard deviations were
then calculated for each soil horizon.

Finally. soil carbon analysis was carried out at Wilfrid Laurier University using

bulk soil samples collected from each soil pit at both shallow (=10-20 cm) and deep
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(=50-70 cm) depths below the surface. From each bulk sample. three subsamples of
approximately 15 g were placed in individual petrie dishes and dried for 24 hours at 90°C
to evaporate any moisture in the soil. The weights of the dried soil plus petrie dishes were
recorded. Dried samples were then placed in an oven for 30 minutes at 800°C in order to
burn off any carbon that existed within the samples. Prior to cooling. the weights of the
burned soil plus petrie dishes were recorded once again. The weight of the burned sample
subtracted from the weight of the dried sample is equal to the percent carbon for each
individual sample. Percent carbon values for each of the three subsamples were then

averaged and a standard deviation calculated.

3.6 - SOIL TEMPERATURE

Soil temperature was recorded continuously at the Laurier met station throughout
the summer 1999 and spring 2000 field seasons. Measurements of soil temperature were
averaged hourly and recorded using a Campbell Scientific CR10X data logger at depths
of 10. 30 and 83 cm below the surface using 107B Fenwal thermistors. Soil temperature
was also manually recorded approximately 3 times daily at various depths at each of the 9
hillslope sites to account for diurnal variations in soil temperature measurements. These
measurements were taken from calibrated Fenwal 107B thermistors sealed with silicon
and covered in water tight heat shrink tubing constructed at Wilfrid Laurier University.
Probes were calibrated in the laboratory by placing them in ice water. 0°C water and room
temperature water and recording resistance from each individual thermistor measured in

ohms using a standard multimeter. From these data. a regression equation was calculated
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for each thermistor probe based on the resistance-temperature relationship that has
previously been demonstrated to be a linear one. At each site thermistor probes were
inserted horizontally into the upslope face of an excavated soil pit which was later
backfilled in order to obtain in situ soil temperature measurements. Subsequent resistance
measurements (ochms) from each probe were calibrated using their unique regression
equation to ascertain temperature in degrees C.

Sporadic subsurface temperature measurements taken at the 9 hillslope sites were
regressed against continuous met site readings to construct a continuous record of soil
temperature for each thermistor. Regression analysis was completed separately for the
1999 and 2000 field seasons to account for seasonal variations in the soil temperature
record thus producing a unique equation for each probe for each of the two field seasons.
Sporadic hillslope site measurements (2 - 4 times daily) taken between 0 and 20 cm depth
were regressed against the 10 cm met site soil temperature series whereas hillslope site
measurements taken between 20 - 55 cm and >60 cm were regressed against the 30 cm
and 83 cm temperature series” respectively. Resulting regression equations were then
used to produce continuous records of soil temperature at depth for each hillslope site.
Corresponding r-squared values were also calculated to validate the significance of each
regression analysis.

Surface temperature measurements were recorded at the Daring Lake met site as
well as at each site within the hillslope #3 transect. Surface temperature measurements
were found to have a strong correlation with air temperature (2.40 m) at the Daring Lake

met site (r=0.80). Due to the fact that vegetation cover at the Daring Lake met site was
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similar to that of hillslope transects #1 and #2 (dwarf birch, grass and lichen) a regression
equation was calculated and applied to these sites to obtain a surface temperature record
based on air temperature measured at 2.54 m above the ground surface (v = 4.309 +

0.569x).

3.7 - SOIL MOISTURE

Soil moisture was recorded continuously at the Laurier met site throughout the
summer 1999 and spring 2000 field seasons. Soil moisture readings were averaged
hourly and recorded by Campbell Scientific CR10 data logger at depths of 13 cm and 52
cm using Campbell Scientific CS615 Water Content Reflectrometry sensors inserted
horizentally into the soil profile. Daily soil moisture measurements were also recorded
via time domain reflectrometry (TDR) at each of the 9 hillslope sites using probes
constructed at Wilfrid Laurier University. These 2-wire TDR probes consisted of a
ferrite balun connected to two 1/8". 18 cm stainless steel welding rods which serve as the
waveguides. Also attached to the balun is RG6 coaxial transmission cable. The balun
and connections were fully encapsulated in electrical potting €poxy.

Time domain reflectrometry is based on the relationship between the soil
volumetric water content (6) and the dielectric constant of the porous media. The
dielectric constant of a soil is strongly dependent on the volumetric water content (©) and
essentially independent of other soil properties including soil texture, bulk density and
temperature (Topp er al.. 1980). The dielectric constant is determined from the analysis

of TDR trace from two-wire (parallel transmission line) probes previously referred to as
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waveguides (Topp e al., 1980). The dielectric constant is determined using the following

expression:

12
= 101 — I
K, 10[L} (1)

where

Ka = is the dielectric constant

I = is the electrical length of the TDR trace (m)

L= is the physical length of the waveguide pair (m)

The constant 1.01 is the inverse of the wave propagation speed

Determination of the electrical length of the TDR trace was completed in the field
by connecting each probe to the Tectronix 1502B TDR and recording the start and end
points of the curve measured in feet (ft) as displayed on the instrument screen. The start
length subtracted from the end length results in the electrical length of the TDR trace (ft)
which was later converted to a volumetric water content (%) using WAT-TDR software
developed at the University of Waterloo.

At the met site and at each hillslope site two TDR probes were inserted
horizontally into the upslope face of the excavated soil pits. Horizontal installation was
chosen so that the calculated water contents (8) would be representative of a specific
depth in the soil profile. The coaxial transmission cable extended from each probe to the
soil surface where it was encased in protective PVC tubing in between field
measurements.

Water content measurements taken two to four times daily at the 9 hillslope sites

were regressed against continuous met site readings to construct a continuous record of



soil moisture for each TDR probe.

3.8 - MEASUREMENT OF ACTIVE LAYER / PERMAFROST TABLE

Measurements of depth to permafrost table were taken daily at each site during the
1999 field season in order to monitor active layer development throughout the summer
months. These depths were measured by inserting a 1.75 m rebar pounding rod vertically
through the soil profile until resistance from the permafrost table was reached. Due to the
presence of a rocky esker substrate the pounding rod was often impeded by materials
other than ice. This, however, was distinguishable at the surface by the unique sound
produced by the pounding rod when it hit either rock or ice and by the cooling of the
pounding rod end upon contact with the PFT. This procedure was repeated five times
within a 2 m” quadrat at each site. These five measurements were averaged in order to
assign one representative active layer depth to each site. Variation about the mean was
expressed as | standard deviation.

For measurements taken at each site on hillslope 2 active layer measurements of
>1.5 m were not recorded due to the initiation of active layer development and
subsequent thawing greater than the depth of the pounding rod prior to the study period.
Active layer depths at sites on hillslopes 1 and 3 however were less than 1.5 m throughout
the study period. An effort was made to estimate the depth to permafrost table at various
locations throughout the basin at the end of the 1999 field season by selecting random
sites to insert the pounding rod. However once again due to the presence of numerous

subsurface rocks and boulders this effort was abandoned due to a lack of confidence in



depth measurements.

During the spring 2000 field season measurement of active layer depth
commenced on May 30 (Julian Day 150) and continued daily through to June 19 (Julian
Day 170). Due to the presence of snowcover throughout the basin at the beginning of the
field season active layer measurements were only taken at sites on which snow had
completely melted. Therefore, a spatial and temporal record of initiation of active layer
development and subsequent thaw rates throughout the basin was recorded during the
spring 2000 field season. Only hillslope 3 sites B and C had substantial snow cover at the
end of the measurement period resulting in no record of active layer depth or

development during this time.

3.9 - RADIATION BALANCE

Incoming shortwave radiation (K | ) was measured at the Daring Lake met site and
was assumed to be equal at the Laurier met site due to the close proximity (500 m) of
each site to one another and the horizontal plane on which each site was located.
However. each study site within the Kakawi Lake basin differed substantially with respect
to both slope and aspect thus rendering the met site radiation measurements inaccurate at
these sites. Therefore. radiation geometry equations were utilized to obtain the incoming
solar radiation at each site based on their respective position within the basin as described
in Oke (1987).

In terms of the solar radiation received on the horizontal, the direct-beam solar

radiation on a slope is given by:



S=Scos® /cosZ 2)

where: 3’ = direct-beam solar radiation on a slope
S = direct-beam solar radiation received on horizontal

e - angle of incidence between the normal to the slope and the solar beam
Z = solar zenith angle

Spherical trigonometry gives the following relationships which are used to solve

forS in equation (1):

cos® = cos,écosZ+ sini sin Z cos(Q) - ﬁ) (3)

-~

where: f# = study site slope inclination

Q = solar azimuth angle

-

Q = study site azimuth

cosZ = singsind + cos¢g cosd cosh 4)

where: ¢ = latitude

0 = solar declination
h = hour angle

cosQ = (sind cosg - cosdsingcosh)/sinZ;t < 12

5
= 360° - (sind cosg - cosd sing cosh) /sinZ;t > 12 ©)

where: ¢ = local apparent solar time (using 24 hour clock)
h =hour angle (A= 15(12 - r)

Using equation (1) the incoming solar radiation (K . ) was calculated for each site
on an hourly basis using the measured value of K| from the Daring Lake met site in

combination with radiation geometry calculations as outlined by Oke (1987).



Consequently, K ! measurements for both the 1999 and 2000 field seasons served as the
basis for calculating the radiation balances for each of the hillslope sites within the
Kakawi Lake basin.

During the 2000 field season a number of albedo measurements were taken over a
variety of vegetation types and at each of the study sites within the Kakawi Lake basin.
Albedo (<) is defined as the ratio of the amount of solar radiation reflected by a body
(K")to the amount incident upon it (K ). Albedo was measured using a pyranometer
which was first placed in a horizontal position | m over the vegetation to measure the K .
followed by inverting it to a face-down position so that the K ! could be measured
immediately after. Dividing the K: by the K results in an albedo measurement specific
to the surface type located directly under the instrument. A number of measurements
were taken at each site throughout the field season and were subsequently averaged in
order to assign an albedo value to each type of vegetation and, more specifically. to each
study site.

The total amount of energy emitted by a surface can be determined using the

Stefan-Boltzmann Law:

LT = ¢oT} (6)

where: ¢ = surface emissivity
o = Stefan-Boltzmann proportionality constant (5.67 x 10* W m=2 K>)
T = surface temperature (K)

Surface temperature measurements on an hourly basis for each site were used to calculate

L* using equation (6) assuming an emissivity of 0.96 as is commonly used for arctic



environments (Rouse and Bello, 1983; Bailey et al., 1989; Rouse, 1984).

The surface radiation budget is the sum of the individual short- and long-wave
streams:

O*=K{-KT+Ll-LT=K*+L* )

where Q *= net all-wave radiation
K { = short-wave (incident) radiation
K T = short-wave radiation reflected from the surface
Li= incoming long-wave radiation emitted by the atmosphere

LT = outgoing long-wave radiation from the surface
K * = net short-wave radiation
L * = net long-wave radiation
The final component of the radiation balance measured at the Laurier met site was Q*.

Due to the fact that K.. K, L' and now Q* were measured or calculated at the Laurier

met site L : was determined as the residual component from radiation balance equation:

LL=0*-Kl+KkT+L" (8)

This value was then assumed to be constant at all sites within the Kakawi Lake basin due
to the fact that macroclimatic variations were minimal within the basin. As stated by
Oke (1987), it is generally acceptable to assume that L. arrives equally from all parts of
the sky hemisphere. Subsequently. by assuming L i to be constant at all sites the radiation
balance for the Laurier met site can be calculated as well as that of each individual site
within the study basin. Each of the individual radiation balance components and the
corresponding radiation balance was determined for each study site for both the 1999 and

2000 field seasons on an hourly basis.
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3.10 - GROUND HEAT FLUX

The soil heat flux Q; can be treated as the sum of the storage of sensible heat Q

and latent heat Q, giving,

O=0s+0, &)

Q; for a soil depends on the soil’s heat capacity and the change in temperature for a given
volume of substrate. Due to the complexity introduced to the ground heat flux from
permafrost soils. Qg in this study is calculated using the calorimetric method (Halliwell &
Rouse, 1987; Petrone, 1999). This method incorporates both the ground temperature
profile and the contribution of latent heat of fusion Q, during the melt period.

Qs was determined on an hourly basis for each study site by dividing the soil
profile into layers with each thermistor representing the centre of each layer. The total

heat stored in the column of soil is given by,

AY N
ZQS\ :ZCS‘ (7;1 - 7;‘(1-!))-’32 (10)

where: N = layer in the soil profile centred on respective thermistor
C, = volumetric heat capacity for that layer

T, = temperature at that depth at current time step

T, ,_,, = temperature at that depth at the previous time step

Az = thickness of the substrate layer N
Soil heat capacity (C) can be calculated by addition of the heat capacities of the various

constituents. weighed according to their volume fractions. Since the density of air is only

-37-



about 1/1000 that of water, its contribution to the specific heat of the composite soil can
generally be neglected (Hillel, 1980). Thus, the value of C is determined using the

following relationship:

C=/f.C,.+f.C + f.C, (1)

where: C = constituent heat capacity

/= volume fraction of each phase

m = mineral matter

0 = organic matter

w = water
From Hillel (1980). heat capacities for each phase including m. 0 and w are 2.0 x 10° J m*
K.2.5x10°Jm” K. and 4.2 x 10° J m” K, respectively. Due to the fact that soil physical
characteristics required for the calculation of heat capacity were not measured on
hillslope 3. values of 1.4 x 10°Jm™” K. 3.1 x 10° J m” K. and 4.8 x 10° ] m” K were used
for water contents of 0.0 m’/m’, 0.4 m’/m’. and 0.8 m*/m’ cited in reference to peat soils
(Hillel 1980).

It is also important in permafrost environments to account for heat flowing out of

the bottom of the soil profile. This flux is determined using the gradient between the

bottom two thermistors in the profile (Petrone, 1999),

T,-T
Oora = -k =) ()

where: K = thermal conductivity of the substrate
T, = temperature of the bottom thermistor

T,_, = temperature of the thermistor above the bottom thermistor. separated by
Az



3.11 - SURFACE ENERGY BUDGET

The surface energy balance is given by

O*=0;+0,+ 0, (13)

where: O *= net radiative flux at the surface
O, = ground heat flux
Q,, = sensible heat flux
O, = latent heat flux

The sensible and latent heat fluxes can be calculated using a time-averaged flux-gradient

approach

AT
Oy = 'pCpKH : (14)

A
C Ae
QE=-p7” "y (15)

where: p = density of air (kg m™)
C, = specific heat of air (MJ kg K")
7 = psychrometric constant (kPa K™)
K, = turbulent transfer coefTicient for sensible heat (m*s™')
K, = wrbulent transfer coefficient for latent heat (m’ s™')
T = air temperature (K)

= = height above ground surface (m)
e = vapour pressure (kPa)

The density of air and psychrometric constant were determined based on values
given in Oke (1987). The specific heat of airis 1.01 J kg K™ x 10” (Oke. 1987). The
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turbulent transfer coefficients for sensible and latent heat were calculated by averaging
temperature dependent values stated in Oke (1987) for the molecular diffusion
coefficients in air of heat and water vapour. Finally, vapour pressure was calculated by
multiplying the relative humidity (RH/100) measured at the meteorological station with
the saturation humidity of water (Pa) which is temperature dependent (Oke. 1987).

At the Daring Lake meteorological station the Bowen ratio () was determined

using the following relationship:

p= g:— (16)

3.12 - IRRIGATION EXPERIMENTS

Due to a lack of significant precipitation events throughout the 1999 field season a
series of irrigation experiments were carried out to attempt to quantify the effects of
precipitation on soil temperature and water content at depth for each transect. At the
same time of day and under nearly identical antecedent conditions a 20 mm rainfall event
was simulated on Hillslopes 1. 2 and 3: August 6. August 8 and August 12 respectively.

At each site on the hillslope soil temperature and water content were recorded at
depth as a measure of antecedent subsurface conditions prior to the simulated rainfall
event. Once these measurements were recorded 2.0 L of Kakawi Lake water was
introduced to each site from a graduated cylinder through a perforated container onto a
marked | m* quadrat ensuring even dispersal of water. Ten minutes after application of

water to each site, soil temperature and water content was again measured to record any
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changes resulting from the introduced water. This procedure was repeated for each site
every 0.5 hours over a 3.5 hour time frame thus simulating a 20 mm rainfall event.
Measurements of soil temperature and water content were also recorded approximately 1
hour. 3 hours and 6 hours after completion of the experiment to identify any lag in effects

of precipitation on the subsurface conditions.

3.13 - BASIN HYDROLOGY

The hydrological balance of a lake is expressed using the following equation:

Lake Mass Water Balance =P + [- O - E - 1§ (17N

where: P = total volume of precipitation falling on the lake surface.

I = volume of lateral surface and subsurface inflow.

O = volume of surface and subsurface outflow.

E = lake evaporation

a8 = volumetric change in lake storage

Precipitation was monitored on an hourly basis at the Laurier meteorological
station. Outflow from the Kakawi Lake basin occurs via groundwater flow through the
sand berm located at the north end of the basin. Outflow from the sand berm is channelled
into a small stream where discharge is subsequently monitored. Qutflow was monitored at
a discharge weir (Figure 3.1) where daily measurements of stream stage and periodic
readings of outflow velocity were recorded to produce a stage-discharge relationship to
quantity daily fluxes. Due to a low range in flow at the discharge weir. stage was
recorded daily while actual flow was measured weekly with extra measurements taken
during times of peak flow associated with rainfall events. Volumetric change in lake

storage was recorded via a pressure transducer installed in the lake bed and wired to the

Kakawi Lake meteorological station (Table 3.6).
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Lake evaporation was not measured at the Kakawi Lake study basin. However,
due to the similar lake size, location (100 km north of Kakawi Lake) and landscape of a
basin studied by Gibson et al. (1996), evaporation values reported in their study may be
used to estimate the water mass balance of the Kakawi Lake basin. In their study. Gibson
et al. (1996) calculated evaporation for a lake of similar size to Kakawi to be 180 mm and
181 mm for a 54 day study period in summer 1992 and a 71 day study period in summer
1993 respectively. This was achieved by calculating E as the residual of the water mass
balance equation (16). Such values serve as an approximation of evaporation rates for
Kakawi Lake to be used in subsequent water balance calculations.

Piezometers were installed within the Kakawi Lake basin to monitor hydraulic
gradients in subsurface materials. Piezometers used in this study were stainless steel
drive-points consisting of a conical shaped tip head and a 15.0 cm screened length.
Attached to the head was a threaded 150 cm length of stainless steel pipe with a 2.54 cm
outside diameter. The screened length of the stainless steel drivepoint piezometer head
was attached to a 170 cm long. 0.95 cm inside diameter polyethylene tubing which ran up
inside the steel pipe. Three piezometers were driven approximately 70 cm into the lake
sediment. | m from the shore at the base of each hillslope. At each site on hillslope 3 one
piezometer was installed to monitor hydraulic conductivity through the peat. Four
piezometers were installed at depths of 33 cm, 62 cm. 82 cm. and 108 cm in the lake | m
from the discharge berm.

Bail tests were performed periodically on each piezometer to determine in situ

hydraulic conductivity. This method involves causing an instantaneous change in the
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water level in a piezometer through a sudden introduction of a known volume of water
and measuring the recovery of the water level with time (Freeze and Cherry 1979).

Piezometer recovery data is interpreted using the Hvorslev equation:

K=rzln(L/R)

18
2T, (18)

where: K = hydraulic conductivity

r’ = radius of piezometer head squared

L = length of piezometer intake

R = radius of piezometer intake tube

T, = slope of recovery versus time relationship

Several wells were also installed on hillslope transect 3 to monitor the timing and
magnitude of the water-table response to precipitation events in the peatland area. Wells
were each constructed from 5.1 cm inside diameter polyvinylchlorine (PVC) pipe . Each
well was approximately 150 cm in length and was slotted along the entire length with
several 0.3 cm drill holes. At each of the three sites on hillslope 3. water wells were
installed in the middle of the site perpendicular to the hillslope transect where peat depths
were the greatest. as well as on both sides of the perpendicular transect (i.e. left and right

sides: facing upslope). Wells were monitored daily to determine the depth of the water

table and more frequently during and after rainfall events.
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CHAPTER 4 - METEOROLOGICAL TRENDS

Summer (June-August) 1999 was cooler than average with the most significant
difference occurring in July which was 4.2°C cooler than the 5 year average of 13.8°C
(Figure 4.1). Average air temperature for August was 0.8°C cooler than the 5 year
average of 10.6°C while the June average was 0.2°C warmer than the 5 year average of
8.0°C. Spring 2000 was average compared to the other four years of data with a mean
monthly temperature in May of  -2.61°C. This is the first month of the year in which

air temperatures begin to rise above 0.0°C signifying the onset of spring melt in the

Yamba Lake region.
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Figure 4.1 - Mean monthly air temperature
recorded at the Daring Lake meteorological
station from May to October for years 1996 to
2000.

As well as being a cooler summer. 1999 was also a wetter than average summer

with a total rainfall of 219.8 mm recorded for the months of May to October (F igure 4.2).



This value is larger than the 1996 to 2000 average of 164.8 mm with the most significant
increase occurring in the month of May in which 23 mm more than the average of 9.97
mm fell in the Kakawi Lake basin. Monthly rainfall totals were greatest in 1999 from

May to August with the exception of a considerably wet August in 1996,
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Figure 4.2 - Mean monthly rainfall (mm)
recorded at the Daring Lake meteorological
station for years 1996 to 2000.

Snow accumulation in the Daring Lake area generally reaches its maximum depth
near the end of April followed by the onset of the melt period which ends in early June.
During the past 5 years of recorded snowfall at the Daring Lake meteorological station.
1999 had the shallowest depth at 24.0 cm (JD 144) while 1997 had the most with 53.1 cm
(JD 155) (Figure 4.3). Snow reached a maximum accumulation of 32.3 ¢m in 2000 while
a maximum depth of 41.0 cm was recorded for 1998.

Snowmelt occurs rapidly at the Daring Lake meteorological station (Figure 4.3).

The 1999 record indicates that maximum snow depth was recorded on JD 155 followed



by the melt period which lasted for 18 days. The 1999 melt period was the shortest of the 5
yearreoordduemlmmowmmulaﬁmmdawmmermeanmomhlyairtempemnmas
illustrated in Figure 4.1. During the 2000 study period the spring melt was longer than
avmge,hsﬁngappmximatelyndays,duphethefaathammdmummowdepthnthe

Daring Lake meteorological station was only 32.2 cm.
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Figure 4.3 - Mean daily snow depths recorded at the Daring Lake meteorological
station from 1996 to 2000.

Mean daily snow depths illustrated in Figure 4.3 were recorded at the Daring Lake
meteorological station located on a horizontal surface less than 100 m from the shore of

Daring Lake. Due to the steep slopes and convex shape of the Kakawi Lake

-66-



basin it should be noted that these snow depths are indicative of annual snowfall trends
for the larger Daring Lake area and are not representative of site specific snow depths in
the study basin. For this reason, during the spring 2000 field season snow depth and
density measurcments were taken at numerous sites within the Kakawi Lake basin to
account for spatial and temporal differences in snow accumulation.

During the 1999 field season daily air temperature fluctuated considerably. As
illustrated in Figure 4.4 daily average air temperature ranged from 5.68°C to 16.19°C with
an average of 10.76°C throughout the 43 day study period. Only two precipitation events
were documented that produced more than 10 mm of rainfall. The first significant
rainfall event began on JD 188 and ended on JD 189 producing 12.4 mm of rainfall. The
second significant event began on JD 202 and extended through to JD 204 producing 3.9
mm of rainfall. Associated with the second significant rainfall event was a decrease in

daily air temperature of approximately 6°C which lasted for approximately | week.
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Figure 4.4 - Average daily temperature and daily
total precipitation at Kakawi Lake basin during
1999 study period.
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During the 1999 study period two major cooling trends were recorded which were
not directly associated with rainfall events. Daily average air temperature decreased

nearly 10°C from JD 192 to JD 195 and decreased nearly 6°C from JD 216 to JD 219.

Met Site 2000
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Figure 4.5 - Average daily temperature and daily
total precipitation at Kakawi Lake basin during
2000 study period.

During the 2000 study period air temperatures began to rise above the freezing
point on JD 153 (Figure 4.5) as measured at the Kakawi Lake meteorological station.
Daily average air temperature increased to 4.95°C on JD 154 but was followed by a
decrease in air temperature and the first of two measurable rainfall events which produced
0.7 mm of rainfall. From JD 156 air temperature increased steadily rising above the 12°C
mark. The second of the two measurable rainfall events occurred on JD 169 producing

0.4 mm of rainfall in the Kakawi Lake basin.
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CHAPTER § - RADIATION BALANCE

S.1 - INCOMING SHORT-WAVE RADIATION

The radiation received by a surface is usually the major determinant of its climate
(Oke. 1987). This input of radiant energy is composed of direct-beam. diffuse, and long-
wave radiation. Of these components only the direct-beam short-wave radiation receipt is
dependent upon the angle at which it strikes the receiving surface (Oke. 1987). Using
methodology outlined in Oke (1987). measured values of incoming short-wave radiation
measured on a horizontal plane at the Daring Lake meteorological station were
extrapolated to each of the hillslope transects using radiation geometry calculations. This
methodology requires data including the angle of the slope relative to a horizontal plane.
the azimuth angle of the slope and both the azimuth and zenith angles of the Sun in order
to calculate radiation receipt on a sloping surface. A slope that faces the Sun most
directly receives the most radiation whereas minimal radiation is received when the Sun
only skims the surface.

Differences in incoming radiation received at the surface with respect to aspect are
illustrated in Figure 5.1 using data from a typical day, Julian Day 212 (JD 212). during
the 1999 field season. At a slope angle of 10 degrees (Figure 5.1a) it is clear that the
south-facing slope receives the maximum daily total amount of incoming radiation
followed by the west-. east-. and north-facing slopes respectively. This difference in
incoming radiation receipt with respect to aspect is more clearly defined when the slope

angle of each slope is increased from 10 to 30 degrees (Figure 5.1b). In this case, not
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only is there a marked difference in the amount of total daily radiation received at each
slope similar to that depicted in Figure 5.1a but there is also a notable difference in the
diurnal distribution of short-wave radiation receipt. Following the Sun’s path, the north-
facing slope is the first to receive short-wave radiation followed by the east-, south- and

west-facing slopes respectively.

(a) Slope:10 degrees (b) Slope: 30 degrees
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Figure 5.1 - Diurnal variation of direct-beam
solar radiation on surfaces with varying
slopes (10 and 30 degrees) and aspect (north-.
south-, west-. and east-facing) for YD 212.

Applying radiation geometry calculations to the Kakawi Lake study sites required
initial determination of site specific attributes including slope and aspect. This was
determined from analysis using a GIS in which the intensive survey of the Kakawi Lake
basin using Leica Total Station surveying equipment was entered and subsequently
analyzed (Figure 3.4). The slope and aspect values associated with each study site as
determined using the GIS are presented in Table 5.1. These values are used in the

calculation of hourly short-wave radiation receipt on each study hillslope.
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Figure 5.2 illustrates the diurnal variation of direct-beam solar radiation upon
hillslope transect #1 sites as well as at the Kakawi Lake meteorological station for JD 212
of the 1999 field season. As compared to the diurnal variation of incoming short-wave
radiation at the meteorological station which received a daily total of 5163.9 Wm. site 1-
A received approximately 10% more with a daily total of 5709.3 Wm™. Alternatively.

Sites 1-B and 1-C received less total

Table S.1 - Slope and aspect values for each study site

Site Slope Aspect

Transect #1 A 7.3 211.2

B 20.6 294.0

C 222 3133

Transect #2 A 269 220.4

B 29.2 222.8

252 196.7

Transect #3 A 9.2 2399
124 96.1

13.9 714

daily direct-beamn radiation receiving 4822.7 and 4275.6 Wm respectively. This
difference in diurnal variation of incoming short-wave radiation is due to the fact that
sites 1-B and 1-C have similar slopes as well as similar north-westerly facing slopes
Wwhereas site 1-A has approximately 13° less slope and a predominantly south-westerly

facing slope (Table 5.1).
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Figure 5.2 - Diumnal variation of direct-beam solar
radiation upon Hillslope #1 on YD 212.

Hillslope 2 study sites are characterized as having very similar aspects ranging
only 26° amongst all 3 and by having the steepest average slope at 27.1° as compared to
hillslope transects | and 3 which have average slopes of 16.7° and 11.8° respectively. As
such, these predominantly south-westerly facing sites receive much greater direct-beam
solar radiation on a daily basis as compared to the met site as illustrated in Figure 5.3. On
JD 212, sites 1-A. 1-B received the highest total daily short-wave radiation input at
6608.6 W m™ and 6691.1 W m~ while site 1-C received slightly less at 6270.2 W m™.
These values are all significantly higher than the amount of radiation received on a

horizontal plane as measured at the met site which totalled 5163.9 W m™.
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Figure 5.3 - Diurnal variation of direct-beam solar radiation
upon Hillslope #2 on YD 212.

Compared to Hillslope transects #1 and #2, transect #3 is characterized by having
relatively gradual sloping study sites with an average slope of 11.8° (Figure 5.4). Site 3-
A which has a predominantly south-westerly facing aspect receives the most radiation of
the three study sites on hillslope 3 with a daily total of 5781.6 W m™ on JD 212. This is
larger than the amount of radiation received at the met site which totals 5163.9 W m™ and
is significantly greater than direct-beam radiation received at hillslope sites 3-B and 3-C

which total 4340.9 W m™ and 3940.9 W m™.
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Figure 5.4 - Diurnal variation of direct-beam solar radiation
upon Hillslope #3 on YD 212.

5.2 - RADIATION BALANCE

In order to define the radiation balance for each study site all of the individual
components including net radiation (Q*). incoming long-wave radiation (L . ). emitted
long-wave radiation from the surface (L'), incoming short-wave radiation (K . ), and
short-wave radiation reflected by the surface (K !) must be known. The three factors that
determine differences in radiation balance amongst each of the study sites include: (1) the
slope and aspect of the study site which controls receipt of K . . (2) the surface
temperature which determines L. and (3) the albedo which is used to calculate K:. The

meteorological data calculations taken from Oke (1987) and the Stefan-Boltzmann Law
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were used to calculate K! and L1, respectively. This leaves « as the final controlling
factor in determination of study site radiation balances. Measurements of albedo taken at
various times throughout the study period were used to assign a specific albedo value to

each of the study sites (Table 5.2).

Table 5.2 - Albedo values for each study site

Site Vegetation Albedo Standard

Cover Deviation
Transect #1 A open gravel 0.17 +0.01
B lichen 0.12 £ 0.03
C lichen 0.16 £ 0.01
Transect #2 A gravel, lab tea 0.13 +0.03
B lichen 0.15 +0.01
C lichen. birch 0.13 +0.03
Transect #3 A hummocky peat 0.14 £ 0.01
B hummocky peat 0.14 +0.01
C hummocky peat 0.14 +0.01

Albedo measurements taken within the Kakawi Lake basin varied spatially due to
differences in the amount and types of vegetation overlying each site. In general. dark
lichen had the lowest albedo (0.12 £0.01) followed by peat (0.14 = 0.01). birch (0.15 =
0.02). lichen and Labrador tea (0.17+ 0.01) and open gravel (0.17 + 0.02). Albedo values
for each of the study sites as summarized in Table 5.2 indicate that albedo ranged from

0.13 to 0.17 with minimal deviation at each site. Albedo measurements taken under wet

-75-



(post-rainfall) and dry conditions had no notable difference at any of the study sites.

Compared to values cited for studies conducted in similar environments (Table 5.3)

measurements taken within the Kakawi Lake basin fall within a similar range of values.

As reported by Babarauckas and Schmidlin (1997), Bailey et al.(1989), Rouse (1984) and

Lafleur et al. (1993) average daily albedo measurements remain essentially constant

throughout the snow-free season. Similar to Rouse (1984) and Bailey et al. (1989),

seasonal development of vegetation did not effect albedo in the Kakawi Lake basin.

There was also no relationship found in this study between soil moisture and albedo as

also reported by Bailey et al. (1989).

Table 5.3 - Albedo measurements as cited for studies in arctic and alpine environments

Reference Location Surface Type Albedo
Babrauckas and Mount alpine tundra 0.20
Schmidlin, 1997 Washington. New

Hampshire
Bailey et al.. 1989 Plateau Mountain, alpine tundra 0.17
Alberta
Rouse. 1984 Churchill, snow 0.78
Manitob:
anifoba grass. lichen and lab tea 0.12
Lafleur et al.. 1993 Churchill. snow 0.87£0.10
Manitob
anttoba tundra 0.17+0.02
Rouse and Bello. Churchill. upland tundra 0.14t00.15
1983 Manitob.
anifoba lowland swamp 0.08t00.12
Duguay et al., 1999 | Churchill, hummocky sedge 0.08 to 0.09
Manitoba . . -
lichen ridge 0.141t00.15
willow 0.13t00.16
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Although daily albedos remain relatively constant throughout the snow-free
season, as reported here and in the literature, it should noted that slight diurnal variations
in albedo do occur with larger albedos occurring at larger zenith angles. Albedo is
maximal at sunrise and sunset as quantified by Babrauckas and Schmidlin (1997) who
reported albedo measurements ranging from 0.18 at the highest solar angles to 0.23 near
sunrise and sunset. This subtle difference is noted on days of cloudless. cloud-bright and
overcast conditions according to Bailey et al., (1989). The authors offered several
explanations for this diurnal variation which included:

(1) large variability in pyranometer response at high solar zenith angles is
expected from the innate variability in cosine responses at these positions
when solar irradiances are low;

(2) slope of surface may play a role. Slope in this case was 1.5 degrees.
Corrections to the data due to slopes of this magnitude proved to be of no

consequence;

(3) sensor thermopiles may not be in complete accordance with the spirit level on
the sensor: and

(4) upward shift of the relationship in the afternoon may arise in response to

changes in the spectral transmissivity of the atmosphere.

Albedo measurements in this study were taken manually with a pyranometer at
various times during the day under different meteorological and seasonal conditions. A
continuous record of albedo was not available during the study and precision of the
portable measuring device was limited two decimal places. These factors. in

combination with the fact that incoming short-wave radiation is minimal at sunrise and
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Figure 5.5 - Diurnal radiation balance for met
site on (a) cloudy and (b) cloudless day.

sunset as compared to times with larger zenith angles have therefore required that an
average daily albedo be assigned to each specific study site for subsequent radiation
balance calculations. Rouse (1994) reported diurnal variations in albedo ranging from
0.16 t0 0.26 on a sunny day. Similarly, Bailey et al. (1989) reported a similar range of
0.18 to 0.24 also under sunny conditions. Diurnal variations in albedo however are much
less pronounced under cloudy conditions as reported by Babarauckas and Schmidlin
(1997) citing a diurnal range of 0.18 to 0.22. Albedo measurements in this study were
taken mainly during the midday hours and are therefore representative of the time at
which incoming solar radiation is at a daily maximum.

Using measured values of Q* and K ! and estimates of L 'and K ' for the Daring
Lake meteorological station the remaining component of the radiation balance. L :was

calculated as the residual of the radiation balance equation (Equation 8). This value was
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assumed to be constant throughout the Kakawi Lake study basin and therefore used in the
calculation of site specific radiation balances. Illustrated in Figure 5.5 are the diurnal
radiation balances for the Daring Lake met site on the days with the lowest and highest
total daily K| days corresponding with cloudy and cloudless days respectively.

[n comparing the diurnal radiation balance at the Daring Lake meteorological site
between a day with cloud cover and one without (Figure 5.5) the most notable difference
is a reduction in daily total Ki. Figure 5.5b illustrates that K | begins to increase at
approximately 500h, continues to increase until a peak of just less than 800 W m™ in the
early afternoon. followed by a steady decrease until sunset late in the day. On a cloudy
day such as the one illustrated in Figure 5.5a however. K| peaks at approximately 300 W
m™ with a significant decrease in daily total K. The amount of shortwave radiation
reflected by the surface (K 1) also varies according to weather conditions and, as such. is
reduced on days with increased cloud cover.

Differences in the diurnal long wave radiation balance are less prominent than
those of the short-wave radiation balance with L' remaining virtually unchanged both
diurnally and from day-to-day despite notable differences in weather conditions (Figure
5.5). There is. however. a slight increase in L' from midday through the afternoon due to
heating of the soil surface as illustrated in Figure 5.5b under cloudless conditions. Figure
5.5b illustrates that L. is inversely proportional to Ki on clear days whereas on days with
cloud cover daily total L. is comparatively larger. This results in a well-defined
relationship between global solar radiation and net radiation as reported by Bailey et al.

(1989). Diurnal fluctuations in K:and L. are more erratic on days with
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cloud cover as compared to clear days due to constantly changing cloud patterns which
absorb, scatter and re-emit radiation as exemplified in Figure 5.5a. Net radiation is
strongly influenced by K ! and, as such, exhibits a similar diurnal flux with values
remaining around the 0 W m™ mark and even becoming slightly negative due to heat loss
from the soil from dusk to dawn and reaching maximum daily values when the zenith
angle is the greatest.

Figure 5.6 illustrates that increases in L ! are associated with decreases in K ! on a
day-to-day basis. During the 1999 field season incoming short-wave radiation ranged
from a minimum daily total of 8.3 MJ m? d"' to a maximum of 29.3 MJ m d*' with an
average value of 18.5 + 5.3 MJ m™ d' (Figure 5.6a). Long-wave radiation daily totals
varied less than short-wave values with a mean value of 22.7 + 2.0 MJ m* d"' and

maximum and minimum daily totals of 26.6 MJ m~ d"' and 19.1 MJ m™~ d"' respectively.

(a) 1999 (b) 2000
35 35
a 5 egqa «”® [ ¥}
L ot 30 , , M L :g . ‘- -
< 25 - d ™ . < - -
L I s IR L = . -
: 20 o, !‘-";:’. . % - s :20 . 2 » o x ©
< b = [ d » 5.- - < % N o « - % .,
£ 15 . .. . . g 15 ,—\7\)—\—\(’\\
= , r 6d o -
= 10 [ ] /W L 2 10
5 Y 5
0
0 183 188 193 198 203 208 213 218 223 151 153 155 157 159 161 163 165 167 169
Julian Day Jufian Day
s K-down ~ L-down -s- Net s K-down = L-down = Net

Figure 5.6 - Daily incoming longwave,
shortwave and net radiation values at met site
for (a) 1999 and (b) 2000 field seasons.
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Daily incoming short-wave radiation remained relatively constant on a daily basis
throughout the 2000 field season with the exception of a notable drop from JD 154
through to JD 157 (Figure 5.6b). Similar to the 1999 field season, incoming short-wave
radiation values during the 2000 field season deviated more significantly from the mean
than did long-wave values with averages of 28.8 + 5.1 MJ m2d" and 18.2 + 2.0 MJ m>
d"' respectively. This is similar to findings documented by Rouse and Bello (1983) in
which seasonal L! did not vary more than +10% about the mean, whereas K . varied by
up to +50%. Of particular interest in Figure 5.6 is the fact that there is an increase in Q*
during the 2000 study period given higher basin albedos. This is related to a much higher
K due to reduced cloud cover as compared with the 1999 field and. therefore. lower

daily L..
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Figure 5.7 - Daily shortwave, longwave and
net radiation balance values at met site for (a)
1999 and (b) 2000 field seasons.

Analysis of the net short-wave and long-wave radiation balance indicates that on
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days with minimal incoming short-wave radiation, long-wave radiation emitted from the
surface can drive the net radiation balance towards zero (Figure 5.7). Due to the fact that
surface albedos in the Kakawi Lake basin are low. much of the incoming short-wave
radiation is absorbed by the ground resulting in a positive K* value throughout both the
1999 (Figure 5.7a) and 2000 (Figure 5.7b) study seasons. Alternatively, L* values are
constantly negative thus reducing the effects of K* on the net radiation balance. Similar
to trends exhibited with incoming radiation (Figure 5.6) variation in K* about the mean is
more substantial than that of L* with mean values of 15.37 + 4.38 MJ m™ d" and 7.78 +
2.02 MJ m* d"' respectively for the 1999 study period and 23.88 + 4.19 MJ m d"' and
11.90 + 2.14 MJ m™ d"' respectively for the 2000 study period.

Table 5.4 summarizes the total flux of each individual radiation balance
component for the entire 1999 field season. As previously indicated K varies between
hillslopes with hillslope transect #2 receiving the highest amount followed by hillslope
transect #1 and hillslope transect #3. Variation in K ! follows the same trend as that of K :
although differences are less substantial due to low albedos and therefore less reflected
short-wave radiation. Long-wave radiation components do not vary between hillslope
sites due to the diffuse nature of L| throughout the study basin and similar surface
temperatures on hillslopes #1 and 2 resulting in minimal variation in L!. The longwave
radiation balance does however affect Q* in that its negative flux counters the strongly
positive K* thus lowering the net balance. Of the total radiation incident at the surface
during the measurement period at the met site 55% comprises L | which is similar to

Rouse and Bello (1983) who reported 59%.



Table 5.4 - Total incoming and outgoing radiation balance components and net shortwave, longwave
and total radiation values for the 1999 study period at each site (MJ m).

1999

SITE Kl K1 L! L! K* L* Q*
Met Site | 796.4 -1354 19746 |-1309.0 |661.0 -334.4 | 326.6
1-4 823.2 -139.9 9746 |-1309.0 |683.3 -334.4 | 3488
1-B 800.3 -128.1 9746 |-1309.0 {672.2 -3344 | 3378
1-C 726.5 -116.2 9746 |-1309.0 |610.3 -3344 | 2758
2-4 946.8 -142.0 |974.6 |[-1309.0 |804.7 -334.4 | 4703
2-B 957.2 -143.6 19746 |[-1309.0 |813.6 -3344 | 4792
2-C 898.7 -134.8 974.6 |-1309.0 | 763.9 -3344 | 429.5
3-4 841.2 -117.8 9746 |-1270.8 | 723.4 -296.2 | 427.3
3-B 656.4 91.9 974.6 |-1300.1 564.5 -325.5 |239.0
3-C 605.3 -84.8 974.6 | -1300.1 520.6 -325.5 195.1

Table S.S - Total incoming and outgoing radiation balance components and net shortwave. longwave
and total radiation values for 2000 study period at each site (MJ m™).

2000

SITE K! K1 L! Lt K* L* Q*
Mert Site | 546.6 | -92.9 345.5 -571.5 | 453.7 -226.0 | 227.7
1-4 5544 |-94.2 345.5 -571.5 | 460.1 -226.0 | 234.1
I-B 5444 | -146.8 345.5 -571.5 | 397.6 -226.0 171.5
1-C 504.0 |-80.6 345.5 -371.5 | 423.4 -226.0 197.3
2-4 6152 |-128.0 345.5 -571.5 | 487.1 -226.0 | 261.1
2-B 620.0 |-2044 345.5 -571.5 | 415.6 -226.0 189.6
2-C 5844 |-173.6 345.5 -571.5 | 410.8 -226.0 184.8
3-4 565.6 | -194.3 345.5 -514.5 [ 3713 -169.0 |202.3
3-B 455.7 |-196.0 345.5 -514.5 |1259.8 -169.0 |90.8
3-C 429.1 -184.5 345.5 -514.5 | 244.6 -169.0 | 75.6
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Radiation balance totals for the 2000 field season are presented in Table 5.5.
Although total values are smaller than those in Table 5.4 due to a shorter study period
they do follow the same general trend in that differences in Q* are clearly controlled by
incoming short-wave radiation. Of the radiative factors K | is the main variable
accounting for differences in surface temperatures over time and between one surface and
another (Rouse and Bello. 1983). AlthoughK! is primarily responsible for diurnal
fluctuations in Q* on a daily and seasonal basis as illustrated in this study it represents
less than one half (41%) of the radiative supply to surfaces as documented by Rouse and
Bello (1983).

It is important to quantify differences in net radiation between study sites because
it represents the energy available for evaporation. for heating the air. and for melting the
permaffost active layer. As such it is important for plant survival and growth, for
determining the depth of active layers in the permafiost terrain and for the hydrologic
regime. All of these features are strongly variable with terrain type (Rouse and Bello.

1983).

5.3 - POTENTIAL SOURCES OF ERROR

In this study surface temperature was not directly measured in the Kakawi Lake
basin on hillslope transects | and 2. As a result. a regressed value based on the Daring
Lake meteorological station air temperature versus surface temperature relationship was
applied to sites on these hillslopes leading to potential error in subsequent calculation of

L ! using the Stefan-Boltzman equation. As such, surface temperature measurements were
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taken during the 2000 field season using a portable temperature probe at each of the 9

sites between 1200 and 1300 hours. The probe was inserted 5 cm into the ground within

a 2 m’ quadrat a total of 6 times then averaged. Average surface temperatures are

summarized in Table 5.6.

Table 5.6 - Average surface temperature for each study site

Hillslope 1 Hilislope 2 Hillslope 3
Site Surface Site Surface Site Surface
Temperature (°C) Temperature (°C) Temperature (°C)
I-A 7.2 2-A 8.9 3-4 5.3
1-B 5.6 2-B 9.0 3-B 5.7
1-C 6.6 2-C 9.6 3-C 5.5

Surface temperatures varied less than 5°C between the 9 study sites. Using the
Stefan-Boltzman equation a difference of 5°C equals a difference of 25 W m-* while a
difference of 10°C equals a 50 W m* difference. Furthermore. a difference of 5°C.or25
W m™ over a 24 hour period is equivalent to 2.2 MJ d" while a 10°C difference equals 4.3
MJ d". The average hourly flux of L' was determined to be 380 W m™. Therefore. a
difference of 5°C and 10°C corresponds with an error of 6.5% and 13% respectively.
These errors are not significant in the overall calculation of the radiation balance but are
acknowledged as potential sources of error in such calculations in this paper. It should
also be noted that error is also introduced when using the Stefan Boltzman equation

because any error becomes magnified when taken to the fourth power (Rouse. 1984).



Bailey et al. (1989) noted through error analysis that when L and L’ are not directly
measured an error of approximately 13% and 30% is introduced for each. respectively.
Also, surface temperature measurements taken in the field included the thin vegetation
layer that lies above the soil profile which also could result in an underestimation of L.
due to the fact that vegetation cools the surface temperature.

As noted by Rouse (1984) it is difficult to assess the accuracy of the instrumental
measurement because there are no absolute standards. K-down, K-up and Q* will give
the greatest accuracy in intercomparisons among surfaces, and the derived fluxes such as
L-down and L-up. will have greater error. According to Latimer (1972) typical errors for
radiation instruments under field use are +-5% for K-down and K-up and +-7% for Q*.
L* assumes a larger error because it is calculated as the residual in equation 8. Given the
typical errors in K-down and K-up and Q* Lafleur et al. (1993) assigned a root mean
square error of +10%. Duguay et al. (1999) estimated maximum relative errors of field
measurements at +10% for Q*, +5% for K and K ! and +1% for surface temperature.

Finally. another potential source of error in determination of the radiation balance
in this study is associated with the fact that calculations for K ; . based on Oke (1987). do
not take into account shadow effects. Although the Kakawi Lake basin has a gently
sloping terrain the steep nature of some hillslope segments does result in shading. This
effect was observed to be most prominent early in the day when low zenith angles cause
lower portions of the west-facing hillslopes to be shaded. During the hours in which
incoming short-wave radiation receipt is at its maximum, shadow effects are limited to

small. isolated pockets of topographic relief.
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CHAPTER 6 - SOIL MICROCLIMATE

6.1 - SOIL ANALYSES

Analyses of soil samples obtained from each of the study sites were undertaken to
determine physical and thermal characteristics of the soil within the Kakawi Lake basin.
In general. soil bulk density increased with depth at each site (Figure 6.1) corresponding
to a decrease in organic content from the surface towards the permafrost table ( Figure
6.3). Hillslope transect | showed the greatest variation in intra-hillslope bulk density
ranging from 0.364 g cm™ at site C. 5cm depth to 0.852 g cm-1 at site B, 45 cm depth.
Hillslope transect 2 has the least intra-hillslope variability but is similar to hillslope
transect 1 in average bulk density values. Due to the much higher organic content of

hillslope transect 3 bulk density values are much lower than those of hillslopes 1 & 2.
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Figure 6.1 - Soil bulk density measurements for each site. Hillslope transects
and site locations are indicated directly above and below each column
respectively; depths (cm) of each sample below ground surface are displayed at
the base of column. Error bars are included for sites at which three samples
were averaged.
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Soil bulk density values obtained in the Kakawi Lake basin are similar to those of
other arctic and subarctic sites (Hinzman et al., 1991; Shilkomanov and Nelson, 1999;
Petrone et al., 2000). Hinzman et al. (1991) reported bulk density values in the organic
layer (0 to 10 cm depth) between 0.13 and 0.18 g cm” with an increase in bulk density to
1.57 g cm™ at 40 cm in the Imnavait watershed, Alaska. Similarly. Petrone et al. (2000)
reported increases in bulk density with depth of the same order of magnitude in both dry
and wetland study sites near Churchill, Manitoba. Shilkomanov and Nelson (1999) cited
bulk density values of 0.15 g cm? for dry organic matter and 1.35 and 1.37 g cm-3 at sites
comprised of sandy loam and silty sand respectively in the Kuparuk River Basin. Alaska.

Soil porosity measurements obtained from hillslope transects | & 2 indicate a

general decrease in porosity with depth as illustrated in Figure 6.2. Porosity values
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Figure 6.2 - Soil porosity measurements for hillslopes 1 and 2. Transects and
site locations are indicated directly above and below each column respectively;
depths (cm) of each sample below ground surface are displayed at the base of
each column. Error bars included for sites at which three samples were
averaged.
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obtained within the upper 10 cm of the soil profile showed a greater variation with an
average value of 0.52 + 0.21 as compared to measurements taken at depths greater than
10 cm where the average value was 0.38 + 0.06. Porosity values obtained from the
Kakawi Lake study basin are similar to those cited in similar studies in arctic and
subarctic environments in which porosity values decrease with increased depth
corresponding to an increase in mineral content and decrease in organic matter (Hinzman
etal., 1991; Woo and Xia. 1996; Putkonen, 1998; Petrone et al., 2000).

Loss on ignition (LOI) experiments indicated very low soil carbon values at all
sites on hillslope transects 1 & 2 (Figure 6.3). Maximum percent carbon values were
obtained within the upper 10 cm of the soil profile at each of the sites with an average of

3.6 + 1.4 % for all sites. These values decreased considerably below 10 cm (mean value
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Figure 6.3 - Soil carbon measurements for met site and for hillslopes 1 and 2.
Transects and site locations are indicated directly above and below each column
respectively; depths (cm) of each sample below ground surface are displayed
directly above each column. Error bars are included for sites at which three
samples were averaged.
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1.3 £ 0.63 %) due to a very shallow rooting system of plant species growing on these
hillslope transects.

The heat capacity of a soil depends upon its mineral composition and organic
mater content, as well as on the volume fractions of water and air (Hillel. 1980). Taking
these factors into consideration as outlined above. heat capacity measurements were
obtained for hillslope transects 1 and 2 as well as at the meteorological site at various
depths as illustrated in Figure 6.4. Heat capacity values for hillslope transect 3 were
obtained from Hillel (1980) and were based on standard values of volumetric heat

capacity of peat with varying volumetric wetness which was measured in the field.
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Figure 6.4 - Soil heat capacity for each study site. Transects and site locations
are indicated directly above and below each column respectively: depths (cm)
of each sample below ground surface are displayed directly above each column.

Soil heat capacity values for hillslope transects 1 and 2 as well as for the

meteorological station were very similar with a mean value of 1.9 +0.35 MJ m~ K" Very
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little variation occurred at these sites with depth due to low water contents and relatively

homogenous soil physical properties. Variations in heat capacity at hillslope 3 are

attributed to a much wetter organic soil profile dominated by peat. These values

correspond well with those cited in the literature summarized in Table 6.1.

Table 6.1 - Heat capacity values for different materials

Reference Location Material Heat Capacity
MJm’ K!
Romanovsky and Barrow. Alaska peat and siit 2.6t03.0
Osterk: 2000
Sterkamp (2000) moss (living and dead) 1.7
silt 191029
Halliwell and Rouse | Churchill. peat 2.5
(1987) Manitoba
clay 1.9
Woo and Xia (1996) | Resolute. mineral 1.9
N.W.T. }
organic 25
Oke (1987) sandy soil - dry to wet 1.3t03.0
clay soil - dry to wet 1.41t0 3.1
peat - dry to wet 0.6t04.0

6.2 - ACTIVE LAYER DEVELOPMENT

Measurements of depth to permafrost table commenced on Julian Day 186 and

proceeded through to Julian Day 221 during the 1999 field season. Throughout this

period attempts to record active layer depth on hillslope transect 2 revealed that the depth

to permafrost table was greater than the length of the measuring device. Therefore active

layer depths were recorded only on hillslope transects 1 & 2.
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As illustrated in Figure 6.5-a active layer measurements on hillslope transect 1 at
the completion of the 1999 field season were shallowest at the top of the hillslope. site 1-
A (61.4 cm), followed by the bottom and middle of the hillslope transect, sites 1-C (85.9
cm) and 1-B (104.6 cm) respectively. Throughout the study period however site 1-C had
the greatest increase in active layer depth increasing by 30.4 cm as compared to that of

sites 1-A and 1-B that increased by 0.3 cm and 24.3 cm respectively.
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Figure 6.5 - Active layer development for (a)
hillslope transect I and (b) hillslope transect 3
during the 1999 field season

Average active layer depths on hillslope transect 3 (49.2 ¢m). which remained in
the peat and did not extend to the mineral soil beneath. were much shallower than those
of hillslope 1 (83.9 cm) by an average of 34.7 cm (Figure 6.5-b). Similar to hillslope 1.
at the completion of the 1999 field season the shallowest active layer depth was recorded
at the top of the hillslope. site 3-A (35.4 ¢cm) followed by the bottom of the hillslope. site

3-C (51.8 cm) and finally the middle, site 3-B (59.3 cm). During the study period the



active layer increased the most at site 3-B (33.5 cm), followed by site 3-C and 3-A. 18.2

cm and 16.7 cm respectively.
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Figure 6.6 - Active layer development for (a)
hillslope transect 1 and (b) hillslope transect 2
during the 2000 field season.

Initiation of active layer development occurred first on hillslope 1 followed by
hillslope 2 during the 2000 study period as illustrated in F igure 6.6. Hillslope 3 remained
snow covered and consequently frozen for the majority of the time and thus is not
included in this discussion. Upon initial measurement on hillslope 1. site 1-A had the
deepest active layer at 16.5 cm followed by site 1-C measuring 8.7 cm and site 1-B which
hadn’t yet begun to melt (Figure 6.6-a). The active layer melted at a relatively uniform
rate at sites 1-A and 1-C throughout the study period however site -B remained frozen
for approximately | week longer and then melted over 40.0 cm in the following 10 days.

As compared to hillslope 1. hillslope 2 remained frozen for a longer period of

time but had deeper active layer at all sites at the outset of the field season as illustrated in
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Figure 6.6-b. Site 2-A was the first to begin melting on Julian Day 158 followed by site
2-C (JD 163) and 2-B (JD 164). At the end of the 2000 measurement period site 2-A had
the deepest active layer at 57.7 cm followed by sites 2-B and 2-A which measured 41.0
and 35.5 cm respectively.

In continuous permafrost areas seasonal thawing of the active layer makes it
possible for many hydrological processes to occur including groundwater storage and
flow. infiltration of rainwater and evapotransipration of the soil moisture (Woo. 1988).
Therefore, the thickness and rate of change of this layer and the duration of thaw are
important to the hydrology of the Kakawi Lake basin. As noted by Woo (1988)
hydrological conditions also affect the ground thaw. Heat input into the active layer is
supplied by the energy flux at the surface and is used to warm the active layer and to thaw
the permafrost below. Heat transfer and the melting of ground ice are influenced strongly
by the status of the soil.

Correlation between surface characteristics including topography, vegetation, and
aspect and depth to frozen ground cannot be assumed to be constant across different areas
despite essentially identical general climatic conditions and location (Leverington, 1995).
Data presented here and in other studies (Romanovsky and Osterkamp. 1995: Woo and
Xia, 1996: Gomersall and Hinkel, 2001) indicate that differences in depth to frozen
ground can vary considerably even in sites that are relatively close to one another.
Subsurface soil temperatures and Q,. are a function of the solar radiation. soil texture. soil
moisture content and state. and the surface vegetation and weather conditions.

Hinzman et al. (1991) stated the importance of thermal conductivity as the main
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mechanism of heat transfer in frozen soils. This varies with the soil moisture content.
both in frozen and unfrozen states . Hinzman et al. (1991) found that thermal
conductivity of a saturated organic soil decreased by 50% upon thawing while the
saturated mineral soil decreased by about 30% after thawing. Regardless of the
temperature or moisture content. Hinzman et al. (1991) note that the organic soil has a
lower thermal conductivity than the mineral soil and will serve as a layer of insulation to
the permafrost. Therefore it is important to have a thorough understanding of soil
physical properties in order to begin to quantify subsurface thermal processes.

Soil heat flux is a minor component of the surface energy balance comprising only
10 per cent of the net all-wave radiation absorbed at the surface (Halliwell and Rouse.
1987). However. in permaftost terrain the release of latent heat resulting from phase
change between water and ice represents a major energy sink or source and the magnitude
of the soil heat flux can increase considerably. The standard method of measuring soil
heat flux uses a heat flux plate buried close to the surface. Rouse (1984) suggested that
heat flux plates seriously underestimate the soil heat flux in permafrost terrain. Halliwell
and Rouse (1987) found this error to be as large as 50%. Therefore. in this study the
calorimetric method for determining Q, is used (Halliwell and Rouse. 1987: C arey and
Woo. 2000: Petrone et al.. 2000). The heat value given by the calorimetric method is
composed of three parts: (1) the sensible heat content between the surface and base depth,
(2) latent heat stored in this layer and. (3) heat flux at the base depth (Halliwell and Rouse

1987).



6.3 - SOIL TEMPERATURE

Sporadic soil temperature measurements taken at each of the nine study sites were
regressed against continuous measurements recorded at the meteorological station in
order to produce an hourly record of soil temperature at each study site for the 1999 and
2000 field seasons. Effort was made to measure soil temperature at the nine study sites at
times in which daily maximum and minimum temperatures would be expected (i.e. early
morning, solar noon, and late evening) to ensure an accurate representation of
temperature range for subsequent regression analysis. Regression equations and r-
squared values for each thermistor probe are summarized in Appendix A. Figures
illustrating the diurnal fluctuation in soil temperature at each of the study sites are
included for reference in Appendix B. Soil temperature descriptive statistics for each
study site derived from the regressed continuous record are summarized in Tables 6.2 and
6.3 for the 1999 and 2000 study periods respectively.

In general. soil temperatures are warmest on hillslope 2 followed by hillslope 1
and hillslope 3 as summarized in Table 6.2 and Appendix B for the 1999 field season.
Soil temperatures at all sites on hillslope 2 varied considerably throughout the duration of
the study period both diurnally and seasonally as indicated by the range of values
(maximum temperature - minimum temperature) and the standard deviation of the mean
seasonal temperature at each depth. Hillslope 3 temperature measurements showed a
similar overall gradient in temperature from the shallowest to the deepest measurement as
hillslope 2 but were comparatively cooler due to the increased insulative properties of the

peat and the decreased receipt of incoming direct-beam solar radiation as discussed in
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Table 6.2 - Descriptive statistics for] 999 study period soil temperature (°C)

Met Site

10cm | 30cm | 83 cm
Avg 7.5 54 2.1

St.dev I.3 1.0 0.8

Max 10.7 731 4.12

Min 4.3 32 0.5

Site 1-A Site I-B Site 1-C

l4cm | 46em [84cm | 3cem 3em | S0em |liem {34cm | 64 cm

Avg 10.4 9.7 6.5 1.8 5.7 0.4 72 52 1.9

St.dev 0.6 0.6 0.6 i1 08 0.9 1.0 I 1.4

Max 1.9 10.8 8.1 14.3 72 2.8 9.7 74 5.6

Min 89 8.4 5.2 84 4.0 -1.5 4.7 28 -0.8
Site 2-A Site 2-B Site 2-C

17Tecm | S4cem [ 88cm | 12em | 40em | 67cm [ 12em 55cm |95 cm

Avg 13.5 1.5 9.5 1.3 9.6 73 12.5 94 8.0

St.dev 1.2 1.1 I.1 2.0 29 3.6 1.3 1.3 08

Max 16.3 14.4 12.3 153 17.0 16.7 15.5 12.6 10.0

Min 10.5 9.3 74 6.9 39 02 9.5 6.9 6.5

Site 3-A Site 3-B Site 3-C
35cm | 9cm 375cm | 95cm | Sem 14cm 40 cm 85cm | 3cem 26em | 41cm
Avg 84 38 1.0 0.6 10.0 39 24 25 46 | 4.1 3.0
St.dev i.6 1.1 0.1 0.2 1.7 25 20 2.0 1.0 1.1 0.5
Max 12.2 6.4 L1 -0.2 14.0 88 75 7.6 66 | 63 42
Min 4.5 ].2 0.9 -0.9 5.9 -1.6 -1.5 -1.4 2.4 1.6 1.7
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T

able 6.3 - Descriptive statistics for 2000 study period soil temperature (°C)

Site 1-A

Site 1-B

Site 1-C

46 cm

13cm

34 cm

5.0

-0.9

-0.6

2.6

0.8

03

11.2

0.7

0.1

24

-2.3

-09

Site 2-B

Site 3-A

9cm 3785 cm

-0.2

0.1

0.1

-0.4
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the previous chapter. Finally, average soil temperatures on hillslope 1 were in between
those of hillslopes 2 and 3. Hillslope 1 also had the smallest range of temperatures at
each specific depth throughout the 1999 field season.

Table 6.3 and Appendix (B) summarize and illustrate the diurnal and seasonal
fluctuation in soil temperature for the 2000 study period. Due to the fact that snow
remained present on sites 2-B, 2-C and hillslope 3 well into the study period, italicised
values in Table 6.3 represent data from Julian Day 164 to 170 only. All other values in
Table 6.3 represent the entire study 2000 study period (JD 150-170). Similarly. in
Appendix B data illustrated to the left of the vertical bar are extrapolated data which are
not considered to be reliable and therefore are not included in this discussion. As
summarized in Table 6.3 soil temperatures at the meteorological station site decreased by
2.8°C from 10 cm to 30 cm in depth and remained frozen at 83.0 cm which was the
deepest temperature reading. Diurnal variations in soil temperature were also greatest at
10 cm, were less prominent at 30 cm and did not exist at 83 cm (Appendix B).

On hilislope | the highest average soil temperatures occurred at site 1-A followed
by sites 1-B and 1-C which experienced similar warming near the surface but remained
near the freezing point at the intermediate and deepest depths. On hillslope 2 the
shallowest temperature measurements at all sites increased notably throughout the 2000
study period while deeper measurement points also began to warm above the freezing
point. Site 2-B had significantly warmer temperatures at 40 cm and 67 cm as compared
to measurements taken at similar depths at sites 2-A and 2-C as indicated by the higher

average temperatures.
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Finally, site 3-A differed considerably in comparison to the other two hillslope
transects in that temperature increased as opposed to decreasing with depth in the soil
profile. Soil temperatures increased daily with a pronounced diurnal fluctuation but
remained around the freezing point at 9.0 cm and 37.5 cm. At49.5 cm. the deepest
measurement point. the average soil temperature was greater than all three of the
shallower measurement points remaining around 3.5°C with no diurnal fluctuation
throughout the 7 days of measurement following snowmelt on the surface.

As illustrated in this study the thermal properties of the active layer do not remain
constant throughout the year because of thawing and freezing and the difference in
thermal conductivity between thawed and frozen ground causing a "negative thermal
offset’. This is defined as the difference between the mean annual permafrost surface
temperature (MAPST) and mean annual ground surface temperature (MAGST)
(Romanovsky and Osterkamp. 1995). As a result. the mean annual ground temperature
usually decreases with depth in the active layer. Negative thermal offset depends on soil
thermal properties and is usually largest within a peat layer as described above. Summer
temperature conditions on the ground surface also have a significant influence on the
thermal offset value (Romanovsky and Osterkamp, 1995).

As summarized in Tables 6.2 & 6.3 near-surface temperatures more closely reflect
the air temperature fluctuations as compared to those which are at depths greater than
approximately 30 cm. Similarly. Woo and Xia (1996) concluded that temperature
profiles showed larger temperature gradients in the top 10.0 cm of the soil profile being

two or three times larger than the gradient below. The amplitude of the daily temperature
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wave decreases rapidly with depth aided by decreased thermal diffusivity and increased
heat capacity (Halliwell and Rouse, 1987). Rouse (1984) reported that in tundra soils
near Churchill the annual temperature range at the surface is 38°C. at 0.5 m is 20°C and at
2mis 6°C. Furthermore. in a comparison study of a dry polar desert site versus a moist
fen site Woo and Xia (1996) noted significant differences in average temperature
gradients with depth as summarized in Table 6.4.

Table 6.4 - Average temperature gradients at polar desert site and fen site in continuous
permafrost area of Arctic Canada; Resolute, Cornwallis Island, N.W.T. (Woo and Xia 1996

POLAR DESERT SITE FEN SITE

Temperature Gradient Depth (m) Temperature Gradient

(°C/m) (°C/m)
37.1 0.02-0.10 67.6

0.10-0.25 184 0.10-0.20 20.0

0.25 - 0.50 11.6 0.20 - 0.30 11.7

Most significant is the difference in temperature gradient at near surface depths between

the fen and polar desert site. Woo and Xia (1996) noted that surface peat had lower
thermal conductivity than underlying silty clay at the fen site because of its low mineral
content and high porosity. Upon thaw. water replaces ice and reduces its conductivity
sharply. At the polar desert site surface thaw occurs sooner when infiltrated meltwater
filled many of the voids. As drying followed. air began to replace water and the
conductivity decreased at the surface layer. Such findings are similar to the present
study in which temperature gradients at near surface depth are higher on hillslope 3

(similar to fen site) as compared to hillslopes 1 and 2 due to surface peat.
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6.4 - SOIL MOISTURE

Soil moisture, as measured at the Laurier meteorological station located at the top
of the Kakawi Lake basin, decreased at a steady rate during the 1999 study season with
the exception of two significant rainfall events (Figure 6.7-a). The first event occurred on
JD 188 and totalled 12.4 mm resulting in an immediate increase in soil moisture from
0.18 m’/m’ to 0.31 m*/m’ at 13 cm depth. The same event caused little increase in soil
moisture content at 52 cm in depth. Soil moisture content at 13 cm decreased back near
its pre-event content within 3 days. The second rainfall event on JD203 was slightly
larger than the first totalling 13.9 mm but occurred over a period of 2 days therefore
causing less of an immediate increase in soil moisture (from 0.13 m¥m’ t0 0.17 m’/m’) at
13 cm and a longer period of time in which soil returned to the pre-event water content.

Once again, soil moisture as measured at 52 cm depth indicated a minimal increase as a

(a) 1999 - Laurier (b) 1999 - Daring Lake
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Figure 6.7 - Daily soil moisture contents
measured at depth at (a) Laurier met site
(hillslope) and (b) Daring Lake met site
(relatively flat ground) during 1999 field
season.
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result of the second precipitation event.

In contrast to the Laurier meteorological station. which is located at the top of the
Kakawi Lake study basin 26 m above the Kakawi Lake water level, the Daring Lake
station is located approximately 100 m inland from the east shore of Daring on relatively
flat ground only a few metres in elevation above the Daring Lake water level. As such.
the subsurface response in soil moisture content to precipitation events is significantly
different at this site as illustrated in Figure 6.7-b. At the beginning of the 1999 study
period soil moisture contents were similar at shallow depths for both the Daring Lake and
Kakawi met site locations. In response to the first significant precipitation event the
Daring Lake site experienced a smaller increase in soil moisture than the Kakawi site
increasing only 0.05 m’/m’ as compared to 0.14 m’/m’ at the Kakawi site. The second
major precipitation event of the 1999 study season (JD 203). which was 1.5 mm larger
than the first event. caused a larger increase in soil moisture at shallow depth at the
Daring Lake site (0.10 m*/m’) as compared to the Kakawi site (0.06 m*/m’).

Soil moisture content at 30 cm depth at the Daring Lake met site shows an
interesting relationship in response to precipitation. Soil moisture at this depth remained
consistent throughout the 1999 study season with the exception of a series of minor very
short term increases (0.02 m’/m’) in response to precipitation events. for example. a
precipitation event on JD 185 totalled 2.1 mm while the next event on JD 189
experienced 12.4 mm. Despite the notable difference in precipitation input between these
two events response in soil moisture at 30 cm depth, as for all such events, was the same.
This leaves doubt as to the reliability of the soil moisture content measurements recorded

at this depth. possibly due to instrument error.
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Figure 6.7 illustrates that soils drain much more rapidly at the Kakawi site as
compared to the Daring Lake site due to its positioning at the crest of the Kakawi Lake
basin divide and subsequent downslope drainage of soil water. Due to low elevation
gradients water percolating into the soil at the Daring Lake site takes longer to drain

resulting in an increased lag in the soil moisture curve.

2000 - Daring Lake

~

A

o
w

°
-

Soil Moisture (m*3/m~3)
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o
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Julian Day

- 10cm - 30em

Figure 6.8 - Daily soil moisture content measured
at depth at the Daring Lake met site during 1999
field season.

lllustrated in Figure 6.8 are the soil moisture contents as measured at the Daring
Lake meteorological station at 10 cm and 30 cm depth during the spring 2000 study
period. Upon the onset of spring melt soil water content at 10 cm rose over 0.25 m*/m’
until JD 154 when the snow had melted and the soil water began to drain and evaporate at
shallow depth. Soil moisture as measured at 30 cm depth showed little change
throughout the study period and was consistent with measurements taken the previous
year. Soil moisture probes failed to operate at the Kakawi Lake meteorological station.

therefore no record of soil moisture is included in this discussion.
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Due to errors involving measurement of soil moisture content at each of the 9

study sites in the first half of the 1999 study season. soil water content data are only

available on a daily basis from Julian Day 212 to 226. Average water contents as

summarized in Table 6.5 for this time period indicate very little variation due, in part. to

minimal accumulation of precipitation.

Table 6.5 - Average soil moisture content (Julian Day 212 to 226) for 1999 field season

Hillslope

Site and Depth
(cm)

Average Soil Moisture
(m’/m’®)

Hillslope #1

A-170

0.18 £0.02

A-52.0

0.21 £0.03

B-27.0

0.09 £ 0.01

B-61.0

0.20 £ 0.02

C-17.0

0.22 £ 0.01

C-370

0.35 £0.02

Hillslope #2

A-135

0.20 £ 0.02

A-62.0

0.18 £0.01

B-11.2

0.19+£0.02

B-51.5

0.18+0.03

C-156

0.18 + 0.01

C-85.0

0.19 £ 0.01

Hillslope #3

A-70

0.25 £0.01

A-13.0

061 £0.01

B-45

0.56 +£ 0.01

B-15.0

0.73 £ 0.01

-105-



Atall sites on hillslope 1 soil moisture increased with depth whereas in hillslope 2 soil
moisture contents were very similar at all sites and at each depth due to uniform texture
of surficial material . The greatest soil moisture contents were present on hillslope 3
where peat soils have increased porosity and lower thermal conductivity resulting in
increased attenuation and decreased evaporation as compared to hilllsopes 1 and 2 which

are dominated by mineral soils.

6.5 - IRRIGATION EXPERIMENT

Due to the fact that precipitation events were minimal and total rainfall
accumulation was only 40 mm for the entire 1999 field season an irrigation experiment
was conducted on each hillslope to quantify the effect of rainfall on subsurface soil water
content and temperature. A 20 mm rainfall event was simulated on each hilislope over a
3.5 hour time frame and soil temperature and moisture content were monitored for 6
hours upon completion of the experiment.

Summarized in Table 6.6 are the changes in soil temperature and soil water
content on hillslope transects 1 and 2 resulting from irrigation experiments. On both
hillslope transects changes in temperature occurred at all shallow depths for sites; all of
which were less than 1°C over the 6 hour period. Due to the diurnal fluctuation in soil
temperature at such depths as previously discussed such changes in temperature cannot be
attributed to either rainfall or diurnal trends therefore concluding that rainfall has no
significant effect on soil temperature. Soil water content increased slightly at shallow

depths at sites 1-B, 1-C, 2-A, 2-B. and 2-C with the largest increase occurring at site 1-C
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Table 6.6 - Soil temperature and water content differences from 1999 field season

irrigation expe

ments.

Start

Water
Content
(m’/m*)

Water
Content
Difference
(m*m*)

0.16

0.20

2-A-13.5

2-A-62

at +0.03 m’/m’. Soil water content also increased slightly from 0.37 m*/m’ to 0.38 m¥/m’

at 37 cm depth at site 1-C although. differences of this magnitude are within the error of
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measurement (Table 12) and are therefore inconclusive.

Although changes in soil microclimate resulting from irrigation experiments were
minimal on hillslopes | and 2, site 3-A did show an increase in soil temperature and
water content as illustrated in Figures 6.9. At site 3-A soil temperature began to increase

1.0 hour into the experiment at 3.5 cm in depth and continued to increase a total of 6.3°C

.(a) Site 3-A Temperatu (b) Site 3-A Water Contel
3 20 _
3 15 et £os8
'§. 10 fe—w-" - 77 5 0.7 -
° e E06[x-w—o—® =" ——n
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5 —a ~—e—e - =
§ Of=-"— » = =~ o =~ . 504
E . 203 I S
=~ 00051015202530354045 | & - |, =~
Time (h) 2 00051015202530354045
= 35cm < 9cm Time (h)
= 375cm + 495cm s7cm = 13cm

Figure 6.9 - Irrigation experiment Site 3-A
changes in (a) soil temperature and (b) soil
water content.

after 4.5 hours. Similarly. soil temperature at 9 cm depth increased a total of 5.8°C during
the irrigation experiment. Soil temperature as measured at 37.5 cm and 49.5 cm in depth
remained unchanged throughout the duration of the irrigation experiment. Figure 6.9-b
illustrates the increase in water content as a result of the introduction of water at the
surface. Soil water content increased 11.0 (m*/m’) at a depth of 7 cm but remained

relatively unchanged at 13 cm. It is also interesting to note that although temperature
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(a) Site 3-B Temperature B (b) Site 3-B Water Content
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Figure 6.19 - Irrigation experiment Site 3-B
changes in (a) soil temperature and (b) soil
water content.

increased by approximately 7°C at 9 cm in depth there was no significant change in water

content at 13 cm, which was measured only 4 cm below the soil temperature probe.

Unlike site 3-A. site 3-B had a similar response to hillslope transects | and 2 in
that neither soil temperature or soil moisture varied as a result of the simulated 20 mm
rainfall event. Soil temperature increased only 1.5°C at 5 cm depth during the 4.5 hour
experiment while soil moisture content measured at 4.5 cm below the soil surface initially
increased by 0.02 m’/m’ after 2.5 hours followed by a 0.01 m*/m’ decrease resulting in an
overall increase of 0.01 m’/m’ due to simulated rainfall. Neither soil temperature or
water content varied as a result of the irrigation experiment at depths greater than 15 cm.

Due to the fact that irrigation experiments resulted in no notable increase in soil
moisture or temperature at all sites with the exception of site 3-A average soil moisture
contents listed in Table 6.5 may be used with confidence in subsequent calculations of

diurnal and seasonal ground heat flux at each of the study sites. This is further supported
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by findings reported by Putkonen (1998) in which soil moisture content at the study site
near Ny-Alesund, northwestern Spitsbergen, Svalbard did not vary appreciably during the
course of the summer after initial thaw resulting in the use of average soil moisture
values in seasonal heat transfer calculations. With respect to the influence of rainfall on
ground heat transfer, Woo and Xia (1996) noted that rain convected heat was minimal.
mainly because of the low rainfall magnitude similar to conditions noted at the Kakawi
Lake study basin for both the 1999 and 2000 field seasons. Furthermore, in a follow-up
study to Woo and Xia (1996). Carey and Woo (2000) quantified this relationship and
concluded that convection from rainfall accounted for less than 3% of the ground heat
flux. These studies further increase confidence in the use of average water contents for
subsequent ground heat flux calculations and the insignificance that rainfall events of

magnitudes reported here have on such calculations.

6.6 - SUBSURFACE LATENT HEAT (Q,)

Development of the active layer occurred at a relatively steady rate at all sites
during the 1999 and 2000 field seasons. However. daily measurements derived as an
average of 5 depth readings at each site did have standard deviations that ranged on
average between 5 and 10 cm. This error results from difficulties in obtaining accurate
measurements of permafrost table depth in an area that is underlain by discontinuous
bouldery surficial material. This daily deviation decreases confidence in quantifying
specific changes in active layer development measurements from one day to the next.
Due to the fact that temperature measurements were found to have little if any daily
fluctuation throughout the study period at depths greater than 30 cm it may be assumed
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that depth to permafrost table measurements also do not vary diurnally. As such, to
eliminate error in calculations of daily subsurface latent heat (Q,) resulting from fusion of
ice at the permafrost table, active layer development measurements were regressed
against Julian Day to eliminate daily fluctuations but keep the slope of the active layer
development vs. time relationship the same (refer to Appendix C).

Figure 6.11 illustrates the regressed active layer development for hillslope transect
1 and transect 3 during the 1999 field season. Figures 6.12-a and 6.12-b illustrate the
regressed active layer development for hillsiope transects 1 and 2 during the 2000 field
season. Note that actual as opposed to regressed data were used for site 2-B during the
2000 field season due to the non-linear development of the active layer. Finally.
summarized in Table 6.7 are the daily Q, totals released as a result of active layer

development and the related totals for all sites during both the 1999 and 2000 study

s€asorns.

(a) Hillslope 1 - 1999 (b) Hillslope 3 - 1999
Regressed Data Regressed Data
0 0
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Figure 6.11 - Regressed active layer
development for (a) hillslope transect 1 and
(b) hillslope transect 3 during the 1999 field
season
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(a) Hillslope 1 - 200q (b) Hillslope 2 - 2000
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Figure 6.12 - Regressed active layer
development for (a) hillslope transect | and
(b) hillslope transect 2 during the 2000 field
season

Latent heat is largest at the beginning of the thaw season when there is rapid
active layer development but is later reduced as ground thaw slackens (Woo and Xia.
1996). This trend is evident in Table 6.7 in that total latent heat flux for the 2000 field
season was nearly the same as 1999 and in some cases exceeds the 1999 measured Q,
despite the fact that the later period was 25 days longer. During the 1999 field season
hillslope transect 3 had the largest total latent heat flux due to the high thermal
conductivity of the peat.

The role of ground ice plays an important role in affecting active layer thaw. Woo
and Xia (1996) found that for a fen soil with large ice content throughout its profile. its
maximum seasonal thaw depth was only 60% of the polar desert soil which has a lower
ice content. This relationship is similar to that found in the Kakawi Lake study basin
during the1999 field season. During this time the average active layer depth on hillslope

transect 3 (49.2 cm) dominated by peat and a high water content was only 59% of the
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Table 6.7 - Daily and seasonal total Q, for each
site during 1999 and 2000 field seasons. Number of
days in 2000 field season are noted in brackets

Daily Total O, | Field Season Total
(MJ )

0.01
0.31
0.68

0.72

83.04
52.55

9.57 (n=20)
27.62 (n=20)
24.48 (n=20)

7.09 (n=6)
23.81 (n=6)
17.35 (n=6)

23.50 (n=6

average active layer depth on hillslope 1 (83.9 cm). Woo and Xia (1996) further noted
that soils in poorly drained sites. which are often rich in ice, retard the development of a
deep active layer. Storage of summer moisture is confined as a result of shallow thaw
and therefore augments the ice content when the water freezes in winter. This feature is
common in arctic wetlands and indicates a feedback between the hydrological and

thermal aspects of the active layer (Woo and Xia. 1996).
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6.7 - SUBSURFACE SENSIBLE HEAT (Q,)

Based on measurements of subsurface temperature. water content and soil
physical properties the sensible heat flux (Q;) was determined for each site for the 1999
and 2000 study periods. Illustrated in Figure 6.13 is the Q, flux for sites on Hillslope 1.
During the 1999 field season site 1-B had the highest average daily sensible heat flux at
0.46 £ 0.21 MJ m™” d"' while site 1-A had the lowest averaging 0.03 + 0.29 MJ m2 d"'.
Average daily Q; at site 1-C was mid range as compared to the other two sites on

hillslope 1 but had a noteably larger standard deviation averaging 0.25 + 0.54 MJ m™ d..

§ (a) Hilislope 1 - 1999 | = (b) Hillslope 1 - 2000
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» Site 1-A = Site 1-B -=- Site 1-C « Site 1-A = Site 1-B -=- Site 1-C

Figure 6.13 - Subsurface Q, on hillslope 1 for
(a) 1999 and (b) 2000 study seasons.

In general. reductions in daily average O, are related to cooling trends in air
temperature as measured at the Kakawi Lake met site during 1999. Specifically. the three
most notable cooling periods occurred from JD 191-193, JD 199-203 and JD 214-218 in
which average air temperature decreased by approximately 10°C. 10°C and 8°C
respectively. Regression analysis comparing average air temperature (independent
variable) and average Q, (dependent variable) concluded that site 1-B had the highest
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correlation coefficient followed by site 1-C and 1-A; 0.52, 0.38 and 0.36 respectively.
During the spring 2000 study period site 1-B remained frozen for longer than the
other sites in hillslope 1 due to snowpack influence resulting in a lower average O, (0.03
+ 0.06 MJ m™ d') as compared to the other two sites (F igure 6.13-b). Site 1-A had the
largest O flux averaging 0.24 + 0.21 MJ m” d"' while site 1-C once again had the
greatest deviation about the mean averaging 0.11 + 0.24 MJ m” d". Average daily air
temperature measured at the Kakawi Lake met station indicated a steady increase from JD
156 to 168 with the exception of a 2°C decrease on YD 165 which is reflected at all sites

in Figure 6.14-b in terms of a negative Q..

v(a) Hillslope 2 - 1999 | «b) Hillslope 2 - 2000
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Figure 6.14 - O, on hillslope 2 for (a) 1999
and (b) 2000 study periods.

As compared to hillslope 1. hillslope 2 had much greater deviation about the mean
in O, as illustrated in Figure 6.14. During the 1999 study season site 2-B had the highest
O, averaging 0.53 £ 0.52 MJ m* d"'. Site 2-A and 2-C had a lower average O, measuring
0.28 + 0.54 MJ m” d" and 0.25 + 0.49 MJ m* d"' respectively.

During the spring 2000 study season Q, in hillslope 2 was significantly larger than
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that of 1999 as well as compared to other study sites due to increased receipt of incoming
shortwave radiation. Sites 2-A and 2-B had the largest average O, of 1.66 + 0.91 MJ m":
d” and 1.58 + 0.77 MJ m d" respectively. Site 2-C was much lower than sites 2-A and
2-B with respect to Q, averaging 0.61 + 0.41 MJ m2 d". Similar to hillslope 1. hillslope
2 also experienced a significant decrease in daily Q; as a result of a cooling trend on JD

165 as illustrated in Figure 6.14-b.

5 (a) Hillslope 3 - 1999] 5 (b) Hillslope 3 - 2000
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Figure 6.15 - O on hillslope 3 for (a) 1999
and (b) 2000 study periods.

The most considerable fluctuations in Q, occurred on hillslope 3 where peat soils
with low bulk density and high heat capacity were more susceptible to changes in air
temperature. Although seasonal average values of Q, are lower than those of hillslopes 1
and 2 deviations are much more significant with averages and standard deviations of 0.04
+0.60 MI m*d".0.23 £ 0.97 MJ m” d" and 0.09 + 0.58 MJ md" for sites 3-A. 3-B and
3-C, respectively.
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Regression analysis comparing average air temperature ( independent variable) and
average O, (dependent variable) concluded that hillslope 3 had the highest correlation
coefficients out of all three hillslopes, with r-squared values of 0.21, 0.55 and 0.61 for
sites 3-A, 3-B and 3-C. Measurements of Q; during the 2000 study period were limited to
site 3-A due to snowcover. Therefore, daily Oy is minimal as illustrated in Figure 6.15-b
which details the onset of seasonal melt within the soil profile.

Another important consideration to take into account when discussing Q, is at
what depth the energy is stored within the soil profile. Depending on the soil physical
characteristics and soil thermal gradients Q. varies with respect to depth and does not
necessarily increase or decrease in a linear fashion from the soil surface to the permafrost
table. Table 6.8 summarizes the total amount of Q, for each soil layer for both the 1999
and 2000 study periods. With the exception of sites 1-B, 1-C and 2-B. the most
significant O, is stored in the middle layer of the soil profile during the 1999 field season.
During the 2000 field season with sublimation and melt completed and active layer
development beginning, the most significant Q, is located in the upper 10 cm of the soil
profile with a subsequent decrease with depth. During both field seasons sites on
hillslope 2 have the largest O, owing to a west-facing aspect and subsequent increased

receipt of short-wave radiation.
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Table 6.8 - Sensible heat (Qy) stored in each soil layer for 1999 and 2000 study periods.
Midpoints (cm) for each profile layer included above energy values (MJ)

1999 O, FOR EACH SOIL
LAYER (MJ)

2000 O FOR EACH SOIL
LAYER (MJ)

10 cm

30cm

8 cm

10cm

30cm

83 cm

1.6

0.2

1.9

0.4

84 cm

46 cm

84 cm

0.0

0.0

0.0
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6.8 - GROUND HEAT FLUX (Q,)

Soil heat flux is composed of three components including the sensible heat ( Q).
latent heat (Q,) and heat flux at the base depth which is directed towards the permafrost
table (Q;ryp)- Table 6.9 summarizes the total Q,; at each site for the 1999 and 2000 study
periods. Despite the fact that the 2000 study period was considerably shorter than that of
1999 (6-20 days and 45 days respectively) total Q. was similar

Table 6.9 - Site Q; for 1999 and 2000 study periods. Asterisks represent sites for
which Q, is unaccounted for.

1999 2000

Total Q,; for Study Total Q,; for Study
Period (MJ m*) Period (MJ m?)

10.1 12.7
1.3 18.7
33.1 28.2
46.9 26.7

Hillslope 1

17.0 (n=6)
33.3 (n=6)
21.6 (n=6)

Hillslope 2

24.2 (n=6)

Hillslope 3

for both periods and. in some cases, exceeded 1999 totals. This is due in part to the rapid

onset of spring melt and the large latent heat flux associated with active layer
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development in the spring of 2000. At this time the thermal conductivity and the
temperature of the near surface layers are large as reported by Woo and Xia (1996) due to
increased ice content.

During both the 1999 and 2000 field seasons hillslope 1 O, ; values increased
downslope. This is similar to findings reported by Carey and Woo (2000). In their study,
drier upslope locations had similar values of Q,; (150 MJ). wetter sites had intermediate
values (200 MJ) whereas the permafost-free sites at the slope base had fluxes
approximately twice that of the driest upslope locations (250 MJ). Despite the fact that
site 1-C. located at the bottom of hillslope 1, had permafrost, soil moisture contents were
higher than at sites 1-A and 1-B resulting in greater thermal conductivity and therefore a
deeper active layer causing greater volumes of water to reach the base. Hillslope 1 slope
angle increases downslope which, although resulting in a relative decrease in o* at
downslope sites, may promote heat transfer by lateral flow of water. This process has
been observed in other studies (Rouse. 1984: Halliwell and Rouse. 1987: Hinzman et al..
1993; Carey and Woo. 2000) to increase active layer thickness at footslopes and promote
preferential flow strips on slopes and in riparian zones.

Total Q,; values on hillslope 2 for the 1999 and 2000 study periods were greatest
at the midslope location (site 2-B). Soil water contents at all three hillslope 2 sites were
found to be very similar throughout the soil profile as well as overall slope gradients
(within 4 degrees of each other). Compared to hillslopes 1 and 3. hillslope 2 had the
greatest overall siope angle and the greatest seasonal Q* due to its west-facing aspect.
Although the latent heat term was not accounted for on hillslope 2 during the 1999 field

season. 2000 Q,, values indicate a similar trend to that of 1999 in which site 2-A has the
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smallest Q,; followed by sites 2-C and 2-B respectively.

Compared to hillslopes 1 and 2. hillslope 3 had the greatest Q,; values due in part
to the increased heat capacity and soil water contents related to their peat dominated
profiles. Once again, 0, at the top of the hillslope was the smallest. However. similar to
hillslope 2, the midslope site on hillslope 3 had the largest seasonal Q,; during the 1999
field season. Water content at site 3-B was notable higher compared to site 3-A resulting
in increased hydraulic and thermal conductivity and the deepest active layer of the three
hillslope sites. Due to this increased soil moisture and pre-melt ice content. latent heat
energy released during the melt season is greater at site 3-B resulting in an increased
seasonal value of Q,..

In terms of the yearly Q,; balance Rouse (1984) found that latent heat flux
accounts for 82% to 90% of the total ground heat flux depending on the surface and the
season. Of the remaining sensible heat term. Rouse stated that 75% goes into heat
exchange with the mineral soils and about 25% goes into heat exchange with soil water
and ice components although it should be noted that this would depend on the proportion
of ice. The present study allows for a more thorough analysis of seasonal trends in each
of the Q,; components, specifically the late-summer (1999) and spring melt (2000)
periods.

[llustrated in Figure 6.16 are the individual Q,; components expressed as a
percentage of total O,; for the 1999 study period. As discussed previously. hillslope | Q,.
values increased downslope corresponding with a similar increase in active layer

development during the study period. As such, Q, at site 1-A which had no change in
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Figure 6.16 - Active layer heat balance components expressed as
percentage of total Q; for the 1999 study period. Q for sites on
hillslope 2 is not included.
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Figure 6.17 - Active layer heat balance components expressed as
percentage of total Q; for the 2000 study period
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active layer depth was very small, increasing downslope at sites 1-B and 1-C which
experienced a 24.2 cm and 30.1 cm increase, respectively. Conversely, O,..,, expressed
as a percentage of Q; decreased downslope while Q; remained relatively similar at all
three sites.

Although Q, values for hillslope 2 were not recorded for the 1999 study period,
Qirap values decreased downslope similar to that of hillslope 1. The remaining
component of the ground heat flux. O, increased slightly downslope. The ground heat
flux for all sites on hillslope 3 are clearly dominated by the O, component. specifically at
site 3-B where O, accounts for over 89% of ;. The sensible heat component is much
smaller on hillslope 3 than on other hillslopes accounting for less than 10% at all sites.
Atsite 3-A, Oz accounts for 43% of total Q,; whereas it is 2 much smaller component
at sites 3-B and 3-C accounting for 0% and 19%. respectively.

As illustrated in Figure 6.17, the 2000 study period, which coincided with the
completion of snow melt and the initial stages of active layer development was dominated
by the O, component of O,;. Unlike the 1999 field season where the majority of active
layer development had occurred prior to the measurement period. latent heat was the
dominant component of Q,; at all sites. On hillslope 1. O, accounted for 51%. 98% and
92% of Q,; at sites 1-A, 1-B and 1-C. respectively. Of the remaining heat flux balance at
site 1-A, 26% was composed of O, and 23% was accounted for by Q.- On hillslope 2
the relative proportion of O, was slightly smaller than that of hilislope 1 but increased
downslope in a similar fashion. The sensible heat component of Q,; on hillslope 2 was

more pronounced than on the other hillslopes accounting for 53%, 27% and 20% of Q,;
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for sites 2-A, 2-B and 2-C respectively. The remaining component, Oirap Was relatively
insignificant at these sites. F inally, O, accounted for 97% of Q,; at site 3-A due in part to
the high ice content of the peat at this site.

As illustrated by Figures 6.16 and 6.17 latent heat consumption is a significant
component of the active layer heat balance which is a notable feature of permafrost soils
(Woo and Xia, 1996). Ground ice content strongly controls active layer thawing depth as
noted by Woo and Xia (1996). This is further exemplified through this study in
comparing hillslope 3 which has a considerably higher soil water and ice content to
hillslopes 1 and 2. Latent heat is large at the beginning of the thaw season during the
period of rapid active layer development but is later reduced as ground thaw slows.

Halliwell and Rouse (1987) reported that there is little increase in sensible heat
storage in the later part of the summer season and that virtually all energy is stored as
latent heat or in the basal flux. Similarly. Woo and Xia (1996) stated that sensible
heating of the active layer accounted for only 5% of Q,; at their polar desert study site on
Cornwallis Island, N.W.T. during the snow free period. The present study indicates that
Qy is a more significant component of Q,; specifically at sites where active layer depths
are large such as those examined on hillslope 2 during both study periods. This is in
agreement with Carey and Woo (2000) who found that sensible heating of the active layer
accounted for less than 10% of Q,; with larger proportions for sites of deeper thaw and
wetter conditions. which increased the soil heat capacity.

During the spring melt period basal flux ( Q.irap) is nOt an important component of

the total ground heat flux. However. during July and August Q, ;r4p TEPIESENLS 2
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significant proportion of Q... As indicated by Figure 6.16. Q,;.,, during the 1999 study
period was found to account for 83% and 55% of Q,; at the top of hillslopes 1 and 2 but
showed a decreasing trend downslope. Similar to findings reported by Woo and Xia
(1996) daily fluctuations in Qc;rip Were not large but represented a considerable
proportion of outgoing heat flux from the active layer to the permafrost below in both wet

and dry study sites.
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Figure 6.18 - Total active layer development as compared to total study season Q,; for 1999
and 2000 study periods.

In comparing the total seasonal O,. to the measured change in active layer

development at each of the sites some significant relationships are evident with respect to
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the amount of energy required to enhance ground thaw. As indicated by Figure 6.18.
much more energy is required to thaw the active layer on hillslope 3 as compared to
hillslopes 1 and 2 due primarily to the high water content and heat capacity of the
overlying peat as discussed previously. Halliwell and Rouse (1987) suggested that such a
positive relationship between soil moisture and Q,; can be explained partly by elevated
values of K that increase conduction in the sol profile. In comparing hillslope 3 to
hillslopes 1 and 2 in Figure 6.18 it is evident that much less energy is required to thaw the
latter two hillslopes. With the exception of hillslope 2 during the 2000 study period. a
linear relationship exists between Q.; and total increase in active layer development for all
hillslopes within the Kakawi Lake basin. Due to the short 2000 measurement period it is
difficult to define a clear relationship between Q,. and active layer development for
hillslope 2 aside from the fact that thaw rates were much more progressive on this

hillslope with relatively small inputs of 0, as compared to hillslopes I and 3.

6.9 - POTENTIAL SOURCES OF ERROR N DETERMINATION OF @,

Rouse (1984) suggested that the standard method of measuring soil heat flux
using heat flux plates buried close to the surface can seriously underestimate Q, by as
much as 50%. Therefore, in this study the calorimetric method was used to determine 0.
As noted by Halliwell and Rouse (1987) this method is sensitive to accuracy of
measurement of both soil temperature and water content. Due to the fact that average
temperature gradients are much larger in the upper 10 cm of the soil profile as compared

to the underlying soil previous studies have placed up to 5 temperature probes within this
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portion of the soil. In the present study the thermal properties of the upper 10 cm were
treated as a single layer which can lead to underestimation of notable temperature
gradients that exist here. However, because the purpose of this study is to compare sites
with varying thermal. vegetation, slope and aspect characteristics standardizing this
practice between sites subjects each site to the same error thus allowing for reliable
comparison of sites.

It was assumed in this study that significant active layer development did not
commence prior to complete snow ablation. Due to the insulating properties of the snow
pack it is possible that ground thaw did in fact begin prior to measurement in the 2000
study period which may lead to an overestimation of the latent heat component of Q.
especially on hillslope 3.

Finally. in regressing sporadic soil temperature data to continuous measurements
at the meteorological statién some error is introduced in attempting to quantify diurnal
fluctuations. Specifically. shallow measurements of soil temperature, when regressed
against met data could result in overestimations or underestimations of daily Q. at each of
the sites. Many papers describe Q,; in terms of 10 day averages (Carey and Woo. 2000).
or as seasonal averages (Rouse, 1984) to minimize uncertainties caused by short-term
fluctuations in the sensible heat flux. Although such error may be present in this study an
attempt was made to characterize fluctuations in O, on a diurnal basis. Study period
totals of both O, and Q,; are much more accurate as measured soil temperatures at the

start and end of each study period coincide very well with regressed data.



CHAPTER 7 - SURFACE ENERGY BUDGET

Convection is the principal means of transporting daytime energy surplus of the
surface away from the ground/air interface (Oke 1987). The availability of water for
evaporation governs the relative importance of sensible (Q},) versus latent (OQ,) heat. The
ratio of these two fluxes is called Bowen’s ratio (§). When fis greater than unity (Q,, >
Q:) heat is dissipated from the surface mostly in the form of sensible heat thus resulting
in a warmer lower atmosphere. When fis less than unity (Q,, < O,) heat energy to the
atmosphere is mainly in the latent form thus increasing the humidity of the lower
atmosphere. Negative f values indicate that 0, and Q, have different signs which
commonly occurs at night when sensible heat fluxes are negative but evaporation
continues causing a positive O, value (Oke 1987).

As illustrated in Figure 7.1. daily total sensible and latent heat fluxes varied

considerably throughout the 40 day study period. Daily latent heat flux was generally
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Figure 7.1 - Daily sensible and latent heat fluxes
during 1999 study season.



greater than sensible heat flux, a relationship also noted by Lafleur et al. (1992) in a study
conducted near Churchill, Manitoba (1992) during the summer months. Lafleur et al.
(1992) noted that differences in energy balance were clearly in response to the drying
cycle during July and August. During late June and early July, the latent heat term clearly
dominates the tundra energy balance attributed to the fact that surface water was freely
available at this site. As surface moisture became limiting in late July and into August.
the authors noted that the tundra sensible and latent fluxes converged. This relationship
is also illustrated in Figure 7.1, however it should be noted that although daily latent heat
fluxes correspond with those reported with Lafleur et al. (1992). sensible heat fluxes are
underestimated in this study. Daily sensible heat fluxes reported by Petrone et al..
(2000). Lafleur et al.. (1992), and Lynch et al. (1999) are positive which suggests error in
calculation of sensible heat flux using the time-averaged flux-gradient approach used in
the present study.

Lafleur et al. (1992) calculated the mean daily Bowen ratio in a tundra
environment to be 0.63 and 0.46 for 1989 and 1990 respectively. With respect to summer
Bowen ratios, Petrone et al. (2000) reported ranges of 0.2 - 0.3 for a central wetland site
near Churchill, Manitoba, and 0.25 - 0.35 and 0.35 - 0.42 for a subarctic wetland and dry
site respectively near Inuvik. N.W.T. The average daily Bowen ratio calculated using
data presented in Figure 7.1 is 3.74 which is considerably higher than values reported in
the literature. Possible sources of error in calculation of the Kakawi Lake energy balance
in this study include location of the meteorological station and elevational position of

temperature and relative humidity probes. Due to its location on the crest of the esker
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surrounding the Kakawi Lake study basin, the meteorological station may have been
subjected to wind and temperature trends indicative more of the greater Daring Lake area
as opposed to isolated basin effects. As well, dominant north-westerly wind patterns may
have been exaggerated upon upward shifts from the surface of Kakawi Lake to the top of
the esker due to the steep gradient of the 30 m slope.

Another possible source of error in calculation of the energy balance is in relation
to the difference of 1.67 m between temperature and relative humidity probes. This
elevational difference may not have been great enough to accurately estimate surface
fluxes at the meteorological station. [t must also be emphasized that when, as in this
study. only two levels are used to calculate the surface energy balance. a straight line
profile is calculated which provides. at best, an estimate of the sensible and latent heat
fluxes. A meteorological station with multiple sensor levels is required to more

accurately quantify vertical fluxes in sensible and latent heat energy from the surface.



CHAPTER 8 - HYDROLOGY

8.1 - HYDROLOGICAL PARAMETERS

Rainfall for the 1999 field season totalled 36.8 mm, most of which fell during the
two major precipitation events of the study period. The Kakawi Lake level declined
consistently during this time with a slight increase on JD 204 as a result of the second
major precipitation event (Figure 8.1). In total, the Kakawi Lake level dropped 0.103 m

during the 1999 field season.
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Figure 8.1 - Daily lake level fluctuation and
precipitation total for the 1999 study period.

In comparison with sporadic rainfall input to the Kakawi Lake basin during the
1999 field season, outflow remained relatively constant with a slight increase as a result
of the second major precipitation event (Figure 8.2). In total, outflow as measured at the
discharge weir was 40806 m’ during the 36 day study period. The Kakawi Lake water

mass balance was determined using the relationship:
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E=P+[-0-4S (19)
where E = volume of lake evaporation
P = total volume of precipitation falling on the lake; 1156 m’
I = volume of lateral surface and subsurface inflow
O = volume of surface and subsurface outflow; 40806 m*
4S = volumetric change in lake storage; 3142 m’
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Figure 8.2 - Kakawi Lake basin daily inflow and
outflow during the 1999 study period.

Gibson et al. (1996) used three experimental methods to calculate evaporation
from a small lake with surface area of 4 ha and a catchment area of 27 ha on the west
shore of Contwoyto Lake 100 km north of the Kakawi Lake basin study site. Calculated
evaporation for 1992 (54 d) and 1993 (71 d) study periods was 181 mm and 180 mm
respectively using the mass balance method. Although lake evaporation was not
measured at the Kakawi Lake study basin due to the similar lake size. location and
landscape. values from Gibson et al. (1996) may be used to estimate the water mass
balance using equation 19. To do this. the average length of the two study periods and

the average evaporation (62.5 d and 180.5 mm respectively) were pro-rated to a 36 day



study period corresponding to the present study. This value was calculated to be 104 mm
or 3384 m’ of evaporation for Kakawi Lake.

Substituting known values of P, O, and 4S into equation 19, the remaining
components of the water balance are expressed as:

E=1-42792 w’ (20)

Furthermore. substituting an estimated evaporation rate of 104 mm (3384 m’) from
Gibson et al. (1996) results in a residual value of 39892 m’ for /. This value is
considerably larger than those reported by Gibson et al. (1996) in which the authors found
lateral inflow from the catchment area to be negligible. They considered this to result
from unsaturated conditions in the hillslope active layer which allowed recharge of
incident precipitation and due to high roughness of the frost table which caused active-
layer melting to be largely detained in isolated pockets on the hillslope or released by
evaporation through the unsaturated zone. Although evaporation rates may have varied
slightly for the Kakawi Lake basin compared to estimated values from the literature. this
would not significantly alter the magnitude of / in the water balance equation. In
addition. discharge from the Kakawi Lake study basin was most likely underestimated
due to subsurface flow which would cause a subsequent increase in / using methods
outlined above.

Water table depths were measured throughout the 1999 field on hillslope 3 as
illustrated in Figure 8.3. At each of the three sites. water wells were installed in the

middle of the site perpendicular to the hillslope transect where peat depths were the
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greatest, as well as on both sides of the perpendicular transect (i.e. left and right sides;
facing upslope). In general, water table depths were the highest at site 3-A and were
deeper downslope at sites 3-B and 3-C. As well, water table response to rainfall events
was least pronounced at sites 3-A whereas sites 3-B and 3-C illustrated greater response
respectively to the rainfall event on JD 204 due to their deeper water level antecedent
condition. Figure 8.3 indicates that a significant amount of water was stored at site 3-A
throughout the 1999 study period.

Upon initiation of a rainfall event, water table depth at site 3-A rises above the
surface thus producing surface flow which flows downslope to sites 3-B and 3-C causing
a more dramatic increase in water table depth at downslope sites. This is similar to
findings reported by Quinton and Marsh (1998) who noted two distinct hydrological
phases in patterned wetlands. The first occurs when water losses through seepage and
evaporation leads to disconnection of wetland pools into separate microcatchments. The
second, as illustrated in Figure 8.3 (JD 204). occurs when water input from rainfall and
adjacent nonwetland portions of the basin causes storage capacity to be exceeded. Under
such conditions, the wetland drains as a single source area and, as a result. discharge from

this area is relatively high.

8.2 - HILLSLOPE CONTRIBUTION
[n order to determine the amount of water that hillslopes can conduct within the
Kakawi Lake study basin the hydraulic conductivities (X) of the subsurface materials

must be known. Some commonly cited K values are listed in Table 8.1. Slug tests
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performed on piezometers driven into lake bottom sediment situated at the bottom of
hillslopes 1 and 2 and at the berm indicated that in situ hydraulic conductivities were very
high due to the almost instantaneous recovery of the hydraulic head. A slug test
performed on the piezometer located at site 3-B within peat material resulted in a
measured in situ K value of 0.045 cm s (4 x 10~ cm s') which falls in higher end of the
range of K suggested by Dingman (1993) for peat of 10~ to 10? cm s™'.

Using Darcy’s Law the total discharge from a hillslope transect can be defined as:

O=Kia 2D

where: Q = discharge (cm’ s™)

K = hydraulic conductivity (cm s™)

i = gradient
a = area of discharge (saturated thickness * perimeter length)

Based on hillslope gradient and soil physical characteristics the Kakawi Lake
basin was divided into four areas in order to determine theoretical subsurface discharges
from each (Figure 8.4). These areas correspond with the north-. south-. west- and east-
facing sections of the basin with lake edge perimeters of 200 m, 300 m. 200 m and 300 m
respectively. Average gradients determined from survey and GIS analysis are 0.20. 0.08.
0.28 and 0.12 for the corresponding hillslope areas. In order to determine if hillslope
discharge could theoretically deliver the amount of water calculated using the mass water
balance. a range of hydraulic conductivities and water table depths were used to

determine discharge for each hillslope area over the 36 day study period.



Table 8.1 - Ranges of values of Hydraulic Conductivity

Sediment Hydraulic Conductivity (K) | Reference
(cms)
Clay 10°-10° Sanders (1998)
10° - 10° Dingman (1993)
10°- 107 Freeze and Cherry (1979)
Glacial Till 10'°-10° Freeze and Cherry (1979)
Silt. Loam. Loess 107 - 10° Sanders (1998)
107 -10° Dingman (1993)
107 -10° Freeze and Cherry (1979)
Fine Sand 10*-10° Sanders (1998)
10°%-10° Dingman (1993)
10°-1 Freeze and Cherry (1979)
Coarse Sand 107 - 10" Sanders (1998)
10°- 10 Dingman (1993)
Peat 10*-107 Dingman (1993)
Gravel 102 -10° Sanders (1998)
10°-10 Dingman (1993)
10" - 10° Freeze and Cherry (1979)
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Figure 8.4 - Hillslope areas used in calculation of
subsurface discharge



Table 8.2 - Hillslope disch: alculated usi
e8 ope discharge calculated using v

undwater table depths (GWT)

Area | GWT | Grad K Q K Q K Q K Q
(m) (ms') | ) | (ms) | () | (ms) | (m)) |(ms) | (m’)
| 035 1028 |lio” Jeo 10"° Jo 10° le 10* | 609
2 035 1020 10° |0 10° |o 10° |4 10* | 436
3 035 __lo.12 107 39 10° 1392 |10° 13919 | 10° | 39191
4 0.35 0.08 10 261 10° 2612 | 10* | 26127 | 107 | 261273
i 020 _]0.28 10> |0 10° |o 10* 10° | 348
2 020 1020 102 lo 10° |o 10° |2 10° ] 248
3 020 __]0.12 107 2 10° 1223 |10° 2239 | 10* 22394
4 020 |0.08 10°* 149 | 10°* 1493 | 10 14929 | 10° | 149299
]
I 005 1028 10 {0 10" 10° |1 10° |87
2 005 1020 10" o 10" 10 |1 10° |62
3 005 _l0.12 107 5 10° |56 10° | 559 10* | 5598
4 23 008 10° 32 1 373 __110% 3232 10" 37324
Table 8.3 - Hillslope discharge calculated usinﬁr in dients
Area | GWT | Grad K Q K Q K Q K Q
(m) (ms") | (m) | (ms) | M) | (ms™) [ (m’) [(ms') | (m)
I 035 1033 10° o 10° |o 10* |7 10° | 118
2 035 o025 102 10° o 10* _|s 10° | 544
3 035 _loiI7 107 55 10° ]sss |10* |[sss2 |10* | 55520
4 035 o013 10° 24 10" 4245 | 10* | 42457 | 10° | 424569
! 035 |o2s 10° o o' 10* e 10°_ | 609
2 035 o2 10 10" 0" |4 10° | 436
3 035 lon 107 39 10°  [392 [10° [3919 [10* |]39191
4 035 o008 10° 261 10° 2612 | 10® | 26127 | 10° | 261273 |
l 035 1023 102 o 10° o 10* |s 10* | 500
2 035 _lols 10 _lo 10° |o 10 |3 10° | 326
3 035 oo 10”7 22 10° J228 |10° [2286 | 10* | 22861
41035 {0p3 T 10 929 110* 19797 140 {97977




As illustrated in Table 8.2 an increase by one order of magnitude in X results in a
similar increase in total subsurface discharge from the hillslope base. Using four K values
representing average and extreme values based on published ranges for each hillslope soil
type, total discharge for the 36 day study period was determined for each of the 4 areas as
indicated by the bold values. Water table depth was also altered in Table 8.2 as indicated
by the italicized values in the second column (GWT). As with K. a decrease in depth of
saturated zone results in a related decrease in total subsurface discharge at the hillslope
base. Table 8.3 illustrates the effect of varying hillslope gradient on total subsurface
discharge using the same range of K values as in Table 8.2 to allow for comparison.
Similarly. a decrease in gradient results in an overall decrease in subsurface discharge.

As previously discussed, the / component of the water mass balance accounted for
39892 m’, or slightly less than total discharge for the 36 day study period. As indicated
by Table 8.2 and Table 8.3 subsurface discharges from the hillslopes into the lake of this
magnitude are possible, especially when using K values at the higher end of published
ranges. [t should be noted however that area 4, or the berm area, does not contribute a
significant amount of hillslope subsurface water to the lake due to the fact that the
gradient is greater between the berm and the discharge area at the outflow of the basin
than the berm to lake gradient. The saturated soil depth measured at hillslope 3 remained
approximately 0.35 m in depth and thus is used as the upper end of the range of GWT
depths used in this discussion. Although water table depths were not determined on the
other hillslopes depths of 0.20 m and 0.05 m are used to quantify the effect that depth of

the saturated area has on total hillslope subsurface discharge. These depths are more
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indicative of the drier conditions associated with hillslopes 1 and 2 which have lower
water table depths than those recorded on hillslope 3.

Although Table 8.2 and Table 8.3 indicate that it is possible for subsurface inflow
to Kakawi Lake to exceed 40000 m’ it must also be determined if the berm separating the
lake and the discharge stream can also conduct subsurface flows of this magnitude.
Figure 8.5 illustrates the difference in elevation between the top of the berm. the lake

level and the discharge stream.

Kakawi Lake Berm Profile
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Figure 8.5 - Kakawi Lake discharge berm elevation profile.

Due to the fact that Q and i have been measured (40806 m’ and 0.05
respectively). a can be altered to represent both a deep and shallow water table thus
allowing for the calculation of K through the berm profile. With a berm length of 90 m.
water tables of 0.30 m and 0.05 m were used to calculate a values of 27.0 m* and 4.5 m’

respectively for subsequent use in equation 20. As such. with water tables of 0.30 m and
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0.05 m, KX for the discharge berm was calculated to be 0.10 cm s and 0.60 cm s™. These
values fall into a range of 107 to 10" cm s which corresponds with the range of values
reported in Table 8.1 for coarse sand which is the dominant sediment that the berm is
composed of.

As previously noted, average yearly precipitation in the Daring Lake area is
approximately 300 mm. Therefore. the 14 ha Kakawi Lake basin receives approximately
42000 m’ of precipitation per year. This value corresponds closely with the calculated /
value of 39892 m’ from the terrestrial basin. Therefore. hillslope subsurface flow along
the permafrost table and into the lake in the Kakawi Lake study basin is the most
significant component of the hydrological balance during the summer months. Although
the lake level dropped only 0.103 m during the 1999 field season., this is not indicative of
the total amount of water that moved through this system during this time. Significant
snowfall accumulation within the Kakawi Lake basin and subsequent ablation and
percolation into the soil matrix accounts for the majority of the input to the water balance.
This soil water is transported at depth along the permafrost table over time accounting for
a sustained lake level and daily discharge despite minimal inputs into the system in the
form of rainfall.

Quinton and Marsh (1999) concluded in their study in the tundra region of the
Canadian western arctic that subsurface flow is the dominant mechanism of runoff to the
stream channel. They noted that most flow is conveyed through the peat of inter-
hummock channels and that subsurface flow through peat and soil pipes can be as rapid

as surface flow. Such processes were evident on hillslope 3 in the present study due to
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the presence of visible surface flow in inter-hummock areas and in surface pools
underlain by peat. Similar to hillslopes 1 and 2 in the Kakawi Lake study basin, Carey
and Woo (1999) noted that in summer, the non-transpiring lichens and mosses curtail
evapotranspiration rates and that subsurface flow in the organic layer offers an efficient
mechanism for water delivery downslope. Carey and Woo (1999) also identified two
flow systems which developed: (1) quick-flow along soil pipes and rapid matrix flow in
the organic layer, and (2) slow-flow in the mineral soil below. controlled by its very low
hydraulic conductivity and a changing thaw depth in the active layer. Furthermore. the
authors noted in their study of two slopes in subarctic Yukon that non-permafrost slopes
do not contribute baseflow to the receiving stream and that runoff source area is confined
to the permafrost slopes.

Similar to findings reported in the present study. Boudreau and Rouse (1995)
noted that slow release of water from the groundwater reservoir and thawing soil sustain
streamflow during dry conditions. The authors also note that change in groundwater
storage is the most difficult term of the water balance to quantify. The calculation of the
change in storage for individual terrain types varies considerably due to very different
groundwater hydrologies, and radiation and energy balances. However. as is the case for
hillslopes 1 and 2. Boudreau and Rouse (1995) found that ridges lose their groundwater
most rapidly in discharge to adjacent wetlands causing ridges to have the greatest range of
water table depths and the lowest soil moisture. In contrast. the water table fluctuated the
least in the sedge wetlands. which displayed the highest soil moisture storage with only a

small seasonal range and great spatial uniformity.
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CHAPTER 9 - CONCLUSIONS

9.1 CONCLUSIONS

This research provides a detailed field study of the radiation, ground energy, and
hydrological balances of an arctic esker basin. With respect to the radiation balance.
incoming short-wave radiation is the main variable accounting for differences in net
radiation amongst the nine study sites in the Kakawi Lake Basin. Although incoming
shortwave radiation is primarily responsible for diurnal fluctuations in the net radiation
balance on a daily and seasonal basis. as illustrated in this study it represents substantially
less than one half (41%) of the radiative supply to the surface. Albedo measurements
taken over various surfaces varied little between the different vegetation cover types and
did not change diurnally or seasonally.

Throughout the summer season active layer depths on hillslope | were the greatest
at the mid-slope site and smallest upslope with the bottom of the slope falling in the
middle of the two. Overall active layer depths were greatest on hillslope 2 and shallowest
on hillslope 3 owing to the increased solar radiation receipt of the west-facing slope and
the insulative properties of the overlying peat, respectively. During the 2000 study
period, active layer development on hillslopes 1 and 2 began first at the upslope site
followed by the bottom site coinciding with beginning of the snow-free period at each.
Initiation of active layer development was delayed on both hillslopes at the mid-slope
site. but at the end of the study period was the largest compared of both hillslope

transects.
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Ground heat flux increased downslope on hillslopes | and 2 corresponding with a
similar increase in active layer development during the summer season. Conversely.
basal flux out of the active layer to the underlying permafrost decreased downslope. The
sensible heat flux varied the least with depth and between the study sites but accounted
for a significant proportion of the ground flux, specifically at sites where active layer
depths are large. During the 1999 study period the average active layer depth on hillslope
transect 3, dominated by peat and a high water content. was only 59% of the average
active layer depth on hillslope 1. This is due to the fact that soils in poorly drained sites
such as those on hillslope 3 are often rich in ice which decreases the thermal conductivity
of the substrate and consequently retards the development of the active layer.

Latent heat is largest at the beginning of the thaw season when there is rapid
active layer development but is later reduced as ground thaw slackens. In the Kakawi
Lake Basin total latent heat flux for the 2000 field season was nearly the same as 1999
and in some cases exceeded the 1999 measurements despite the fact that the later period
was 25 days longer. During the spring melt period basal flux is not a significant
component of the total ground heat flux. However. during July and August it represents a
considerable proportion of the total ground heat flux. During the 1999 study period basal
flux was found to account for 83% and 55% of the total ground heat flux at the top of
hillslopes 1 and 2 but showed a decreasing trend downslope.

With respect to the surface energy balance, daily total sensible and latent heat
fluxes varied considerably throughout the 40 day study period as measured at the Laurier

meteorological station. Daily latent heat flux was generally greater than sensible heat
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flux however the fluxes converged in late July and into early August corresponding with
the drying cycle during this time. During late June and early July, the latent heat term
clearly dominates the tundra energy balance attributed to the fact that surface water was
freely available at this site. As surface moisture became limiting in late July and into
August, the sensible and latent fluxes converged. However, underestimations of sensible
heat flux using the time-averaged flux-gradient approach lead to subsequent errors in
determination of daily and seasonal Bowen ratios for the Kakawi Lake Basin.

In terms of the Kakawi Lake Basin hydrological balance. lateral inflows from
hillslopes were estimated to be only 2% less than the total outflow from the basin during
the 1999 study season. Hillslope subsurface flow along the permafrost table and into the
lake in the Kakawi Lake study basin is the most significant component of the
hydrological balance during the summer months. Although the lake level dropped only
0.103 m during the 1999 field season, this is not indicative of the total amount of water
that moved through this system during this time. Significant snowfall accumulation
within the Kakawi Lake basin and subsequent ablation and percolation into the soil
matrix accounts for the majority of the input to the water balance. This soil water is
transported at depth along the permafrost table over time accounting for a sustained lake
level and daily discharge despite minimal inputs into the system in the form of rainfall.

In general, incoming shortwave radiation receipt at the surface is the most
important controlling factor on active layer development in the Kakawi Lake Basin.
Although surface cover type has little effect on the ground thermal regime. soil physical

properties. especially those associated with peat. affect the rate at which heat energy is
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transported through the soil profile to the underlying permafrost table. Soil water and ice
content also have notable control on the rate at which the active layer develops during the
snow-free season. Results reported in this study expand the current knowledge base of
hydrological and energy balance processes in arctic tundra environments to regions in
which eskers and related till material are predominant.

Previous studies conducted in permafrost dominated areas including Churchill,
Manitoba (Boudreau and Rouse, 1995), Contwoyto Lake, NWT (Gibson et al.. 1996.
Gibson. 2001). and subarctic Yukon (Carey and Woo. 1999; Carey and Woo. 2001) have
reported that hillslope inflows account for a minor portion of the basin hydrological
balance. Findings reported in this paper, however, state the importance of hillslope
inflows to the basin hydrological balance in areas dominated by eskers and esker related
surficial material. Hillslope flow processes induced by snowmelt and heat conducted
through the soil profile have subsequent effects on active layer development on hillslope
sites. This is highlighted in the present study by the fact that midslope locations have
greater active layer depths compared to upper and lower slope sites due to conduction of
soil water downslope. Despite minimal precipitation input and evaporation through the
summer season. lake water levels and outflows are sustained due to the significant input
from basin hillslopes.

Research conducted in the Kakawi Lake basin provides important insight into the
possible effects that global climate change could have on arctic environments. West-
facing slopes. which receive increased amounts of incoming shortwave radiation as

compared to north- and east-facing slopes, experience meteorological conditions
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representative of a warmer climate. As well, hillslope processes noted on north-facing
slopes, due to their increased receipt of snowfall accumulation , could also be considered
representative of some of the effects associated with a warmer climate. As well as
forecasting increasing snowfall in the order of 50% to 100%. and increased mean annual
temperatures of 3°C to 8°C. global circulation models (GCMs) also predict that
evapotranspiration will increase and runoff will decrease (IPCC. 1996). Continued
research at the Kakawi Lake Basin scale of study as well at the larger Daring Lake Basin
is essential in order to identify spatial and temporal variations in hydrological and energy
balance processes and to quantify subsequent changes related to anthropogenic and

climate induced disturbance.

9.2 - FUTURE RESEARCH

There are a number of areas in which future research could be directed in building
on information gathered at the Kakawi Lake Study Basin. Within the study basin, more
thorough field measurement of hillslope flow processes and lake evaporation could help
to accurately quantify the basin hydrological balance during the entire ice free period. As
well. the addition of instrumentation measuring sensible and latent energy at the Daring
Lake meteorological station and the use of portable measuring devices would assist in our
understanding of spatial and temporal variations in surface energy balance fluxes.

Results reported in this thesis are also an important foundation necessary for
understanding hydrological and energy balance processes at the larger Daring Lake Basin

scale of study. Comparison of trends noted here with respect to slope, aspect. vegetation.
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and hydrological effects on active layer development with other sub-basins would
improve our knowledge of active layer dynamics and the large scale factors that control
such processes.

Finally, another important area of research in undisturbed arctic tundra areas such
as Daring Lake relates to linking our knowledge of hydrological and energy balance
processes with sediment provision and groundwater and surface water chemistry. Such
work is essential to quantifying the effects of climate change and anthropogenic induced

change associated with mining development to the natural landscape of Canada’s Arctic.
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APPENDIX - A

Soil temperature regression equations for 1999 and 2000 study periods
“Therm’ - site location and depth (cm)
*Met” - depth of thermistor at met site (cm) thermistor regressed against



1-A-14
1-A-46
1-A-84

1-B-3
1-B-13
1-B-50

1-C-11
1-C-34
1-C-64

2-A-17
2-A-54
2-A-88

2-B-12
2-B-40
2-B-67

2-C-12
2-C-55
2-C-95

3-A-35
3-A-9
3-A-37.5
3-A-495

3-B-5
3-B-14
3-B-40
3-B-48.5

3-C-13
3-C-26
3-C-47

1999 REGRESSIONS

y= 6.843672+0.473386x
y= 6.497714+0.591916x
y= 4.846682+0.787858x

y= -1.47060-+0.26825x
y= 6.957395+0.422564x
y= 1.660718+0.755063x

y=1.39612+0.773722x
y=-0.63378+1.087382x
y=-1.61168+1.720227x

y= 6.638206+0.904112x
y=8.713173+1.364941x
y= 6.809296+1.307056x

y= 0.663499+1.988973x
y=2.335869+3.511242x
y= -1.76482+4.432475x

y= 5.432942+0.937261x
y=6.188552+1.538518x
y=6.094914+0.924578x

y=-0.64328+1.197159x
y=-2.27258+0.807352x
y= 1.166525+-0.2655x

y=-0.99599+0.201397x

y= 0.44869+1.2658x
y=-9.41371+2.476759«
y=-2.57587+2.418397x
v=-25115+2.427513x

y=-0.79972+1.0041 16x

-

y=-2.00851+1.134749x
y=0.07104+0.386751x

MET R2

30 0.91
30 0.94
30 0.93
10 0.36
10 0.50
30 0.28
10 0.61
30 0.69
30 0.06
10 0.87
30 0.82
30 0.60
30 0.85
83 0.89
83 0.61
30 0.74
30 0.18
83 0.06
10 0.62
10 0.05
30 0.06
30 0.57

THERMISTOR REGRESSION EQUATIONS

2000 REGRESSIONS

y=-2.06792+2.1384x
y=2.657217+2.88519x
y= 2.65195+17.49402x

y= -0.82838+-0.01627x
y= -1.5029+0.802983x
y=-1.57727+0.62396x

y=-1.55908+1.202161x
y= -0.83497+0.303574x
y= -0.0066+0.909419x

y= -6.70165+3.638927x
y=-1.3054+3.160977x
y= 1.391459+16.8875x

y= -6.88998+2.326491x
y=-5.32192+4.616118x
y=-0.08629+70.38902x

y=-11.3826+2.86785x
y= 0.08043+0.02558x
y= 1.72367+1.254735x

y=-6.51135+1.674394x
y=-0.2333+-0.05053x
y=0.154866+-0.18905x

y=12.54762+-6.45821x



Soil temperature figures for 1999 and 2000 study periods

APPENDIX - B

"A’ - shallowest depth
‘B’ - middle depth
*C’ & "D’ - deepest depth
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APPENDIX - C

Active layer development regression equations for 1999 and 2000 study periods
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ACTIVE LAYER REGRESSIONS - 1999

SITE

1-A
1-B
1-C

3-A
3-B
3-C

R’

0.01
0.82
0.76

0.96
0.97
0.94

N

32
32
32

32
32
32

REGRESSION EQUATION

y= 65.69122+.0.02018x
y=-10.4202+0.50592x
y=-50.6378+0.625437x

y= -50.0956+0.386002x
y=-134.351+0.862078x
y= -65.0759+0.545566x

ACTIVE LAYER REGRESSIONS - 2000

SITE

AD >

2-A
2-B

R

0.71
0.81
0.98

0.82
0.80
0.90

N
17
1
17

13
6
7

REGRESSION EQUATION

y=-103.20+0.7018x
y= -809.5+5.0545x
y=-173.9+1.1913x

y=-746.451+4.806025x
y=-1526.21+9.334286x
y=-793.643+4.900
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