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ABSTRACT

Estimates of water flux and storage in organic-covered, permafrost terrains require an understanding of
the factors controlling soil thaw. Field studies conducted in southern Yukon Territory, Canada, showed
that ground freezing and thawing commenced at temperatures between �0.14 and �0.24�C. A
temperature drop below �0.6�C had little effect on unfrozen moisture content. Unfrozen moisture
storage shifted abruptly between a winter period value of ca. 50 mm and a summer period value of ca.
100 mm, although soil temperatures remained close to the freezing point for extended periods. The
organic soil transmitted water laterally early in the thaw period while the water table still remained in
the organic soil. Following this period, water movement was mainly vertical, between the ground
surface and the underlying mineral sediment. The cumulative energy consumed in melting ice
ð�QiÞ in the active layer was ca. 76% of the cumulative ground heat flux, and ca. 15% of the
cumulative net all-wave radiation ð�Q�Þ measured over the snow-free ground surface. A strong linear
correlation between �Q� and �Qi, suggests that the degree of soil thaw can be estimated from �Q�.
Copyright # 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Organic-covered permafrost terrain occupies much of
the circumpolar region (Bliss and Matveyeva, 1992).
In these areas, the storage and flow of water within the
active layer are strongly controlled not only by the
presence of permafrost and seasonally frozen ground,
but by soil profiles with thick organic surface horizons
(Quinton and Marsh, 1999; Carey and Woo, 2001).
The infiltration, storage and redistribution of water
below the ground are complex due to phase changes,
depth-variations in soil transmission properties, and

spatial and temporal variations in the elevation of the
frost table (Gray et al., 2001; Carey and Woo, 2001;
Spence and Woo, 2003; Hayashi et al., 2004). Soil
moisture variability and state also affect summer eva-
poration and therefore the recycling of water within
drainage basins (Granger and Pomeroy, 1997). This
subsequently exerts a primary control on infiltration
into frozen soils during the spring (Gray et al., 2001;
Janowicz et al., 2003). Northern areas are expected to
undergo the greatest degree of warming over coming
decades (Comiso and Parkinson, 2004; IPCC, 1996).
Physically-based, numerical models are needed to
predict the flux and storage of water in these regions.

In many northern, organic-covered terrains, the
ground is saturated, or nearly saturated with ice and
a small amount of unfrozen water, at the onset of
snowmelt runoff in the spring (Quinton and Gray,
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2001). The upper surface of the frozen, saturated soil
is relatively impermeable to infiltrating meltwater
and, when the ground is thawing, this surface
coincides closely with the zero-degree isotherm (i.e.
frost table) (Carey and Woo, 1998; Quinton et al.,
2000). Since the saturated, horizontal hydraulic
conductivity, ks, decreases exponentially with depth
(Quinton and Gray, 2003; Carey and Quinton, 2005),
the depth of the relatively impermeable frost table is
critically important in controlling the rate of subsur-
face drainage from hillslopes. Proper estimation of
this flux therefore requires that the depth of thaw be
known, so that an appropriate value of ks can be
assigned.

The objectives of this paper are to a) examine the
effects of soil freezing and thawing on the unfrozen
moisture content of the organic soil cover, b) measure
the ground heat flux, including the energy consumed
in melting ice in the active-layer, and c) recommend a
method of estimating active-layer development during
snow ablation and ground thawing.

STUDY SITE

The study was conducted in Granger Creek (60� 320

N, 135� 180 W), located within the Wolf Creek
Research Basin, 15 km south of Whitehorse, Yukon
Territory, Canada, during 2002 and 2003. The area has
a subarctic continental climate characterized by a
large temperature range and low precipitation. Mean
annual January and July temperatures from the White-
horse airport (elevation 706 m a.s.l.) are �17.7�C and
þ14.1�C. Mean annual precipitation is 267 mm, of
which 122 mm falls as snow (1971–2000). Precipita-
tion at the Whitehorse airport may underestimate
basin precipitation by ca. 25 to 35% (Pomeroy and
Granger, 1999). The Granger Creek drainage basin is
ca. 8 km2 in area and ranges in elevation from 1310 m
to 2250 m a.s.l. The main river valley trends west to
east at lower elevations, resulting in predominantly
north- and south-facing slopes. Permafrost occurs
under much of the north-facing slopes and at higher
elevations, whereas seasonal frost predominates on
southerly exposures.

Throughout the basin, the ground cover is com-
posed of a continuous cover of sphagnum moss and
various herbs, including Labrador tea (Ledum sp.),
sedges, grasses and lichens. Some woody vegetation is
present, including willow shrubs (Salix sp.), and a few
scattered spruce (Picea sp.) trees. Willow and birch
shrubs, 2–3 m in height occupy much of the channel
and riparian zones. They also extend upslope but
decrease in density and height. In the mid-slope

region, the shrubs are 0.5 to 1 m high and scattered,
and at the upper slope, only occasional patches of
short (<0.5 m) shrubs occur. A few scattered white
spruce (Picea glauca) occur within the basin, which is
considered above treeline.

The study was conducted near the outlet of Granger
Creek on a 17.5� north-facing slope that is underlain
by a 15 to 20 m thick permafrost layer (Pomeroy and
Granger, 1999). The length of the slope from its crest
to the streambank is approximately 150 m. Each year,
a deep (>2 m) snow drift forms on the upper part of
the slope, and persists for 3 to 4 weeks after the
disappearance of the surrounding snow cover.
The thickness of the organic soil decreases with
distance upslope from ca. 0.4 m in the valley bottom
to ca. 0.08 m near the crest.

Overland flow was not observed anywhere on the
hillslope during the study, and hillslope runoff was
therefore conveyed through the active layer, the
maximum thickness of which ranged between ca.
0.4 m on the slope crest to >1 m near the slope base.
At the time the ground surface becomes snow-free on
the study slope, the relatively impermeable frost table
is typically within the upper 0–0.05 m depth range. It
then descends through the soil profile as the active
layer thaws. Average saturated, horizontal hydraulic
conductivity values of the organic soil were measured
by tracer tests. These values decreased from ca.
40 m d�1 at 0.1 m below the ground surface to ca.
0.85 m d�1 at 0.3 m depth (Quinton and Gray, 2003).

The underlying mineral sediment had about 31%
of particles (by weight) with a diameter of less than
2.00 mm. For the <2.00 mm diameter fraction, the
sediment was composed of 57.8% sand (<2.00>
0.053 mm), 33.8% silt (<0.053> 0.002 mm), 8.5%
clay (<0.002 mm), giving a textural description of
sandy loam. The largest measured size range was
37.5–75.0 mm (ca. 10% of sample by weight),
however 18% of the sample weight was composed
of sediment of a larger diameter. The average
hydraulic conductivity of the mineral sediment
determined by falling water level tests (Bouwer,
1989) was about 0.5 m d�1 (Quinton et al., 2004),
however, where the mineral sediment contained high
proportion of coarser grains, hydraulic conductivities
as high as 20 m d�1 were measured.

METHODOLOGY

In August, 2001, volumetric soil moisture (Campbell
CS615, accuracy þ/�3%) and soil temperature
(Campbell 107B, accuracy þ/�0.2�C) sensors were
installed at 0.02, 0.05, 0.10, 0.20, 0.30 and 0.40 m
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below the ground surface in a pit excavated approxi-
mately 100 m upslope of the stream channel. The
single pit was assumed to represent the ground ther-
mal regime of the hillslope owing to the very low
variation in slope angle, sky view, surface albedo, and
organic soil properties (Pomeroy et al., 2003). The
0.34 m deep profile contained two organic layers: i) an
upper 0.15 m thick layer composed of living and
lightly decomposed, fibric peat, and ii) a lower
0.19 m thick layer composed of sylvic peat containing
dark, woody material, and the remains of mosses,
lichen and rootlets. The lowest 0.06 m was mineral
sediment.

The porosity and bulk density of the organic soil
was measured from the method of Boelter (1972),
using volumetric soil samples taken from the face of
the pit at each depth where moisture and temperature
sensors were located. Volumetric soil moisture of
these samples was measured, and the results used to
calibrate the moisture sensors. This was because the
CS615 readings are questionable without a soil-spe-
cific calibration (Seyfried and Murdock, 2001). A
four-point linear calibration (R2¼ 0.98) was devel-
oped covering a volumetric soil moisture range of
between 0.4 and 0.7:

� ¼ 0:5847p� 0:34 ð1Þ

where � is the volumetric soil moisture and p is the
measured travel time (milliseconds) of the electro-
magnetic waves propagating along the wave guide.
For soil moistures below 0.4, equation (1) estimates
soil moisture values close to the standard response
curve provided by the manufacturer. The water table
position was monitored continuously in a stilling well
installed next to the sensors in the soil pit.

The volumetric heat capacity was calculated from
the product of bulk density and specific heat, with
values of the latter obtained from the literature
(Table 1). The composite volumetric heat capacity
of each soil layer was computed from the constituent
volumetric heat capacities using equations (2), (3), or
(4) defined below. Equation (2) was used if the soil
layer was unsaturated and unfrozen, equation (3) if it
was saturated and frozen, and equation (4) if it was
saturated and unfrozen:

CvWSA ¼ CvW�þ CSð1 � �Þ þ CvAð�� �Þ ð2Þ

CvIWS ¼ CvIð�� �Þ þ CvW�þ CvSð1 � �Þ ð3Þ

CvWS ¼ CvW�þ CvSð1 � �Þ ð4Þ

where Cv is the volumetric heat capacity, � is the
volumetric soil moisture content, � is the porosity,
and the subscripts W, S, A and I refer to water, soil, air
and ice constituents, respectively. An unsaturated and
frozen condition did not occur at the measurement
depths, and therefore the value of Cv for this condition
was not computed. The thermal conductivity, �, was
computed using the equations provided by Farouki
(1981). For the saturated, unfrozen (�WS) condition, �
was computed from:

�WS ¼ �wa
2 þ �sð1 � aÞ2

þ f�s�wð2a� 2a2Þ=½�sðaÞ þ �wð1 � aÞ�g ð5Þ

For the saturated, frozen case, �W in equation (5) was
replaced with the thermal conductivity of ice, �I . For
the unfrozen, unsaturated condition (�WSA), � was
computed from:

Table 1 Volumetric composition of soils and thermal properties used for computations. For each depth increment,
the type of organic layer (i.e. u¼ upper; l¼ lower) is identified.

Soil Sensor/ Depth Porosity Density Specific Heat Thermal
type sample depth heat* capacity cond.y

� � c C �
m m — kg m�3 J kg�1 K�1 J m�3 K�1 W m�1 K�1

org-u 0.02 0.00–0.03 0.94 39.8 1920 76 416 0.21
org-u 0.05 0.03–0.07 0.94 68.3 1920 131 136 0.21
org-u 0.10 0.07–0.15 0.92 80.5 1920 154 560 0.21
org-l 0.20 0.15–0.25 0.85 141.3 1920 271 296 0.21
org-l 0.30 0.25–0.35 0.75 289.8 1920 556 416 0.21
min. 0.40 0.35–0.45 0.49 1104 890 1157 000 2.50
Air — — — 1.2 1010 1 212 0.025
Ice — — — 920 2120 1 950 400 2.24
Water — — — 1000 4185 4 185 000 0.57

Thermal properties are for the soil phase. Values from *Oke (1987) and yAndersland and Ladanyi (1994).
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�WSA ¼ ðxw�wþFaxa�aþFsxs�sÞ=ðxwþFaxaþFsxsÞ
ð6Þ

where a, a function of porosity, is calculated from the
soil porosity using formulae provided by Farouki
(1981), x is the volume fraction in a unit soil volume.
Fs is the ratio between the space average of the
temperature gradient in the solid relative to the water
phase, and Fa is the corresponding ratio for the
thermal gradient in the air and water phases. Both
Fs and Fa were computed from formulae presented by
Farouki (1981).

Although some studies (e.g. Kane et al., 2001)
indicate that, under certain conditions, turbulent en-
ergy flows are important, others (e.g. Woo et al., 2004;
Roth and Boike, 2001, Romanovsky and Osterkamp,
2000) demonstrate that heat flow into the ground can
be modelled effectively from conduction alone. The
ground heat flux, Qg, can be computed from (Fuchs,
1986):

Qg ¼ Qs þ Qp þ Qi ð7Þ

where Qs, the energy used to warm the active layer,
was computed from:

Qs ¼ CvðdT=dtÞj; ð8Þ

Qp, the energy used to warm the permafrost was
computed from:

Qp ¼ �ðdT=dzÞ; ð9Þ

and Qi,the energy used to melt ice in the active layer,
was computed from:

Qi ¼ �ice�f1ðdh=dtÞ: ð10Þ

In the above, dT/dt is the change in average soil
temperature between successive days, j is the thick-
ness of the zone of soil over which the computations
were made, dT/dz is the temperature gradient between
the deepest sensor in the active layer, and the sensor
just below it, in permafrost, dh/dt is the rate that the
top of the frozen saturated layer declines as the soil
thaws (m d�1), f1 is the fractional ice content, and �ice

is the density of ice. Equations (2), (3) or (4) were
used to compute Cv, and equations (5) or (6) to
compute �, depending on the state of the soil. A
graduated steel rod was used for daily measurements
of the depth of the impermeable frozen layer below
the ground surface at the soil pit, needed to compute
dh/dt. This simple method of directly measuring dh/
dt, produced essentially the same results as dh/dt
computed from the change in the position of the
zero degree isotherm using soil temperature data.

Soil samples were collected from the middle of the
upper and lower layers near (within 5 m) of the
instrumented pit in order to determine the soil moist-
ure response to variations in soil tension, and how this
varied between the two layers. This information,
needed in order to interpret variations in liquid moist-
ure content with depth and time, was analysed using a
pressure plate apparatus. Volumetric soil moisture was
measured gravimetrically at nine increments of pres-
sure head ranging between 0.001 (near saturation) to
5 m. Water retention characteristic curves were then
fitted to the data using the approach of van Genuchten
(1980). Because of the irreversible changes to the soil
structure during sample drying, the procedure was not
repeated for the wetting phase.

The late-winter maximum snow depth on the slope
above the pit was measured in April 2002 and 2003
with an MSC snow sampler and calibrated scale. Net
all-wave radiation (Q*), snow depth and rainfall were
all measured at a meteorological tower, 10 m upslope
of the pit. Q* was measured 2 m above the ground
surface, once it became snow-free on 23 May (2002)
and 7 May (2003). Measurements were made with a
REBS Q7 net radiometer every minute, averaged, and
then recorded on a Campbell Scientific CR10X data-
logger every half-hour. Lowering of the snow surface
was monitored with an SR-50 sonic sensor with the
same level of measurement. The accumulated rainfall
in both years was measured with a shielded, tipping
bucket rain gauge (Texas Instruments) every half hour.

In 2003, daily measurements of frost table depth
were made with a graduated steel rod at 0.5 m inter-
vals along a transect at nine snow-free patches on the
hillslope. The patches chosen for measurement repre-
sent a variety of slope positions. Each snow-free patch
was selected early in the melt period, and, initially
was small, often less than a few metres in diameter.
The measurement transect was oriented parallel to the
hillslope, and as the snow-free area progressively
increased, the transect length was increased to include
new measurement points at 0.5 m increments. Even-
tually, the nine transects contained between 12 and 39
measurement points.

RESULTS AND DISCUSSION

Subsurface Water Movement

Soil samples taken from the face of the pit indicate
that, with increasing depth, total porosity decreased,
and bulk density increased (Table 1). This reflects the
increasing state of soil decomposition with depth. The
results of the pressure plate analysis (Figure 1a)
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indicate that, for a given level of tension, soils in the
lower organic layer maintain a relatively high moist-
ure content. Results also show that the two organic
layers have a common residual moisture content of
between 0.15 and 0.2 by volume. Figure 1b indicates
that soils begin to freeze at temperatures slightly
below 0�C. This freezing point depression varied
between �0.14�C and �0.24�C. As soil temperatures
drop below the freezing point depression, most of the
reduction in the unfrozen moisture content occurred
over a narrow temperature range of approximately
0.15� (Figure 1b). Over this temperature range, the
unfrozen soil moisture per volume decreased by up to
0.05 in the upper layer and by ca. 0.2 in the lower
layer. Regardless of the initial moisture content prior
to freezing, the unfrozen moisture content fell to
within 0.15 to 0.2 per volume once the soil tempera-
ture fell below ca.�0.6�C (Figure 1b). This volume is
approximately the same as the residual moisture
content when the soil tension head increased to ca.
5 m (Figure 1a). In 2003, ground temperatures at all
measurement points had lowered to the freezing-point

depression by 24 September, where they remained for
a period of ca. 15 days in the upper layer (0.02, 0.05
and 0.10 m depths) and between 35 (0.20 m) and 55
(0.30 m) days in the lower layer (Figure 2). In the
mineral sediment, temperature remained at the freez-
ing point depression for 68 days. With increasing
depth, the greater period of time that the soil tem-
perature remained at the freezing-point depression in
part reflects the increased moisture content with depth
prior to the onset of freezing. Therefore, with increas-
ing depth, more latent energy was released to offset
the freezing process. Based on the difference in
unfrozen moisture content before and after freezing
at each depth, the latent energy released at 0.3 m was
about five times greater than at 0.1 m.

The volumetric moisture content during the sum-
mer period was typically ca. 0.20 in the upper, and
0.40 in the lower organic layer (Figure 3), correspond-
ing to soil tensions of approximately 0.3 m for both
layers (Figure 1a). During winter, the unfrozen volu-
metric moisture content was close to 0.2 throughout
the profile, as predicted from Figure 1b, which shows

Figure 1 a) Variations in moisture content with tension during soil drying determined from pressure plate analysis on soils from the upper
(0.04 m) and lower (0.15 m) organic layer sampled near the instrumented soil pit. The best fit curves were defined using the method of van
Genuchten (1980). b) Variation in the unfrozen moisture content with soil temperatures measured every 30 min, 31 July to 31 December
2002.
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that below a temperature of approximately �0.6�C,
the unfrozen moisture content throughout the profile
converged to within 0.15 to 0.2 by volume. This also
suggests a soil tension of ca. 5 m throughout the
profile during winter (Figure 1a). The adjustment
from summer to winter unfrozen moisture values

occurred while soil temperature decreased from the
freezing point depression to ca.�0.6�C. In the upper
layer this happened relatively quickly, commencing
on 9 October and lasting for only 4 days. In the lower
layer, the freezing process began on 30 October and
lasted 12 days. In the mineral sediment (0.40 m),
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freezing began on 4 November and continued for 21
days.

In 2003, snowmelt began during the 8-day period of
23–30 April when air temperatures remained above
0�C (Figure 2). Ground temperatures at all measure-
ment depths began to warm on 24 April, and reached
the freezing-point depression temperature in the or-
ganic soil in the period 26–28 April. Although the
0.40 m deep (ca. 100 mm water equivalent) snow pack
above the pit had melted by 29 April, appreciable
ground warming was delayed owing to a return to
colder air temperatures (Figure 2). Ground tempera-
tures began to rise above 0�C between 18 May near
the surface (0.02 m) and 12 July at depth (0.40 m). At
each measurement depth, the unfrozen volumetric
moisture content first rose above winter values in the
period 25–27 May, when the soil pit was still below a
melting snow cover, and when soil temperatures were
increasing toward the freezing-point depression.
Although soil temperatures in the upper layer (0.02,
0.05, 0.10 m) were relatively stable between 28 April
and 18 May, Figure 3a indicates moisture fluctuations,
the magnitude of which are only slightly larger than
what occur when soil temperatures are close to the
freezing-point depression (Figure 1b).

During winter, when soil temperatures are below
�0.6�C, the total unfrozen moisture stored in the two
organic layers is relatively constant at ca. 50 mm
(Figure 3b). Following thaw of the upper layer, the
unfrozen moisture storage rose to ca. 70 mm, and then
to ca. 100 mm when the lower layer thawed (Figure 3b).
This adjustment between storage levels occurred re-
latively quickly as soil temperatures rose above the
freezing point depression (Figure 3b). A thawed,
saturated layer, a zone that allows lateral subsurface
drainage, was present in the organic soil between 25
May and 12 July, during which time the maximum
moisture storage occurred (Figure 3b). It was also
during this period that the organic soil transmitted
water laterally downslope. However, this function
began to change once soil thaw extended into the
mineral sediment on 8 July. Once the water table (i.e.
top of the thawed, saturated layer) also moved into the
mineral sediment 4 days later, the hydrological role
of the organic soil changed from one of lateral
subsurface flow conveyance, to one of vertical water
transmission from the ground surface, through the
unsaturated organic soil, to the underlying mineral
layer. Given the relatively high infiltration rates mea-
sured in the mineral sediment, it is unlikely that lateral
drainage over the mineral interface is an important
process. The analysis of temperature and moisture
variations in the pit for the preceding year (Sept.
2001–Sept. 2002) produced similar results.

Subsurface Energy Balance

The upper surface of the frozen, saturated zone began to
descend on 17 May 2003, and by 8 July had reached the
bottom of the organic layer 0.35 m below the ground
surface. During this 52-day period, approximately
114 MJ m�2 had entered the ground (Figure 4). Over
this period, Qi (76%) and Qp (21%) consumed most
ground heat flux, while Qs was a relatively minor
component (3%). In the previous year, the organic soil
took 49 days to thaw. Of the 105 MJ m�2 that entered
the ground in that period, Qi consumed 82%, Qp 15%
and Qs 3%. The difference between the 2 years largely
reflects inter-annual variations in soil moisture (water
and ice) content. In both years, the cumulative ground
heat flux (�Qg) was approximately 20% of the cumu-
lative net all-wave radiation (�Q�) measured over the
ground surface for the same period. Similar values were
reported in other organic-covered, permafrost terrains
(e.g. N. T. Roulet, unpublished PhD dissertation, 1985;
Halliwell and Rouse, 1987). The cumulative Qi was
approximately 15% of �Q�.

Net radiation measurements from the snow-free
mast are considered representative of the snow-free
portions of the slope because slope angle varies within
5� of the mean of 20�, and both sky view and albedo
are reasonably uniform over the hillslope (Pomeroy
et al., 2003). The small-scale variation of cumulative
net radiation over this slope is overwhelmingly
controlled by the timing of snowcover disappearance.
It was estimated at points remote from the meteor-
ological tower, but on the same slope angle, by
summing net radiation from the snow-free tower
over the time period that the point of interest was
snow-free.

Measurements at the pit (Figure 4) provide an
estimate of the ground heat flux and the subsurface
partitioning of energy at a point. However, these
fluxes must vary over the hillslope, since snow-cover
duration, soil moisture (water and ice) content, and
other factors vary widely (Carey and Woo, 2000). For
example, an oblique photo of the study slope shows a
snow-free patch (Patch 9) that was able to expand
relatively rapidly because it was surrounded by shal-
low snow (Figure 5). Consequently, the increase in the
average frost table depth over time was relatively
gradual at Patch 9, because numerous new points,
that recently had become snow-free and therefore had
shallow thaw depths, were included in the average.
Patches adjacent to deep, late-lying snow (e.g. Patch 8)
expanded slowly and their patch-average frost-table
depth increased more quickly.

The frost table in the pit lowered at a rate similar to
the average rate at which it lowered in several snow-
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free patches during the first half of the thaw period
(Figure 6). However, with the exception of Patch 9
near the bottom of the slope, (where the average
thickness of the organic soil was similar to that at
the soil pit) the organic soil thickness in the other
patches was <0.2 m. Because the underlying mineral
sediment had lower porosity and a lower moisture

content at saturation than the overlying organic soil,
less energy was needed to thaw the sediment. There-
fore, as the frost table descended below the relatively
thin organic soil, the rate of thaw increased with time.
For each patch, the cumulative amount of energy
consumed in lowering the position of the frost table
(�Qi) was computed using the same method used to
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Figure 4 Graph showing the cumulative heat flux into the ground (Qg) at the instrumented pit for the period (17 May–8 July 2003) that was
required to lower the frost table from the ground surface to the bottom of the organic soil. The cumulative portions of this flux used to melt
ice in the active layer (Qi), warm the active layer (Qs), and warm the underlying permafrost (Qp) are also plotted, as is the cumulative net
all-wave radiation (�Q�) measured at the meteorological tower.
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compute Qi at the instrumented pit. �Qi is plotted for
each patch in Figure 7, along with the �Q� that
occurred over the same period for each patch. On
average, the �Qi was 15% of �Q�, as was observed
at the instrumented soil pit. There was little
variation among the patches, despite variation in
�Q� (Figure 7). The average �Qi of the nine
patches was 48.7 MJ m�2 (std. dev.¼ 16.2 MJ m�2),
while the average �Q� was 320.7 MJ m�2 (std. dev.¼
59.9 MJ m�2). In comparison, the cumulative values
of Qi and Q* at the instrumented pit (Figure 4) were
ca. 63.0 and 328.0 MJ m�2 respectively, both of which
are similar to the average cumulative values of the
patches.

A plot of �Q� and �Qi for all average frost depth
measurements shown in Figure 8 provides the relation:

�Qi ¼ 0:15�Q� � 3:15 ð11Þ

indicating a strong association between �Q� and �Qi
(R2¼ 0.91, p< 0.05). This suggests that if: i) the
initial depth of the top of the frozen, saturated layer
is known at the time that the ground surface becomes
free, and ii) the cumulative net-all wave radiation
since that time is also known, then the depth to frost
can be obtained by converting �Qi from equation (8)
into the equivalent cumulative depth of thaw dt,

�dt ¼ ð�Qi=�IhfÞf1 ð12Þ

where Qi is in units of J m�2, �I is the density of ice, hf

is the latent heat of fusion, and fi is the volume
fraction of ice at the frost table. It is assumed that at
the top of the frozen saturated layer, fi is equivalent to

the porosity, �, minus the small amount (15–20%) of
unfrozen water.

CONCLUSIONS

This study examined the effects of ground freezing
and thawing on the liquid moisture content of the
organic soil in the active layer. Results indicate that
ground freezing and thawing are initiated within a
narrow temperature range of �0.14 to �0.24�C, and
that a further decrease below �0.6�C has little effect
on unfrozen moisture content. Throughout most of the
year, variations in unfrozen moisture storage occur in
the absence of a horizontal flux. The exception is the
initial thaw period when an unfrozen saturated layer
occurs within the organic soil. It is during such a
period that soil moisture storage is affected by hor-
izontal flow conveyance. After the water table sub-
sides into the underlying mineral sediment, organic
soil moisture storage is controlled by vertical fluxes,
including the transfer of moisture from the ground
surface to the mineral sediment. At the instrumented
pit, the �Qi in the active layer was ca. 76% of the
cumulative ground heat flux (�Qg), and ca. 15% of
the �Q�. For nine snow-free patches, the average
amount of energy used to melt ice in the active layer
was also ca. 15% of the �Q�. A strong linear correla-
tion between �Q� and �Qi, suggests that the elevation
of the frost table, needed to model subsurface hor-
izontal drainage, can be estimated simply from the
�Q� measured at the ground surface from the time it
becomes snow-free.

Figure 5 The north-facing study slope near the outlet of Granger Creek, Yukon, Canada. Photograph taken 1 May 2003. It shows the
locations of the nine snow-free patches, the instrumented pit and the meteorological tower. The distance between patches 3 and 8 is
ca. 380 m.
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