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Abstract:

In alpine tundra, hillslope drainage occurs predominantly below the ground surface, between the relatively impermeable frost
table and the water table above it. The saturated hydraulic conductivity decreases by two to three orders of magnitude between
the ground surface and the top of the mineral substrate at 0-2—0-3 m depth. Consequently, the rate of sub-surface conveyance
from hillslopes strongly depends on the degree of active layer thaw. In addition, although rarely examined, the volume and
timing of hillslope drainage and streamflow in alpine tundra are strongly influenced by the spatial pattern of active layer thaw
in the runoff-contributing hillslopes. The spatial and temporal pattern of soil thaw was modelled on a 25535 m? area of interest
(AOI) on a north-facing alpine tundra hillslope in southern Yukon, Canada. Daily oblique photographs were used to pixilate
the AOI and measure the snow cover depletion for the AOI. Transects of thaw depth through selected snow-free patches
within or adjacent to the AOI were used to provide spatial representation of thaw depth and saturated hydraulic conductivity.
To compute thaw depth for each pixel within the AOI as it became snow-free, a finite element geothermal model was driven
from meteorological forcing and soil hydro-thermal data. Daily maps of snow-free area and thaw depth were generated for the
AOI, which were then combined with information on flowpath tortuosity and depth-integrated saturated hydraulic conductivity
for snow-free areas to provide a drainage rate for the AOIL This drainage rate varied with the spatial arrangement of the
snowpack and soil thaw depth. At the beginning of melt, the lack of hydrological connectivity for the AOI inhibited drainage.
The drainage rate was maximized during the mid-melt period since sub-surface connections among snow-free patches were
widespread, and the hydraulic conductivity of the sub-surface flow zone was still relatively high, owing to shallow soil thaw
depths. Drainage was low at the end of the melt period because the frost table was at a depth where the hydraulic conductivity
was very low. The results of this study indicate that to accurately simulate runoff at the hillslope scale during snowmelt, both

the spatial pattern of snowmelt and ground thaw should be considered. Copyright © 2009 John Wiley & Sons, Ltd.
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INTRODUCTION AND BACKGROUND

Tundra is a treeless terrain with a continuous organic
cover underlain by permafrost, and is ubiquitous in
much of northern Canada and the circumpolar arctic
(National Research Council of Canada, 1988). In exposed
and topographically complex alpine environments, wind
redistributes snow during the long accumulation period
from areas of high exposure to sheltered sites, resulting
in large variations in snow water equivalent prior to
melt (Pomeroy et al., 1993). Large, deep snow drifts
on leeward slopes often persist on the landscape for 4
or more weeks following the melt of the surrounding
snow cover. The timing and magnitude of runoff from
an alpine tundra hillslope depend strongly on its aspect
that influences the surface energy balance and snow water
equivalent (e.g. Lewkowicz and French, 1982; Carey and
Woo, 1998; Pomeroy et al., 2003). For example, north-
facing slopes have relatively small snowmelt and ground
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thaw rates, resulting in prolonged snowmelt periods
and relatively large runoff ratios (Slaughter and Kane,
1979; Carey and Woo, 1998). Runoff from north-facing
exposures is enhanced in cases where these exposures are
also leeward slopes that accumulate deep snow covers.
The contrast in runoff production from hillslopes of
different aspect is especially pronounced in the zone
of discontinuous permafrost, where north-facing aspects
(in the northern hemisphere) support permafrost due to
a lower surface net energy balance, whereas opposing
slopes do not. For example, Carey and Woo (1998)
reported that south-facing slopes in Wolf Creek, southern
Yukon, are permafrost-free and are therefore able to
dampen runoff production by routing a relatively high
proportion of meltwater input into sub-surface storage
and deep percolation.

Hillslope runoff simulations have been conducted in
a variety of alpine and permafrost environments, with
runoff related to various spatially distributed slope fac-
tors, including near-surface saturated hydraulic conduc-
tivity (Orlandini ef al., 1999), the topographic index
InA/tang (Stieglitz et al., 2003; Wetzel, 2003), frozen
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ground (Quinton et al., 2004; Bayard et al., 2005) and
snow cover (Swamy and Brivio, 1997; Schaper et al.,
1999; Kolberg and Gottschalk, 2006). However, several
diagnostic features of slopes in alpine tundra are not well
represented in runoff models. For example, tundra con-
veys little or no flow on its surface due to the large water-
holding capacity of organic soils (Slaughter and Kane,
1979; Carey and Woo, 2001) and their high-frozen and
unfrozen infiltration rates (Hinzman et al., 1993) that far
exceed the rate of input from snowmelt or rainfall. Snow
drifts play an important role in hillslope runoff through
(i) concentrating runoff to areas downslope of their posi-
tion (Lewkowicz and French, 1982) and (ii) controlling
the daily pulse of meltwater percolate to the ground sur-
face below the drift (Quinton and Pomeroy, 2006). The
subsequent lag between the release of meltwater from
the bottom of snow drifts and its arrival at the stream
depends on the properties of the intervening hillslope,
including its angle and length (Dunne et al., 1976; Rydén,
1977). Recent studies have demonstrated that the degree
of ground thaw on the snow-free tundra downslope of the
drift also strongly influences the rate at which the daily
meltwater wave is conducted across it to the streambank
(e.g. Carey and Quinton, 2005).

The ground begins to thaw once it has become
snow-free. Ground thaw continues if sufficient energy
is supplied, as indexed by air temperatures remaining
more than 0°C. Since the ground below the frost table
is typically saturated with ice and a small amount
of unfrozen water, the frost table acts as a semi-
impermeable aquitard and represents the lower boundary
of the sub-surface flow zone—the thawed portion of
the saturated soil that conducts runoff. The horizontal,
saturated hydraulic conductivity (K) of peat decreases
by several orders of magnitude with depth over the
upper 0-5 m of organic soil in cold regions (e.g. Quinton
and Marsh, 1998; Carey and Woo, 2001). Quinton
et al. (2008) examined the K profiles of several widely
occurring types of organic-covered permafrost terrain and
found that all exhibited a uniformly high and low K in
the upper and lower regions of the profile, respectively,
separated by a transition zone in which K decreases
abruptly with depth (Figure 1). The authors proposed
K as a continuous function of depth below the ground
surface z [L]:

0g Ks(btm) + (log Ks(top) — log Ks(btm))

()
1+ n
Z(trn)
(1)

where Kop) and K pum) are the saturated hydraulic
conductivities (L T~!) of the top and the bottom of
the peat profile, zy, [L] is the transition depth, and n
is a dimensionless constant governing the shape of the
transition curve. The mean K of the sub-surface flow
zone (Ky) is an intermediate value between the hydraulic
conductivities of the top (i.e. water table) and bottom
(i.e. on the frost table surface) of the sub-surface flow
zone (Figure 1). The water table depth is highly variable

I
logKs(z) =
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over space and time, and as a result, errors resulting from
using estimated water table depths to derive Ky would be
large. An alternate method of deriving Ky is to assume
equivalence between it and the hydraulic conductivity at
the bottom of the sub-surface flow zone (Kgr). Although
the Ky~ Ky assumption underestimates the value of
K, the difference is assumed to be small since the sub-
surface flow zone is typically thin on the study slope
compared with valley bottom areas, given the relatively
large topographic gradient of the former.

The influence of the degree of ground thaw on K illus-
trates the close coupling of the water and energy fluxes
in tundra environments. The cumulative ground heat flux
during the thaw season for organic-covered permafrost
terrains, where conduction is the primary thermal transfer
mechanism, is typically ~20% of cumulative net radia-
tion (Halliwell and Rouse, 1987; Carey and Woo, 2000).
The large majority (>80%) of the ground heat flux is used
to melt ice in the active layer (Hayashi ef al., 2007). An
earlier study on the same hillslope demonstrated that lit-
tle or no ice is present above the frost table during soil
thawing, and that the latent heat flux below the ground
is predominantly used to lower the frost table (Quin-
ton et al., 2005). Temporal variations of K¢ have been
derived from measured (Wright ef al., 2008) and com-
puted (Hayashi et al., 2007) soil thaw for discrete points
on hillslopes. However, if the spatial distribution of the
frost table depth on hillslopes is known, the depth depen-
dency of the K (Figure 1) can be used to estimate the
spatial distribution of K¢ and spatially integrated values
of the latter for hillslopes.

In recent years, high-quality remote sensing data at
different resolutions have become increasingly available,
making it possible to map snow cover disappearance
at reasonably frequent time intervals for various spa-
tial scales (e.g. Salomonsona and Appel, 2004; Beck
et al., 2005; Nagler et al., 2008). Mathematical methods
to simulate active layer thaw (e.g. Goodrich, 1978, 1982a,
b; Riseborough, 2004; Woo et al., 2004; Hayashi et al.,
2007; Zhang et al., 2008) provide efficient tools to map
ground thaw from climate data and the spatial distribution
of snow cover. Furthermore, by simulating thaw spatially
at the hillslope scale, information unobtainable at the
point and plot scales, such as the spatial and temporal
patterns of Ky, tortuosity of flow pathways and slope-
integrated drainage rates can be obtained. Considering
this, the objective of this study is to examine the efficacy
of obtaining reasonable estimates of spatially represen-
tative drainage parameters for an alpine tundra hillslope
during snowmelt from relatively simple computations and
limited field measurements.

STUDY SITE

The study was conducted at Granger Basin (60°32
N, 135°18 W), a sub-catchment of the Wolf Creek
Research Basin, 15 km south of Whitehorse, Yukon
Territory, Canada, during 2002 and 2003 (Figure 2). The
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Figure 1. Depth variation of saturated horizontal hydraulic conductivity measured from tracer (KCI™) tests conducted at the site of the present study,
as well as at other organic-covered permafrost terrains in north-western Canada, as reported by Quinton et al. (2008). The curve through the data is
defined by Equation (1). The light and dark grey indicate the zones in which K is uniformly high and uniformly low, respectively. The schematic
indicates the decrease in the mean hydraulic conductivity of the saturated flowzone (Kt) with active layer thaw. Modified from Quinton et al. (2008)

area has a subarctic continental climate characterized
by a large temperature range and low precipitation.
Mean annual January and July temperatures from the
Whitehorse airport (elevation 706 m a.s.l.) are —17-7°C
and +14-1°C, respectively. Mean annual precipitation is
267 mm, of which, 122 mm falls as snow (1971-2000).
Granger Basin drains an ~8 km? area and ranges
in elevation from 1310 to 2250 m a.s.l. The main
river valley trends west to east at lower elevations,
resulting in hillslope aspects that are predominantly
north and south facing. Permafrost occurs at higher
elevations and on north-facing slopes (Lewkowicz and
Ednie, 2004).

Granger Basin supports a near-continuous organic
cover of sphagnum moss, supporting various herbs,
including Labrador tea (Ledum sp.), sedges, grasses and
lichens. The thickness of the organic soil decreases with
distance upslope from ~0-4 m in the valley bottom to
~0-08 m near the crests. The upper ~0-1-0-15 m zone
is composed of living and lightly decomposed vegetation,
overlying a more decomposed layer.

The study was conducted near the outlet of Granger
Creek on a 17-5° north-facing slope underlain by a 15
to 20 m thick permafrost layer (Pomeroy et al., 2003).
The length of the slope from its crest to the streambank
is approximately 150 m. Each year, a snow drift forms
on the upper part of the slope (Figure 2) and persists for
4 to 5 weeks after the disappearance of the surrounding
snow cover. The drift has a maximum snow depth in the
range of 2-3 m, extends ~350 m across the slope and
~40 m in the slopewise direction.

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 2. The area of interest in Granger basin located downslope of a

late-lying drift on the north-facing slope

Overland flow was not observed anywhere on the hill-
slope during the study, and hillslope runoff was there-
fore conveyed through the active layer, the maximum
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9 Meteorological Soil Pit

Station

Figure 3. Photograph of the north-facing slope taken from the opposite slope on 1 May, 2003, showing the locations of the nine snow-free patches,
the instrumented pit and the meteorological tower. The area of interest (AOI) is indicated by the rectangle. On the photograph, the lower edge of the
AOI is the downslope edge

thickness of which ranged between ~0-4 m on the slope
crest and >1 m near the slope base. At the time the
ground surface became snow-free on the study slope, the
relatively impermeable frost table was typically within
the upper 0—0-05 m depth range. It then descended
through the soil profile as the active layer thawed.

METHODOLOGY

Daily measurements of frost table depth were made
using a graduated steel rod at 0-5 m intervals along
a transect line within nine snow-free patches on the
hillslope (Figure 3). The transects were oriented parallel
to the slope, and as the snow-free area progressively
increased, each transect was lengthened to include new
measurement points at 0-5 m increments. Eventually,
the nine transects contained between 12 and 39 points.
Digital photographs of the north-facing study slope were
taken daily from the opposite slope to document the
growth of the snow-free patches during the melt period.
The resolution of the images corresponded to a nominal
pixel size of 0-28 m x 0-28 m. A 25535 m? (436-5 m
x 58:5 m) area of interest (AOI) on the north-facing
slope was treated as an observation and modelling
control unit for processes operating at the hillslope
scale, while point/transect and plot scale observations
were made simultaneously within the AOI. Image-to-
image registration was performed to align the daily
photographs. This was followed by a k-means clustering
of the data (Arkin and Colton, 1956; Mendenhall et al.,
1999) to classify snow cover for each image. From the
daily photographs, binary images were generated that
distinguished snow-covered from snow-free pixels within
the AOL It was assumed that soil thaw at a pixel began
once it became snow-free; therefore, the images provided
the starting date of soil thaw for each pixel and the spatial
pattern of snow disappearance and soil thaw initiation
within the AOL

A soil pit was excavated to the permafrost table in
August, 2001 at a point near the centre of the AOI
(Figure 3). The upper 0-15 m was composed of living
and lightly decomposed fibric peat overlying a lower

Copyright © 2009 John Wiley & Sons, Ltd.

0-19 m thick layer of sylvic peat containing dark woody
material and the remains of mosses, lichen and rootlets.
The lowest 0-06 m was mineral sediment. Volumetric
soil moisture sensors (Campbell CS615, accuracy £3%)
were installed into the pit face at 0-02, 0-05, 0-10, 0-20,
0-30 and 0-40 m below the ground surface, and soil
temperature sensors (Campbell 107B, accuracy £0-2°C)
were installed into the pit face at 0-02, 0-05, 0-075, 0-10,
0-15, 0-20, 0-25, 0-30, 0-35 and 0-40 m below the ground
surface. This single pit was assumed to represent the
average ground thermal properties of the AOI owing
to the very low variation in slope angle (5° of the
mean of 20°), sky view, surface albedo and organic
soil thickness (Pomeroy et al., 2003). Air temperature
was measured with a Vaisala HMP45C temperature and
relative humidity sensor placed 2 m above the ground
surface at a meteorological station located 10 m upslope
of the soil pit (Figure 3). Measurements were made
every minute and averaged and recorded on a Campbell
Scientific CR10X datalogger every half hour.

Simulation of ground thaw

Figure 4 describes the simulation of ground thawing
depths after snowmelt by a one-dimensional thermal
conductional model (TONE; Goodrich, 1978, 1982a,
b; Riseborough, 2004). TONE uses a finite element
numerical scheme and the thawing/freezing latent heat
was parameterized as an apparent heat capacity. The
model ran on 30-min time steps, and was implemented
in 15 soil layers to a depth of 5 m. The spacing of nodes
increased progressively with depth, and was between
0-05 and 0-1 m in the top 0-7 m. The fine time and soil
layer resolutions chosen in this study were to ensure the
smooth convergence of the numerical model. The 5 m
soil column was to satisfy the assumed lower-boundary
condition of zero heat flux (Zhang et al., 2008). The
model was driven by the ground surface temperature
derived from the measured air temperature and a ratio
of ground surface and air temperatures, defined as the
N-factor in geothermal studies (e.g. Klene et al., 2001).
In this study, a site-calibrated constant N-factor is used

Hydrol. Process. (2009)
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Figure 4. Schematic description of the method to derive daily series of active layer thaw maps

due to the small variations of surface and soil conditions
within the AOL

The related study by Quinton ef al. (2005) demon-
strated that for the period 17 May to 8 July 2003, the
cumulative ground heat flux at the soil pit was 20% of the
cumulative net all-wave radiation. Because this propor-
tion was also reported by Halliwell and Rouse (1987) and
Carey and Woo (2000) for organic-covered permafrost
where conduction is the dominant thermal transfer pro-
cess, it is suggested that advection of energy to the soil
pit is not a major contributor to soil thaw. Conduction
appears to be the dominant thermal transfer process at
the nine snow-free patches as well, given the rates of
thaw at each patch relative to the cumulative net all-wave
radiation (Quinton et al., 2005, p. 380, Figure 7).

A three-step scheme (Figure 5) was implemented to
produce a time series of daily thaw depth maps based
on the snow cover depletion within the AOI. The cali-
bration of the TONE model in simulating ground thaw
was conducted near the soil pit using detailed observa-
tions of soil physical properties, soil temperature and
moisture and air temperature data from the meteorologi-
cal station. Soil temperatures at 0-02 m depth were used
to drive the model. A carefully designed procedure as
described in Zhang et al. (2008) was followed to select
the most appropriate methods of thermal conductivity
and unfrozen water parameterization methods as well as
the site-specific parameters by comparing the simulated
thawing depth with the data derived from the detailed soil
temperature measurements. The same calibration method
was used to quantify the initial soil temperature and mois-
ture conditions below 0-4 m soil depth. Once the above

Copyright © 2009 John Wiley & Sons, Ltd.

calibration goals were achieved, ground surface temper-
ature values, obtained by applying an assumed N-factor
to the air temperature, were used to drive the model. The
site-specific N-factor was found by trial and error to opti-
mise the thaw depth simulations. Those parameters and
initial values were adopted in the following validation
and application processes.

Validation of TONE was conducted on five (1, 2, 5,
6 and 7) of the nine patches with good-quality snow
depletion images and observed organic layer depths. Min-
imum bounding rectangles (e.g. Figure 6) were defined
for all five test patches based on their snow-free area and
transect length on the final day of frost table depth mea-
surement (3 June 2003 for patches 1, 2, 6 and 7; and 4
June 2003 for patch 5). The simulated thaw depths of
all pixels within each rectangle were averaged each day
at the times coinciding with the transect measurements.
For each patch, the daily average simulated thaw depth
was plotted with the average measured value (Figure 7).
To compare the patch and transect representative values
of frost table depth, all pixels and transect points that
were snow-free by 4 June were included in the calcula-
tion of the average simulated and measured values for
all preceding days. The thaw depth of pixels and transect
points was assigned a value of zero until they became
snow-free.

On satisfactory model performance, thaw simulations
for each of the 1259 x 209 pixels within the AOI were
made and daily active layer thaw maps generated for the
period from 24 April, when the snow cover fell below
100% of the AOI, to 12 June, 5 days after the entire
AOI became snow-free. A map of first snow-free date of
the AOI was used to activate the thaw depth simulation

Hydrol. Process. (2009)
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Figure 5. Schematic description of the model calibration, validation and application of TONE

when the pixel became snow-free. The air temperature
observed at the meteorological tower and the calibrated
N-factor were used to drive the model.

The influence of snow cover distribution on drainage

Previous studies on the north-facing slope at Granger
Basin (Quinton et al., 2004, 2005) demonstrated that
snow patches largely obstruct hillslope drainage from
flowing below or through them and deflect water into
their surrounding snow-free areas. This is due to the
relatively impermeable frost table below snow patches
remaining at or very close to the ground surface until the
snow disappears. In this study, snow-covered pixels were
therefore assumed to represent relatively non-conductive
portions of the AOIL To quantify the importance of
tortuosity of sub-surface flow through the AOI resulting
from snow cover, the particle-tracking technique of
Quinton and Marsh (1998) was applied to each daily
image of the AOI. Each image was first converted to
binary, where pixels with a value of 0 were snow-
covered, and those with a value of 1 were snow-free and
therefore able to conduct sub-surface drainage.

Water particles were moved pixel by pixel downslope
through the AOI. For each date between 25 April and
14 June, 39 particle runs were performed, one each at
39 equally spaced pixels along the first row of each
image. If the first pixel was snow-covered, then the path
was terminated, otherwise the particle moved downslope
until a snow pixel was encountered, and a lateral flow
direction was determined by the generation of a random
number between O and 1. If the value was >0-5, a
left turn was made; otherwise, the particle turned right.
If both the right and left pixels were snow-covered,
the run was terminated. Lateral flow continued until a
snow-free pixel on the downslope side was encountered,
allowing downslope movement, or a snow-covered pixel
was encountered, causing the run to terminate. It was
not deemed necessary to allow water that cannot move

Copyright © 2009 John Wiley & Sons, Ltd.

laterally to accumulate and back-up so that it could then
flow along a row of pixels higher on the hillslope, since
no ponding of water was observed in the field on the
upper edge of snow patches.

Tortuosity, T,, was computed for each run terminating
at the downslope edge of the AOI from:

T,
L,

2)
where Ly is the flow distance measured by the number of
pixels encountered by a particle between the beginning
and end of the run at the bottom row of pixels in the AOI,
and L; is the straight-line distance between the upper and
lower edges of the AOI, equal to 209—the number of
pixel rows in the AOI. Average T, values for the entire
AOI (Tya0rn) were computed for each day from 1 April
to 7 June.

To calculate a spatially representative Ky on the
entire AOI, probability frequency distributions (PFD) of
thaw depth were computed for each day at a 0-01 m
interval using the TONE-simulated daily thaw maps to a
maximum thaw depth. The depth-dependent PFD values
(P(z)) were then used to derive a spatial representative

K¢ (Ktaon) by

N
Ko = /P(Z)Kf(z) = ZPin,i’ 3)
i=0

where K¢(z), or its discrete form Ky ;, could be quantified
by Equation (1). P; is the PFD value of each thaw depth
interval (i) for all the intervals (N). Where the frost
table is at the ground surface, i = 0, in which case the
active layer is non-conductive (i.e. does not contain a
sub-surface flow zone), and K;; was assigned a value
of 0.

To illustrate the application of this spatially represen-
tative hydraulic conductivity for sub-surface flow, the
mean transit time (fpoop) of sub-surface flow across the
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Figure 6. (a) An 18-5 m?® minimum bounding rectangle containing the snow-free area that defined patch 2 on 25 April, 2003, with the upslope and
downslope portions of the frost table-depth measurement transect, relative to the initial measurement point in the middle of the patch. (b) The growth
of the snow-free patch 2 from 25 to 30 April. (c) The frost table depth within the minimum bounding rectangle on 1 May, 2003

entire AOI for each date was computed by the following
equation:
LT xa01)

- 4)
[Ktaom) sin(a)]

faor =
where sin(«) accounts for the slope («) effect on the sub-
surface flow and represents the hydraulic gradient (flow
driven by topographic gradient). When o = 0°, the AOI
terrain is flat and no sub-surface flow is generated as faor
becomes infinite. When o = 90°, flow is vertical and at
its maximum rate (equal to the hydraulic conductivity)
and the transit time would be at a minimum.

RESULTS AND DISCUSSION

Most of the model calibration results for this site were
presented in Zhang et al. (2008) and will not be repeated
here. A segmented linear function was used to parame-
terise the unfrozen water content, and soil thermal con-
ductivity was parameterised using the de Vries method
(Figure 4) that proved superior after comparing with
other parameterization schemes. The calibrated param-
eters for each soil layer can be found in Zhang ef al.
(2008). When driven by observed 0-02 m soil tempera-
ture and calibrated parameters and initial values, the root
mean square differences (RMSD) between the simulated
and observed thaw depth was 0-02 m. When driven by
air temperature and the calibrated N-factor, the RMSD
increased to 0-05 m. The calibrated N-factor for this site
is 0-85, which is comparable with the values reported for
a similar site condition in Alaska by Klene et al. (2001).

Figure 6 uses patch 2 as an example of how TONE was
validated. The growth of patch 2 from its initial size on 25
April (Figure 6a) and the pattern of snow-cover removal
during the following 5 days (Figure 6b) are shown within
an 18-5 m?> minimum bounding rectangle around the
snow-free area of 30 April. The original snow-free patch
area of 25 May is shown as the area of deepest thaw in the
TONE-simulated spatial distribution of frost table depth
for 1 May (Figure 6¢). Considering the depth variation
of K (Figure 1), the 0-16 m thaw depth range shown in

Copyright © 2009 John Wiley & Sons, Ltd.

Figure 6¢ implies that K varies by one or two orders of
magnitude within the 18-5 m? area of patch 2. Figure 6¢
also indicates that the pattern of ground thaw and the frost
table depth statistics derived from transect measurements
could vary substantially if the orientation of the transect
line was changed.

For each patch, the daily average simulated thaw
depth was plotted with the average measured value
(Figure 7). The TONE simulation showed reasonable
agreement with average measured frost table depth at all
five test patches. Prior to 16 May, re-freezing events and
snowfall caused greater fluctuations in the simulations
than were observed (Figure 7). In the case of patch
2, TONE reset the frost table to the ground surface
in response to re-freezing in the 12—14 May period,
and as a result, TONE underestimated actual thaw by
~0-1 m by the end of the simulation on 4 June. At
the other four test patches, TONE produced final thaw
depths all within ~0-08 m of the measured values, three
of which overestimated measured thaw. Because soil
thaw on any day is the sum of the daily total thaw
and freeze-back since the initial snow-free day, the final
simulated thaw values presented in Figure 7 include the
sum of errors throughout the simulation. However, since
Figure 1 indicates that K is uniformly high in the upper
~0-1 m of soil, and uniformly low at depths greater than
~0-2 m, the consequence of errors in simulated thaw
depth on the predicted value of K¢ is minimal when
the frost table is above or below the 0-1-0-2 m depth
range.

With satisfactory results from the validation of TONE
on the five test patches, TONE was then applied to
compute cumulative thaw for all pixels within the entire
AOI as they became snow-free. Although the cumulative
thaw depth was computed for each day, four dates with
contrasting snow-covered area percentages are presented:
25 April (95%), 30 April (70%), 19 May (25%) and
7 June (0%). As air temperature (Figure 8) was well
above freezing on 24 April, some pixels covered by
shallow snow became snow-free. Two periods (1-6 May
and 12—-16 May) with below freezing air temperatures
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Figure 8. The mean daily air temperature and depletion of the snow-covered area within the area of interest (AOI). The left vertical axis also indicates
the complimentary increase in the percentage of the AOI that is snow-free and therefore contains a sub-surface flowzone, defined by the presence of
a water table and frost table below the ground surface, as illustrated in Figure 1

occurred early in the snowmelt period, halting snowmelt
and causing the ground to re-freeze.

The spatial pattern of snow-cover removal (Figure 9a)
is closely followed by that of soil thaw (Figure 9b).
The >95% snow-cover on 25 April suggests that the
sub-surface flow zone was present on only ~5% of
the AOI (Figure 8). Figure 9 indicates that this small
percentage is distributed widely throughout the AOI,
and as a result, sub-surface water conveyance to the
valley bottom was ineffectual at that time, despite the
high K¢ (>346 m day~') of the thawed (i.e. snow-free)
portions of the AOIL By 30 April, the snow-covered
area had diminished to 75% of the AOI, allowing much
of the previously isolated snow-free area to coalesce
into a tortuous, but continuous, sub-surface flowzone
connecting the upslope and downslope edges. With the
frost table depth within the upper 0-15 m of soil, Ky
values were high or transitional throughout the AOL
The re-freezing period of 12—-16 May, during which
daily average air temperatures ranged between —2-3 and
—0-2°C, resulted in a thawing depth drawback that was

Copyright © 2009 John Wiley & Sons, Ltd.

still evident by 19 May (Figure 9b). The high degree
of hydrological connection among snow-free areas, and
the large Ky (>346 m day~!) of those areas, made the
AOI a highly efficient sub-surface flow conveyor by
19 May. It was also in this period that the late-lying
snow drift was actively melting and supplying daily
meltwater pulses to the upslope edge of the AOI. By
7 June, the sub-surface flowzone occupied the entire
AO]I, and therefore, the tortuosity of flow resulting from
areas of unthawed (i.e. snow-covered) ground would have
been at a minimum. However, with the exception of a
few hydrologically isolated areas with transitional flow
values, Ky was mostly in the lower range throughout
the AOL

A general pattern of increasing thaw depth with time
throughout the AOI is observed when comparing the
PFDs presented in Figure 10. However, this pattern
is interrupted by the freeze-back events identified in
Figure 8, as reflected in the PFD curve of 19 May. The
critical factor regarding the effect of snow cover on flow
is whether or not snow-free pathways to the valley bottom
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The PFD curves of six additional dates are also included to more com-

pletely demonstrate the temporal variation in PFD. The light and dark

grey indicate the zones in which K, is uniformly high and uniformly
low, respectively

exist. For example, such pathways were absent in the
AOI on 25 April (Figure 9a), and therefore the snow
cover would have obstructed flow, even though the Kt
distribution for that date in Figure 10 implies a very high
rate of localized sub-surface flow.

Figure 11 illustrates the evolution of the spatially aver-
aged tortuosity and hydraulic conductivity of the AOI
during the study period. Since the growth and aggrega-
tion of snow-free patches increased the connectivity of
the sub-surface flow zone, the average daily tortuosity

Copyright © 2009 John Wiley & Sons, Ltd.

Krr

exhibited a general decreasing trend during the thawing
period, although some slight increases occurred during
the two freeze-back periods. Tyaor) decreased from 3.7
to 1-2 between 1 and 20 May, and then to the lower
limit of 1-0 by 7 June. However Kaor) varied more than
two orders of magnitude during the same period. Lower
Kiaorn values occurred in the early snowmelt period
and then again late in that period: the former caused
by the zero-flow condition of snow-covered pixels and
the latter by the low K¢ resulting from the greater thaw
depth and therefore greater depth of the sub-surface flow
zone. The high Kgaor value during the middle of the
snowmelt period coincided with the widespread devel-
opment and aggregation snow-free patches and high K¢
values resulting from the shallow depth of thaw. The
effect of tortuosity on the transit times through the AOI
is small compared with Ky during the same period as
demonstrated by the transit time evolution in Figure 12.
The taor variation was predominantly inversely related to
the development of Kror). Figure 12 also indicates that
during the early and late snowmelt period, sub-surface
flow is strongly inhibited within the AOL

Although this analysis has largely focussed on spatially
averaged properties of the AOI, the field observations
and model simulations have also provided valuable
insight into localized (i.e. within-AOI) thaw and flow
behaviour. As a result, a conceptual model has begun
to emerge that relates local variations in thaw depth
and sub-surface drainage patterns. Areas of increased
soil thaw are manifested as depressions in the frost
table topography that consequently collect drainage from
surrounding areas. For example, Figure 6¢ indicates that
on 1 May, the frost table depression near the centre
of the image was approximately 0-15 m deeper than
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Figure 11. Daily development of area of interest (AOI) averaged hydraulic

conductivity of sub-surface flow derived from the daily thaw maps, and

the average daily tortuosity of sub-surface drainage pathways within the AOI, resulting from the presence of snow patches
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Figure 12. Daily development of area of interest (AOI) averaged transit time of sub-surface flow through the AOI estimated by Equation (4)

points <1 m away. Frost table depressions therefore
become areas of increased soil moisture and saturated
layer thickness, and since wetter soil is a better conductor
of energy from the ground surface to the frost table
(Hayashi et al., 2007), they also receive additional energy
from the ground surface, leading to further soil thaw.
With regard to soil storage, frost table depressions are
more effective at retaining water given the much lower
horizontal hydraulic conductivity at depth. As long as
the water table elevation of such areas is lower than
that of surrounding areas, frost table depressions continue
to collect local drainage and, unless internally drained,
can also provide a preferential pathway for sub-surface
drainage from the hillslope.

SUMMARY AND CONCLUSIONS

This study demonstrated that the spatial pattern of snow
cover removal on an organic-covered hillslope with
permafrost governs the spatial pattern of soil thaw since
thaw commences once the ground becomes snow-free. It
was also shown that the soil thaw rate on such hillslopes
can be accurately simulated from the areal depletion
of the snow cover. A Ks—depth association developed

Copyright © 2009 John Wiley & Sons, Ltd.

specifically for organic-covered permafrost terrains was
used to simulate the spatial distribution of the hydraulic
conductivity of the sub-surface flow zone K¢ on a daily
time step on a >25000 m? hillslope area as it became
snow-free. The nature of the K —depth association is
such that the effect of variations of soil thaw on flow
is minimal when the frost table is above or below the
0-1-0-2 m depth range throughout the hillslope.

This study emphasized the importance of hillslope-
scale patterns of snowmelt and soil thaw on sub-surface
drainage. Point or plot scale observations would neglect
the important spatial effect that both melt and ground
thaw has on drainage, leading to an overestimation of
drainage in the early stages of snowmelt when the sub-
surface flow zone is widely obstructed by the snow cover,
and when continuous flowpaths to the valley bottom are
few in number and highly tortuous. As snowmelt pro-
gressed and snow-free patches expanded and coalesced,
flowpath tortuosity reduced, as did the non-conductive
(i.e. snow-covered) portion of the hillslope, while the
minimum Ky in the snow-free areas decreased by one
to two orders of magnitude. The net result was that in
the middle stage of the melt period, K¢aor) was at a sea-
sonal maximum and the transit time through the AOI was
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approximately two orders of magnitude lower than in the
early and late stages of the melt period. Large variations
in soil thaw depth on short distances can result from vari-
ations in the disappearance of the snow cover, which can
produce large local variations in drainage patterns. These
and other observations of the close coupling of soil thaw
and drainage led to a new conceptual understanding of
drainage from organic-covered permafrost hillslopes that
emphasizes the importance of not only the frost table
depth but also of the frost table topography. Given that
overland flow in these environments is relatively rare, the
time and space variable of frost table topography should
supersede the ground surface topography as the focus of
hillslope runoff models.
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