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Abstract. Soil moisture and ground thaw state are both in-1 Introduction

dicative of a hillslope’s ability to transfer water. In cold

regions, in particular, it is widely known that the depth of Over 50% of Canada is underlain with discontinuous or con-
the active layer and wetness of surface soils are importantinuous permafrost (Wolfe, 1998). A large portion of this
for runoff generation, but the diversity of interactions be- area remains thoroughly frozen for at least six months each
tween ground thaw and surface soil moisture themselves hagear and this duration increases with latitude. It is only in
not been studied. To fill this knowledge gap, detailed shal-the spring and summer months when the mean daily air tem-
low soil moisture and thaw depth surveys were conductecperature remains above’G can there be substantial ground
along systematic grids at the Baker Creek Basin, Northwesthaw — either entirely at locations with only seasonal frozen
Territories. Multiple hillslopes were studied to determine ground or partially at locations underlain by permafrost. The
how the interactions differed along a spectrum of topologi- processes that regulate water flow and storage in these high
cal, typological and topographic situations across the land{atitude areas are complicated by the presence of this frozen
scape. Overall results did not show a simple link betweenground and are distinct from the processes in temperate re-
soil moisture and ground thaw as was expected. Instead, cogions (Quinton and Carey, 2008; Carey and Pomeroy, 2009).
relation was a function of wetness. The interaction between gi,dies have suggested a strong link between soil mois-
soil moisture and ground thaw was more dependent at wettefire and frost table dynamics, especially at wet locations
sites. This indicates that interactive soil moisture and thaw(e_g_ Carey and Woo, 2000; Hinkel and Nelson, 2003; Wright
depth behaviour on hillslopes in cold regions changes withgt 5. 2009). For instance, work at a continuous permafrost
location and cannot necessarily be lumped together in hysijte found soil moisture to be affected by intrinsic water
drological models. To explore further why these differencesygention and transmission properties of frozen and thawed
arise, a companion paper (Guan et al., 2010) will examines;l: the hydrological processes operating outside of the soil
how the hydrological and energy fluxes influenced the pat-cojymn, including precipitation and meltwater runoff; and
terns of moisture and thaw among the study sites. the thermal and hydrological processes occurring in the ac-
tive layer (i.e. the zone above the permafrost that thaws annu-
ally during the spring and summer) that redistribute moisture
(Woo and Marsh, 1990). Variable frost table depths have also
been shown to be strongly tied to spatial soil moisture distri-
bution at subarctic locations. At Scotty Creek in Canada’s
Northwest Territories, this link was found to be strongest in

Correspondence tcC. Spence the spring when the deepest thaw was found at wetter loca-
BY

(chris.spence@ec.gc.ca) tions (Wright et al., 2009). While researchers have started to
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identify important patterns and processes affecting soil mois2 Study site
ture in the active layer, detailed intra- and inter-site informa-
tion is lacking in the literature because most existing work re-Fieldwork was conducted at the 165kn? Baker Creek
ported on the relationship between soil moisture and grounddasin located in the Northwest Territories, Canada
thaw is only from the plot or hillslope scale. This has lead to (62°35 N, 11426 W, Fig. 1). The basin drains into Great
conjecture when upscaling processes to the catchment scal®lave Lake and is part of the Taiga Shield ecozone and
Buttle (2006) argued in hig3 template that topography, the Slave Structural Province of the Canadian Precambrian
topology (i.e. location in space, connectivity) and typology Shield by the eastern boundary of the Interior Plain (Wolfe,
(e.g. soil, vegetation and geology), are the three primary firsfl998). When the area was inundated by glacial Lake Mc-
order controls on streamflow response in catchments. He adeonnell during the Wisconsin glaciation, lacustrine materi-
vocated that a better understanding of catchment hydrologyls were deposited in local depressions (Park, 1979; Wolfe,
will be attained if these three controls are examined togethed998). The area is underlain by discontinuous permafrost
rather than separately. Each of the three traits have been stufWolfe, 1998). Spence (2006) noted that when the A hori-
ied and agreed upon to have strong influences on hydrologzon is comprised of glacial lacustrine clays, permafrost is
ical processes and fluxes in the subarctic Canadian Shielgsually present. Soil filled areas occupy 44% of the basin
landscape. Landals and Gill (1972) found the timing of melt- with 19% open black spruce forest and 25% peatland. The
water runoff differed among eight subarctic Canadian Shieldremaining dominant land covers are exposed bedrock (30%)
sites with varied topography and typology. Relief, aspectand surface water (19%) (Spence et al., 2010). Three soil
and slope lead to different ablation rates over space. Alsofilled areas (a peatland site, a valley site and a wetland site)
differences in vegetation cover influenced snow distributionrepresentative of the range of topographic, topological and
and vertical losses. Other examples include Park (1979) whaéypological landforms in the basin were chosen for intensive
found modelling soil moisture values by landscape typologystudy (Fig. 1).
yielded more accurate water balances than by using one sin- Vegetation at the peatland site (Fig. 1a) is approximately
gle, lumped value. Runoff generation from headwater sub-alf nonvascular plants (dominated by lichens) and half
arctic Shield basins is also greatly influenced by landscapevascular plants (dominated by evergreen shrubs). Vegeta-
topology (Spence, 2000; Spence and Woo, 2006). Comtion includes Labrador ted¢dum groenladicujn leather-
parably, it has been found water distribution in other land-leaf (Chamaedaphne calyculgtadwarf bog rosemaryAn-
scapes is correlated with landscape position or surface forrdromeda prolifery, lichen Cladina spp. andCladonia
(e.g. England and Holtan, 1969; Zebarth and De Jong, 1989)%pp.),Sphagnunspp., northern bog laurek@lmia polifolia),
To quantify variations that exist within a study site, Pen- cloudberry Rubus chaemorjisand sparse stands of black
nock et al. (1987) and Pennock (2003) developed a usefuspruce Picea mariana and jack pine Rinus banksiana
landform segmentation approach for the Canadian Prairies?lant nomenclature follows Johnson et al. (1995). The over-
These studies further establish that landscape location has @il mean vascular plant height is 0.3m. The site has
important control on soil water distribution. ~ 1.2 m of peat soil overlying the bedrock. Table 1 lists the
Hinkel and Nelson (2003) indicated the need to identify laboratory results of soil porosity, bulk density, particle den-
controls on small scale soil moisture and ground thaw pat-sity and specific yields()) tests of the top 0.10 m of soil at
terns in order to discern the influences on larger scale runofeach site.
processes. As topology, typology and topography provide The valley site is treed with bedrock on two sides and
first order controls over hydrological fluxes on a hillslope drains into the studied wetland site. It is dominated by ar-
(Buttle, 2006), designing a study accounting for these con-boreal vegetation (Fig. 1b) such as black spriRiega mar-
trols may elucidate the relationship between ground thaw andana). Other plant species at the site include green aldler (
surface soil moisture patterns across a cold region landscapaus crispd, willow (Salixspp.), birch Betulaspp.), prickly
The objective of this paper is thus to identify the spatiotem-rose Rosa aciculariy dwarf bilberry #accinium caespito-
poral relationships between shallow soil moisture and groundsun), lichen Cladinaspp. andCladoniaspp.), andSphag-
thaw at commonly occurring soil filled areas found across thenumspp. The site’s mean vegetation heighti¥ m. The
discontinuous permafrost landscape of the subarctic Canavalley site has a thin organic layer (mean of 0.20 m) overlay-
dian Shield. Specific questions asked in this paper are: i) howing loose gravels, silty clay and sandy clay. The site slopes
do shallow soil moisture and frost table depth vary spatially south-southwest towards the wetland site. The valley site is
and temporally; ii) is there a correlation between shallow soil steepest of the three sites (Table 1).
moisture and frost table depth; and iii) if yes, does the type The wetland site is situated between two lakes, Lake 690
of correlation vary with location? (unofficial name) and Vital Lake. During the 2008 field sea-
son, there was continuous surface inflow and outflow. The
site is hummocky with many waterlogged hollows (i.e. inter-
hummock areas) that remain permanently wet in the thaw
seasons. Deciduous shrubs dominate the vegetation cover
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Fig. 1. The~ 165 kn? Baker Creek Basin, Northwest Territories, Canada (top left) with the solid black indicating location of lakes. The
selected study site¢a) peatland site, with a piezometer nest in foregroybdivalley site, facing upslope, north-northeast, &cjdvetland
site with Vital Lake in background. Arrow shows location of wetland climate tower.

at the wetland site (Fig. 1c). Vegetation includes willow The grids were set up as soon as the ground was nearly snow
(Salixspp.), green aldenus crispa, birch Betulaspp.), free. The totak per survey were fewer at the beginning of the
leatherleaf Chamaedaphne calyculgtesmall bog cranberry  survey period because some grids ka@.10 m thawed soil
(Oxycoccus microcarpyisSphagnunspp., and shrubby cin- and did not fully bury the TDR probe. The coordinates and
quefoil (Potentilla fruticosd. Stands of black spruc®icea  elevations at each of the survey grids were surveyed using
mariang and birch Betulaspp.) occur on raised ground a Sokkia SET610 total station with a CST 63-2010M prism
and tamarackL(arix laricina) is found at the southwest por- and referenced to meters above sea level (ma.s.l.) based on
tion of the site. Temporally persistent ponded areas belowa 1 m by 1 m digital elevation model from a Light Detection
the Lake 690 outlet support other aquatic plants includingand Ranging (LiDAR) survey (Hopkinson and Fox, 2008).
swamp horsetailEquisetum fluviatile water arum Calla
palustrig, sedge Carexsp.) and marsh cinquefoiPften- 3.2 Shallow soil moisture
tilla palustris). The mean height of vegetation at the site is
~1.4m. The wetland site has 0.20 m to 0.60 m of peat overTo measure shallow soil moisture (i.e. top 0.10 m), two rov-
impervious lacustrine clay. ing time domain reflectometry (TDR) units were used, one
unit was with a Campbell Scientific TDR100 wired to a
CR10X datalogger with TDR probes built at the University

3 Methods of Saskatchewan. The probes were constructed with two
stainless steel rods separated by 50 mm and connected to
3.1 Study design a coaxial cable. The second unit also had a TDR100 but

was wired to a CR800 with CS640 probes. The former unit
Fieldwork was conducted between 12 April and 17 July was used for the first half of the season and replaced by
2008. Elevation, shallow soil moisture and frost table sur-the latter unit for the remaining of the season when read-
veys were measured in systematic grids. The grid cell sizéngs from the first unit started recording faulty values due
(Table 1) was based on total site area and feasibility to comio wear on the unit from extensive use. The TDR units
plete each site survey on the same day. The resolution of suprovided a non-destructive approach to measure in-situ soil
veys and the total number of points) @are listed in Table 1. moisture. Literature has noted good repeatability with the
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Table 1. Site area, topographic gradient based on 1m by 1 m digitalWaS removed from the remaining dataset used to analyze the

elevation model, size of the survey grids, total number of shallow""teracno_rl between soil moisture and frozen ground.
soil moisture and frost table sample points4nd shallow soil char- The soil moisture and frost table were surveyed 16, 14 and

acteristics (top 0.10 m). 7 times at the peatland, valley and wetland sites, respectively.
Fewer surveys were completed at the wetland site because
the snowmelt period took longer than the other two sites due

Site Peatland Valley Wetland  to > 0.30m of accumulated aufeis beneath the snow pack.
gﬁ&?% ) 154 0124 ‘2’3 3.4 Spatiotemporal soil moisture and frost table

Survey Cell Size (m) &8 2x2  15x15 depth maps

n 358-380 81-91 102-117 . . .

Soil Porosity 0.85 0.83 0.80 Site boundaries were mapped using the survey extent and a
Soil Bulk Density (kg nT3) 78 113 104 classified Quickbird satellite image as guides. Surface pond-
Soil Particle Density (kg m®) 574 644 567 ing, permanent streams, soil moisture and frost table depths
Specific Yield 0.15 0.19 0.25 on each sample date were mapped in ArcGIS 9.3. Cell reso-

lution equalled the field measurement resolutions at the val-
ley and wetland sites. At the peatland site, the field survey
was not set up in a square grid and thus the GIS cells were

TDR method. In mineral soil, standard deviation of TDR S€t 0 8 mx 8m.
records have been found to range from 0.008émm?3 to
0.003n? m~3, higher variation is expected in organic rich
soil (Heimovaara and Bouten, 1990; Evett, 1998, 2003)
though this information is not as widely available in liter-
ature as mineral soil. Surveys were completed on averag
every two days in May and then less frequent in June an
July. One TDR reading was recorded per survey grid and sziz

survey date. Site specific gravimetric soil samples were ex{s = 1- m 1)
tracted to calibrate both units in the laboratory. Three sam-

ples from each site were used for the test. The samples weréhered; is the rank difference between soil moisture and
initially wetted and then dried in a soil oven over time in- frost table from the-th survey grid and: is the number of
crements and subsequently calibrated against gravimetricallgurvey points (Mendenhall and Sincich, 2007). This non-
estimated soil moisture until completely dried. During cal- Parametric;; was used as some datasets were not normally
ibration' it was observed soil moisture readings in very drydistribUtEd even after IOg transformation. Measurements
samples had less noise than measurements in wetter samplé¥giere the ground thawee 1 m and/or completely were ex-

A total of 51 points for the peatland site, 50 points for the cluded from the correlation analysis.

valley site and 51 points for the wetland site were used to

calibrate the unit with the CR800. An additional 54 points Results

were used to standardize the CR10X unit against the CRSO(LJ1

unit. The_ r_egressions for all t_hr_ee calibration curves and they 1 shallow soil moisture

standardizing curve had coefficients of determinatidn90.

Saturated points were recorded as the site’s maximum voluz 1.1 Peatland site

metric water content (hereafter referred to as soil moisture)

determined by total void space listed as total soil porositySoil moisture decreased over the field season at the peatland
in Table 1. In the rest of the paper, soil moisture will be site. The median soil moisture was 70% on 9/10 May (the
referring to shallow (0.10 m) soil moisture, unless stated oth-first survey was over the span of two days due to logistics)
erwise. At locations with surface ponding, depth of ponding and decreased to 26% on 9 July. Thus, the peat surface dried

3.5 Soil moisture — frost table interaction

'To analyze interactive patterns from the collected data, the
Spearman rank correlation coefficient)(between soil mois-
re and frost table depth was used:

was also recorded. on average 0.7% per day (Fig. 2a). Soil moisture continu-
ally decreased, except for surveys following rainfall events
3.3 Frost table depth on 22 May, 24 June and 25 June (Fig. 2a). No outliers (de-

fined as values 1.5 interquartiles from the 25th or 75th per-
In each grid, the depth to the thawing front (i.e. frost table) centiles) were observed except on 23 June and 9 July. Two
was measured by pushing a steel rod into the thawed soibutliers were recorded on 23 June and six were observed on
until denial. Maximum recordable depth was 1 m. Table 19 July.
lists the total number of surveyed points for each sampling Surface water flowed toward the north side of the peat-
date. When seasonal frozen ground was thawed, the poinand and the main outlet at the northwest portion of the site.
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Fig. 2. Boxplots showing range in shallow soil moisture and frost ’Nx -I' 3
table depth over time. Circles indicate outliers and asterisks indi-
cate extreme outliers. These outliers are natural variabilities in the B sutace Water Ponding B Satrated (¢5) B 00249 [ 401 - 60 [ 201 -40 [_Jo-20[_JNoData
dataset. Excluded are frost table sample points wiftm depth.

Fig. 3. Shallow soil moisture surveys at the peatland site. All values

are in % and grid cells are mapped at a resolution of 8 m by 8 m from
The largest water source was a soil covered bedrock char m by 4m survey data.
nel northeast of the peatland site that flowed westward to-
ward the main outlet. The observed flow routes matched
the locations with. the wettest soil_s. The wettest _(:onditionsfrom 12-17 May (Fig. 4). The soil moisture patterns were
at the peatland site occurred during and immediately after,

h 1q freshet | ) tter fresh Kl spatially similar. For instance, on 27 May, 29 May, 2 June
the spring freshet in May (Fig. 3). Aiter freshet peak flow and 4 June, grids with soil moisture ranging between 20 and

passed, many of the previously inundated hummock tops beznos \yere often adjacent to one another in the southern part
gan to dry as ponded water levels receded. Many of the '€%f the site.

maining flooded and saturated locations observed thus were

hollows. The flooded and saturated areas shrunk as summer

progressed. The outer edges and the south end became dri#l.3 Wetland site
than the rest of the site. As shown in Fig. 3, many of these

grids had soil water content at 40% while many grids in
the north were still saturated. Re-wetting was observed fol
lowing rain events (e.g. 23 June and 27 June events).

The wetland site dried from a median of 75% on 28 May to
"30% on 8 July (Fig. 2e). The average rate of drying was 1.1%
per day. The wetland site had higher median soil moisture in
late-May and early-June than the peatland site, but the val-
ues were similar in the rest of June until the end of the field

The median soil moisture at the valley site decreased ovef€2S0n (Fig. 2). No outliers in soil moisture were measured
time from 19% to 6% over 53d. Valley soils thus dried at &t the site.

an average rate of 0.2% per day (Fig. 2c). Outliers were ob- The flooded area shrunk over the study period (Fig. 5).
served on 11 of the 14 surveys and extreme outliers (mor&he largest flooded area was located in the middle of the
than three interquartiles from the end of a box) were foundwetland where it widens in the SE direction. Other flooded
on six surveys. Throughout the study, only one of the 91 sur-areas were located along stream tributaries and distributaries
vey grids was flooded throughout the study. It was floodedchanneling Lake 690 inflow through the site.

4.1.2 Valley site

www.hydrol-earth-syst-sci.net/14/1375/2010/ Hydrol. Earth Syst. Sci., 14, 13882010
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15m. mapped at a resolution of 8 m by 8 m from 8 m by 4 m survey data.

N e
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ing the flooded areas from 9/10 May and 13 May over the

4.2 Frost table depth frost table layer from 9 July reveals almost all of the flooded
) locations in the spring freshet were the same locations with
4.2.1 Peatland site deepest thaw at the end of the field season (Fig. 6: 9 July).

) ) Thirty-two percent of the total site area was both flooded and
The median frost table depth increased over the study pegayed> 1 m in the above periods. Further analysis of only

riod as did the range (Fig. 2b). There were few outliers i”the flooded grids found 83% of the flooded areas hadm
May, and the number of outliers and extreme outliers in- j¢ o by mid-July. -

creased throughout the field season. The median thaw depth

increased from 0.09m on 9/10 May to 0.34m on 9 July4.2.2 Valley site

(i.,e. 4mmd?). If all sample locations are considered, the

median thaw depth increased from 0.09 n»t6.0 m (i.e.> Similar to the peatland site, the frost table depth range at

15mmd?). the valley site increased over the study period (Fig. 2d).
Initial ground thaw at all locations was determined by the Outliers and extreme outliers were recorded on most sam-

date the survey point became snow free but this was comple days. The range of depths measured at this site was

plicated at locations with flowing or stagnant surface water.smaller than at the peatland until late June. The median thaw

The locations with the fastest rate of thaw were randomly dis-depth increased from 0.09 m on 12 May to 0.37 m on 4 July

tributed across the site in early spring (Fig. 6, e.g. 15 May),(i.e. 5mmd™). No survey locations thawed 1 m at this

but as thaw progressed, these locations became more clusite by the end of the study period. Up to the 4 June survey,

tered in small plots (Fig. 6, e.g. 25 May to 9 July). Overlay- most of the survey points had only thawed®.20 m (Fig. 7).
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Fig. 7. Frost table depth at the valley site. All values are in m and Spring on 28 May (hatched grids) overlays the frost table depths

survey grids are mapped at a resolution of 2m by 2 m. measured on 8 July. Any intersecting grids with flooding and
1 m thaw indicate those flooded grids were at the same locations as

the deepest thaw records. All values are in m and survey grids are
mapped at a resolution of 15m by 15m.

4.2.3 Wetland site

Median Shallow Sail Moisture (%)
The interquartile range of frost table depths measured at the o 10 20 30 40 50 60 70 80
wetland site was more constant over time than at the other
two study sites (Fig. 2f). Over the field season, the num-
ber of outliers and extreme outliers increased. The median
thaw depth increased from 0.11m on 28 May to 0.29m on
8 July (i.e. 4mmd?). If all sample locations are considered,
the median thaw depth increased fren.14 m to> 0.55m
(i.,e. >10mmd1). These rates do not capture the accel-
erated localized thaw along parts of the surface flow route § g4
that thawed> 1 m while other parts of the wetland were still ePeatiand ©Valley A Wetland
fully frozen (Fig. 8). Field observations the following early 05
spring (April 2009) found parts of the flow route were com-
pletely thawed even before the onset of snowmelt. Most ofFig. 9. The median shallow soil moisture (SM) and frost ta-
the deeply thawed locations on 8 July coincided with loca-ble depth (FT) from all survey dates showing the overall tem-
tions flooded on 28 May (Fig. 8: 8 July). Thirty-four per- poral patterns. The line of best fit equatlon through the peat-
cent of the site was both flooded (28 May) and thaweddm  land data was FT=0. 006(5'\/') +0.5,2 was 0.94; at the valley

(8 July). Further analysis of only the flooded grids found Sit¢: FT=-0.02(SM)+0 4,2 was 0.89, and at the wetland site,
91% of the flooded areas hadl m of thaw. FT=—0.004(SM) +0.4,2 was 0.95. To focus on shallower thaw

locations, frost table sample points withl m depth were not in-
cluded in the median calculation.
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4.2.4 Spatiotemporal patterns

4.3 Soil moisture — frost table correlations
Temporal patterns show soil moisture became drier and frost
table depth increased during the study (Fig. 9), but the rateSurveys on each individual day allude to a pattern of higher
of change differed among sites. The slope of line of best fitsoil moisture at locations with deeper frost tables (e.g. Fig. 6:
for frost table depth against soil moisture wa8.006% nt1 9 July; Fig. 8: 8 July). There was significant positive corre-
for the peatland site;-0.02% 11 for the valley site, and lation between soil moisture and frost table depth at all times
—0.004% nTlfor the wetland site. In addition, localized in the peatland, except at the last survey date (Fig. 10a). Cor-
deep thaw was more accelerated at the wetland site than aglation increased from the beginning of the study to a maxi-
the peatland site (Figs. 6 and 8). By 28 May, a large fractionmum between 4 June and 24 June. This time coincided with
of the wetland already thawedl m while those locations at the period between the end of snowmelt and before the onset
the peatland site were not observed until at a later time. of significant evapotranspiration and summer heat. As with
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Fig. 10. The Spearman rank correlation coefficient) (between shallow soil moisture and frost table def#):for all survey dates at the

three study sites, an(t) s over the sites’ median degree of saturation, S (volumetric water content divided by porosity). The line of best fit
through data from all three sitesrig= 0.85-0.08 with-2 = 0.42. When a location thawed deeper than 1 m, the grid was removed from the
remaining analysis. Closed and open symbols show significant and non-signifieant= 0.05, respectively.

the peatland, the at the wetland was significantly positively tween soil moisture and frost table depth over site wetness
correlated at the beginning of the field season but becaméhat was likely controlled by the feedbacks described above.
non-significant toward the end (Fig. 10a). The valteyal- The boxplots showed a larger range of soil moisture condi-
ues too were variable, when surface soil moisture and groundions at the peatland and wetland sites. These large ranges
thaw were significantly correlated in the valley; it was neg- were from the dry conditions at hummocks and often very
ative at the beginning of the study period and subsequentlyvet conditions in hollows. Inundation of hollows is compa-
became positive (Fig. 10a). rable to work done at a hummocky study site near Inuvik,
In the valley, soil moisture and ground thaw depth correla-Northwest Territories where hillslope runoff was observed
tion was higher when soils were drier. In contrast, correlationto preferentially flow through hollows (Quinton and Marsh,
between ground thaw and surface soil moisture increased i1998). Since flooding was common at the peatland and wet-
the wetland with wetter conditions. The overall pattern in land sites, this explains why these two sites recorded more
the peatland suggests something comparable to the wetlandxtreme deep frost table outliers than the valley site. We have
with increasing correlation with wetness, but correlations in-conceptualized this interactive link in Fig. 11. Similar find-
creased as the site dried immediately following wetting dur-ings were previously suggested by Carey and Woo (2000)
ing the spring freshet. There was an overall positive correla-and Wright et al. (2009).
tion between spatial; and site wetness when all sites were  Studies from Resolute, Nunavut found ground thaw was
considered (i.e. landscape scale, Fig. 10b). inversely proportional to soil ice content where more ice rich
organic soils had shallower thaw than polar desert soils due
_ _ to a prolonged zero-curtain effect at the thawing front (Woo
5 Discussion and Xia, 1996; Carey and Woo, 1998). This zero-curtain
influence was less obvious in this study. At the wetland
Deeper summer ground thaw was usually found at wetteljie 5 |arge fraction of the ice rich soil site along the sur-
soil locations within each hillslope that were prone to spring 5¢e flow route thawed completely before the site was even
flooding. This relationship between soil wetness and groundsp, g,y free. This resulted in a large variance in thaw depth in
thaw is comparable to that of Dingman (1971) who Stud-,e spring. However, by early summer, the overall variance
ied subarctic footslopes at Glenn Creek in central Alaskaj, thaw depth decreased as the frost table front became in-
and found areas near streams often had more ground thayeasingly homogeneous throughout the site. In contrast, the
than those upslope. Similarly, Nicholson (1978) found “wet yha gepth at the peatland and valley sites became more het-
lines” (i.e. drainage lines) as marked by surface vegetation,ogeneous over time due to differential thawing over space.

often had deeper thaw than drier locations in Schefferville, o accompanying paper (Guan et al., 2010) examines the
Quebec. When frozen ground thaws, both soil hydraulic con-py grgjogical reasons for the accelerated thaw rate at ice rich

ductivity and water storage capacity increase (€.9. Dingmanyycations and the contrasting findings in thaw depth among
1975; Hayashi et al., 2007). Such processes enhance percolgiag.

tion and can facilitate an increase in soil water storage (Ding-
man, 1975) and create a feedback process whereby ground
thaw is enhanced. Our study found an interactive link be-
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+ of the primary reasons frost table depth& m were removed
was because of the decoupling between shallow moisture and
thaw. Deeper soils would be controlled more by other pro-
cesses (e.g. groundwater flow). As the sites dried over time,
the locations that were initially the wettest experienced the
deepest thaw. This is reflected in the coincidence of wet sur-
face conditions and deep frost tables in early July (Figs. 6
and 8). When the thaw depth advanced even further from
the ground surface in the summer, the relationship between
deeper ground thaw and soil moisture began to degrade as
surface soil moisture became decoupled from ground thaw
processes. Other hydrological processes, notably the number
of heating degree days may have become more influential in

Fig. 11. Conceptual model illustrating the interaction of soil mois- determining moisture and thaw patterns as t.he summer pro-
ture (SM) and frost table (FT) over space as a function of site wet-9ressed. The above pattern was not present in the drier valley
ness. When the site soil moisture is relatively low (e.g. at the valleySite. In contrast to the wetter peatland and wetland sites, the
site), the interaction is more time dependent. When the site soidrier valley site had a more variable correlation pattern with
moisture is wetter (e.g. at the peatland and wetland sites), the intersome significant negative interaction between soil moisture
action becomes more correlated. and ground thaw in the spring and then some significant posi-
tive interaction in the summer. This can be explained because
of two phenomena. First, because there was little to no pond-
The relationship between active soil depth and soil wet-ing of water on the valley floor, early soil moisture values
ness presented here differs from those in temperate regiongere not well correlated with ground thaw. Second, the shal-
with a fixed lower impermeable boundary. For instance,|ower thaw depths in the valley (Figs. 6, 7 and 8) meant the
Tromp-van Meervald and McDonnell (2005, 2006) found thaw front was less decoupled from the surface for more of
thin soil locations above bedrock were more likely to satu-the study period, and eventually, the wettest sites in the val-
rate during low to medium intensity rain events due to theley became positively correlated with thaw depth. Overall,
lower local storage capacities. Whereas, in areas with frozefthere was a stronger correlation between soil moisture and
ground, regardless during or outside of a rainfall event, manyground thaw with increasing site wetness at the landscape
thick soil locations are already saturated due to the moisturescale. This upscaling pattern could be considered compara-
thaw connection. The patterns of wetter surface soils associble to river flow regimes with spatially diverse flow patterns
ated with thicker active soils found at Baker Creek were com-at the smaller scale that become less distinctive at the larger
parable, however, to those observed by Devito et al. (1996)cale (Gustard, 1992).
at the southern limit of the Canadian Precambrian Shield, The complex, intra-site soil moisture and ground thaw in-
although they were controlled by different processes. Theyteractions can be described with Buttle’s (2006)concep-
found deeper soils maintained baseflow more than shallowual model of primary first order controls on hydrological re-
soils and thus kept the water table close to the ground sursponse. Even though the concept was derived at the catch-
face. Their work illustrates the importance of hydrological ment scale it could be downscaled to differentiate micro or
fluxes in maintaining soil moisture that the accompanyingmeso scale hydrological units. Typology varied among the
paper (Guan et al., 2010) will examine further. sites. The surface soil at the peatland and wetland sites was
The relationship between surface soil moisture and grounarganic whereas the valley site had thinner organic cover over
thaw within individual soil filled units was complex. At the fine grained mineral soil. The vegetation at the valley site
peatland and wetland sites, the highestvere recorded in  was believed to have increased snow interception (Pomeroy
June. This is later than those noted by Wright et al. (2009),and Gray, 1995) and transpiration relative to the other two
who observed highert; in the spring in a similar discontin-  sites as has been shown to occur in other ecozones. These ty-
uous permafrost landscape to this study site. When thespological differences may have exerted variable hydrological
two sites were extensively flooded during the spring freshetand thermal control on soil water storage and ground thaw,
the soil moisture patterns did not initially reflect the frost which is further examined in the accompanying paper (Guan
table front. At the wetland site though, there was acceler-et al., 2010). At the peatland site, most the outer boundary
ated thaw rate along surface flow paths and many locationsvas dry and did not have enough soil water for hydrological
thawed> 1 m by the first survey on 28 May, and were left out connection likely due to the thin soil cover over the bottom
of the remaining correlation analysis. Although the removal of the bedrock slopes that surrounded the site (Devito et al.,
of these values did lead to some bias towards sites thawet#i996). This caused the boundary to be hydrologically iso-
less than 1 m, this was necessary since the study was exartated from the rest of site.
ining the link between shallow soil moisture and thaw. One

SM & FT Correlation

Degree of Site Saturation
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The peatland and wetland sites both had a gentle site to-
pographic gradient while the valley site had a steeper gradi-
ent. While there were often clusters of similar soil moisture
values adjacent to one another in the peatland, there was little
impact on hydrological connectivity (i.e. grids connected by
flowing water) unless the soils had high wetness. The valley
drained surface runoff out of the site at a fast rate and con-
sequently surface ponding was minimized. The lack of sur-
face depressions at this site also contributed to the reducec
potential for surface water storage, which was shown at the
other two sites to be important in maintaining soil wetness

throughout the study. These findings were comparable to VAVAVAY . x\J°° Strong

Woo and Winter (1993) who concluded wetland sites tend J Topography o ;

to have larger and longer duration of surface flooding than & 2.

upland sites partly due to a lower topographic gradient. /2 Relative role of hydraulic gradients
Topology also varied among sites. The peatland and val- B aonitolmg Sremmiiow rosponee

ley sites were soil filled depressions surrounded by exposec
Precambrian bedrock. The wetland site was situated between
two lakes and received continuous surface water input. Thgsig 15 The relative influence of topography, topology and typol-
dominance of vertical and lateral water fluxes in controlling ogy on the shallow soil moisture and ground thaw interaction. The
the correlation between soil moisture and position has beemigher the number in the ternary diagram, the greater the control.
previously noted in the literature (Western et al., 2001; Blyth P is peatland site, V is valley site and W is wetland site. Modified
et al., 2004; James and Roulet, 2007). Thus at Baker Creekfom Buttle (2006). Locations were approximated based on results.
each site’s topology influenced the amount of surface water
input and may have influenced the soil moisture patterns and
ground thaw. This idea is explored in detail in the accompa-tween soil moisture and ground thaw over the landscape.
nying paper (Guan et al., 2010). Results showed that the two variables are feedbacks of one
Rarely is one first order control acting independent of theanother (i.e. generally when soil moisture increases, ground
other two. Figure 12 depicts where on Buttle’s (2008) thaw is enhanced which facilitates transport of water) and the
conceptual model each of our three sites fit. Topology con-elative topology, topography and typology of each site dic-
trolled the soil moisture and ground thaw interaction at thetate soil moisture patterns and ground thaw. The wettest sur-
wetland site. Topological influences decreased at the peatface soils in the spring are often coincident with locations of
land and valley sites. Instead, the soil and the hollows at théleepest frost table depth later in the summer. These results
peatland site controlled the site’s wetness, and thus, typolindicate surface soil moisture can be higher where site hy-
ogy and topography were influential at this site. Topographydmk)gy has resulted in a thicker active layer. This contrasts
at the valley had the most important influence because of itdatterns in regions without frozen ground that possess a sta-
control on water draining from the site. ble active soil depth in which locations with higher surface

These results at the plot scale have important implicationsgonl moisture are often in thinner soils. Spatiot_emppral Soil
on runoff prediction at the catchment scale. In hydrologicalMoisture and ground thaw patterns and correlation differ over
modelling, hydrological response units (HRU’s) may contain the Iandsca_pe_, demonstratlng_that all soil filled areas cannot
many different types of soil filled areas to ease computation P€ treéated similarly in hydrologic models. A spectrum of cor-
However, as the above patterns revealed, different soil filled©lations between soil moisture and ground thaw among wet
areas have variable soil moisture and ground thaw response9 dry sites exists. The drier the site is, the more time depen-
This variability has an important control on maximum stor- dent the interaction betlween 50|! moisture and ground thaw.
age capacity, residence time of water and runoff response id €mporally, many previous studies of frost table only mea-
each of the plot. The results imply parameterizing HRU’s or Sured end of thaw season depth (i.e. active layer depth). The

comparable modelling units with approaches sensitive to thd®@mporal data presented here and the high resolution intra-
73 template may aid in prediction. site surveys contribute a great amount of insight into this

very heterogeneous process. This research found intra- and
inter-site spatial patterns in the Canadian subarctic that can
6 Conclusions differ from previous observations in cold regions. The ac-
companying paper (Guan et al., 2010) will examine the key
Frozen ground in cold regions has unique implications onhydrological and energy controls on why this is the case.
subsurface water distribution and storage. In this paper, we
show a diverse and dynamic spatiotemporal interaction be-
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