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ABSTRACT: The active layer thickness (ALT) is a key parameter for permafrost studies. Changes in the ALT are affected mainly by
air and ground temperatures, physical and thermal properties of the surface and subsurface materials, soil moisture, vegetation, and
the duration and thickness of snow cover. Ground penetrating radar (GPR) and electrical resistivity tomography (ERT) were employed
across a snow fence during the thawing season to delineate and monitor the active layer of permafrost in Cambridge Bay, Nunavut,
Canada. The variation of the ALT is well captured by the high-resolution time-lapse radargram. At the position of the fence, the active
layer thickens over the thawing period from 0.5 m depth at the beginning to 1.0 m depth at the end. The active layer is thicker in the
pre-fence area (C zone) than in the post-fence area (H zone). As the air temperature increases with time, the difference in thickness
between the two zones decreases, eventually becoming almost equal. Changes in the ALT are represented in the ERT by low resistivities
(< 200 Om), which decrease gradually with time. This occurs most significantly in the H zone due to the rapidly increasing tem-
perature in the absence of snow cover. The electrical resistivity structure of the active layer is well correlated with the vegetation activ-
ity, as measured by the normalized difference vegetation index, air/ground temperatures, soil moisture, snow cover, and snow
accumulation controlled by the fence. Geophysical data interpretation and correlation schemes with vegetation and meteorological
data explored in this paper can be applied to monitor the active layer, which is expected to thin during the freezing season.
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1. INTRODUCTION

Permafrost, ground that remains at or below 0 °C for more
than two consecutive years, consists of soil, rock, embedded ice,
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and organic materials. It occupies approximately 22% of the
land surface in the Northern Hemisphere (Brown et al., 1997).
Continuous permafrost, which underlays 90% or more of the
ground, is usually only absent beneath rivers and lakes that do
not freeze to the bottom in winter. At warmer temperatures,
variations due to microclimatic effects lead to a zone of
widespread discontinuous permafrost underlying 50-90% of
the ground (Osterkamp and Burn, 2003).

The active layer is defined as the layer of ground that is subject
to annual thawing and freezing in areas underlain by permafrost.
It plays an important role in cold regions of the Earth, due to its
internal ecological, hydrological, biochemical, pedogenic, and
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geomorphic processes (Woo, 2012), and is responsible for water
and heat exchange between the lithosphere and the atmosphere.
The thickness of the active layer is therefore of considerable
importance for studies of permafrost terrain and has typically
been investigated in terms of meteorological data (air temperature,
soil temperature, and moisture), snowfall, rainfall, and vegetation
coverage. The active layer plays an especially critical role in the
carbon cycle, in that it allows vegetation at high latitudes to
accumulate carbon in terrestrial ecosystems during the growing
season, which is shorter than that at lower latitudes. In other
words, a long period of frozen soil inhibits carbon decomposition,
and this has resulted in the accumulation of over 1000 Pg C of
soil organic carbon (Hugelius et al.,, 2014; Schuur et al., 2015),
and is vulnerable to future climate change (Blanc-Betes et al.,
2016; Pries et al., 2016).

To determine the active layer thickness (ALT), traditional
methods such as mechanical probing and temperature measurement
have been used. However, those methods can only obtain one-
dimensional single data points. In the 2000s, a number of
geophysical surveys were conducted to obtain two-dimensional
data coverage of the physical properties (e.g., thermal properties,
electric and dielectric properties, and seismic velocity) of
underground materials (Briggs et al., 2017; Farzamian et al., 2020).

During the process of active-layer thawing, the addition of
soil water from both snowmelt and vegetation cover has a great
influence on the ALT; therefore, the snow depth and vegetation
cover are closely related. Snowfall strongly influences the soil
temperature, moisture, and plant-growing period, ultimately
playing an important role in carbon dioxide assimilation. Since
the 2000s, there have been some practical studies that have
meticulously investigated the relationship between vegetation
cover and snow depth by constructing a snow fence to control
the snow height (Wipf and Rixen, 2010; Lafreniere et al., 2012;
O'Neill and Burn, 2017). These experiments have assessed (1)
the thawing period of the ground, (2) the soil temperature and
moisture, and (3) the vegetation growth pattern (Wang et al., 2017).

Ground penetrating radar (GPR) and electrical resistivity
tomography (ERT) are useful geophysical methods for imaging
the bottom of the active layer (i.e., the top of the permafrost;
Osterkamp et al., 1980; Harris et al., 1988; Dolbinski, 2009; Erji
etal., 2016). In this study, we investigate the variation of the ALT
using GPR and ERT at a permafrost site in Cambridge Bay,
Nunavut territory, Canada, and its correlation with meteorological
data (air temperature, soil temperature, and moisture), snowfall,
and the normalized difference vegetation index (NDVI). A
geophysical survey passing through a snow fence is also
conducted. The snow fence is erected at a right angle to the
prevailing wind, which is measured ~100 m away from the
fence. Two air temperature profiles for Period I (September
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2017-August 2018) and Period II (September 2018-August
2019) are considered when correlating the snow accumulation
with the time-lapse ERT/GPR images, ground temperature/
moisture, and vegetation activity across the fence.

2. STUDY SITE AND SNOW FENCE

2.1. Site Location and Description

In Nunavut, more than 90% of the land area is underlain by
permafrost; unfrozen ground ‘taliks’ are restricted to the margins
of large waterbodies (rivers or lakes) that are deep enough to
resist freezing to their bottoms. The maximum thickness of
permafrost is largely unknown, but it can reach depths of 500 m
on the neighboring island (Taylor et al., 2006).

Most of the eastern part of the island is underlain by generally
flat-lying middle Cambrian to upper Silurian carbonates and
unconformably overlying terrestrial and marine upper Precambrian
sedimentary rocks. Deformed rocks of the Shaler Group lie to
the northwest and in the Wellington Inlier west of Cambridge
Bay (Harrison et al, 2013). The Eastern Victoria Island and
adjacent mainland Nunavut were repeatedly glaciated throughout
the Pleistocene by the northwestern edge of the Laurentide Ice
Sheet (Barendregt et al., 1998). During the last glacial maximum
(24-20 ka BP), all of the northern mainland of Nunavut and
Victoria Island were covered by the Laurentide Ice Sheet (McLennan
etal, 2015).

Our study area is located in the Cambridge Bay region
(69°07'N, 105°04'W), southeastern Victoria Island, Nunavut,
Canada (Fig. 1). The elevation is 12 m. The site is ~1 km away
from the campus of the Canadian High Arctic Research Station
(CHARS), which was established to optimize innovation in
Arctic science and technology, and to provide researchers with
the technical services they need. The station is entirely within
the zone of continuous permafrost (Heginbottom et al., 1995).
The research area is mostly flat with well-developed ice wedges.
Many lakes formed by thermokarst have been created over time
(Frédéric et al., 2020). The mainland is composed of till veneers
and blankets which are interbedded in places with sand and
gravel. West-trending drumlins, flutings, eskers, and moraines
are found northeast of Cambridge Bay (Storrar and Stokes,
2007). Flutings are present locally where drift is thin (1-2 m),
and drumlins occur where drift is thick (10-15 m; John, 1980).
The active layer is generally interpreted to be less than 1 m thick
in the CHARS Greater Ecosystem (McLennan et al., 2015).

2.2. Snow Fence, C zone, and H zone

A snow fence is used as a barrier that forces windblown,
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Fig. 1. Study site showing the locations of geophysical survey lines and five snow fences at a permafrost terrain of Cambridge Bay, Nunavut,

Canada (modified from Google Maps).

drifting snow to accumulate in a desired place. It is constructed
mainly to reduce wind velocity and snow accumulation near the
fence in heavy snow regions such as at high elevations in the
middle latitudes (e.g., the Alps) and in the Northern Hemisphere
at high latitudes (e.g., Alaska). Steep high-altitude areas experience
frequent avalanches due to large amounts of snow and strong
winds, thus snow fences have been constructed to prevent
snowballs from rolling downward. In addition, snow fences are

frequently placed along highways in the Northern Hemisphere
at high latitudes in order to control the amount of snow
accumulation on the road, especially in remote areas (Hinkel
and Hurd, 2006).

The windward side at more than 9 m away from the fence is
defined as the Control zone (expressed hereafter as “C zone”),
where the snow accumulation is not influenced by the fence.
The zone 1-6 m away from the fence on the leeward side is

https://doi.org/10.1007/s12303-021-0021-7
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Fig. 2. (a) Schematic diagram of the snow fence and the snow accumulation trend in the Control (C) and High (H) zones. Photographs show-
ing (b) the bare ground, (c) pebbles covered with shallow snow in the C zone, and (d) snow depths of 20 cm (C zone) and 50 cm (H zone).

defined as the High zone (expressed hereafter as “H zone”),
where the snow accumulation is strongly influenced by the fence
(Fig. 2a). The C zone shows the natural snowfall because it is
unaffected by the snow fence. In the H zone, the wind speed
drops sharply because the air flow changes under the influence
of the fence, producing eddies. Therefore, most of the snow is
caught in the downwind drift of the H zone, and the snow depth
beyond the H zone decreases noticeably. Figure 2b shows one of
the snow fences and the bare ground of the C and H zones on
either side of the fence. On 2 October 2017, most of the ground
in the C zone was covered with snow shallow enough to

distinguish large pebbles, whereas the H zone was covered with
snow that was ~10 cm thicker (Fig. 2¢). One month later (7
November 2017), we measured snow depths of 20 and 50 cm in
the C and H zones, respectively (Fig. 2d).

For this study, five snow fences were installed in September
2017 perpendicular to the prevailing wind direction (WNW),
which was determined based on wind records over two years: 1
October-31 December 2015 (Fig. 3a) and 1 October-31 December
2016 (Fig. 3b). Each fence was 1 m tall and 8 m long, and had
regular holes of 4 cm diameter to allow the snow and wind to
flow through. Every year the fences were dismantled at the

Fig. 3. Wind speed and direction in the survey area during the periods of 1 September to 31 December (a) 2015 and (b) 2016. Wind prevails

in the WNW direction.

https://doi.org/10.1007/s12303-021-0021-7
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beginning of the thawing season (mid-June) to eliminate the
effects of shade on the vegetation and were reinstalled in mid-
September to manipulate the snow depth.

3. TEMPERATURE PROFILE AND DATA ACQUI-
SITION

3.1. Temperature and Moisture Profiles

Cambridge Bay is covered with snow for about 250 days a
year from October to May (McLennan et al., 2015). The 30-year
average (1981-2010) temperature and snowfall are —13.9 °C and
80 cm, respectively. The lowest average temperature is —32.5 °C
in February and the highest average is 8.9 °C in July, with the
temperature difference reaching ~40 °C. The average temperature
over the 20-year period 1991-2010 increased by 1.7 °C compared
with the period 1961-1980.

Snow cover plays the most important role in controlling the
ground temperature in permafrost terrain. Complicated relations
exist between snow cover, air temperature, thermal conditions
of the ground, active layer soil moisture, and vegetation. Figure
4 shows the daily air temperature timeseries for Period I
(September 2017-August 2018) and Period II (September
2018-August 2019), which were collected from the automatic
weather system at Cambridge Bay airport, 3 km away from the
study site. The temperature during Period I was ~0 °C in the
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middle of September, and decreased gradually to the end of
September, then fluctuated below —-20 °C, with a minimum of
approximately —40 °C from November to March of the following
year (Fig. 4a). The temperature increased rapidly after April,
exceeding 0 °C in early June, with a maximum of 10 °C in the
middle of July, followed by a gradual decrease again from
August. Period II (Fig. 4b) shows a similar pattern to Period L.
The average temperatures during Period I and Period II are
—13.5(14.8) °Cand —13.4 (15.3) °C, respectively and their difference
is not significant (p > 0.05). Monthly average temperatures over
the thawing season of June, July, and August are 2.0 (4.7) °C, 8.3
(2.4) °C,and 4.9 (2.4) °C, respectively for Period I, and 2.9 (3.6) °C,
8.0(2.2) °C,and 8.1 (2.8) °C, respectively for Period II, with only
slight differences in June and July (p > 0.05), whereas the difference
in August is significant (p < 0.05). The aforementioned p-value
is a measure of the probability that an observed difference could
have occurred just by random chance. The lower the p-value,
the greater the statistical significance of the observed difference.

The ground temperature and moisture were measured using
the METER-Terosl11 at depths of 5 and 20 cm in the C and H
zones (Fig. 5). The ground temperature changed much more at
5 cm than at 20 cm because of the influence of the air temperature
during both the thaw and freezing seasons (Fig. 5a). During the
winter, the ground temperature in the H zone was ~10 °C higher
than that of the C zone because of insulating snow cover, which
has low thermal conductivity. This ground warming effect was
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Fig. 4. Daily air temperature records for (a) Period | (1 September 2017 to 31 August 2018) and (b) Period Il (1 September 2018 to 31 August
2019). The geophysical survey and snow-depth measurements were conducted during Period |, whereas the NDVI measurements took place

during Period Il. In both Periods | and Il, thawing starts in early June.
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Fig. 5. Daily profiles of (a) ground temperature and (b) soil moisture, which are measured by the loggers at depths of 5 and 20 cm in the
C and H zones. Note that the temperature in the C zone is higher than in the H zone and there is a rapid increase of moisture content in
the early thawing period. Note that the temperature in the C zone is higher than in the H zone and the temperatures at 5 cm depth reach
zero on 12 June (C zone) and 22 June (H zone). There is a rapid increase of moisture contents (from 11% to 44%) in the C zone and H zone

(from 18% to 45%) on those dates.

also inferred from the excrement of lemmings beneath the H
zone, who built nests under the thick snow to insulate themselves
over the winter. Throughout most of the subzero degree window,
the temperature at 20 cm depth was slightly higher than that at
5 cm depth, due to the geothermal gradient.

Soil moisture (Fig. 5b) in the C zone at 5 cm depth increased
rapidly from 11% to 44% on 12 June, whereas that at 20 cm
depth increased from 25% to 35% on 15 June. In the H zone, soil
moisture at 5 cm increased from 18% to 45% on 22 June, whereas
that at 20 cm depth increased from 15% to 30% one day later, on
23 June. This sudden increase in soil moisture reflects the
transition of ice to water. Based on this observation, the ground
thawed 10 days earlier in the C zone than in the H zone.

https://doi.org/10.1007/s12303-021-0021-7

Comparing the thawing time up to 20 cm depth, it took 3 days
for the soil to thaw from 5 to 20 cm in the C zone and one day in
the H zone. This thawing-time difference is explained by the air
temperature profile (Fig. 4), which shows that when the H zone
thawed, the air temperature was approximately 5 °C higher than
when the C zone thawed. The ALT would be almost the same in
the C and H zones after some time.

Before the thaw, the temperature is higher in H zone than in C
zone, and at 20 cm depth than at 5 cm depth. Those patterns
reversed, as the snowmelt season approached (early June) (Fig.
5a). This was most likely because of the reflection of solar
radiation and the release of latent heat during the thaw, which is
well supported by the rapid increase of water content in the
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middle of June (Fig. 5b) and the higher NDVI in the C zone (see
Fig. 11). After the snow had completely melted, the temperatures
of the C and H zones were almost equal due to the bare ground
absorbing the same amount of solar radiation in both zones.

When the freezing period began, the temperature at 5 cm
depth dropped below zero much faster than at 20 cm depth. An
analogous pattern also appeared during the thaw at the beginning
of June 2019, in that the 5 cm-depth temperature increased
more rapidly to zero than the 20 cm-depth temperature and
attained higher values. The temperature gradient appeared to be
higher during the thawing period (June) than in the freezing
period (October).

The soil temperature in the C zone reached zero earlier than
in the H zone during both the thawing and freezing periods.
Considering the air temperature during the geophysical survey
period (18 June-8 July 2018), the lower ground temperature in
the H zone compared with the C zone was probably caused by
the presence of thick, widespread snow cover behind the fence,
resulting in high reflection of solar radiation and smaller
ambient temperature effects.

3.2. Geophysical Survey

A number of geophysical properties are significantly altered
when water changes phase. Surface-based geophysical methods
are a cost-effective approach to active layer mapping and
characterization, especially when repeated through time to monitor
the changing ground conditions.

To delineate the subsurface structure and to monitor the
active layer around the snow fence in the permafrost terrain,
two geophysical methods were undertaken at the same location
during the thawing period (23 June-8 July 2018). We used GPR
for the shallower targets and ERT for the deeper targets.

GPR data were collected using a MALA system with 800, 400,
250 MHz antennas for three objectives. The radar velocity of
polar snow is greater than that of ground due to low dielectric
constant (Reynolds, 2011). Vertical resolution can be taken as
one-quarter of the wavelength (= radar velocity/frequency) of
incident radiation. Accordingly, we selected the higher frequency
800 MHz for enhancing the resolution of the shallow target
(snow depth) and the lower frequency 250 MHz for mapping
the deeper target (the base of active layer). Bistatic system 400 MHz
antenna was selected for CMP velocity sounding because there
are separate antennas for transmitting and receiving. (1) To
examine the snow depth, a survey using an 800 MHz antenna
was conducted at a series of times during the thawing period (5,
8,and 10 June 2018) over a 50 m line across the snow fence. The
snow on the ground on 5 June was hard and comfortable to
work on. However, every step of the walk on 8 June made a deep
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mark as the snow began to melt. On 10 June, the snow melted so
much that it turned into slush. At that time, we deployed a 10 m
shorter line, recognizing that much of the snow in the C zone
had melted. (2) To construct the depth-velocity profile, the common
mid-point (CMP) shooting method was applied using a 400 MHz
antenna on 28 June. (3) To investigate the active-layer thickness
variation, a total of five surveys were conducted on a line using a
250 MHz antenna from 18 June to 8 July 2018.

The ERT surveys were performed using the ABEM LS
Terrameter 2 employing the Wenner array with 64 electrodes,
an electrode spacing of 1 m, 24 stack numbers, and a 20 mA current.
The Wenner array was chosen because it is suitable for shallower
targets, providing better vertical and horizontal resolution. The ERT
data were collected every four days from 18 June to 8 July 2018,
immediately after the snow of the H zone had completely melted.

3.3. Plant Survey

Plant coverage was determined in two plots (40 x 40 cm) within
each zone on either side of five snow fence replicates in 2018.
The vascular plant species were assigned to deciduous shrubs,
graminoids, and forbs using a previous dassification of International
Tundra Experiment species (Elmendorf et al, 2012). Plant
phenology was determined using the NDVI. The coverage and
activity of vegetation depend on the snow depth and have impacts
on the thermal properties of soil and on geophysical images.

In this study, we used a miniaturized hyperspectral camera,
Specim IQ (Specim Ltd., Oulu, Finland) to quantify vegetation
conditions between the C and H zones. The sensor is designed
as amobile, handheld, and stand-alone scanner with an integrated
operating system, which controls and measures spectral reflectance
from 400 to 1000 nm using 204 spectral bands of 7 nm spectral
resolution. The number of pixels in each scan line is 512, and the
sensor scans 512 lines, so the final output image provides 512
pixels x 512 pixels x 204 channels (Behmann et al., 2018). A nearly
100% reflective white reference panel (also known as Spectralon),
which is located next to the target, is often used to quantitatively
measure spectral reflectance under different illumination
conditions and to determine the best integration time under the
current illumination conditions.

We collected ground-based hyperspectral data weekly from
28 June to 7 September 2019. Two hyperspectral images were
obtained in each zone of the five snow fence replicates, and the
total number of images was 198 for this experiment. To calculate
the NDVT for the target area, we defined a region of interest as
shown in Figure 6a. We first defined a target area (i, a rectangular
boundary of 40 x 40 cm) and placed a white reference panel
outside the target area. Figure 6b shows the spectral reflectance
curves derived from the hyperspectral image. As shown, the

https://doi.org/10.1007/s12303-021-0021-7
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reflectance samples from the white reference panel have a
reflectance of nearly one, and the vegetation samples show the
distinctive spectral signature of green vegetation, which has high
reflectance in the near-infrared (NIR; 800 nm for the calculation)
compared with the visible band (670 nm for the calculation).
This indicates that the sensor correctly records reflectance values.
Although reflectance values in the 900-1000 nm range are noisy
due to the low signal level and atmospheric absorption in this
range, these bands are unnecessary for NDVI calculations.
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4, RESULTS AND INTERPRETATION
4.1. Geophysical Mapping of the Active Layer

Figure 7 shows the GPR sections and the snow-depth change
on different days. Because we were unable to implement the
CMP method on those days, the snow depth was calculated using
a radar velocity of 0.2 m/ns, which is representative for polar
snow (Reynolds, 2015). The snow depth thickened from the C
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Fig. 7. Snow depths estimated in the GPR section are well correlated

(w) ydeg

with the snow heights measured on (a) 5 June 2018, (b) 8 June 2018,

and (c) 10 June 2018. Slight differences in (b) and (c) are probably caused by the increase of water content as the snow melted. The red tick

indicates the position of the snow fence, the arrow indicating the gr
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zone to the H zone, reaching a maximum thickness of 90 cm on
5 June (Fig. 7a). Three days later (8 June), the structure was
largely similar, but with a slightly lower maximum snow height
of 80 cm (Fig. 7b). The ground reflections were often lacking in
lateral consistency and phase coherence, which was probably
caused by the snow melting on the surface. The radar signal was
deteriorated due to the water from melting snow. The survey
two days later (10 June) indicated that snow melting was in
progress, particularly in the C zone, where the snow thickness
reduced to 70 cm (Fig. 7c). The snow depths calculated from the
GPR data correspond well to the heights shown in the photo on

Distance (m)
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the right side of Figure 7a. However, the correspondence was
decreased on 8 and 10 June 2018. This was caused by the reduced
velocity, indicated by the large values of dielectric constants,
which resulted from the increased water content as the snow
melted. The radar velocity using the measured snow thickness
was calculated as 0.19 m/ns and 0.14 m/ns on 8 and 10 June,
respectively.

We now investigate the variation of the ALT using five time-
lapse radargrams from 18 June to 8 July 2018 (Fig. 8a). Depth
conversion was applied on the basis of radar velocity spectra,
which were provided by the CMP shooting conducted on 28

&
el
5 18. Jun. 2018
3
)
3
S 23.Jun. 2018
3
&
< 28.Jun. 2018
>0
3
)
@
= 01.Jul. 2018
>0
3
&
£ 08.Jul. 2018
=
3
Distance (m)
(b) 1|0 2|0 3|0| 4|0 5|0 6|0
D 10 . 18. Jun. 2018
£ ——e— S O mmm 23 Jun. 2018
— "—’:,LMN\_\ ,Q(\/: g BN 28. Jun. 2018
|§30 e - 1 Z mmm 01.Jul2018
3 mmm 08 Jul 2018

Fig. 8. (a) Time-lapse radargram representing the thickening of the active layer with time and (b) selected times for the base of the active
layer. In the early thawing period (23 June), the active layer is much thicker in the C zone than in the H zone. On 8 July, the thickness appears
to be almost the same (~1 m deep). The red tick indicates the position of the snow fence and the black drawn lines represent the base of

the active layer. TWT means two-way travel time.
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June 2018. The depth conversion calculation was based on an
ALT velocity of 0.078 m/ns estimated from the velocity spectra.

The thickening of the active layer with time is clearly shown
from measurements taken at the base of the active layer at
selected times (Fig. 8b). The base of the active layer was determined
by connecting the peak amplitude trace-by-trace with semi-auto
picking module in the REFLEXW processing package. During
the early stage of the thawing season, the active layer of the C
zone was much thicker (~0.3 m) than that of the H zone because
the thinner snow cover of the C zone disappeared faster, and
thus the temperature of the subsurface increased more rapidly
under the increased solar radiation. The travel-time difference
between the C and H zones decreased with time. When the
snow completely melted (8 July), the ALTs of the C and H zones
appeared to be almost the same. The base of the active layer
lowered gradually and flattened with time, in contrast with
discrete misalignments due to gravels scattered at shallow depth
(Fig. 9a). The ALT (or the distance to the permafrost) of
approximately 1 m is well explained by the depth of the frozen
soil and by the profiles indicating increased moisture content
and a temperature of 0 °C at 1 m depth (Fig. 9b). This ALT, estimated
and observed in the geophysical survey and digging data, agrees
well with the average active layer depth in the CHARS Greater
Ecosystem (McLennan et al., 2015). The active layer thickened
with time, increasing from 0.5 m on 18 June to 1 m on 8 July.
This was caused by the ice melting with the increasing ground
temperature.

Figure 10 shows the time-lapse electrical resistivity structures
over 13 days (23 June-5 July 2018). The data were collected two
days after the snow and ice had completely melted. The topmost

Temperature (°C)

section collected on 23 June shows the freezing surface (high
resistivity) in the H zone and the underground partially melted
(low resistivity) in the C zone. The approximately 1 m-thick low
resistivity zone beyond the distance of 45 m was probably caused
by infiltrating water from the melting snow. Over time, the electrical
resistivities at shallow depths decreased gradually throughout
the whole section, but they decreased most significantly in the
H zone. The low resistivity zone (~200 Qm) below the approximately
1.5 m-thick active layer is most likely the unfrozen talik, which is
a layer of unfrozen ground often occurring underneath or around
shallow thermokarst lakes (Frédéric et al., 2016). We interpret
the high-resistivity zone (> 1000 Qm) at the bottom to be the
permafrost or bedrock, which has a gentle slope toward the H zone.

Like the radargram (Fig. 8), the electrical resistivity section
shows that the active layer of the H zone is more resistive than
the C zone in the early thawing stage. This is because the ground
beneath the surface of the H zone was still frozen, whereas that
of the C zone was partially thawed. This phenomenon contradicts
the general principle that the more snow that accumulates, the
warmer the ground is below. However, it is supported by the
underground temperature profile showing a steep temperature
gradient (Fig. 5a) and large NDVI values for the C zone (Fig. 11)
in the early stage. After three weeks of snow-free conditions (from
the middle of July), the NDVI became higher in the H zone than
in the C zone because the active vegetation received a higher
amount of infiltrated water during the high-temperature period.

4.2. Plant Responses to Snow Depth

Snow depth did not make any difference to plant composition

(%) a1nysiopy

Depth (cm)

Ground Temperature —e——_S0i| moisture

Fig. 9. () A photograph of gravel-rich soil (indicated by the red ellipses) observed during the logging. (b) Frozen soil with gravel is encoun-
tered at 1 m depth with a temperature of 0°C and a moisture content of ~23% on 13 July, respectively.

https://doi.org/10.1007/s12303-021-0021-7



887

Geophysical mapping of active layer across snow fence with vegetation data

Distance (m)

(w) yydeg

(w) yydeg

(w) ydeq

(w) yydeg

05. July, 2018
(RMS Error : 1.53 %)

68 368 1999 (Ohm-m)

Fig. 10. Time-lapse electrical resistivity tomography (ERT) showing the decrease of electric resistivity of the active layer with time, the unfro-
zen low-resistive taliks, and high-resistive permafrost. The red tick indicates the position of the snow fence. RMS error is root-mean-square
error between the observed data and the calculated data provided in the process of achieving the resistivity tomography.
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Fig. 11. (a) The range of NDVI values during the plant growing season in 2019 for the C and H zones. Small squares in the middle of the box
indicate the average values. (b) Profiles of the mean (solid shapes) and standard deviation (vertical bars) of NDVI values (the number of sam-
ples used to calculate the mean and standard deviation was five).

https://doi.org/10.1007/s12303-021-0021-7



888 Kwansoo Kim, Joohan Lee, Hyeontae Ju, Ji Young Jung, Namyi Chae, Junhwa Chi, Min Jung Kwon, Bang Yong Lee, Johann Wagner, and Ji-Soo Kim

Table 1. Plant compositions in survey plots

C H
Mean SD Mean SD
Deciduous Shrubs (%) 40.4 11.9 35.0 7.0
Graminoids (%) 16.9 10.0 14.9 1.3
Forbs (%) 49 3.6 55 52
Mosses (%) 6.9 5.6 10.8 9.3
Lichens (%) 17.4 8.1 8.0 3.5
Total Vascular Plants (%) 62.2 134 55.4 9.8

Total vascular plants are the sum of deciduous shrubs, graminoids,
and forbs.

(Table 1). The short one-year period during which the snow
fence was operating, along with the highly variable distribution
of tundra vegetation, might have made it difficult to discern the
effects of the snow fence. In both the C and H zones, deciduous
shrubs showed the highest coverage, followed by graminoids
and forbs. Mosses, lichens, and non-vascular plants covered
~20% of the plots. The coverage of lichens was higher in the C
zone, whereas mosses showed a higher coverage in the H zone.

Although there were some outliers at the end of the growing
season (Fig. 11a), the average NDVI values steadily increased,
reaching a maximum in early August, and then decreasing from
the end of August (Fig. 11b). There were no significant differences
in the NDVT between the C and H zones because of the large
amount of gravel and rocks on the soil surface, which resulted in
high spatial variability of vegetation coverage in the measurement
locations. Despite there being no statistical difference, we found
that the NDVI values in the C zone were higher at the beginning
of the growing season than that in the H zone. However, the
average value of the NDVT in the H zone was higher than that in
the C zone from the end of July, and this pattern was maintained
until the end of the growing season. The shallow snow cover in
the C zone exposed the soil surface earlier than in the H zone,
and this allowed plants to start growing earlier. In the H zone,
the plants began growing later than in the C zone due to the
longer period needed to melt the higher volume of accumulated
snow. However, this larger amount of snow might also have
provided much-needed water to plants during the growing period
of this dry tundra ecosystem.

5. CONCLUSIONS

We have mapped the variation of the ALT through time-lapse
GPR and ERT data collected across a snow fence at a permafrost
terrain in Cambridge Bay, Nunavut, Canada. The seasonal thawing
of the active layer was associated with a lowered and flattened
radar event and a slower resistivity decrease.

High resolution radargrams collected in the thawing season

https://doi.org/10.1007/s12303-021-0021-7

indicate that the ALT increased with time, showing a maximum
depth of ~1 m in the middle of July, coinciding with the highest
temperature of the year. In addition, radar reflection events
provided information about the snow depth, which corresponded
well to the actual snow heights measured through surveys. The
ERT mapping of the deeper structures showed the active layer
and the underlying low resistivity zone of taliks, as well as the
high resistivity of the permafrost.

Time-lapse geophysical structures across the snow fence (i.e.,
in the C and H zones) were investigated in terms of air and
ground temperature, ground moisture, NDVI-based vegetation
activity, snow cover, and snow depth. In the early thawing
period, the active layer of the C zone was thicker than that of the
H zone because the surveys were carried out in the absence of
snow cover and there was no insulating snow effect. Meanwhile,
the ground temperature of the C zone was already high, as the
snow cover there was thinner and able to melt more quickly,
allowing direct solar radiation to reach the surface. This effect
was also confirmed by the higher NDVI values in the C zone
than in the H zone at the beginning of the growing season. The
plants in the C zone grew earlier than in the H zone because the
shallow snow cover disappeared more quickly. As the available
nitrogen increases with temperature under deeper snow cover,
vegetation becomes more active; therefore, differences in NDVI
values and organic-layer thicknesses between the C and H
zones are expected to increase in the future.

More carefully planned high resolution seismic surveys
(MASW-based S-wave profile and refraction tomography) in
both the freezing and thawing periods, as well as appropriate
analyses of soil properties, should further improve imaging and
understanding of the physical behavior of the active layer in a
permafrost environment.
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