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ABSTRACT

Due to its subsurface nature, permafrost cannot be directly observed with the naked eye or optical remote sensing. Consequently,
accurately describing its distribution and thermal state is challenging. This is especially true in vast, remote environments, where
obtaining comprehensive field data is demanding or improbable. This results in a reliance on models, which are constrained by
limited, spatiotemporally fragmented baseline data, and which are rarely validated against actual field data. While such models
may be sufficient in homogeneous permafrost environments, or to capture general trends over large areas, their accuracy is
limited at finer scales in thermally heterogeneous environments. To explore and conceptualize this issue, we conducted a field
sampling campaign in two thermally complex valleys in the Ogilvie Mountains. The study area exhibits strong ground tempera-
ture variability over short distances due to surface-based temperature inversions, extreme aspects, and complex land cover types.
Our objective was to qualitatively assess our ability to collect in situ permafrost thermal data (“testability”) using simple, repeat-
able, low-cost methods. Although the study area is located within the zone of continuous permafrost, only nine (18.3%) of the 49
Cryotic Assessment Sites (CAS) produced cryotic temperatures in situ, due to substrate clast density and active layer thickness.
Testability outcomes were used to develop a generalized linear model (P ;) Which predicts low testability at higher elevations
and higher testability in valley bottoms, indicating a substantial potential sampling bias for model calibration and validation.
Comparisons with two local permafrost models highlight persistent uncertainty in permafrost characterization in mountainous
environments.

1 | Introduction [9]. In mountainous permafrost environments, there is also an

increased risk of destructive slope processes, such as active layer

It is widely accepted that permafrost thaw is being driven by an-
thropogenic climate change (i.e., [1, 2]), with increased warming
occurring in the circumpolar Arctic [3] and in mountainous re-
gions [4, 5]. The resultant permafrost degradation has made sig-
nificant contributions to greenhouse gas emissions [6], decreased
the stability of critical infrastructure [7, 8], and jeopardized the
security of food and drinking water in northern communities

detachments and retrogressive thaw slumps [10, 11]. However,
monitoring these issues is challenging because of uncertainties
surrounding permafrost distribution and ground thermal state
in thermally heterogeneous zones.

Permafrost is a subsurface, temporal, thermally defined phe-
nomenon [12], which makes it challenging to observe directly
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and consistently. Unlike sea ice and glaciers, permafrost can-
not be directly observed using the human eye or optical remote
sensing [13-16]. Although permafrost is estimated to underlie
approximately 15%-24% of the Earth's terrestrial surface [17, 18],
delineating specific “boundaries” of permafrost is difficult be-
cause it is an attempt to map a condition, not a substance [19].
Although numerous models have been developed to map per-
mafrost presence on local, regional, and global scales (e.g.,
[17, 20-22]) comparatively few are trained on comprehensive
in situ thermal state data sets or undergo any kind of field val-
idation. This is problematic because models can only be as ac-
curate as the parameters constraining them, and the ability to
validate permafrost spatial distribution is necessary for model
input [23, 24]. However, there is no method to directly map per-
mafrost on large scales at resolutions, which are sufficient to
detect change [25], and in situ observations of permafrost spa-
tiotemporal data are highly spatiotemporally fragmented. This
lack of data increases uncertainty regarding both extent and
ground thermal state [26, 27].

Uncertainty about permafrost distribution and thermal state is
especially pronounced in mountainous environments, where
greater thermal heterogeneity is caused by extreme aspects, ele-
vational cooling or surface-based temperature inversions (SBIs),
snow cover, and substrate [23, 28-30]. Boreholes can be used in
mountains to provide valuable, consistent data on long times-
cales, but there are only limited guidelines available for their in-
stallation [31] and deploying them is difficult due to remoteness,
operational difficulties, and cost [32]. Furthermore, boreholes
also only provide data about a discrete point in the landscape,
which is not likely to be sufficient to describe change in zones of
high thermal heterogeneity (e.g., [33]).

Thermal heterogeneity refers to variations in surface energy
balance caused by topography, vegetation, snow depth, and
soil texture, which create localized variations in permafrost
distribution [24, 34, 35]. This phenomenon is most prominent
in the extensive-discontinuous zone [36] and in mountainous
regions [23], but can still occur in cold, high latitude environ-
ments, which are typically assumed to be underlain by con-
tinuous permafrost [37]. These patterns of spatial and thermal
heterogeneity are too fine to be captured by current global
scale models [23, 36, 38]. One such example of this is the gen-
eral circulation models (GCMs) used by the IPCC to forecast
global response to climate change (e.g., CMIP5 and CMIP6),
which operate on scales of 100-300km [39]. This uncertainty
has significant implications for infrastructure planning and
adaptation [40] and for predicting ecological responses to
change [38].

Many permafrost environments are vast, highly remote, and
potentially hazardous. In some cases, they may only be ac-
cessible on foot or by helicopter or have steep unstable slopes.
Mountainous environments are exemplary of this, and the
ability of researchers to obtain samples is restricted by physi-
cal fitness and safety issues. Furthermore, the substrate over-
lying permafrost may simply be impenetrable to hand-operated
probes, such as in rocky polar deserts, felsenmeer, or other clast-
rich substrates. It may also be the case that instrument pen-
etration is possible, but only to limited depths, which are not
sufficient to reach the bottom of the active layer.

This study is an attempt to conceptualize the issue of “perma-
frost testability,” which is the ability of a researcher to obtain
in situ permafrost thermal data using simple, repeatable, low-
cost methods in a complex environment. To do this, we con-
ducted a field campaign during which we attempted to obtain
permafrost data from several Cryotic Assessment Sites (CAS) in
two proximal valleys in the Ogilvie Mountains. The goal of this
field campaign was not to determine actual permafrost distribu-
tion in thermal state, but to qualitatively assess our ability to do
S0, a critical step in model validation.

2 | Study Area

This research was conducted in a subrange of the Ogilvie
Mountains, located in the north-central Yukon along the
Dempster Highway (Figure 1). The Dempster Highway is of spe-
cial concern for permafrost monitoring because it is the only all-
season artery of transportation in the Canadian northwestern
Arctic, with 90% of its 738-km length built over continuous per-
mafrost [7]. Ongoing impacts of climate change, and the impacts
of the infrastructure itself, are expected to increase active layer
thicknesses (ALTs) and embankment subsidence [41].

The study area is classified as sub-Arctic, with short, cool sum-
mers and long, cold winters (Dfc) according to the Koppen-Geiger
climate index [42]. It is dominated by alpine-tundra vegetation
[43]. The nearest Environment Canada climate station is lo-
cated approximately 160km southwest in Dawson City. Climate
normals (1991-2020) from this station report seasonal average
temperatures ranging from —26.0°C to 15.7°C and approxi-
mately 360mm of annual precipitation, with 43% falling as snow
(Environment Canada, 2023). However, Dawson City is located
at a significantly lower elevation (320meters above sea level)
[44] than the Ogilvie Mountains. The nearest Global Terrestrial
Network for Permafrost (GTN-P) active layer monitoring station
is also located in Dawson City (see [45]) and the nearest active
permafrost borehole is in Red Creek valley (10km north) [46, 47].

The subrange of interest in the Ogilvie Mountains is character-
ized by narrow colluvium walls and intense cold-air drainage
[48] with elevations ranging from 250 to 1835m asl (Yukon
Ecoregions Working Group 2004, [7, 49]). This region has not
been glaciated since the Mid-Pleistocene (2.6 Ma to > 200 Ka),
leaving it uninsulated from the cold air of the Last Glacial
Maximum [50, 51]. Resultant in situ bedrock weathering of
the mountainous landscape resulted in periglacial facies, also
known as felsenmeer [52], across the study area.

The study was conducted in two mountain valleys adjacent to the
Dempster Highway due to the presence of an existing comprehen-
sive network of air and ground temperature sensors. The network
includes ground temperature nodes (GTNs) and air temperature
sensors along elevational transects to monitor SBIs and their im-
pacts on permafrost distribution (see [30, 48, 49, 53, 54]). This
network is a key portion of evidence, as very few networks like
it exist to provide consistent long series ground surface tempera-
ture (GST) values or data about GST spatiotemporal heterogeneity
[55]. The area has also been the site of recent air, ground surface,
and permafrost distribution modeling using the temperature at
the top of permafrost (TTOP) modeling method [30, 53].
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Heginbottom et al. [56] classified the area as having extensive-
continuous permafrost (50%-90% permafrost coverage) with me-
dium to low ground ice content (< 10%-20%). O'Neill et al. [57]
also mapped the area to have negligible ground ice. Probability
modeling done by Bonnaventure et al. [58] saw permafrost prob-
abilities decreasing at middle elevations, particularly on south-
facing slopes, and increasing at high elevations and in valley
bottoms as a response to the presence of SBIs [53, 59]. Other
studies have also assessed permafrost conditions at different
points along the Dempster Highway and the surrounding area
(e.g., [43, 60, 61]).

For the purposes of this study, the southern valley is called
Weather Station Valley 01 (WS01; unofficial name; 64°57'N,
—138°16'W) and the northern valley is called Weather Station
Valley 02 (WSO02; unofficial name; 65°02’N, —138°16’'W;
Figure 1). The valleys are located approximately 10km apart,
with dissimilarities of orientation, vegetation type and cover-
age, fetch length, and geometry [48, 49, 54]. On average, WS02
is 100 m higher than WSO01. Although permafrost is estimated
to be continuous in this region [56, 62], recent localized stud-
ies [53] have modeled more heterogeneous permafrost distri-
bution within the valleys, especially in WS01.

Forest cover is largely coniferous and dominated by black spruce
(Picea mariana). Other vegetation species observed include
Labrador tea (Rhododendron groenlandicum), field horsetail
(Equisetum arvense), dwarf birch shrubs (Betula nana), and net-
leaved willow shrubs (Salix reticulata).

WSO01 (Figure 2A) is a V-shaped, eastern-facing mountain valley
bisected by a creek with a fetch length of 5.3km. Average annual
mean air temperature (AMAT) for the WSO01 valley is modeled to
be —6.4°C (2019-2021; [53]). The south-facing slope is forested,
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FIGURE 2 | Aerial imagery of WS01 (A) facing eastwards down
the valley fetch, and WS02 (B) facing southwards down the valley
fetch produced by a drone in the study area in August 2023. Image
by P.P. Bonnaventure. [Colour figure can be viewed at wileyonlineli-
brary.com]
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FIGURE1 | A map of the study area, displayed on the local scale of the Ogilvie Subrange (right) and in the larger Yukon Territory (left). Basemap

imagery provided by ESRI (2025). [Colour figure can be viewed at wileyonlinelibrary.com]
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with vegetation prominently featuring black spruce and variable
thickness Sphagnum spp. mosses growing over felsenmeer. The
north-facing slope is un-treed felsenmeer, sparsely vegetated
with some soil development in eroded drainage channels on the
slope. Per a supervised land cover classification (not pictured),
WSO01 is overlain by 59.1% felsenmeer, 25.7% herbaceous, and
15.2% forest.

WS02 (Figure 2B) is a U-shaped valley with a north-facing orien-
tation and a 4.7-km fetch length. Despite its proximity to WS01,
it differs considerably in terms of vegetation. A small number
of trees are present near the road and cluster around the creek,
which bisects the fetch at the mouth of the valley but are oth-
erwise absent. Instead, the valley floor is thickly vegetated by
Sphagnum spp. mosses and grassy hummocks. Average AMAT
for the WS02 valley was modeled to be —5.1°C (2019-2021; [53]).
The land cover classification indicates WS02 is covered by 68.8%
felsenmeer, 28.2% herbaceous, and 3.0% forest.

3 | Methods
3.1 | Temperature Network

Since 2017, WS01 and WS02 have been equipped with an annu-
ally expanding network of air and ground temperature sensors.
The network includes several elevational transects of over 100
GTNs, more than 50 air temperature stations, and two main
weather stations (HOBO USB Micro Station Data Loggers, accu-
rate within +0.25°C). The weather stations record wind speed
and direction, atmospheric and relative humidity, incoming
solar radiation, air temperature, and GST. Most sites are GTN-
only, but each air temperature sensor is also associated with a
GTN. Each GTN is buried approximately 2-5cm below the sur-
face [63] and sensors log every 2 h. Dataretrieval occurs annually
in August, on foot. All mean annual air temperature (MAAT)
and mean annual ground surface temperature (MAGST) data
used in this study were obtained from these sensors.

3.2 | Cryotic Assessment Site Selection

CAS (Table 1) were selected from pre-existing GTN locations
in both valleys so that available MAGST could be used as sup-
porting evidence for permafrost presence or absence. In a small
number of cases, additional CAS without GTN were added
where they represented key thaw features. MAGST was not
available at these sites.

During the initial assessment of CAS, MAGST <0°C was taken
to indicate likely permafrost presence and MAGST >1°C likely
absence. However, at some CAS, environmental conditions sug-
gested the potential for ecosystem-protected permafrost (e.g.,
thick organic mats, moss cover, and shading), where permafrost
may persist even when MAGST slightly exceeds 0°C [35, 64].
Because no universally accepted upper MAGST limit for per-
mafrost exists, we defined a conservative near-thaw sensitivity
range for sites with MAGST between 0.1°C and 0.9°C in settings
where ecosystem-protected permafrost was plausible. These
MAGST-based categories are used only as an operational site-
level framework, based on measured GSTs and local land cover,

to distinguish likely permafrost presence, likely absence, and
sites where near-surface thermal conditions are close enough
to the threshold that permafrost occurrence remains difficult
to assess confidently in the current disequilibrated climate.
Subsequent analyses focus particularly on these near-thaw sites,
where both permafrost occurrence and field testability may be
problematic.

CAS were distributed across three land-cover classes.
Herbaceous sites are characterized by thick organic mats domi-
nated by Sphagnum spp., mosses, tundra grasses, foliose lichens,
and earth hummocks, with sparse or absent tree cover; this
class represents the most likely ecosystem-protected permafrost
zones. Forest is the least extensive class, occurring mainly on
the south-facing slope of WS01 and locally along an ephemeral
stream in WSO02. Ground surfaces range from rocky mineral
soils to thick vegetation, but this class is distinguished from
herbaceous areas because shading and snow accumulation may
alter permafrost conditions [65]. Felsenmeer occurs predom-
inantly on slopes and ridgetops in both valleys and is defined
by large, irregular frost-shattered clasts over black shales, lam-
inated siltstones, and weathered dolostone/limestone (Yukon
Geological Survey, 2022; [49]). These surfaces may have patchy
grasses, mosses, or thin soils, and are often associated with neg-
ative temperature anomalies and preserved permafrost in other-
wise marginal climates [66-68] but are largely impenetrable to
human-powered instruments.

3.3 | Ground Thermal Profiling and Data
Collection

The primary method of testing at each CAS for this study was
ground thermal profiling, previously used by Bonnaventure
and Lewkowicz [28], Way and Lewkowicz [69], Léger et al. [33],
Holloway and Lewkowicz [70], and Daly et al. [40]. This is a
potentially advantageous method in complex environments be-
cause it provides multiple temperature measurements through-
out the soil column. However, it is important to note that ground
thermal profiling is still a discrete method of data collection and
is therefore still limited by the number of points, which can be
collected in a vast landscape.

Tests were performed over the course of 2 weeks in late August
2023, close to the annual period of maximum ALT. This de-
creased the likelihood that any encountered cryotic tempera-
tures were the remnants of seasonal freezing and not true
permafrost.

The probe used for this study was constructed from a 300-cm
length aluminum avalanche probe (see [40]). Thermistors were
secured at 25-cm fixed intervals within the probe. Internal
mounting of the sensors was necessitated by the rocky nature of
a significant portion of the substrate in the study area, to protect
the sensors from being damaged or dislodged. However, this also
limited the number of sensors, which were able to fit inside the
casing, reducing resolution. Ice-point calibration testing (e.g.,
[71]) determined the sensors to be accurate within +0.3°C. The
thermistors were connected to an ONSET 4-Channel Analog
MX1105 logger (£0.3% accuracy) for data collection. Holes were
drilled into the probe where the thermistors were fixed to reduce
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TABLE 1 | CAS where a successful ground truthing test was performed and near-cryotic or cryotic temperatures were detected at depth (blue).
Sites where cryotic temperatures are estimated within 3m of the surface, via linear regression (yellow). Sites where permafrost was not detected via
linear regression within 3m of the surface (green) and failed tests (red). Where MAGST data are not available (N/A), this represents a site that did
not have an MAGST sensor or where the sensor failed. At sites where initial CAS testing failed, there is no available data for minimum temperature
at depth (°C) or predicted or observed depth to cryotic isotherm (“N/A”).

Predicted or

Elevation MAGST Min. temp at Max test observed depth to

Site Landcover (m) (°C) depth (°C) depth (cm) cryotic isotherm
‘WS01 G11 Herbaceous 1070 0.66 0 59 59

WS01 G16 Herbaceous 959 0.97 0.1 63 63

DMP WS02 Herbaceous 1102 0.12 0 80 80

WS02 G25 Herbaceous 1064 -1.5 0.2 61 61

DMP 02 Herbaceous 668 0.98 0 74 74

DMP 56 Herbaceous 1069 1.05 0.1 45 45

GT 8 Herbaceous 1132 N/A 0 165 165

GT 12 Herbaceous 1087 N/A 0.4 68 68

GT 14 Herbaceous 1080 N/A 0.1 184 184
DMPWSO01 Herbaceous 980 0.1 1.8 98 113.1

WS01 G04 Forest 1211 2 9.7 49 184.2

WSO01 GO08 Felsenmeer 1046 -0.3 7.8 61 222.3

‘WS01 G13 Herbaceous 1039 0.7 8.1 69 250.9

WS01 G14 Forest 1078 0.4 5.8 58 132.5

‘WS01 G21 Forest 1189 0.5 9.6 52 201.1

WS01 G24 Felsenmeer 1103 -1.6 9.9 50 134.7

WS01 G46 Herbaceous 978 0 0.6 83 97.9

WS02 G03 Felsenmeer 1071 —0.2 10.2 77 259.6

‘WS02 G04 Herbaceous 1142 0.7 4.3 70 118.1

WS02 G23 Felsenmeer 1173 -1.5 10.5 55 214.7

WS02 G24 Herbaceous 1064 -1.9 5.3 93 188.2

DMP 09 Felsenmeer 1195 -1.4 7.7 70 235.6

DMP 11 Felsenmeer 1212 —3.2 9.5 55 170.6

DMP 12 Forest 1020 1.9 4 69 87

DMP 20 Forest 1024 2.3 9.4 51 235.6

DMP 26 Herbaceous 1141 —2.2 5.4 90 191.7

GT2 Herbaceous 976 N/A 4 74 226.1

GT3 Herbaceous 970 N/A 8.8 71 193.1

GTé6 Herbaceous 1010 N/A 3.7 55 68.8

GT7 Herbaceous 1096 N/A 1.7 79 94.5

GT11 Herbaceous 1101 N/A 3.5 61 83.3

DMP 14 Herbaceous 1149 -1.6 8.01 84 393.7

DMP 32 Herbaceous 1042 -4.9 8.5 75 699.5

DMP 57 Felsenmeer 985 N/A 10.9 67 727.2

(Continues)
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TABLE1 | (Continued)

Predicted or

Elevation MAGST Min. temp at Max test observed depth to
Site Landcover (m) °C) depth (°C) depth (cm) cryotic isotherm
DMP 15 Felsenmeer 1123 —4.1 10.4 83 1751.4

Note: Colors indicate where permafrost was detected directly, indirectly, or if the test was failed.

interference by insulation. Gloves were worn during data collec-
tion to prevent conductive heat transfer through the aluminum
casing.

Upon arrival at each site, a steel frost probe and hammer were
used to make a pilot hole for the ground thermal profiling
probe. All pilot holes were made within 1m of the local GTN,
on the same surface type (e.g., moss, felsenmeer, and mineral
soil). The pilot hole was driven to the maximum possible depth,
determined either by the presence of clasts, tree roots, or the
frost table. A depth measurement was then taken, excluding
any overlying vegetative materials such as moss. There were no
cases where a sufficient depth was reached that more than three
thermistors could be submerged, except at sites where significant
thaw features created open fissures in the ground surface. An
additional thermistor was placed 1 cm below the ground cover at
each site to take the surface temperature without the influence
of direct solar radiation. Submerged thermistors remained in the
ground until all channels reached equilibrium (<0.1°C change
per minute, to a maximum of 15 min; [70]). Minimum tempera-
ture and maximum depth of each thermistor was recorded. The
0.5°C isotherm was used as a permafrost-positive indicator, due
to the impenetrability of the frost table [69, 71].

3.4 | Field Data Processing and Simple Linear
Regression

Although the study area is located within the zone of continuous
permafrost, cryotic temperatures were not directly detected at
the majority of CAS (81.7%). It is probable that this represents a

significant number of false negatives, as depth penetration was
highly limited by clasts and tree roots. Substantial ALTs likely
also contributed, as thaw fissures observed in the landscape in
the herbaceous land cover class exceeded 100-cm depth (see
Table 1; GT 8 and 14). Additionally, it is well documented that
ALT in felsenmeer may reach up to 3-5m depths due to venti-
lation, high porosity, and high thermal conductivity [59, 67, 72].

At CAS where cryotic temperatures were not observed in situ,
the depth to the 0°C isotherm was estimated using field measure-
ments and a simple linear regression equation (Equation 1) in R
Studio (v.4.4.1.). A separate linear regression was fitted between
temperature and depth using the thermistor measurements from
each CAS, yielding site-specific intercept (3,) and slope (6;) val-
ues. This linear approximation was used solely to infer whether
the 0°C isotherm likely lay shallower or deeper than the maximum
probe penetration at that CAS, rather than to derive precise tem-
perature-depth profiles.

The depth of the zero isotherm was calculated as follows:
Depth=0- 5, /5, (€]

where 3 is the intercept (temperature at depth =0) and 3, is the
slope, or rate of temperature change with depth.

We used this process to estimate the possibility of reaching the
0°C isotherm within the first 3m of the surface. If the regres-
sion did not predict intersection of the cryotic isotherm within
3m, cryotic conditions were considered undetected within the
instrumented depth for the purposes of this study. We selected
a 3-m limit to maintain a more conservative assessment, as we
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originally anticipated greater vertical resolution from our field
data. However, applying a single linear regression model across
multiple substrate types assumes homogeneous conductive be-
havior, which may oversimplify thermal dynamics in hetero-
geneous materials. Incorporating an assessment of soil texture
and geological composition would help address this limitation
in future studies.

MAGST was also considered when determining permafrost
presence or absence. (Figure 3). Figure 3 summarizes the
decision-tree workflow used to evaluate permafrost presence at
these CAS. The workflow integrates collected thermal profiling
data with climatic data (MAGST) to qualitatively assess confi-
dence in our observations.

MAGST was used as a broad screening variable in the work-
flow to distinguish sites that were clearly cold enough to sup-
port permafrost from those that may have become too warm
for confident interpretation. CAS with MAGST <0.0°C were

treated as having the highest likelihood of permafrost pres-
ence. Sites with MAGST between 0.1 and 0.9°C were treated
as a near-thaw sensitivity range, because marginally posi-
tive GSTs in ecosystem-protected settings may still overlie
lingering permafrost under disequilibrium conditions [35].
Although permafrost has been observed beneath MAGST val-
ues warmer than this, the 0.1°C-0.9°C range was selected as a
conservative threshold given the limited vertical resolution of
the collected data. CAS with MAGST >1.0°C were therefore
treated as lower-confidence sites for near-surface permafrost
presence.

All sites underwent frost probing first, to determine if it was
possible to reach the frost table and obtain a cryotic tempera-
ture measurement immediately. Then, the pilot hole made
by the frost probe was used to insert the ground thermal pro-
filing probe. Regardless of MAGST, if cryotic temperatures
were reached in situ, the site was considered to have per-
mafrost present with high confidence. If MAGST was in the
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FIGURE 3 | Flowchart demonstrating the decision-making process regarding permafrost presence or absence at CAS. [Colour figure can be

viewed at wileyonlinelibrary.com]
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near-thaw sensitivity range (0.1°C-0.9°C) but cryotic tempera-
tures predicted via linear regression within 3m of the surface,
our certainty of a permafrost positive site was high with moder-
ate confidence. Confidence is reduced because linear regression
is an indirect, statistical confirmation of permafrost, rather than
a direct observation of cryotic temperatures. If MAGST >1.0°C,
and cryotic temperatures were not reached in situ, confidence
in linear regression estimations was also reduced. However, if
MAGST >1.0°C and cryotic temperatures were not observed
within 3m via linear regression, this represented a greater con-
fidence estimation of permafrost absence.

3.5 | Probability Surface Generation (P .o, Model)

EST
Observations of test failure and test success at all CAS were
used to generate a probability surface of permafrost testabil-
ity (Ppggp)> for application to the larger subrange of the Ogilvie
Mountains beyond the mountain valley study area. At this stage,
permafrost presence or absence was not considered, only the bi-
nary metric of “test success” or “test failure.” We defined test
success and test failure based on maximum depth of the probe.
CAS where the probe could not penetrate to a depth of 45cm
or greater were considered to represent failed tests. This thresh-
old was not selected to represent typical ALT in the study area,
nor does it imply that permafrost is necessarily expected at this
depth across the study area. Instead, this metric was chosen be-
cause it represents the shallowest depth at which cryotic tem-
peratures were observed in the field. It is intended to function
as a conservative and internally consistent minimum depth for
defining “successful” testability in this study. Given the limited
duration of the field season and noted accessibility issues of the
study area, the sampling prioritized CAS within the near-thaw
sensitivity range (MAGST=0.1°C-0.9°C). These conditions
occur due to ecosystem-protected permafrost, which in our
study area was in herbaceous class sites found only at lower el-
evations. This resulted in a biased data set. To address this bias,
we used random stratification to select an additional 25 sites
from the preexisting network of GTN loggers already known
to be untestable due to extremely hard, clast-dense substrates
lacking any form of soil development. These sites have been
visited by researchers in previous years to install GTNs and air
temperature sensors, and field conditions there are well docu-
mented. At these sites, the environment is defined by felsenmeer
with no soil development. Although the probe could be placed
between the clasts, this would only produce an air temperature
measurement, rather than a ground temperature measurement.
Penetration beyond 45cm is also highly improbable. The sites
were chosen from a range of elevations from both WS01 and
WS02, but trend toward higher elevations due to the inherent
patterns of geology and soil development in the region.

To create the P, model, a 2-m digital elevation model (DEM)
of the study area was derived from optical imagery by the Polar
Geospatial Center at the University of Minnesota [73]. Potentially
relevant environmental variables (slope, aspect, topographic po-
sition index [TPI], and elevation) were extracted from the DEM
using ArcPro v. 3.3.0 and the Jenness TPI extension (v.1.3; [74]).

Prior to modeling, the DEM-derived environmental vari-
ables were examined for multicollinearity using Pearson's

TABLE 2 | The coefficients table associated with the general linear
model.

Standard
Estimate error 4 Pr(>|z|)
Intercept 23.5441905  9.3274613 2.524 0.0116
Land cover —0.1031750 0.5790599 —0.178 0.8586
Aspect —0.0001016  0.0042850 —0.024  0.9811
Slope —0.0054994 0.0387279 —0.142  0.8871
TPI 1.2661861 1.1235530 1.127 0.2598
Elevation —0.0201476  0.0078750  —2.558 0.0105

correlation and variance inflation factors (VIF) analysis in
RStudio v.4.4.1. No strong correlations between variables
were detected. Logistic regression, implemented through the
caret (Classification and Regression Training) package [75]
was used to evaluate the influence of all candidate variables
on the probability of conducting a successful test. Of these,
only elevation was statistically significant (Table 2), and was
therefore defined as the sole predictor variable for subsequent
model development. Given the modest sample size and our fo-
cusing on characterizing overall testability patterns, we opted
to use this simpler model rather than constructing a highly
parameterized model. We recognize that more complex non-
linear relationships may exist but could not robustly be esti-
mated here.

Field data were then randomly divided into a training set (com-
prising 70% of the data) and a testing set (comprising 30%). A
logistic regression model was applied to predict the probability
of a successful test, producing values between 0.0 and 1.0 using
Equation (2), where y is the linear predictor derived from the
fitted intercept and coefficient for elevation (e.g., [58]).

Prggr =1/(1+exp (—Y)) @)
where y is defined by Equation (3).
y=p, + p, (Elevation) 3)

Using the point predictions from the model, a continuous prob-
ability surface was generated with the Raster Calculator tool in
ArcGIS Pro (Figure 4).

3.6 | Model Comparison

The Ppqr model was then compared with the results of two
other local models of permafrost distribution, Bonnaventure
et al. [58] and Garibaldi et al. [53]. The goal of this comparison
was to identify zones where warm, “near-thaw” permafrost
(MAGST =0.1°C-0.9°C), which is more immediately vulnerable
to thaw intersects with zones of low testability. These areas rep-
resent the greatest uncertainty, where it is unclear how soon per-
mafrost will thaw under current climate conditions and it is also
unclear if those conditions can be verified. The P, model was
grouped into four probability classes (0-0.25, 0.25-0.5, 0.5-0.75,
and 0.75-1.0) for this comparison.
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The Bonnaventure et al. [58] model is a moderate- to high-
resolution (30 x30m) permafrost probability model covering
much of northern British Columbia and Yukon, including the
study area near the northern limit of its extent. It was devel-
oped by combining several empirical-statistical models and
broadly validated using discrete ground-truthing sites and
long-term borehole data, with Dawson City, YT, representing
the nearest validation area to this study. Model outputs are
expressed as permafrost probability and can be grouped into
continuity classes such as sporadic, extensive-discontinuous,
and continuous. The extensive-discontinuous class was
treated as a lower-certainty transition category for compar-
ison with P s no part of the study area was classified as
sporadic by this model.

The Garibaldi et al. [53] model is a process-based TTOP model
derived from several years of in situ climatological data col-
lected from the ground-temperature monitoring network in
WS01 and WS02. Rather than probability, it outputs predicted
subsurface temperatures under equilibrium conditions. For
comparison with P;.o, TTOP values were interpreted pri-
marily relative to the equilibrium threshold of 0°C, with TTOP
<0°C indicating thermally favorable conditions for permafrost
in the model framework and TTOP > 0°C indicating thermally
unfavorable conditions.

In addition, we examined a near-thaw positive TTOP range as
a sensitivity zone, rather than as a formal permafrost class, in
order to highlight terrain where equilibrium-based TTOP may
underrepresent lingering or ecosystem-buffered permafrost
under disequilibrium conditions, and where field validation
may also be especially difficult. This rationale is consistent with
recent work showing that equilibrium TTOP approaches can
underpredict permafrost in disequilibrium settings unless cali-
brated against field observations [76]. Because the interpretation
of this near-thaw range depends on threshold choice, we also re-
peated the analysis using a broader sensitivity threshold defined
by TTOP=0.0°C-2.0°C.

To quantitatively compare model performance at the CAS loca-
tions, we constructed confusion matrices for the following three
models: (i) the Bonnaventure et al. [58] permafrost probability
model, (ii) the Garibaldi et al. [53] TTOP model, and (iii) the Prpq;
testability model. For each model, permafrost presence/absence
(or testable/not testable in the case of Prer) was defined using the
same binary thresholds as stated. From these confusion matrices,
standard classification metrics were calculated, including overall
accuracy, sensitivity (true positive rate), specificity (true negative
rate), precision, and F1 score. Metrics were computed only at CAS
where field observations allowed permafrost presence or absence
to be confirmed to ensure a consistent basis for comparison.
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4 | Results
4.1 | Field Results

A total of 49 CAS were sampled throughout the 2023 field sea-
son (Figure 5). Of these, 36 were considered successful, mean-
ing that the probe was able to reach the minimum benchmark
of 45-cm B.D.

4.2 | Permafrost Detected Directly

Of the 36 successful tests, only nine CAS (18.3%) produced cry-
otic temperatures in situ. Three of these CAS were thaw features
in the landscape, where thaw disruption created fissure-like

FIGURE 5 | Distribution and results of ground truthing tests in WS01 (A) and WS02 (B). Basemap Imagery: Maxar Technologies, Esri, Earthstar

Geographics. [Colour figure can be viewed at wileyonlinelibrary.com]

features in the valley bottoms and allowed the probe to reach
a greater than normal depth. The average depth of cryotic ma-
terials was 89-cm B.D., with a minimum of 45cm and a maxi-
mum of 184 cm (Table 1). Excluding these fissures, the average
active layer depth was 63cm. Where data were available, all
sites except one had a positive MAGST. Overall, the sites were
constrained to the lower elevations of the valleys, ranging from
668- to 1149-m elevation (average 1041 m). All of these sites were
located within the herbaceous land cover class.

4.3 | Permafrost Detected via Linear Regression

Of the successful CAS tests, 22 (61.0%) did not produce cryotic
temperatures in situ but are predicted to have cryotic materials
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within 3 m of the surface (Table 1). Of these tests, in the her-
baceous land cover class, the average ALT prediction is 148-cm
B.D., ranging from 68 to 250cm. In the felsenmeer land cover
class, the average ALT prediction is 206 cm, ranging from 134 to
259 cm. In the forest land cover class, the average ALT predic-
tion is 87-235cm.

4.4 | No Permafrost Detected Within 3m
of Surface

Sites were declared as operationally “permafrost absent” for
near-surface permafrost when the linear regression equation
did not predict crossing the 0°C isotherm within the first 3 m
of the surface (Table 1). Four of the successful tests produced
results that suggest permafrost is not present below the subsur-
face within 3m.

4.5 | Failed Tests

Of the 49 total CAS sampled, 14 tests were considered to have
failed because of not reaching the 45-cm B.D. benchmark
(Table 1). The average depth achieved at failed sites was 27 cm.
Sites ranged in elevation from 945 to 1247m, with an average
elevation of 1092m. Most failed tests (71.4%) were at an eleva-
tion greater than 1000 m. Test failures occurred because of the
presence of impenetrable substrates, clasts in the subsurface, or
tree roots.

4.6 | Testability Model (P

rest Model)

Several environmental variables were considered to inform the
Py model. However, only elevation emerged as statistically
significant (Table 2).

The P.q; model was overlaid across the subrange and reclassi-
fied into probability zones, ranging from 0% to 100% likelihood

Ey
o

of a successful test (Figure 4). The total extent of the selected
area is approximately 247km?. The probability of P success
increases toward areas of lower elevation.

Most of the landscape falls either into the extremely low or
extremely high P .o, probabilities. The majority of WS01
(51.3%) falls within the range of low testability (0%-25% like-
lihood), and 26.6% falls within the range of high testability
(75%-100%) (Figure 6). The majority of WS02 (68.7%) falls
within the zone of low testability, and only 6.4% falls within
zones of high testability (Figure 6). It should be noted that, on
average, the elevation of WS02 is approximately 100 m higher
than that of WSO01.

4.7 | Model Comparisons
4.71 | Comparison With Bonnaventure et al.

The Bonnaventure et al. [58] model predicts permafrost prob-
ability across the study area, with values ranging from 40%
to 100%. For comparison with this study, we grouped proba-
bilities into continuity classes: 0%-39% as sporadic, 40%-70%
as extensive-discontinuous (“marginal”), and 71%-100% as
continuous. Across the subrange, 74.5% of the land area is
classified as extensive-discontinuous permafrost and 24.6% as
continuous.

In WSO01, the lowest permafrost probabilities (40%-50%) occur
on the forested south-facing slope, but field tests there were
inconclusive because dense subsurface roots prevented suf-
ficient probe penetration. When compared with P ¢, zones
of low testability (0%-25%) overlap strongly with high mod-
eled permafrost probabilities: the mean Bonnaventure et al.
probability in this class is 80.0%, compared with 69.2% in the
highest-testability class (75%-100%). The single permafrost-
absent CAS in WSO01 also falls within a relatively high mod-
eled permafrost probability zone (80%-90%) on the valley
bottom (Figure 7A).
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FIGURE 6 | Distribution of probabilities of permafrost test success in WS01 and WS02 against percentage of total area in the subrange. [Colour

figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 | A comparison of permafrost probability values modeled by Bonnaventure et al. [58] and P, values in WS01 and WS02.

Permafrost probability

Permafrost probability Permafrost probability

Prrsr Site (min.) (%) (max.) (%) (mean) (%)
Low: 0%-25% WS01 46.1 98.4 80.0
WSo02 58.8 98.5 88.1
Moderate: 25%-50% WSo01 40.7 73.0 57.7
WS02 50.8 75.4 62.3
High-moderate: WSo01 42.8 74.7 60.0
S0%-=75% WS02 50.9 74.1 62.2
High: 75%-100% WS01 46.6 78.7 62.9
WS02 51.4 72.3 59.6

A similar pattern is evident in WS02. The lowest modeled per-
mafrost probabilities (50%-60%) occur in the valley bottom
(Figure 7B). One CAS in this class was classified as permafrost
absent using linear regression, yet cryotic temperatures were de-
tected in situ only 378 m away in the same probability zone. Of
the three permafrost-absent CAS in WS02, two occur within the
60%-70% probability class and one within the 40%-50% class.
As in WS01, mean permafrost probability is highest in the low-
testability class and lowest in the high-testability class (Table 3),
averaging 88.1% in the 0%-25% Prper class and 59.6% in the
75%-100% class.

When interpreting the comparison between P, .. and the
Bonnaventure et al. [58] permafrost-probability model, it is
important to recognize that the two products operate at dif-
ferent native resolutions. Some of the apparent small-scale
disagreement between the two products is thus expected from
the scale mismatch and associated smoothing, rather than
indicating a fundamental inconsistency in permafrost condi-
tions. This overlay is intended to be interpreted heuristically
to identify broad zones where testability and modeled perma-
frost uncertainty co-occur, rather than a strict pixel-by-pixel
accuracy assessment.

4.7.2 | Comparison With Garibaldi et al.

The Garibaldi et al. [53] TTOP model is limited spatially to
WS01 and WSO02, so the comparison presented here is re-
stricted to those valleys. For this comparison, TTOP <0°C was
interpreted as indicating thermally favorable equilibrium con-
ditions for permafrost, whereas TTOP > 0°C was interpreted
as thermally unfavorable. We also examined a near-thaw pos-
itive TTOP range (0.1°C-0.9°C) as an operational sensitivity
zone to identify terrain where equilibrium-based TTOP may
underrepresent lingering permafrost under disequilibrium
conditions. Under this interpretation, the Garibaldi et al.
model predicts that 82.5% of WS01 has TTOP <0°C, while
8.6% falls within the near-thaw sensitivity range and 8.7% has
TTOP >1.0°C (Figure 8A). In WS02, 99.2% of the valley has
TTOP <0°C, 0.7% falls within the near-thaw range, and only
0.002% has TTOP > 1°C (Figure 8B).

or ')

Vabue
50
0109

FIGURE 8 | The TTOP model by Garibaldi et al. [53] compared
against the results of CAS testing in WS01 (A) and WS02 (B). The mod-
el is set to 50% transparency for clarity purposes. Basemap Imagery:
Maxar Technologies, Esri, Earthstar Geographics. [Colour figure can be
viewed at wileyonlinelibrary.com]

Comparison with P shows that, in WS01, colder TTOP
values are associated with both low (0%-25%) and high (75%-
100%) testability, whereas the warmest TTOP conditions (mean
~—0.1°C) occur within the moderate P ¢, classes (25%-75%)
(Table 4 and Figure 8). Mean TTOP values in the low- and
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high-testability classes were —2.3°C and —1.3°C, respectively. In
WS02, the relationship is less consistent, with colder TTOP val-
ues across all testability classes and weaker separation among
them (Table 4). The warmest average TTOP occurs in the 75%-
100% class (—1.8°C), while the coldest mean TTOP falls within
the 50%-75% class.

We also conducted a sensitivity analysis in which the upper limit
of the near-thaw sensitivity range was increased to 2.0°C. Under
this broader threshold, WS01 was classified as 81.1% permafrost,
16.5% uncertain permafrost, and 2.3% permafrost absent. This

TABLE 4 | A comparison of TTOP (°C) values modeled by Garibaldi
et al. [53] with categories of P, in WS01 and WS02.

TTOP TTOP TTOP

min. max. mean
Presr Site (°C) °C) (°C)
Low: WS01 -5.3 3.7 -23
0%-25% WS02 5.5 0.52 -2.1
Moderate: WS01 -5.8 3.3 -0.1
25%=50% WS02 —4.8 0.58 -1.9
High- WS01 -57 3.3 -0.1
moderate: WS02 -5.9 0.75 22
50%-75%
High: WS01 -9.4 3.1 -1.3
75%-100% WS02 -49 1.0 -1.8

TABLE 5 | Sensitivity analysis of overlap between P probability
classes and near-thaw TTOP terrain from the Garibaldi et al. [53] model
in WS01 and WS02. Values show the percentage of each valley occupied
by overlapping classes under the original threshold (0.1°C-0.9°C) and
a broader sensitivity threshold (“SA 2.0+”), allowing assessment of
whether the relationship between reduced testability and thermally
sensitive terrain is robust to threshold choice.

WSo1 WS02
) - 0.1-09 SA2.0+  01-0.9 SA2.0+
0-0.25 8.38 7.94 60.10 66.10
0.25-0.5 35.65 32.18 20.64 17.41
0.5-0.75 43.61 46.01 19.26 16.49
0.75-1.00 1236 13.88 0 0

result reinforces that the near-thaw sensitivity category is an
operational class intended to highlight potentially vulnerable or
misclassified terrain; although the proportions of area in each
class shift with threshold choice, the broader spatial patterns re-
main qualitatively consistent.

To further evaluate the relationship between P . and the
Garibaldi et al. [53] TTOP model, we examined how the
overlap between P ... classes and near-thaw TTOP terrain
changed under the original and broadened sensitivity thresh-
olds (Table 5). Under the original definition, the greatest
overlap generally occurred within the moderate P classes
(0.25-0.75), whereas the highest-testability class showed less
overlap. In WS01, the 0.5-0.75 Pp.q; class had the stron-
gest overlap with the 0.1°C-0.9°C near-thaw TTOP zone; in
WS02, overlap was greatest in the 0-0.25 and 0.25-0.5 classes.
Repeating the analysis with the broader threshold (“SA 2.0+”)
produced broadly similar class-wise patterns, indicating that
the observed relationship between reduced testability and
thermally sensitive terrain is not an artifact of the original
threshold definition.

At the CAS scale, these qualitative patterns are reflected in the
quantitative performance metrics (Table 6). The Bonnaventure
et al. [58] probability model achieves high overall accuracy and
very high sensitivity but essentially zero specificity, indicating
a strong tendency to predict permafrost presence at nearly all
sites. The TTOP model shows more balanced behavior, with
moderate sensitivity and somewhat improved specificity, but
still generally overpredicts permafrost. In contrast, the Pppqp
model exhibits the most balanced trade-off between detecting
testable and nontestable locations, with comparable sensitivity
and specificity and the highest F1 score among the three mod-
els. These metrics provide a more rigorous basis for the model
comparison and support the use of P11 as a tool for identifying
where field validation is feasible.

5 | Discussion

This study encountered substantial challenges in data col-
lection, due to greater-than-anticipated difficulties with
substrate penetrability and noted limitations of site accessi-
bility. Although these constraints were considered during the
project’s conceptualization, they proved to be more severe
than anticipated. However, these difficulties exemplify the
core of our research questions and highlight that the Ogilvie
Mountains (and similar heterogeneous periglacial terrains)
are still the subject of a significant knowledge gap with re-
gards to testability.

TABLE 6 | Summary of model performance metrics at CAS locations for the Bonnaventure et al. [58] probability model, the Garibaldi et al. [53]

TTOP model, and the P testability model.

Model Accuracy Sensitivity Specificity Precision F1
Bonnaventure et al. [58] 0.824 0.966 0.000 0.848 0.903
Garibaldi et al. [53] TTOP 0.643 0.708 0.250 0.850 0.773
Ppqr testability 0.685 0.765 0.615 0.634 0.693
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5.1 | Potential for False Negatives or False
Positives in CAS Testing

It is unlikely that any of the cryotic temperatures encountered
in situ were false positives (i.e., the remnants of seasonal freez-
ing) due to the timing of the fieldwork and the observed ALT
across all sampled CAS. Although false positives may have oc-
curred in instances where linear regression was used to estimate
depth to the cryotic isotherm, it is more likely that the estimated
depth is erroneous, rather than the actual presence of perma-
frost—especially at sites with subzero MAGST values.

False negatives are more likely. Of the 36 successful tests per-
formed, only 4 were determined not to have permafrost pres-
ent via linear regression. Although these areas may represent
zones of near-surface permafrost loss, the limitations of the
instrument and lacking baseline data on ground thermal state
make it difficult to comment on that with any confidence. Sites
determined not to have permafrost in this context were given
this designation because linear regression did not predict cryotic
temperatures within the first 3 m of the surface, but it is possible
for ALT to exceed 3 m in some environments [59]. In the field, we
observed and documented instances of thaw disturbance creat-
ing fissures >100cm deep, which exceeds the maximum depth
that the probe was capable of penetrating to at the majority of
CAS Observations of deep active layer thickening are consistent
with observations of others around the Dempster Highway (e.g.,
[41, 77]). However, it is unclear if the disturbances witnessed
represent actual near-surface permafrost loss, or if they will re-
freeze or develop taliks.

5.2 | Influences on CAS Field Results
5.2.1 | Felsenmeer

Most logistical challenges associated with testing for perma-
frost in WS01 and WSO02 are associated with the felsenmeer
land cover type, which covers the majority of the subrange.
The felsenmeer-covered valley walls are extremely steep (up
to 69°), and many of the clasts are unstable, which poses a
considerable safety risk to researchers attempting to climb
them. Where the valley walls are not steep (such as on the
ridgetops and in proximity to the valley bottoms), the terrain
may still be unstable because of the unfixed clasts. Not only
are these sites difficult to reach, but they frequently yield min-
imal results when tested.

Felsenmeer sites made up the majority of untestable CAS due
to their shallow or nonexistent soil profiles. Where soil was
present, the probe was generally unable to reach depths where
a significant number of sensors were below the surface due to
the dense concentrations of clasts. Although it was sometimes
possible to maneuver the probe between the clasts, this rarely
yielded meaningful results. At sites where no soil profile was
present, probing between the clasts would have only yielded an
air temperature measurement. However, these sites likely have
continuous permafrost coverage.

Felsenmeer sites in both WS01 and WSO02 are cold on average,
with MAGSTs at sampled CAS averaging —1.3°C. However,

we were unable to reach cryotic temperatures in situ at any of
them, likely due to much deeper active layers. The felsenmeer
land cover type (and similar rocky, low-moisture environments)
is well understood to have a fast response time to ambient air
temperatures. This is due to high thermal conductivities and
frequently, a lack of ground ice, meaning that large amounts of
thaw can occur in a relatively short period of time [59]. This may
be up to 5m [72], and if this were the case, the active layer would
have exceeded the full length of the ground thermal profiling
probe. However, there were no instances in felsenmeer where
we were able to penetrate up to even 1 m.

In these environments, permafrost is categorized as dry due to
the lack of ground or pore ice, and cryotic materials are largely
restricted to the clasts. The result is that permafrost thaw is un-
likely to produce surface features like retrogressive thaw slumps
and active layer detachments. This lack of ice and organic car-
bon also means that thaw in dry permafrost environments is less
likely to result in environmental disturbances [78]. Therefore,
although uncertainty associated with distribution and thermal
state in dry permafrost environments is not ideal, it is less det-
rimental than uncertainty associated with ice- or carbon-rich
permafrost environments.

There are no rock glaciers present within the study area.
However, probing the felsenmeer sites could be considered
a close analog to probing a rock glacier. A growing number
of studies in the European Alps have documented internal
structures or ice cores in rock glaciers using boreholes (e.g.,
[31, 79]) and geophysical surveys (e.g., [80]). However, many
investigations still rely on indirect methods such as electri-
cal resistivity tomography (e.g., [81]) and ground penetrating
radar (e.g., [82]).

5.2.2 | Impacts on Model Results

Five DEM-derived variables were considered as potential driv-
ers for the likelihood of P4 success: land cover, TPI, aspect,
slope, and elevation. However, only elevation was identified
as a significant predictor by the logistic regression analysis,
showing a small but statistically significant negative impact
on the dependent variable P .. This is likely due to the rela-
tionship between elevation and soil development in the study
area. However, we do not interpret this to mean that elevation
alone controls testability. Rather, elevation is likely acting as a
proxy for a suite of co-varying factors, including the distribu-
tion of blocky felsenmeer versus finer-grained soils, the degree
of soil and organic layer development, and vegetation cover.
Micro-topographic variability (e.g., slope breaks, aspect, and
concavity) strongly influences where fine particles accumu-
late, where soil moisture is retained, and where dense clast
layers are exposed at the surface, all of which directly affect
both the ease of probe insertion and the stability of the ground
surface during fieldwork.

The contrast between WS01 and WS02—where WS02 has a
higher proportion of herbaceous cover but a lower proportion of
high-testability area—likely reflects such valley-specific differ-
ences in substrate and micro-topographic configuration, rather

than elevation alone. In this sense, the elevation term in Ppp¢p
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should be viewed as a proxy for these linked processes at the
scale and sample size of our dataset, with the understanding that
more detailed terrain, snow, and substrate information would be
required to explicitly resolve their individual contributions.

Aspect was initially considered a potential driver of testability
due to its influence on surface energy balance, which affects
vegetation species and coverage, moisture content, permafrost
distribution, frequency of freeze-thaw cycles, and soil texture
[83]. However, the logistic regression analysis revealed it to be
the most statistically insignificant variable, with a Pr(>Izl) value
of 0.98. In WSO01, the influence of aspect manifests visibly as
a forest-covered south-facing slope and a felsenmeer-covered
north-facing slope. The next nearest valley, north of WS01, lacks
this difference and visible treeline. In WS02, aspect seems to
have a weaker visible influence. Neither side of this valley is
treed and soil distribution on the slopes is uniformly lacking
on both sides. Ultimately, it is likely that aspect was statistically
insignificant because (1) aspect did not have a strong influence
on soil development in WS02 and (2) most failed tests occurred
because of impenetrable substrate and clast presence, not tree
roots, negating the impact of the forest land cover class.

Following aspect, slope is the next most statistically insignifi-
cant variable (Pr(>1zl)=0.88). It was initially considered a po-
tential predictor due to its strong influence on drainage and its
potential association with the felsenmeer land cover type. CAS
were slightly biased toward sites with lower slope angles due to
terrain hazards and the instability at higher elevations on felsen-
meer slopes, where clasts were loose and lacked soil. This bias
may explain the variable's insignificance.

Land cover is only marginally less significant than slope
(Pr(>Izl)=0.85), which was surprising given it was initially hy-
pothesized to be the determining factor for P¢; success. From
aerial or site-level observations, it seemed intuitive that rocky
areas would be less testable than herbaceous areas. Felsenmeer
seemed to be totally lacking in testability, while the herbaceous
class was anticipated to be uniformly successful. However, upon
testing, it became clearer that the testability of the area is as
heterogeneous as its permafrost distribution. Although it was
generally true that felsenmeer restricted testability, there were
rare cases where soil development was deeper than anticipated,
and it was possible to penetrate to greater depths than assumed
when observing the surface. Inversely, some herbaceous sites
proximal to the valley walls concealed felsenmeer beneath veg-
etation, resulting in limited test success where we assumed that
it would be possible to reach significant depths.

TPIalsodid notapproach statistical significance (Pr(>Izl) =0.25).
TPI was originally selected because it seemed likely that convex
sites such as ridgetops would have significantly lower testability
than concave locations, where water pooling and deeper snow
cover would be more likely to occur.

Although this model did not find any of the DEM-derived vari-
ables to be relevant, sans elevation, this may not be the case in
other environments. In the case of the Ogilvie Mountains, we
believe that elevation was the ultimate predictor of Prgq due
to its relationship with wind-scouring and soil development.
However, in another research environment, such as a High

Arctic environment with polar bedrock landcover (see [59]),
Prper Would likely still be low at low elevation. This is because
the physical mechanism determining testability is substrate
hardness.

Overall, it is unlikely that elevation is the sole predictor of test
success, but the spatiotemporal resolution of the sampled sites
may be too low to capture the full complexity of the actual
variables. Ultimately, all variables other than elevation were
excluded from the probability model. However, there are draw-
backs. Because WSO01 is situated approximately 100 m lower than
WSO02, the model predicts a broader range of testability probabil-
ities in WS01 compared to WS02. In WS01, probabilities range
from 0% to 100%, whereas in WS02, probabilities range from 0%
to 90%. This occurs despite WS02 having more coverage of the
herbaceous land cover class, which is the most successful land

cover class for Pppor.

5.2.3 | Surficial Temperature Measurements as
Permafrost Indicators

It is well understood that permafrost is defined by its cryotic
isotherm [84], and many assessments of permafrost conditions
assess GSTs as potential indicators of permafrost presence (e.g.,
[85-89]). Generally, GST is considered to be a reliable indica-
tor of permafrost presence [88] and a good indicator of overall
climate, as it integrates the influence of atmospheric conditions
with ground conditions (e.g., snow cover, vegetation, and mi-
crorelief) [90]. This is the general principle behind some remote
sensing-based permafrost evaluations (e.g., [91, 92]), and collect-
ing data from remote sensing instruments is a much faster and
cost-effective way to obtain spatially dense temperature data
across landscapes [91].

However, the effectiveness of using surficial measurements
to indicate conditions deeper in the soil profile has been chal-
lenged [93, 65]. Using surficial measurements to indicate per-
mafrost presence is especially problematic in areas like the
north-central Yukon, where there is frequently a disconnect be-
tween the air and GST, resulting in significant surface offsets
[94]. This effect was observed several times in our research. All
CAS, which produced an in situ cryotic temperature measure-
ment, were in the herbaceous land cover class, which features
thermally insulative vegetation that produces surface offsets/
ecosystem-protected permafrost. All but one of these sites had
a positive MAGST (0.1°C-1.0°C). Furthermore, eight of the 22
sites with permafrost predicted by linear regression also had
positive MAGSTSs, with one as warm as 2.0°C.

5.3 | Errors, Limitations, and Uncertainties
5.3.1 | Ground Thermal Profiling Instrument

This study represents a prototype attempt to assess the study
area and is not intended to be viewed as an optimized approach
to ground thermal profiling. The primary objective of the re-
search was to assess the viability of testing itself in a challenging
environment, with the understanding that future iterations of
the study should refine the instrumentation and methods based
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on these initial findings. The following section will discuss the
challenges we encountered in the field and their impact on the
final results.

We employed a method of ground thermal profiling wherein the
individual thermistors were mounted at fixed intervals within
the probe's casing, to prevent displacement or damage from
clasts during insertion into the substrate. Internally mounting
the thermistors in this fashion limited the number of possible
sensors inside the casing, due to the thickness of the wires.
However, this configuration was still seen as preferable to ex-
ternal mounting, due to the high likelihood of damage by clasts.
Although increasing the casing's diameter would allow for it to
accommodate more sensors, it would also reduce the probe's
ability to effectively navigate between clasts.

The 3-m probe length was selected to balance the objective of
achieving sufficient penetration depth within the logistical con-
straints of deployment in remote, high-relief terrain. Although
it is true that we expected to encounter felsenmeer, which may
have active layers up to 5m deep [59, 72], we assessed that it was
highly improbable we would be capable of achieving that depth
due to the blocky nature of the substrate. Because the probe had
to be transported over long distances and steep slopes, often
across rocky and unstable surfaces, increasing the probe length
would have increased the physical burden on field personnel.
This would have further limited site accessibility and sampling
efficiency. Therefore, the 3-m length represented a pragmatic
compromise between maximizing potential sampling depth and
maintaining operational feasibility and safety in the challenging
terrain.

During the design phase of the field campaign, it was anticipated
that at the very least, most CAS in the herbaceous class would
be able to be penetrated up to the full length of the probe (3m).
However, in the field, we encountered buried felsenmeer at sur-
prisingly shallow depths beneath the thick organic soils and
moss cover of the herbaceous and forest land cover sites. This
significantly reduced the number of thermistors that were sub-
merged in the subsurface at any given time. We recognize that
our data resolution would be significantly improved by reducing
the vertical spacing between the sensors (e.g., [33]). Ultimately,
the larger vertical spacing of our thermistors is likely to have
caused our sensors to miss critical thermal inflection points
near the frost table. Additionally, the lower number of sensors
does not sufficiently fully capture the variability of temperature
change due to the lag effect of heat moving through the soil col-
umn. In some cases, we noted a minor temperature increase in
the at shallow depths below the surface, which represented this.

5.3.1.1 | Linear Regression of CAS Data. A further lim-
itation arises from the use of simple linear temperature-depth
extrapolation to estimate the 0°C isotherm at sites where cryotic
temperatures were not reached in situ. Applying a single linear
regression model across all substrate types assumes homoge-
neous conductive behavior. For example, in coarse, air-filled
felsenmeer, conductive gradients may be strongly nonlinear
and influenced by advective processes [67]. Therefore, it should
be interpreted qualitatively as indicating that any cryotic layer,
if present, lies well below the reach of the probe, rather than as
literal depths. These extrapolated values are not used for model

calibration; instead, our conclusions focus on the observed prev-
alence and spatial clustering of failed tests as an indicator of low
testability in such terrain.

This issue was considerably compounded by the limited number
of sensors, which could be submerged at any given time. During
the initial field design period, we anticipated that at the very
least, the full length of the probe would be submerged at most
herbaceous CAS. However, due to encountering buried felsen-
meer at surprisingly shallow depths beneath some of the organic
soils present at herbaceous CAS, this was not the case. As a re-
sult, this method was further limited by lowered data resolution.

5.3.2 | Model

This model is subject to the same limiting factors as all other
models, in that any number of discrete training sites in a het-
erogeneous landscape cannot be comprehensive of the charac-
teristics of the overall landscape. This is especially problematic
in the Ogilvie Mountains, where the testability of the landscape
proved to be just as heterogeneous as the ground thermal state.
We initially anticipated that our CAS tests would reach no sig-
nificant depth in the felsenmeer class and unanimously succeed
in the herbaceous class, but the results were far more variable.
Although the herbaceous class was the only class to produce
in situ cryotic temperatures, greater depths were achieved in the
felsenmeer class than were originally anticipated because of an
unexpected variety of soil profile depths.

As noted by Léger et al. [33], permafrost investigations are fre-
quently biased toward readily accessible sites. A similar acces-
sibility bias is present in the training dataset used in this study.
Extensive areas of the study region were too steep or unstable
to be safely accessed, thereby limiting spatial coverage. In ad-
dition, logistical and time constraints resulted in a dispropor-
tionate concentration of sampling near the valley fronts, with
comparatively less representation deeper down the fetch.

Pearson's correlation analysis and VIF testing for multicol-
linearity indicated that elevation was the only statistically
significant predictor of testability among the environmental
variables considered. Although this result is robust within the
context of the data, we believe that it is still an oversimplifica-
tion and constitutes a limitation of the P .o, model. The model
predicts low testability at high elevations, where felsenmeer and
barren ridgetop are the dominant landcover types, and high
testability at low elevations, where substrate is soft and organic.
Essentially, elevation is functioning as a proxy for soil develop-
ment. Because soft soil development is necessary for testing at
any meaningful depth, this relationship is a practical utility for
the model. However, soil development is driven by a number of
complex controls, which are not captured by elevation alone.

5.3.2.1 | Model Comparison Results

5.3.2.1.1 | Comparison of CAS Sampling and P, Model
With Bonnaventure et al.. It is more challenging to com-
pare the results of CAS sampling to the Bonnaventure et al.
[58] model because it maps probability of permafrost presence
rather than thermal state. Individual CAS therefore cannot be
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said to strictly agree or disagree with the model, but can instead
be evaluated in relation to the probability predicted at that loca-
tion. The Bonnaventure et al. [58] model is also based on older
calibration data and should be interpreted here as a broader his-
torical and conceptual benchmark, rather than as a direct rep-
resentation of present-day near-surface permafrost conditions.
This comparison is retained because it remains one of the few
existing local permafrost model products available for the study
area at an appropriate spatial scale.

In both WS01 and WS02, zones of low testability (0%—-25%)
overlap strongly with high modeled permafrost probabili-
ties, averaging 80.0% and 88.1%, respectively. By contrast, the
highest-testability zones (75%-100%), which are concentrated
mainly in valley bottoms, correspond to lower average modeled
permafrost probabilities (62.9% in WSO01 and 59.6% in WS02),
despite several CAS in these settings recording cryotic tempera-
tures in situ. This likely reflects the limited ability of the broader
Bonnaventure et al. [58] model to capture local cold-air drain-
age and SBI effects [49]. Moderate permafrost probabilities also
overlap substantially with moderate testability (25%-75%), rein-
forcing that the terrain where permafrost conditions are most
uncertain is also where field validation is least straightforward.
An important caveat is that P is mapped at 2-m resolution,
whereas the Bonnaventure et al. [58] surface is 30 m. The coarser
grid smooths fine-scale slope, substrate, and snow controls on
testability, so some apparent mismatches likely reflect scale ef-
fects rather than true disagreement. In this sense, the scale mis-
match is itself informative, highlighting that coarse-resolution
model uncertainty and low field testability tend to co-occur.

5.3.2.1.2 | Comparison of CAS Sampling and P, Model
With Garibaldi et al.. The Garibaldi et al. [53] model is a
TTOP model, which was calibrated using the localized tempera-
ture networks in WS01 and WSO02. It also considers the influ-
ence of cold air drainage and SBIs, which are well understood to
impact permafrost distribution in the study area [49]. It is also
more recent to the time of CAS sampling. Although it predicts
much more heterogeneous permafrost distribution in WS01
than in WS02, it is still largely in agreement with the results
of sampling.

It is important, however, to distinguish between the physi-
cal interpretation of TTOP and the operational way it is used
here. In an equilibrium sense, TTOP values above 0°C are not
physically indicative of permafrost. Nevertheless, near-thaw
positive TTOP conditions remain useful for identifying terrain
where equilibrium-based models may underestimate lingering
or ecosystem-buffered permafrost in disequilibrium environ-
ments, particularly where thaw response is delayed relative to
recent atmospheric forcing. This issue has also been identified
in recent hybrid modeling work in boreal terrain, where equi-
librium TTOP approaches underpredicted permafrost extent
unless calibrated against field observations [76]. In this study,
the purpose of examining the near-thaw TTOP range was there-
fore not to define a true permafrost class, but to highlight ter-
rain where thermal ambiguity and low field testability are most
likely to co-occur.

Similar to the Bonnaventure et al. [58] model, areas more cer-
tain to be underlain by permafrost by the Garibaldi et al. [53]

model intersect with test failures in both valleys. These zones
largely cover high elevation felsenmeer slopes and ridgetops.
This relationship may be due to the negative temperature anom-
alies associated with felsenmeer, wherein voids between clasts
facilitate strong convective heat losses [67]. Although it is uni-
deal when testability is low, it is less problematic in areas where
certainty about permafrost presence is higher.

Tables 5 and 6 together clarify the central issue identified in
this study. The overlap analysis in Table 5 shows that near-thaw
TTOP conditions are concentrated mainly within the moderate
P o7 Classes, and that this relationship remains broadly consis-
tent under a wider sensitivity threshold, indicating that the asso-
ciation is not simply an artifact of threshold choice. This suggests
that the terrain in which permafrost is most thermally sensitive
is also the terrain where field validation is most difficult, likely
because these areas combine thicker snow, higher soil moisture,
organic-rich substrates, and coarse or unstable surface materi-
als that both warm the near-surface thermal regime and hin-
der probe penetration. The confusion-matrix metrics in Table 6
reinforce this interpretation by showing that, although the
Bonnaventure et al. [58] model has the highest overall accuracy
and sensitivity, its zero specificity indicates a strong tendency to
overpredict permafrost presence. The Garibaldi et al. [53] TTOP
model is somewhat more balanced but still favors permafrost
presence, whereas P provides the most even trade-off be-
tween sensitivity and specificity, supporting its value as a tool for
identifying where permafrost model validation is most and least
feasible in complex mountain terrain. These metrics should still
be interpreted cautiously, however, because the small number of
CAS lacking near-surface permafrost makes specificity particu-
larly sensitive to a limited number of misclassifications.

5.3.2.1.3 | Recommendations for Future Work. This
study has illustrated several challenges in the ability to test
for permafrost in complex mountainous environments, primar-
ily centered around substrate penetrability and site accessibility.
The following section outlines suggestions for future research in
this environment or other challenging periglacial terrain.

We believe that WS01 and WS02 are relatively reflective of
the environments surrounding the Dempster Highway in the
Ogilvie Mountains, and the combination of thermal heteroge-
neity and difficulty in testing is cause for concern. There is still
no baseline of spatiotemporally consistent information about
ground thermal state in this area, which drives considerable un-
certainty about the future of the Dempster Highway and other
critical infrastructure.

However, the pre-existing network of GTNs in the study area
did provide us with long series data on MAGST across consid-
erable distances, elevations, and land cover types. Creating and
expanding networks such as this one could provide consider-
able benefit to permafrost research. Although MAGST cannot
be considered the ultimate determinant of permafrost pres-
ence or absence at a site, these data are still a useful indicator.
Deployment of GTNs and air temperature sensors at this scale
and density is also significantly more cost and labor-efficient
than deployment of boreholes at the same scale. These values
can not only be used to identify zones of climatic resilience (i.e.,
areas where insulative vegetation is reducing permafrost thaw)
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[35], but also to pinpoint areas where change is occurring more
rapidly. A focus on the distribution and variations of ALT could
be used to interpolate more responsive areas, which are more
immediately vulnerable.

As described in previous sections, the ground thermal profil-
ing probe used in this study produced limited results due to the
spacing of the individual thermistors. Although the challenges
for future research regarding probe design remain, it would be
beneficial to attempt a similar study where there is greater verti-
cal resolution of sensors.

Limited field data collection time and resources resulted in a
smaller number of tested sites than would be preferred to clar-
ify a strong predictor of testability, and future studies should
examine more complex environmental drivers. This could be
achieved with a higher resolution of CAS samples and a more
complex assessment of different environmental variables, espe-
cially in zones where the P, model identified what we con-
sider to be “moderate” probability (25%-75%). These future tests
would improve the model significantly.

6 | Conclusions

This study was focused on two central goals. The first was to
explore the distribution of permafrost in two mountain val-
leys in the Ogilvie Mountains, and the second was to examine
permafrost testability as a concept in the context of model val-
idation. Although the issue of model validation has been dis-
cussed in previous literature, no other studies have attempted
to quantify permafrost testability as a variable. This is also
the first systematic attempt to ground-truth the study area
for permafrost. Both the ground thermal profiling and Pp ¢p
methodologies used for these goals are transferable to other
studies. Forty-nine CAS were sampled during the field cam-
paign between the two mountain valleys of interest. Of these,
36 were successful tests because the probe was able to reach a
minimum of 45-cm B.D.

The study used these results to attempt to retroactively validate
two localized permafrost models. The models were the proba-
bility model by Bonnaventure et al. [58] and the TTOP model by
Garibaldi et al. [53], with the CAS results being in good agree-
ment with both. This provides a positive outlook for the knowl-
edge gap being addressed here. Both models were calibrated
using a more localized data set and performed well against val-
idation tests.

A model predicting the likelihood of conducting a successful
permafrost test (Ppqp) in the terrain was generated using the
data collected at the CAS. Elevation was determined to be the
only significant predictor of test success via a logistic regres-
sion analysis. According to the model, most of the landscape
falls within two polarized categories: extremely low likelihood
(0%-25%) or extremely high (75%-100%). However, midslope el-
evations fall within a more moderate category (25%-75%) and
warrant further testing.

The results of this research illustrate that understanding per-
mafrost distribution in thermally complex environments, such

as in mountains and in the discontinuous zone, is challenging.
These environments are the most immediately vulnerable to
climate change and represent the highest degree of uncertainty
surrounding distribution, which is likely to continue impacting
infrastructure under predicted warming scenarios. As climate
change progresses, permafrost uncertainty will only increase.
Therefore, it is critical that future studies continue to examine
testability and apply validation to distribution models.
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