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Abstract

Spatial maps of the air and ground thermal regime were generated for four Yukon valleys. The aim was to model air, ground
surface, and ground temperature (at fine spatial resolution) using locally measured inverted surface lapse rates (SLR) to better
predict temperature along an elevation gradient. These local models were then compared to a regional permafrost probability
model, which utilized differing inversion assumptions, as well as circumpolar and national models generated without consid-
ering inversions. Overall, permafrost probability in the regional model matched well with the local models where assumptions
of treeline and inverted SLRs held true. When normal SLRs were assumed, permafrost presence was overestimated in each val-
ley. This discrepancy was greatest at high elevations where permafrost was predicted to be the coldest and most widespread.
However, the difference between valleys was dependent on surface and subsurface characteristics such as higher snow cover,
mature forest, or thick organic layers which show a greater disassociation from the air temperature overall. Appropriate char-
acterization of the SLR is essential for accurate predictions of the ground thermal regime’s spatial distribution and permafrost
presence. These models also provide a starting point for better predictions of warming in these valleys and other areas subject

to inversions of similar magnitudes.
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1. Introduction

Mountain or alpine permafrost is classified as perennially
frozen ground located in mountainous environments but ab-
sent from adjacent valleys and lowlands following the reduc-
tion in air temperature with elevation (French 2008; Gruber
and Haeberli 2009). Permafrost in mountains is especially
spatially heterogeneous due to the extreme variability in sur-
face and near surface characteristics (Gruber and Haeberli
2009). This is due to the wide variety of mountain range cli-
matic characteristics with the dominant influence on moun-
tain permafrost possibly differing depending on the moun-
tain range. Elevation, incoming solar radiation, aspect, snow
cover, substrate, and cold air circulation have all been cited
as the dominant influence on mountain permafrost pres-
ence or temperature in different studies (Bonnaventure and
Lewkowicz 2008; Gadek and Kedzia 2008; Luetschg et al.
2008; Gruber and Haeberli 2009; Apaloo et al. 2012). Thus,
this generalized classification of mountain permafrost may
oversimplify the distribution of permafrost in complex to-
pography. This is especially true where the spatial distribu-
tion of permafrost is influenced by the presence of tempera-
ture inversions. For example, it assumes that increased eleva-
tion controls air temperature and does not account for per-
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mafrost, whose spatial distribution is highly influenced by
the presence of temperature inversions (e.g., Bonnaventure
et al. 2012). This increases the complexity of mapping per-
mafrost spatially in these locations. In high-latitude, conti-
nental mountains, such as those in Yukon, the presence of
persistent winter temperature inversions results in nonlinear
permafrost distribution (in relation to elevation). High prob-
abilities of permafrost are present at both low and high ele-
vations, while permafrost is generally absent around treeline
(Bonnaventure et al. 2012). This permafrost distribution pat-
tern has been modelled most extensively using the Basal Tem-
perature of Snow (BTS) method, allowing for the creation of
permafrost probability surfaces over large portions of Yukon
(Lewkowicz and Ednie 2004; Bonnaventure and Lewkowicz
2008, 2011; Bonnaventure et al. 2012).

Although the relation between air temperature inversions
and permafrost probability has been well studied, little is
known about the impact of surface air temperature inver-
sions on the spatial distribution of ground surface and per-
mafrost temperatures in these environments. The change in
near surface (<1.5 m) air temperature with elevation is known
as the surface lapse rate (SLR). Under normal SLR conditions,
air temperature decreases with increasing elevation, while
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Fig. 1. Map showing the locations of the four study area valleys. Permafrost layer from Brown et al. (2002). Base layer from
DigitalGlobe Inc. (Imagery © [2017]). Contains information licenced under the Open Government Licence—Canada. Contains
information licensed under the Open Government Licence—Yukon.
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under inverted conditions air temperature increases with in-
creasing elevation. While these permafrost probability stud-
ies focused on the southern portion of Yukon where moder-
ate inversions have been observed, recent studies have shown
that the magnitude of inversions increases substantially far-
ther north (Noad and Bonnaventure 2022). Additionally, pre-
vious studies assumed a lack of surface air temperature inver-
sions in treeless valleys, as SLRs in treed valleys typically be-
come normal above treeline, potentially due to the decrease
in surface roughness allowing for wind to disrupt the inver-
sion stability (Wahl 1987; Bonnaventure et al. 2012; Noad and
Bonnaventure 2022). However, recent data have shown the
presence of these strongly inverted SLRs in valleys even in
the absence of trees (Noad and Bonnaventure 2022). Models
in this area also substantially underestimated the strength of
the inverted SLRs. Lastly, most of the previous work mapping
permafrost probability in Yukon was conducted on a regional
scale, and did not account for site-specific factors, which may
dampen or enhance the impact of air temperature on ground
surface and permafrost temperatures.

The first objective of this study was to spatially model air,
ground surface, and ground depth temperatures at a fine res-
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olution in four dissimilar valleys in Yukon. This was done to
assess the impact of the persistent winter inversions on the
ground thermal regime and evaluate how surface cover may
modify this impact. A second objective was to assess the per-
formance of a regional model of permafrost probability with
differing assumptions of treeline and inversion strength. The
results of this study should guide not only current assessment
of the ground thermal regime as it relates to elevation, but
also present a starting point whereby the pattern of warming
with elevation can be evaluated in mountain valleys subject
to strong, persistent inversions.

2. Study area

Four unique valleys in Yukon were sampled, two along
the Dempster Highway and two along the North Canol Road
(Fig. 1). All four valleys are in mountainous terrain with a dis-
tinctive elevation range, latitude, vegetation cover, aspect,
and valley geometry. The study areas along the Dempster
Highway in the Ogilvie Mountains were called Valley Demp-
ster South (Valley DS) and Valley Dempster North (Valley DN),
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Valley floor AMAT Lower Upper Relief  Geometry and
(2016/18/19-2021) SLR SLR (m) orientation Vegetation Permafrost condition
Valley DS —6.2 8.3 700 Two slopes Forested on one slope Continuous
11.6 south-facing and unforested on the
north-facing other
Valley DN —4.4 4.7 520 Two slopes Treeless Continuous
1.7 east facing
west facing
Valley M222 —6.5 10.8 -14 570 One slope Shrubs at lower Extensive discontinuous
north facing elevations
transitioning to moss
and lichen
Valley MTS -59 104 —4.8 805 One slope Mature black spruce Extensive discontinuous
south-east facing forest transitioning to

alpine tundra

Note: Annual mean air temperature (AMAT) is the temperature measured at the lowest station from either 2016, 2018, or 2019 to 2021. The surface lapse rates (SLR)
are from the same period as the AMAT for the lower portion of the valley and if recorded the upper portion. Geometry refers to the sampling layout, whether both or
only one slope of the valley sampled, and orientation refers to direction the slope(s) is (are) facing. Permafrost condition is from Heginbottom (1995). Valley DS, Valley
Dempster South; Valley DN, Valley Dempster North; Valley M222, Valley Mile 222; Valley MTS, Valley MacMillan Transect South.

while the sites along the North Canol in the Selwyn Moun-
tains were named Valley Mile 222 (Valley M222) and Valley
MacMillan Transect South (Valley MTS). These valleys were
primarily selected based on their distinct characteristics, al-
lowing for an overall comparison of the range of inversions,
ground surface temperatures, and permafrost temperatures
within the Ogilvie and Mackenzie Mountains in the Yukon.
Logistically, these sites were selected based on their accessi-
bility from the road and the existing temperature stations in
each location.

The Ogilvie Mountains were last glaciated during the
Pre Reid-Glaciation (0.25myr B.P.) and have remained
unglaciated during more recent glacial periods (Yukon Ecore-
gions Working Group 2004). They are composed of narrow
valleys with surface deposits of colluvium and low to mod-
erate segregated and wedge ice (Yukon Ecoregions Work-
ing Group 2004; Burn et al. 2015; O’Neill et al. 2019a). The
climate is sub-arctic continental, and the mountains have
moderate relief (typically local relief <800 m) with elevations
ranging from 250 to 1400m asl (Yukon Ecoregions Work-
ing Group 2004: Burn et al. 2015). Precipitation amounts
in this region are moderate (300-450 mm), with precipita-
tion mainly falling as rain in summer (Yukon Ecoregions
Working Group 2004). Contrastingly, the Selwyn Mountains
have been extensively glaciated, most recently during the
McConnell Glaciation (20 000 years B.P), and still have local
alpine glaciers (Bostock 1966). This recent glaciation results
in the high range of elevation in these mountains compared
to the Ogilvie Mountains, with local relief ranging from 900
to 1500m and elevation ranging from 650 to 2200m asl
(Yukon Ecoregions Working Group 2004). Additionally, these
mountains receive some of the highest amounts of precipi-
tation in Yukon outside of the Pacific Maritime region (600-
700 mm) (Yukon Ecoregions Working Group 2004). This heavy
amount of snowfall prevents the establishment of continu-
ous permafrost in this region. Large accumulations of glacial
sediments are only present at the bottom of major valleys
while the upper slopes and smaller valleys are composed of
Holocene colluvium. Lastly, this region is expected to have
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low to moderate segregated ice and negligible wedge ice (O’
Neill et al. 2019a).

Valley DS is the southernmost site in the Ogilvie Mountains
located about 43 km south of the Engineer Creek Territorial
Campground. It is an east-facing valley, which is treed on one
slope (south facing) and treeless on the other slope (north fac-
ing) (Table 1 and Fig. 2).

Valley DS has an elevation difference from the valley floor
to the highest ridge of about 700 m and the annual mean air
temperature (AMAT) measured at the valley floor was —6.2 °C
from 2018 to 2021. Mean monthly SLRs in the valley are
strongly inverted during the winter and normal during the
summer, resulting in an inverted annual SLR on the treed
side of the valley and a slightly less inverted SLR on the tree-
less side (Noad and Bonnaventure 2022). The valley is consid-
ered to be underlain by continuous permafrost (Heginbottom
1995).

Valley DN is the northernmost site and despite being only
10 km away from Valley DS is quite different in terms of veg-
etation. Valley DN is a treeless valley, with vegetation only
consisting of moss and lichen on the valley floor with a few
scattered shrubs and scree slopes (Table 1 and Fig. 2). This
valley has a north facing aspect. The elevation difference in
this valley is 520 m with an AMAT of —4.4 °C (2018-2021) at
the valley floor. As with Valley DS mean monthly SLRs are
strongly inverted during winter and normal during the sum-
mer. The annual SLR in this valley is also inverted (more in-
verted on the west facing slope than the east) but is not as
strong as in Valley DS (Noad and Bonnaventure 2022). This
valley is also considered to be in the continuous permafrost
zone (Heginbottom 1995).

Mile 222 Valley is located on the North Canol Highway
near the Yukon/Northwest Territories boarder in a wide val-
ley. The dominant vegetation is dwarf birch in the lower por-
tions of the valley transitioning into predominately mosses
and lichens at higher elevations (Table 1 and Fig. 2). AMAT in
the valley bottom is —6.5 °C (2016-2021) and the valley has
an elevation difference of about 570 m. Monthly SLRs were
generally inverted during winter and normal during the sum-
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Fig. 2. Site photos for each of the four valleys. (A) Photo facing southeast at Valley Dempster South (Valley DS) showing the treed
and treeless slopes of the valley, taken on 14 August 2018. (B) Photo facing south at Valley Dempster North (Valley DN) showing
the limited vegetation in the valley bottom and bare slopes, taken on 14 August 2018. (C) Photo facing southeast at Valley
Mile 222 (Valley M222) showing the shrub dominant vegetation and limited relief, taken on 17 August 2019. (D) Photo facing
southwest of Valley MacMillan Transect South (Valley MTS), showing the forested valley bottom and lower slope transitioning
to alpine tundra, taken on 22 August 2019. Photo credit: Madeleine Garibaldi.

mer; however, the annual SLR in this environment fluctu-
ated between inverted and normal depending on the year.
The average SLR in the lower portion of the valley is inverted
(<1361 m), while the average SLR at higher elevations is nor-
mal. This valley is considered to be underlain by extensive
discontinuous permafrost (Heginbottom 1995).

Valley MTS is located along the North Canol and is the
southernmost site. This site has the largest elevation differ-
ence of the study areas (about 805 m) and is comprised of one
treed south-east facing slope (Table 1 and Fig. 2). Above tree-
line, vegetation is mainly alpine tundra consisting of moss
and lichen and scree slopes. The AMAT for this site is —5.9 °C
(2019-2021) in the valley bottom, and SLR is inverted below
treeline annually and is normal above treeline annually. This
valley is also deemed to be in the extensive discontinuous
permafrost zone (Heginbottom 1995).

3. Methods
3.1. Site selection and data collection

3.1.1. Air temperature stations

Each valley was equipped with at least three air, ground
surface, and ground temperature at depth stations record-
ing temperature bi-hourly (on even hours) (Fig. 3). Air tem-
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perature was measured about 1.5m above the ground sur-
face in a radiation shield (Onset RS1) with a Hobo U23-002
(£0.25 °C accuracy, 0.04 °C resolution) thermistor. At newer
sites, a Hobo U23-001 (£0.25 °C accuracy, 0.04 °C resolution)
was used. Ground surface temperature was measured using
a Hobo U23-002 internal thermistor buried 2-5 cm below the
ground surface (under any surface vegetation cover), while
ground temperature at depth was measured using the ex-
ternal thermistor located at the depth of the frost table at
most sites. Exceptions to this were mainly sites located on ex-
posed rocky substrate or scree. Although these sensors were
placed at different depths, they allowed for the estimation of
the relative thermal conductivity at each site. Additionally,
at sites where the depth sensor is shallow and/or not at the
bottom of the active layer the substrate is mainly coarse rock
or bedrock. Additional information on the locations of the
stations within the valley, the ground sensor depth and the
installation year can be found in Fig. 3 and in Table S1 in the
supplemental data.

3.1.2. Ground temperature nodes

Sites in each valley were selected to maximize the het-
erogeneity in ground surface temperature conditions sam-
pled. To do this, variables derived from a Digital Elevation
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Fig. 3. Locations of ground surface temperature stations, air temperature stations, and the modelling area for (A) Valley Demp-
ster South (Valley DS), (B) Valley Dempster North (Valley DN), (C) Valley Mile 222 (Valley M222), and (D) Valley MacMillan Transect
South (Valley MTS). Colours for the air temperature stations indicate the year of installation. Base layer from DigitalGlobe Inc.
(Imagery © [2017]). Contains information licenced under the Open Government Licence—Canada.
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Model (DEM) in ArcGIS including topographic position index
(TPI), potential incoming solar radiation (PISR), aspect, slope,
and elevation were used. The 2 m spatial resolution elevation
models for each valley were derived from GeoEye optical im-

Avrctic Science 10: 611-629 (2024) | dx.doi.org/10.1139/as-2023-0067

® 2017
2018
® 2021

agery (Imagery © [2017] DigitalGlobe, Inc.). The Polar Geospa-
tial Center at the University of Minnesota produced the sur-
face model through surface extraction with TIN-based search
and space minimization (SETSM) algorithm (Noh and Howat
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Fig. 4. Schematic of the modelling process for the measured scenario using the measured inverted surface lapse rates (SLRs) and
the theoretical scenario using the normal standard environmental SLR (—6.5 °Ckm~!). AMAT, annual mean air temperature;
DEM, Digital Elevation Model; FDD, freezing degree days; TDD, thawing degree days; PISR, potential incoming solar radiation;
AMGT, annual mean ground temperature; TWI, topographic wetness index.
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2017). Twenty-five sites in each valley were then selected to
sample the spread of topographic and vegetation heterogene-
ity in each valley, accounting for accessibility (proximity to
the existing stations and the road). Some additional sites were
added in the field based on in situ observations of the to-
pographic conditions. For sampling, Hobo pendant loggers
(£0.53 °C accuracy, 0.14 °C resolution) were selected as they
are relatively inexpensive, robust and have had a good suc-
cess and recovery rate in other locations (Garibaldi et al. 2021;
Vegter et al. 2024). Loggers were buried 2-5cm below the
ground surface, including any vegetation cover, and recorded
temperature at an hourly interval.

3.2. Data analysis and modelling

Two scenarios were used to model the air and ground ther-
mal regime in each valley, one following the measured in-
verted annual SLR (referred to subsequently as the measured
model) and the second following the normal standard envi-
ronmental SLR (—6.5 °Ckm™"), referred to subsequently as
the theoretical model. The normal standard environmental
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SLR is the theoretical free air lapse rate of mixed (dry-wet) air
and is considered to be the average SLR across the lower tro-
posphere at any time. Although environmental SLRs in moun-
tains may differ from this standard (even without inversions)
depending on air temperature, moisture content, and solar
radiation, the standard SLR was used as there is little data on
normal environmental SLRs in comparable mountain envi-
ronments (Barry 2008). The parameters, equations, and steps
used in the modelling process are shown in Fig. 4, and addi-
tional details on each step are given in the following sections.

3.2.1. AMAT model creation

To create spatial models for air temperature, SLRs were
calculated using the daily average temperatures recorded at
each station and the elevation. The daily SLRs were then cal-
culated following the formula for the slope of a line to de-
termine the linear relation between air temperature and ele-
vation. The daily averages for 1 August to 31 July of the sub-
sequent year were then averaged to get the annual SLR. The
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year was divided from 1 August to 31 July to keep the period
for each valley the same and keep the freezing season intact.
Due to differences in data collection time periods, SLRs for
certain locations and for years outside of the study duration
were assumed to be the same as those during the modelling
time period. Spatial models for AMAT were then created us-
ing the measured SLR, measured AMAT, and the valley DEMs
for the measured scenario and substituting in the standard
environmental SLR for the theoretical.

3.2.2. AMGST model creation

The annual mean ground surface temperature (AMGST)
models were created following a modified temperature at
top of permafrost (TTOP) model equation, which removes the
thermal conductivity parameter (eq. 1) (Garibaldi et al. 2021).

(n¢ + TDD,) — (ng * FDD,)

(1) AMGST = >

where FDD, and TDD, are freezing and thawing degree days
in the air, n-factors (ratios of ground surface to air tempera-
ture) represent the freezing (ns) and thawing (n.) surface off-
sets, and P is the period (typically 365 days). The methods and
equations to calculate each of these parameters at point loca-
tions and the interpolation process to create the spatial mod-
els for each are shown in Fig. 4 and further details are dis-
cussed in the following sections.

3.2.2.1. Spatially modelling FDD, and TDD,

For each air temperature station, freezing degree days
(FDD) and thawing degree days (TDD) were calculated for each
year (eq. 2) (Smith and Riseborough 2002).

(2) FDD=|ZT|, T <0
DD = [ZIT|, T > 0

where T is the daily average temperature and P is the period.
Using this equation FDD and TDD can be calculated for air (a),
ground surface (s), and ground (g). As with AMAT, the degree-
days were calculated using a split calendar year (1 August to
31 July).

For the measured scenario, the relation between degree
days and elevation was determined using the same method as
the SLRs. These relations, in conjunction with the measured
FDD, and TDD, at the lowest station and the DEM for each
valley, were used to create the spatial models for measured
FDD, and TDD,. For the theoretical scenario, the daily aver-
age air temperatures at the lowest stations were reduced by
6.5 °Ckm~! to the elevation of the middle station. These the-
oretical daily average air temperatures were then used to cal-
culate the theoretical FDD, and TDD, at the middle station.
These theoretical values, in addition to the measured values
at the lowest station, and the elevation difference were used
to determine the theoretical change in FDD, and TDD, with
elevation in the lower portions of the valleys. This was re-
peated for the middle to upper stations. The spatial models
for the theoretical FDD, and TDD, were then created using
the theoretical change in FDD, and TDD, with elevation, the
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measured FDD, and TDD, at the stations, and the DEM for
each valley.

3.2.2.2. Spatially modelling n-factors

n-factors for each site were calculated following eq. 3 us-
ing the spatial models for measured FDD, and TDD, and the
measured ground surface freezing and thawing degree days
(FDDgs) and (TDDs) at each site.

_ FDD;
" FDD,

TDDy
TDD,

(3) n¢ and n; =

To allow for the creation of spatial maps for the n-factors,
aspect and/or potential incoming solar radiation (PISR), to-
pographic position index (TPI), and vegetation were used to
relate topographic or spatial biological variables to the mea-
sured n-factors. These variables were used as all have been
shown to influence the distribution of thawing and freezing
surface offsets (Smith and Riseborough 2002; Lacelle et al.
2016; Obu et al. 2019; Garibaldi et al. 2021; Garibaldi et al.
2022). PISR was derived using the Area Solar Radiation tool
(ArcGIS Pro) for 15 May to 30 September 2018, with a sky
size of 400 and 16 Zenith/Azimuth division (Bonnaventure
and Lewkowicz 2011). The default was used for the remaining
inputs. TPI compares elevation of each cell to the mean eleva-
tion of a user-specified neighborhood (Jenness 2006). For each
valley, a 200 x 200 m window was utilized. Finally, a vegeta-
tion class was determined from a 30 m vegetation inventory
feature layer (Government of Canada 2015).

These relations between the n-factors and the topographic
and environmental characteristics of a site were then used to
create the spatial n-factor models using Empirical Bayesian
Kriging (EBK) in ArcGIS Pro. EBK is a combination of ordi-
nary least-squared regression and simple kriging, where the
dependent variable is predicted through the sum of the av-
erage value and an error term. The average value is deter-
mined from the regression equation (weighted sum of the ex-
planatory variables), and the error term is determined from
a semivariogram or covariance model. The combination of
regression and kriging in EBK allows for more accurate pre-
dictions than either method individually. Several iterations
of EBK for each n-factor in each valley were run to deter-
mine the combination of input variables with the lowest er-
ror. Predicted values for nf and n; were capped for each EBK
model to limit unreasonable predictions. These capping val-
ues were determined for each valley and parameter based
on the measured values and the known general limitation of
each parameter. As a result, ns was capped between 0.0 and
1.0, while n; was capped between 0.0 and 2.0. Due to the nar-
rower range, ne surfaces required more capping than n;. For
each valley, capping was only required for a small portion of
the valley and generally was required in locations where TPI
and PISR values were outside of the range sampled through
the ground sensor network. The spatial distribution for the n-
factors for each valley can be found in the supplemental data
(Figs. S1-4).

Finally, the measured and theoretical AMGST models were
created by combining all the parameter surfaces into eq. 1.
For the measured model, the measured FDD, and TDD, were
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Table 2. Annual mean air temperature (AMAT) for the modelling period for both the measured
data and from ClimateNA, climate normal (1981-2010) from ClimateNA, annual average sur-
face lapse rates (SLR), and the elevation difference between air stations for each valley.

ClimateNA Climate
AMAT AMAT normal Lower SLR Upper SLR

Valley (2019-2021) (2019-2021) (1981-2010) (°*Ckm™1) (°*Ckm™1)

Valley DS —-7.4 —6.1 —6.2 11.7 (Treed) — 0.9 (Treed)
8.0 (Treeless) 0.5 (Treeless)

Valley DN —5.4 —6.9 -7.0 3.5 (E facing) — 0.1 (E facing)
7.1 (W facing) 1.3 (W facing)

Valley M222 —6.1 —6.0 —6.3 5.9 —2.7

Valley MTS -5.9 —5.6 —5.6 10.6 —-5.1

Note: ClimateNA data from https://climatena.ca/mapVersion (Wang et al. 2016). Valley DS, Valley Dempster South; Valley DN,
Valley Dempster North; Valley M222, Valley Mile 222; Valley MTS, Valley MacMillan Transect South.

used, while the theoretical AMGST model utilized the theo-
retical FDD, and TDD,. For both scenarios, the same n-factor
models were used.

3.2.3. AMGT model creation

The TTOP model (eq. 4) was used to spatially model annual
mean ground temperature (AMGT) at the base of the active
layer (or seasonally frozen surface layer) due to its simplic-
ity and transferability between locations (Smith and Risebor-
ough 2002).

e % e % TDD,) — (ng  EDD
(4) Trop — K*Me*xTDDa) = (e EDDa) o rrop _ g

P
(n¢ x TDD,) — (s * ng+ FDD,)

P

TTOP = for TTOP > 0

where rk is the differential thermal conductivity between the
frozen and thawed substrate and the other parameters are
the same as those defined in eq. 1. Since the TTOP model as-
sumes equilibrium conditions, the AMATs for each year in
each valley were assessed to see how close they were to the
1981-2010 climate normal. This was done using ClimateNA
to determine the climate normal at the lowest air station in
each valley (Wang et al. 2016).

Spatial models for the remaining parameter, rk, were cre-
ated for each valley using a combination of calculated values
from the ground surface and depth temperatures (recorded
at each air station) and inferences based on topographic and
landcover characteristics (Table S2 and Figs. S1-4). For each
valley, rk values for every air station were calculated using
FDD;, TDDg, and freezing and thawing degree days in the
ground at depth (FDD, and TDDy) (eq. 5) (modified from Way
and Lewkowicz 2018).

5) k- FDD; + (TDDg — FDDy)

TDD,
FDDg and TDD, were calculated using the daily average
ground temperatures at depth for each station with a ground
depth sensor and eq. 2. The resulting rk values for each sta-
tion were then assigned to the vegetation class in which the
air station was located to allow for spatial modelling. Some
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air stations located in the same vegetation class had differing
calculated rk values. To account for this, elevation, slope, and
topographic wetness index (TWI) were also used to infer the
spatial distribution of rk. Slope was calculated using the DEM
and ArcGIS Pro. TWI is an index that describes the tendency
of an area to accumulate water and is derived using the up-
slope contributing area and slope. To determine the upslope
contributing area, several hydrology tools from the Spatial
Analyst toolbox in ArcGIS Pro were utilized, including Flow
Direction and Flow Accumulation.

The parameter surfaces were then combined using the
TTOP model in raster calculator (ArcGIS Pro) (eq. 4). For pixels
where TTOP was calculated to be greater than 0 °C, the TTOP
model for seasonal frost was used (eq. 4), and the AMGT sur-
faces were made through the combination of the areas cal-
culated using the TTOP model and the seasonal frost model
(Vegter et al. 2024). The AMGT surfaces were then validated
against the measured ground temperatures at depth recorded
in each valley. Again, for the measured and theoretical sce-
narios measured FDD, and TDD, or theoretical FDD, and
TDD, were used.

4. Results

4.1. SLRS and AMAT comparison to climate

normal

The measured air temperatures in all four valleys (in ad-
dition to the ClimateNA predicted air temperatures) during
the two years were similar to that of the 1981-2010 climate
normal for each valley (Table 2) (Wang et al. 2016). Both Val-
ley M222 and Valley MTS were most similar to the respective
climate normals, while Valley DS and DN showed a greater
difference. However, due to the remote nature of these val-
leys and their complex topography, it is possible that even
the 1981-2010 climate normal may not be representative. All
four valleys experienced substantial winter inversions result-
ing in an inverted annual SLR in at least the lower portion
of the valley (Table 2). In Valley DS and Valley DN, the in-
verted annual SLRs on one slope extended above the mid-
elevation station to the ridge top (treeless and west-facing
slopes, respectively), although they were substantially less in-
verted than those in the valley bottom. On the other slope in
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Table 3. Average annual mean air temperature (AMAT), annual mean ground surface temperature (AMGST), and annual mean
ground temperature (AMGT) across each valley and the percentage of the valley underlain by near surface permafrost (NSP)
for the measured inverted surface lapse rate (SLR) and for the assumption of a normal environmental SLR.

AMAT (°C) AMGST (°C) AMGT (°C) NSP (%)
Measured Theoretical Measured Theoretical Measured Theoretical Measured Theoretical
Valley DS —6.4 — 8.8 —-14 -3.3 —-1.6 —-3.5 80 88
Valley DN —5.1 —-6.7 —-1.8 —2.8 —2.1 -3.1 99 100
Valley M222 —6.2 —-7.2 0.4 0.2 0.3 —-0.3 33 51
Valley MTS —-5.1 —6.6 0.9 0.3 —-0.3 —-0.8 61 96

Note: Valley DS, Valley Dempster South; Valley DN, Valley Dempster North; Valley M222, Valley Mile 222; Valley MTS, Valley MacMillan Transect South.

Table 4. Root means square error (RMSE) for the testing data for the n-factor, annual mean
ground surface temperature (AMGST), and annual mean ground temperature (AMGT) models.

ng e AMGST (°C) AMGT (°C)
Valley DS 0.08 (0.27) 0.21 (0.84) 1.1(0.2) 0.9 (—0.1)
Valley DN 0.13 (0.61) 0.20 (1.00) 0.4 (—2.2) 0.7 (—2.9)
Valley M222 0.10 (0.24) 0.15 (1.00) 1.1(0.1) 1.9(0.7)
MTS Valley 0.08 (0.16) 0.09 (0.82) 0.5 (1.3) 0.5 (0.4)

Note: The average value for the measured parameter is shown in parentheses. Valley DS, Valley Dempster South; Valley DN,

Valley Dempster North; Valley M222, Valley Mile 222; Valley MTS, Valley MacMillan Transect South.

these valleys, the SLR was marginally normal above the mid-
elevation station. In Valley M222 and Valley MTS, the annual
inverted SLRs were only present below the mid-elevation sta-
tion, with the annual SLR reverting to normal at high eleva-
tions.

4.2. Modelled temperatures

For all four valleys, air, ground surface, and ground tem-
peratures showed considerable spatial variability. Air temper-
ature for the measured scenario in all four valleys was cold-
est at the valley bottom and warmest at either mid or high
elevations due to the presence of the inverted SLRs during
winter. The topographic pattern of air temperature, however,
was not always replicated in the ground surface temperature
and ground temperature distribution. When following the
theoretical scenario, AMAT, AMGST, and AMGT were all mod-
elled to be colder than the measured scenario especially at
high elevations (Table 3). This assumption led to an overesti-
mation of the area of each valley underlain by near surface
permafrost (NSP). Root mean square errors (RMSEs) for TTOP
model parameters and the annual ground temperatures were
relatively low (Table 4).

In Valley DS, the spatial distribution of AMAT for the mea-
sured and theoretical scenarios was reversed (Figs. 5A and 5B).

This led to differences in AMAT of up to 6 °C between the
two scenarios (Fig. 5C). However, despite the differences in
AMAT, the spatial distribution of modelled AMGST, was sim-
ilar (Figs. 5D and 5E). The exception to this was the mag-
nitude of AMGST that was different especially at high ele-
vations (up to 6.0 °C) (Fig. 5F). The spatial distribution pat-
tern of AMGT was also similar between the two scenarios,
with the coldest temperatures at high and low elevations
(Figs. 5G and 5H). However, the magnitudes of AMGT were dif-
ferent especially at high elevations (up to 6.8 °C), and the per-
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centage of the valley underlain by NSP also differed slightly
(Fig. 5I).

In Valley DN, modelled AMATs for the measured and theo-
retical scenarios were also reversed (Figs. 6A and 6B).

The largest discrepancy in AMAT between the two scenar-
ios occurred at high elevations (up to 4.5 °C) (Fig. 6C). The
spatial distribution pattern of AMGST was similar for the two
scenarios with the coldest modelled located at higher ele-
vations and on exposed ridges. The warmest AMGSTs were
predicted in a disturbance dominated by shrubs in the val-
ley bottom and in incised channels along the slopes (Figs. 6D
and 6E). However, AMGST between the two scenarios showed
discrepancies up to 4.5 °C at high elevations (Fig. 6F). For
both scenarios, the spatial distribution of AMGT was simi-
lar to AMGST; however, the coldest AMGTs for the measured
scenario were also in the valley bottom (Figs. 6G and 6H).
The greatest difference in AMGT between the two scenarios
was found at high elevations (up to 4.5 °C) (Fig. 6I). NSP was
modelled to underlay almost all of the valley in both scenar-
ios.

In Valley M222, differences in the spatial distribution of
AMAT following the two scenarios were more complex than
for the previous two valleys. For the measured scenario, the
warmest air temperatures were predicted to be at mid ele-
vations with relatively cold temperatures found in the valley
bottom and at higher elevations (Fig. 7A), while for the the-
oretical scenario the warmest temperatures were expected
at the valley bottom and the coldest temperatures were ex-
pected at higher elevations (Fig. 7B).

As a result of the different spatial distributions, the great-
est difference between the two models was at the highest el-
evations. Here, AMAT from the measured scenario was up to
2.8 °C warmer (Fig. 7C). The spatial distribution of AMGST
between the two scenarios is similar with the largest differ-
ence at high elevations (up to 1.8 °C) (Figs. 7D-7F). For both
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Fig. 5. Valley Dempster South (Valley DS) annual mean air temperature (AMAT) models for the (A) measured scenario, (B)
theoretical scenario, and (C) difference between the two scenarios. Valley DS annual mean ground surface temperature (AMGST)
models for the (D) measured scenario, (E) theoretical scenario, and (F) difference between both scenarios. Valley DS annual
mean ground temperature (AMGT) models for the (G) measured scenario, (H) theoretical scenario, (I) difference between the
two scenarios. For the difference figures, negative values indicate temperatures for the measured scenario are colder than
in the theoretical scenario, while positive values indicate the temperatures for the measured scenario are warmer than the
theoretical scenario. Base layer from DigitalGlobe Inc. (Imagery © [2017]).

scenarios, the spatial distribution of AMGT was similar to
AMGST with the coldest AMGTs predicted on exposed ridges
and steep slopes, especially at high elevations (Figs. 7G and
7H). The differences between the two scenarios were greatest
at high elevations (up to 2.6 °C), and there was a large dis-
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crepancy in the area of the valley expected to be underlain
by NSP (Fig. 71).

In Valley MTS, AMAT for the measured scenario were pre-
dicted to be coldest in the valley bottom and warmed moving
upslope until reaching a maximum around treeline (Fig. 8A).
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Fig. 6. Valley Dempster North (Valley DN) annual mean air temperature (AMAT) models for the (A) measured scenario, (B) the-
oretical scenario, and (C) difference between the two scenarios. Valley DN annual mean ground surface temperature (AMGST)
models for the (D) measured scenario, (E) theoretical scenario, and (F) difference between both scenarios. Valley DN annual
mean ground temperature (AMGT) models for the (G) measured scenario, (H) theoretical scenario, and (I) difference between
the two scenarios. For the difference figures, negative values indicate temperatures for the measured scenario are colder than
in the theoretical scenario, while positive values indicate the temperatures for the measured scenario are warmer than the
theoretical scenario. Base layer from DigitalGlobe Inc. (Imagery © [2017]).

Following the theoretical scenario, the warmest AMATS
were predicted in the valley bottom, and the coldest AMATSs
were predicted at the highest elevations (Fig. 8B). The great-
est difference between the two scenarios occurred at high el-
evations (up to 4.8 °C) (Fig. 8C). Unlike the previous valleys,
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the spatial distribution of AMGST in Valley MTS between the
two scenarios was different, especially at mid to high eleva-
tions above and around treeline (up to 2.5 °C) (Figs. 8D-8F).
The spatial distribution of AMGT closely matched the spatial
distribution of AMGST for each scenario at mid to high eleva-
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Fig. 7. Valley Mile 222 (Valley M222) annual mean air temperature (AMAT) models for the (A) measured scenario, (B) theoretical
scenario, and (C) difference between the two scenarios. Valley M222 annual mean ground surface temperature (AMGST) models
for the (D) measured scenario, (E) theoretical scenario, and (F) difference between both scenarios. Valley M222 annual mean
ground temperature (AMGT) models for the (G) measured scenario, (H) theoretical scenario, and (I) difference between the
two scenarios. For the difference figures, negative values indicate temperatures for the measured scenario are colder than
in the theoretical scenario, while positive values indicate the temperatures for the measured scenario are warmer than the
theoretical scenario. Base layer from DigitalGlobe Inc. (Imagery © [2017]). Contains information licenced under the Open

Government Licence—Canada.

tions (Figs. 8G and 8H). However, at low elevations, there was
a large discrepancy where AMGT were modelled to be colder
than AMGST. The difference in AMGT between the two scenar-
ios was greatest at high elevations (up to 2.3 °C) where AMGT
following the theoretical scenario was predicted to be colder
than the measured scenario leading to an overestimation by
35% of the area underlain by NSP (Fig. 8I).
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4.3. Comparison to regional permafrost
probability model

Average permafrost probability from a regional model
(Bonnaventure et al. 2012) for each valley (Figs. 9A, 9C, 9E,
and 9G) was compared to the percentage of the valley un-
derlain by permafrost in the local models (Figs. 9B, 9D, 9F,
and 9H). The permafrost probability and permafrost presence
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Fig. 8. Valley MacMillan Transect South (Valley MTS) annual mean air temperature (AMAT) models for the (A) measured sce-
nario, (B) theoretical scenario, and (C) difference between the two scenarios. Valley MTS annual mean ground surface temper-
ature (AMGST) models for the (D) measured scenario, (E) theoretical scenario, and (F) difference between both scenarios. Valley
MTS annual mean ground temperature (AMGT) models for the (G) measured scenario, (H) theoretical scenario, and (I) difference
between the two scenarios. For the difference figures, negative values indicate temperatures for the measured scenario are
colder than in the theoretical scenario, while positive values indicate the temperatures for the measured scenario are warmer
than the theoretical scenario. Base layer from DigitalGlobe Inc. (Imagery © [2017]). Contains information licensed under the

Open Government Licence—Canada.

were closest in Valley DS where average permafrost probabil-
ity was 71%, while NSP was expected to underlie 80% of the
valley.

Valley DS was the only valley in which the probability
model predicted a lower percentage of permafrost than the
local AMGT model. The regional model, however, did not
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agree as well in Valley DN with average permafrost proba-
bility of 80% and a predicted NSP of 99%.

The probability model had the largest discrepancy in Val-
ley M222 where average probability was 77%, while only 33%
of the valley had predicted NSP. Finally, in the Valley MTS,
both models captured the lack of or low probability around
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Fig. 9. Valley Dempster South (Valley DS) (A) permafrost prob-
ability and (B) near surface permafrost (NSP) presence and
absence. Valley Dempster North (Valley DN) (C) permafrost
probability and (D) NSP presence and absence. Valley Mile 222
(Valley M222) (E) permafrost probability and (F) NSP presence
and absence. Valley MacMillan Transect South (Valley MTS)
(G) Permafrost probability and (H) NSP presence and absence.
Base layer from DigitalGlobe Inc. (Imagery © [2017]).

Permafrost Probability (%)
-0-1

Permafrost Presence
= NSP
B No NSP

the treeline and the presence or high probability in the valley
bottom. However, average permafrost probability was higher
than the area underlain by NSP (80% and 61%, respectively).
Overall, the regional model agreed with most of the local
AMGT models capturing the general patterns of permafrost
distribution.
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5. Discussion

5.1. Errors and locations of uncertainty

Although the RMSEs for the AMGST and AMGT surfaces are
comparable to those from previous modelling studies (Obu
et al. 2019; Garibaldi et al. 2021), there were a few locations
within the valleys that may have larger errors. In Valley DS
and Valley DN, most of the ground surface sensors were lo-
cated near the front of the valley. As a result, deeper parts
of the valley were not sampled and therefore were not in-
cluded in the model creation or testing. Additionally, since
these parts of the valley were outside of the sampled area,
they were modelled more through extrapolation than inter-
polation, which often led to unrealistic predictions of ny and
n.. However, the capping of these unrealistic n-factor values
likely limited the error in AMGST and AMGT in these loca-
tions.

In Valley M222, the measured scenario predicted the
warmest AMGST and AMGT at the valley bottom and the cold-
est at high elevations. However, the measured values at these
sites indicated the opposite, with colder AMGST and AMGT
at the valley bottom compared to high elevations. One pos-
sible reason for this discrepancy is the assigned rk values. At
M222 03, measured rk was calculated to be up to 2.0 for cer-
tain years. As rk values in previous literature have been as-
sumed to be equal to or less than 1.0, the maximum rk value
used in this modelling was set at 1.0. This may explain why
AMGTs were underestimated at this upper elevation site. Fi-
nally, another explanation could be the strength of the in-
verted SLR during the years used in the study. From August
2016 to August 2018, the annual SLRs between the lowest and
mid station were much more inverted than during the sam-
pling years (up to 19 °Ckm™1!). This likely resulted in colder
AMGST and AMGT at the valley bottom during this time. Ad-
ditionally, although the model predicts no NSP in the valley
bottom, there is evidence of permafrost in this area as there
is at least one palsa in the valley bottom. As the AMAT in the
valley bottom during the sampling years was representative
of the 1981-2010 climate normal, it is possible that the palsa
is not in equilibrium with the current climate (Seppdld 1982;
Shur and Jorgenson 2007; Mamet et al. 2017).

Finally, in Valley MTS, the locations with the largest un-
certainty in predicted AMGST and AMGT are located in por-
tions of the valley bottom and in locations of burnt conif-
erous forest. First, there are a number of water bodies lo-
cated at the valley bottom, which extend into the shrubs lin-
ing the shores. As a result, certain parts of the valley bottom
classified as shrubs may have extremely wet terrain and be
underwater for part of the year. This was attempted to be
represented by applying a low rk (0.1) to large portions of
the lowest elevations in this valley. The advective heat trans-
fer and moderating impacts of the lakes are not directly ac-
counted for in the model and may explain why TDD, in the
lower portion of this valley increased with increasing eleva-
tion. Lastly, the vegetation classification did not have a class
for burnt coniferous forest even though recently burned ar-
eas are present near the modelling area. Measured AMGST at
the burned site were up to 3.5 °C warmer than a compara-
ble unburnt site. As a result, any areas of burnt forest are not

Arctic Science 10: 611-629 (2024) | dx.doi.org/10.1139/as-2023-0067



http://dx.doi.org/10.1139/as-2023-0067

Arctic Science Downloaded from cdnsciencepub.com by University of Lethbridge on 06/06/25

accounted for in this model. Although there are limitations
to the models in each valley, overall, they are likely repre-
sentative of the ground thermal conditions in these valleys
and show comparable error to other modelling studies with
longer measurement records (Obu et al. 2019).

Since the TTOP model is an equilibrium permafrost model,
input parameters should be within the climatological normal
to accurately predict AMGT. For Valley DN and Valley M222,
using a longer data record (5 years) resulted in AMAT with
a greater discrepancy from the downscaled climate normal
than the two-year record used in this study. For Valley M222,
the difference between the 2- and 5-year record compared to
the climate normal was minimal (0.24-0.17 °C, respectively).
However, for Valley DN, increasing the record length resulted
in an overestimation of AMAT in the valley bottom of 2.2 °C
rather than 1.6 °C. For Valley DS, using the 5-year data record
would have decreased the difference from the climate normal
by 0.7 °C. Since the air temperatures were underestimated
compared to the climate normal, NSP extent and AMGT may
have been overestimated and underestimated, respectively.
However, as the purpose of the study was to assess the spatial
distribution of the ground thermal regime, the resulting rela-
tive distribution of AMGT was likely to be accurate even if the
exact magnitude of AMGT is underestimated. Furthermore,
as these valleys are located in complex and remote topogra-
phy, there is little in situ data that can be used to validate the
accuracy of the downscaled climate reanalysis data. As a re-
sult, it is possible that even these data are not representative
of the normal climatic conditions in these valleys (Noad and
Bonnaventure 2022).

5.2. Influences on modelled AMGST and AMGT

within and between valleys

The spatial models for AMGST and AMGT showed the im-
pact of the temperature inversions, especially when com-
pared to the theoretical scenario assuming normal SLRs. Fol-
lowing the theoretical scenario, AMGSTs at high elevations
were expected to be much colder than those predicted us-
ing the measured scenario, due to the colder AMAT and the
high n¢ values (low surface offsets) at these locations (Zhang
2005; Lewkowicz et al. 2012; Bevington and Lewkowicz 2015;
Freudiger et al. 2017). This allowed for a more direct impact of
the colder air temperatures on the ground surface. The inter-
action between AMAT and n¢ likely explains why Valley M222
and Valley MTS saw limited difference in AMGST between
the measured and theoretical scenarios. This may partially
be explained by the reversal of the inverted SLR at mid eleva-
tions, limiting the difference in AMAT between the two mod-
els at this elevation. However, this may also result from the
lower maximum n¢ values at high elevations in these valleys
(0.83 and 0.85) compared to those for Valley DS and Valley DN
(1.00), resulting in similar ground surface temperatures de-
spite the difference in air temperature. The lower maximum
nevalues in the valleys with warmer AMGSTs aligns with theo-
retical values for n¢ based on both snow depth and MAAT and
measured values in frozen and unfrozen terrain (Smith and
Riseborough 2002; Karunaratne and Burn 2003; 2004). The
lower maximum ny is also likely a product of the increased
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snowfall and accumulation in the Selwyn Mountains com-
pared to the Ogilvie Mountains (Yukon Ecoregions Working
Group 2004). However, at the highest elevations and most ex-
posed terrain, snow depth is likely to be relatively low. There-
fore, another possibility for the lower measured and mod-
elled n¢ for the North Canol valleys could be the release of
latent heat from the subsurface to the surface longer into the
freezing season due to the warmer ground conditions.

The rk values influenced both the difference in AMGT and
NSP extent predicted in both scenarios through potential
buffering of the ground at depth from differences in AMAT.
This resulted in limited difference in AMGT and NSP between
the two scenarios, especially in the valley bottoms. Addition-
ally, the thermal conditions of the ground in each valley im-
pacted the discrepancy in NSP between the two scenarios.
For Valley DS and Valley DN, the AMGT models showed fairly
large differences in average AMGT between the scenarios but
limited differences in NSP (8% and 1%, respectively). This
is a result of the cold ground thermal conditions, whereby
the increase in AMGT for the measured scenario did not re-
sult in large portions of the valley transitioning from below
0 °C to above. The ground thermal conditions also explain
the large difference in NSP (35%) despite the small differ-
ence in AMGT between the two scenarios for Valley MTS. The
marginal nature of AMGTs in this valley allowed small differ-
ences in AMGT to result in a transition from NSP to seasonal
frost. Similarly, at Valley M222, due to the limited amount of
marginal NSP (due to the overall lack of permafrost), a large
difference in average AMGT between the two scenarios did
not result in a large change in NSP (18%).

5.3. Comparison to previous models

5.3.1. Circumpolar models

Based on previous assessments of NSP in Canada, the two
Dempster valleys should be classified as continuous per-
mafrost, whereby permafrost underlays 90%-100% of the
landscape, and the two North Canol Road valleys should be
classified as extensive discontinuous permafrost, 50%-90%
(Heginbottom 1995). Valley DN and Valley MTS matched the
designations from the circumpolar map. However, Valley DS
and Valley M222 did not. This may result from different scales
used in the circumpolar map creation, as Valley DS is located
on the margin of continuous to discontinuous permafrost,
and the remoteness of the region limited data from this area
used in the circumpolar map creation. Additionally, as dis-
cussed earlier, it is also possible that Valley M222 is out of
equilibrium with the current climate. A previous compari-
son of this circumpolar map to regional models of permafrost
probability in Yukon noted that the northern end of the study
area was classified as extensive discontinuous, while the re-
gional model classified this area as sporadic (Bonnaventure
et al. 2012). This was attributed to the presence of strong in-
versions in these highly continental locations, resulting in
the absence of permafrost around treeline. This may also ex-
plain why Valley DS and Valley M222 were assumed to have
a greater permafrost extent in the circumpolar model com-
pared to the predictions of this study.
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An updated, high-spatial-resolution circumpolar per-
mafrost map also does not correctly classify all four valleys.
In this updated circumpolar model, Valley M222 and Valley
DN are still classified as extensive discontinuous (Obu et
al. 2019). This map does, however, match the classification
of Valley DS, mapping it as extensive discontinuous, and is
partially correct in the classification of Valley MTS as either
sporadic or extensive discontinuous.

5.3.2. Regional Yukon model

The spatial distribution of AMGT closely matches those
of previous studies in various parts of Yukon. Both the spa-
tial AMGT models created for the four valleys in this study
and a larger regional model for Yukon predict permafrost
to be present at both high elevations and at the valley bot-
tom (Bonnaventure et al. 2012; Lewkowicz et al. 2012). This
results in no lower elevation limit of permafrost in locations
with inverted SLRs, which are generally found in continental
mountain regions. However, due to the difference in scale,
the distribution of permafrost and AMGT was more complex
in each of the valleys than predicted in the regional model.
Additionally, assumptions of treeline elevation and a weaker,
more uniform SLR assumed for all four valleys contributed to
model discrepancies. First, the regional model of permafrost
probability (Bonnaventure et al. 2012) assumed a 1 °Ckm™!
inverted SLRs in all four valleys. Second, based on assump-
tions of treeline, Valley DS, Valley MTS, and Valley M222 were
all considered to be partially below treeline, while Valley DN
was above treeline entirely. This impacted permafrost proba-
bility predictions as inverted SLRs in the regional model were
only implemented in valleys with elevations below treeline.
The SLRs were also assumed to be normal above treeline. As a
result of these assumptions, the regional model’s permafrost
probability performance varied compared to the permafrost
distribution for each of the fine resolution models for the val-
leys.

In Valley DS, the regional permafrost probability model
(Bonnaventure et al. 2012) and the local AMGT model showed
the best agreement both in terms of the spatial distribution
of permafrost and the percentage of NSP likely present in the
valley. This was likely due to this valley adhering to the model
assumptions (treeline and forested) and its proximity to one
of the training locations (Dawson). There was also good agree-
ment between the regional and local models for Valley MTS
in terms of the spatial distribution pattern and the area of the
valley predicted to be underlain by permafrost. Again, this is
likely a product of correct prediction of treeline for the val-
ley. However, there was a larger difference for this valley than
Valley DS, possibly since it was farther away from the sam-
pling locations. Although the SLR used in the regional model
vastly underestimated the strength of the inversions present
in these valleys, it did not largely impact the permafrost prob-
ability prediction. This is potentially because of the mature
ecosystem present in these valleys limiting the impact of air
temperature on permafrost presence, especially in the val-
ley bottom (Shur and Jorgenson 2007). Additionally, as the
regional model assessed permafrost probability rather than
strict presence or absence (as in the local models), there was
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more room for error, which may have limited the impact of
the misclassification of the inversion strength. However, in
Valley MTS, the underestimation of the inverted SLR likely
contributed to higher probability of permafrost at treeline
and at some higher elevations than in the local model.

The regional model did not perform well in Valley DN and
Valley M222 likely because these valleys did not conform to
assumptions made in the model. First, Valley DN was pre-
dicted to be above treeline in the regional model, and there-
fore was assumed to have a normal SLR. This led to low per-
mafrost probability predictions in the valley bottom com-
pared to AMGT in the local model. As a result, the valley was
classified as discontinuous rather than continuous as in the
local model. This misclassification is more likely a product of
assuming a normal SLR rather than a discrepancy in the mag-
nitude of the inverted SLR used. However, as Valley DN was
still close to a sampling area for the regional model, it still
largely captured the probability of permafrost overall better
than in Valley M222. In Valley M222, the regional model pre-
dicted a high probability of permafrost throughout the valley
except in a few areas at mid elevations, likely because it was
misclassified as below treeline. Additionally, proximity of the
closest sampled region for the regional model likely led to
larger inaccuracies in this area. Some of the discrepancies be-
tween the two models in this valley may also be attributed to
the more marginal permafrost in this valley as a small error
in AMGT predictions may have led to the misclassification
of permafrost absence. This may have resulted in the local
model falling into sporadic permafrost, while the regional
model classifies it as extensive discontinuous. The regional
model, when compared to the local AMGT model, overesti-
mated the probability of permafrost at high elevations po-
tentially due to the weakly inverted SLR resulting in limited
warming with elevation. Additionally, the high amount of
snowfall and the shrub dominated landscape may have re-
sulted in overall warmer ground conditions than would be
predicted in the regional model if this valley was assumed to
be partially below treeline (i.e., forested in the valley bottom).
Overall, the regional model performed best in valleys where
the elevation assumption of treeline, and therefore the spa-
tial pattern of air and permafrost probability, held true. This
was especially true at sites in relatively close proximity to a
sampled region. The model performed the worst in valley bot-
toms classified as above treeline due to the assumption of a
normal SLR in these valleys.

5.4. Comparison of AMGT spatial distribution

pattern

The spatial distribution of AMGT for all four valleys were
similar to a generally normal distribution (Fig. 10). The distri-
bution for Valley DS was the most skewed with a long tail of
cold temperatures generally present at high elevations, con-
stituting a small portion of the landscape. Valley DN, Valley
M222, and Valley MTS had a narrow range of temperatures
with a normal distribution. The four valleys had a much dif-
ferent AMGT distribution than a similar size area at Cape
Bounty, Melville Island, Nunavut (Garibaldi et al. 2021). The
temperature distributions in Valley DN, Valley M222, and Val-
ley MTS appear similar to that at Cape Bounty under climate
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Fig. 10. Histograms for annual mean ground temperature (AMGT) in all four valleys and a High Arctic Site (Cape Bounty, NU)

taken from Garibaldi et al. (2021).
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warming scenarios where the long tail of warm temperatures
is reduced as larger portions of the landscape begin to warm.
As such, the distribution curve shape in these valleys likely
results from limited cold AMGT due to warmer air temper-
atures at exposed locations, while warm locations are pro-
tected or moderated from AMAT through high thermal and
surface offsets. As a result, the distribution of ground tem-
peratures is limited on both ends producing a normal distri-
bution.

6. Conclusion

In mountain regions with annually inverted SLRs, the spa-
tial distribution of the air and ground thermal regime is dif-
ferent from mountains under normal SLR conditions. As a re-
sult, an assumption of normality in high-latitude continental
mountains such as those in Yukon results in an overpredic-
tion of permafrost presence based on measured air temper-
atures in the valley bottom and a misrepresentation of the
spatial distribution of permafrost. However, the spatial dis-
tribution of the ground thermal regime is also dependent on
snow cover, vegetation, and substrate properties, which may
limit the impact of the inverted SLRs in certain valleys and
locations. A regional model of permafrost probability agreed
with the local AMGT models in valleys, meeting the assump-
tions made in the model creation, namely the position of
treeline as an indicator of annually inverted SLRs. When the
regional model correctly classified the SLR as inverted per-
mafrost, probability more closely matched the local AMGT
model even if the strength of the inverted SLR was largely
underestimated. This is because permafrost was assumed to
be present at the valley bottom and high elevations while ab-
sent at mid elevations at treeline. However, for valleys that
did not conform to the regional model assumptions, discrep-
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ancies in the percentage and distribution of permafrost were
large. Overall, this analysis highlighted that regional models
can be an adequate predictor of local conditions, assuming
the local areas conform to assumptions made in the regional
model’s creation. The spatial patterns of AMGT in these four
valleys, as well as the assessment of the variable impact of the
inverted SLR in each valley, may help guide other assessments
of current ground temperature distributions and provide a
more accurate starting point for studies of future warming
in mountain valleys.
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