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Abstract

A scenario-based approach was used to test air and ground response to warming with and without changes to inverted
surface lapse rates in four Yukon valleys. Generally, climate warming coupled with weakening of temperature inversions
resulted in the greatest increase in air temperature at low elevations. However, ground temperatures at high elevations showed
the greatest response to warming and variability between scenarios due to increased connectivity between air and ground.
Low elevations showed less of a response to warming and permafrost was largely preserved in these locations. Local models
also predicted higher permafrost occurrence compared to a regional permafrost probability model, due to the inclusion of
differential surface and thermal offsets. Results show that the spatial warming patterns in these mountains may not follow
those predicted in other mountain environments following elevation-dependent warming (EDW). As a result, the concept of
EDW should be expanded to become more inclusive of a wider range of possible spatial warming distributions. The purpose of
this paper is not to provide exact estimations of warming, but rather to provide hypothetical spatial warming patterns, based
on logical predictions of changes to temperature inversion strength, which may not directly follow the distribution projected

through EDW.
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1. Introduction

The distribution of mountain permafrost is complex ow-
ing to the extreme spatial variability in surface and near
surface characteristics, including incoming solar radiation,
elevation, slope, snow cover, vegetation, and soil moisture
(Shur and Jorgenson 2007; Gruber and Haeberli 2009). Gen-
erally, however, there are two main distribution patterns
based on the change in mean annual air temperature (MAAT)
with elevation. First, in low latitude or maritime mountain
ranges, permafrost is generally assumed to be present at
high elevations and absent at low elevations, following the
spatial topographic distribution of MAAT cooling with in-
creased elevation (Guglielmin et al. 2003; BoecKkli et al. 2012;
Bonnaventure et al. 2012). With warming climate, permafrost
in these environments is expected to warm and thaw unidi-
rectionally, with the lower elevation limit of permafrost mov-
ing upslope (Harris et al. 2009; Bonnaventure and Lewkowicz
2013). In these environments, warming is also expected to
be amplified at higher elevations due to a variety of mecha-
nisms including changes in albedo, changes in water vapor
and latent heat release and aerosols (Pepin et al. 2015). This
phenomenon is referred to as elevation-dependent warm-
ing (EDW) and has been supported by observations and cli-
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mate modelling studies in the Andes, Rocky Mountains, and
Alps and for certain elevations of the Qinghai-Tibet Plateau
(Minder et al. 2018; Aguilar-Lome et al. 2019; Palazzi et al.
2019; Li et al. 2020; Williamson et al. 2020; Zhang et al. 2023).
However, this concept and observations have only been made
in regions with normal, linear relations between air tem-
perature and elevation (Bonnaventure and Lewkowicz 2011;
Rangecroft et al. 2016; Deluigi et al. 2017). As a result, the con-
cept of EDW is already thought to be non-inclusive for certain
mountain environments including areas of the Qinghai-Tibet
Plateau, likely due to the lack of elevation dependent temper-
ature trends (You et al. 2010; Li et al. 2020; Zhang et al. 2023).

A second mountain permafrost distribution pattern is
more commonly found in high-latitude, continental moun-
tains, whereby permafrost is present in both valley bottoms
and high elevations because of persistent winter temperature
inversions (Bonnaventure and Lewkowicz 2011; Lewkowicz
and Bonnaventure 2011; Bonnaventure et al. 2012; Noad
and Bonnaventure 2022). These inversions produce warm-
ing air temperatures with increasing elevation up to treeline
or higher, resulting in the highest air temperatures at mid
to high elevations. In such locations the surface lapse rate
(SLR) or change in temperature with elevation, is said to be
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inverted. With warming MAAT, this permafrost distribution
pattern and the complicated relation between temperature
and elevation may not produce the same warming and thaw-
ing pattern as in locations with a linear permafrost distri-
bution. As shown for portions of Yukon subject to inverted
SLRs below treeline, warming results in a bidirectional loss
of permafrost as thaw advances both up and downslope from
treeline (Bonnaventure and Lewkowicz 2013). However, pre-
viously only uniform changes in MAAT have been applied and
potential changes in the strength of the inverted SLR were
not considered (Bonnaventure and Lewkowicz 2013). Based
on downscaled climate reanalysis data, MAATSs over the past
two decades (1981-2021) for parts of central and southeast
Yukon have risen by 0.4-0.5 °C per decade with the great-
est warming rate occurring in winter and autumn (Wang et
al. 2016). With climate change, winter inversions over larger
portions of the Arctic are expected to weaken (become more
normal), although there is limited consensus on how surface-
based inversions (SBIs) might change (Koenigk et al. 2013;
Hou and Wu 2016; Ruman et al. 2022). This further compli-
cates spatial and elevation warming distribution of both the
air and the ground. As a result, EDW may not hold true in the
high-latitude, continental mountains due to the presence of
persistent inverted SLRs.

The objectives of this paper were to theoretically exam-
ine how changes in inverted SLR strength may alter or
offset warming potential related to EDW in four dissimi-
lar high-latitude, continental mountain valleys in Yukon.
This was done using a scenario-based approach to exam-
ine the logical possibilities for responses in warming (based
solely on warming and altered SLRs) in both the air and
ground thermal regime, as the exact changes in SLR for
this region remain undetermined. The results of this study
should provide an evaluation of the reliability and direct
transferability of the conclusions derived from EDW both
in the high-latitude, continental mountains of Yukon, but
also in other locations subject to strong winter temperature
inversions.

2. Study area

Four valleys with unique temperature inversions strengths,
surface characteristics and spatial distributions of the air and
ground thermal regimes in Yukon were selected, two along
the Dempster Highway and two along the North Canol Road
(Fig. 1). The study areas along the Dempster Highway in the
Ogilvie Mountains are called Valley Dempster South (Valley
DS) and Valley Dempster North (Valley DN), while the sites
along the North Canol in the Selwyn Mountains are named
Mile 222 Valley (Valley M222) and MacMillan Transect South
Valley (Valley MTS). These valleys were primarily selected
based on their distinct characteristics and the existence of
fine resolution models of the air and ground thermal regime
in addition to spatial maps for each of the TTOP model pa-
rameters under current conditions. These would allow for
scenario-based changes in air temperature and SLRs to assess
the potential response in the air and ground thermal regime
accounting for spatial differences in surface and thermal off-
sets.

The Ogilvie Mountains have remained unglaciated since
the Pre Reid Glaciation and are mainly comprised of narrow
valleys with moderate relief, surface deposits of colluvium
and low to moderate segregated and wedge ice (Yukon Ecore-
gions Working Group 2004; Burn et al. 2015; O’Neill et al.
2019.). The climate is considered to be Subarctic continen-
tal, with moderate precipitation amounts mainly falling as
rain in the summer (Yukon Ecoregions Working Group 2004).
Contrastingly, the Selwyn Mountains have been extensively
glaciated, resulting in a high elevation range compared to
the Ogilvie Mountains, and still have local alpine glaciers
(Bostock 1966; Yukon Ecoregions Working Group 2004). Ad-
ditionally, these mountains receive some of the highest pre-
cipitation amounts in Yukon outside of the Pacific Maritime
region (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 in the bottoms of major valleys
while the upper slopes and smaller valleys are composed
of Holocene colluvium (Yukon Ecoregions Working Group
2004). Lastly, this region is expected to have low to moderate
segregated ice and negligible wedge ice (O’Neill et al. 2019).

Valley DS is the southernmost site in the Ogilvie Moun-
tains, located about 43 km south of the Engineer Creek Ter-
ritorial Campground. It is an east oriented valley, which is
treed on one slope and treeless on the other slope (Fig. 2).

Valley DS has an elevation range of about 700 m. Based
on previous models, the average annual mean air tempera-
ture (AMAT) over the valley is —6.4 °C (2019-2021) with the
coldest temperatures found in the valley bottom and the
warmest around treeline or high elevations (Garibaldi et al.
2024). The valley is considered to be underlain by contin-
uous permafrost; however, recent models have shown it is
likely to have discontinuous permafrost (Heginbottom 1995;
Bonnaventure et al. 2012; Garibaldi et al. 2024). Additionally,
average annual mean ground temperature (AMGT) was mod-
elled to be -1.6 °C (2019-2021), with permafrost present in
both the valley bottom and at high elevations (Garibaldi et
al. 2024).

Valley DN is the northern most 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 consist-
ing of moss and lichen on the valley floor with a few scattered
shrubs and scree slopes (Fig. 2). This valley has a north orien-
tation. The elevation range in this valley is about 520 m. As
in Valley DS, the strong temperature inversions in this valley
result in the coldest AMATSs in the valley bottom while the
warmest are at the highest elevations due to SLRs remain-
ing inverted or only gently normal to the ridgetops. Average
AMAT over the valley was modelled to be -5.1 °C (2012-2021)
(Garibaldi et al. 2024). This valley is also considered to be
in the continuous permafrost zone, which is supported by
recent local modelling (Heginbottom 1995; Garibaldi et al.
2024). Average AMGT was modelled to be -2.1 °C (2019-2021)
with permafrost only predicted to be absent in deeply incised
channels at mid elevations on the east facing slope.

Valley Mile 222 is located on the North Canol Highway near
the Yukon/Northwest Territories border in a wide valley. The
dominant vegetation is dwarf birch in the lower portions of
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Fig. 1. Map showing the locations of the four study area valleys. Permafrost layer from Brown et al. (2002). The smaller maps
show the locations of the air and ground surface temperature stations within each valley. 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. Contains information licenced under the Open Government Licence—Yukon.
Contains information from the United States Census Bureau.
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the valley, transitioning to predominately mosses and lichens permafrost was modelled to underlay only a small portion of
at higher elevations (Fig. 2). AMAT was predicted to be—6.2 °C  the valley, likely due to the high amount of snow and shrub
(2019-2021) over the valley, with the coldest temperatures dominant vegetation keeping the ground warm during win-
also predicted in the valley bottoms and the warmest at mid ter. As a result, AMGT over the valley was modelled to be
elevations. Despite the comparably cold air temperatures, 0.3 °C (2019-2021). This valley was considered to be under-
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Fig. 2. Site photos for each of the four valleys. (A) Photo facing southeast at Valley DS showing the treed and treeless slopes of
the valley, taken on August 14, 2018. (B) Photo facing south at Valley DN showing the limited vegetation in the valley bottom
and bare slopes, taken on August 14, 2018. (C) Photo facing southeast at Valley M222 showing the shrub dominant vegetation
and limited relief, taken on August 17, 2019. (D) Photo facing southwest of Valley MTS, showing the forested valley bottom
and lower slope transitioning to alpine tundra, taken on August 22, 2019. Photo Credit: Madeleine Garibaldi.

lain by extensive discontinuous permafrost in circumpolar
models but was more likely to be underlain by sporadic dis-
continuous permafrost (Heginbottom 1995; Garibaldi et al.
2024).

Lastly, Valley MTS is the southernmost site located on the
North Canol and amongst the study areas overall. This site
has the largest elevation range of the study areas (about
805 m) and is comprised of treed slopes that transition to
alpine tundra, consisting of moss, lichen, and scree slopes
at high elevations. AMAT was modelled to be -5.1 °C (2019-
2021) with the coldest air temperatures in the valley bottom
and the warmest at treeline due to the annually inverted
SLR. This valley is also deemed to be in the extensive dis-
continuous permafrost zone and local modelling predicted
average AMGT to be -0.3 °C (2019-2021) (Heginbottom 1995;
Garibaldi et al. 2024).

3. Methods

3.1. Current air and ground model
development
The models for current air temperature metrics were cre-
ated using in situ data from at least three air temperature sta-
tions in each valley and the associated elevations (2019-2021)

(Table S1). SLRs were calculated and AMAT was spatially mod-
elled using a 2 m digital elevation model (DEM) (Imagery ©
[2017] DigitalGlobe, Inc.):

L -T

(1) SIR=
E, — E;

where T is the daily average air temperature (°C) and E (m)
is the elevation. AMGST and AMGT were spatially modelled
using the temperature at top of permafrost (TTOP) model
(Smith and Riseborough 2002):

TTOP — (rk % n; % TDD,) — (ng x FDD,)

@) [
TTOP — (n; % TDD,) — (% *ny * FDD,)

P

for TTOP < 0

for TTOP > 0

where rk is the ratio of thawed to frozen thermal conductivity
of the substrate, ny and n; are freezing and thawing N-factors,
FDD, and TDD, are freezing and thawing degree days in the
air (°C-days), and P is the period (365 days). Each of the TTOP
model parameters were calculated and related spatially to to-
pographically derived variables and vegetation classes. First,
FDD, and TDD, at each air temperature station were calcu-
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lated:

P
FDD = |Z1T|, T<0

P
TDD = |ZIT|, T>0

where T is the daily average temperature (°C) and P is the pe-
riod (365 days). This equation can be used to calculate freez-
ing and thawing degree days in the air (a) or ground surface
(s). The changes in FDD, and TDD, with elevation were then
determined, and the 2 m DEM was used to spatially model
this change:

(4 ADD= DD, — DDy
E; —E;

where DD (°C-days) are either the freezing or thawing degree
days and E (m) is the corresponding elevation. N-factors for
the approximately 25 ground temperature nodes (GTN) (sites
recording ground surface temperature) in each valley (Table
S1) were then calculated using the modelled FDD, and TDD,
for each site and the measured freezing and thawing degree
days at the ground surface (FDDs and TDDj):

FDDq

B _ TDD;
" FDD,

5 =
(5) g TDD,

L3

The N-factors were then spatially modelled using Empirical
Bayesian Kriging (EBK) and several topographically derived
and spatial biological variables including aspect and/or po-
tential incoming solar radiation (PISR), topographic position
index (TPI), and vegetation class. Lastly, vk was spatially de-
rived based on measured values at the stations located in each
valley and assigned using vegetation class, elevation, and to-
pographic wetness. The additional details for the model cre-
ation and locations of the observation instruments can be
found in Garibaldi et al. (2024) and additional information
on the derivation of 1k and observation instrument metadata
can be found in the supplemental data (Tables S1 and S2).

3.2. Surface lapse rate changes and climate

change scenarios

To assess the potential outcomes of warming and evalu-
ate an alternative to EDW in this region, several potential
scenarios were run including both baseline warming cou-
pled with current SLR conditions and weakening of the in-
verted SLRs in each valley. Using the location of the lowest
air station, the baseline magnitude of warming was deter-
mined for the shared socioeconomic pathway (SSP) 2-4.5 for
the 2071-2100 climate normal using ClimateNA (Wang et al.
2016; IPCC 2022; Mahony et al. 2022). A radiative forcing of
4.5 was selected as it is frequently used in climate change
studies (Nitzbon et al. 2020; Soong et al. 2020; Garibaldi et
al. 2022; Ruman et al. 2022). To determine the magnitude of
warming, the difference between MAAT for the downscaled
current climate (1981-2010) and the predicted MAAT for each
climate warming scenario was added to the measured AMAT
for the valley (Table 1). This was done to account for discrep-
ancies between the downscaled climate normal and the mea-
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Table 1. Magnitude of the baseline change in MAAT, FDD,,
and TDD, for each valley for the shared socioeconomic path-
way (SSP) 2—4.5 scenario 2071-2100 climate normal (Mahony
et al. 2022).

AMAAT (°C) A FDD, (°C days) ATDD;, (°C days)
Valley DS +3.1 —662 +326
Valley DN +3.1 —687 +312
Valley M222 +2.4 —478 +297
Valley MTS +2.4 —468 +318

sured air temperatures in each valley. For the first warming
scenario, only the uniform warming was applied and the SLRs
were held at the measured current values. For the subsequent
scenarios, the annual inverted SLRs were weakened by 1 and
5°C km™! in addition to the baseline warming. The baseline
warming was applied in two different ways. First, the warm-
ing was applied to the measured AMAT at the lowest elevation
air station in each valley and the change in SLR was applied
from the same elevation. Second, the warming was applied
to the air station at the mid elevation and the change in SLR
was applied from this elevation. This was to prevent the over-
all warming in each valley from exceeding that predicted in
each SSP scenario.

The TTOP model was used to determine the resulting
changes to the ground thermal regime in response to warm-
ing air temperatures (eq. 2) (Smith and Riseborough 2002).
For this study, spatial models of ny, n;, and rk developed for
current conditions were utilized (Garibaldi et al. 2024). To
determine the baseline magnitude of change in both FDD,
and TDD,, the same method as for MAAT was utilized, where
the difference between the downscaled climate data for the
1981-2010 climate normal and the values from each climate
change scenario from ClimateNA were added to the spatial
models for the current climate. As only changes to the winter
inverted SLRs are expected with climate change (Ruman et al.
2022), only the change in FDD, with elevation was adjusted.
First, the proportion of the year with daily average tempera-
tures below 0 °C was determined for each valley (60%). Then
the freezing season SLR was determined by increasing the
annual SLR (1 or 5 °C km~!) by 60%. Theoretical FDD, for a
specified elevation was then calculated using measured air
temperatures in the valley bottom and the adjusted freez-
ing season SLR (egs. 1, 3, and 4). Since the inversions are pri-
marily a freezing season or winter phenomenon (Zhang et al.
2011; Noad and Bonnaventure 2022), only a uniform change
in TDD, was used with no adjustment to the change in TDD,
with elevation. For each scenario, only inverted SLRs were
weakened. If the SLR was strongly normal (>3.0 °C km™1),
the SLR and FDD, were kept the same and only the uniform
warming was applied. The new FDD,, and TDD, and SLRs
were then used in conjunction with a 2 m DEM (Imagery ©
[2017] DigitalGlobe, Inc.) to spatially model the new FDD, and
TDD, distribution. These surfaces, in addition to the origi-
nal n;, n;, and rk surfaces, were then used as inputs in the
TTOP model to determine the new spatial distribution of the
ground thermal regime. Cells determined to be above 0 °C
were recalculated using the TTOP model equation for sea-
sonal frost.
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Table 2. Current and perturbed SLRs for each valley used in
the different warming scenarios.

Current SLR  —1 SLR —5SLR
Slope (‘Ckm™) (°*Ckm™') (*Ckm™)
Valley DS NE Facing 8.0 05 70 —05 30 —45
SW Facing 11.7 -09 107 -19 6.7 —59
Valley DN E Facing 35 —-01 25 -—-11 —-15 —-51
W Facing 7.1 1.3 6.1 0.3 21 =37
Valley M222 NA 59 —-27 49 -27 09 -27
Valley MTS NA 106 —-51 96 —-51 56 —51

Note: Italicized values are the upper elevation SLRs.

The models with baseline warming initiated at the val-
ley bottom provided average warming most similar to that
predicted in the downscaled climate reanalysis data. When
baseline warming was initiated at the mid elevation station
coupled with changes in the inversion strength, the result-
ing model had an average predicted warming across the val-
ley that exceeded the predictions of the downscaled climate
data.

4. Results

4.1. Changes in inversion strength

In valleys with highly inverted SLRs at lower elevations,
even a 5 °C weakening still resulted in annual inverted SLRs
in these portions of the valleys (Table 2). The only exception
to this was the lower east facing side of Valley DN, where the
SLR became normal annually with a 5 °C km~! weakening.
Additionally, as some of the upper SLRs were only slightly in-
verted, even small decreases in inversion strength resulted
in a change from an annually inverted SLR to a normal SLR.
For SLRs at high elevations, which are currently normal, de-
creasing winter inversions produced an even stronger normal
annual SLR, resulting in decreasing air temperature with in-
creasing elevation.

This also held true for changes in FDD, with elevation as
the strong winter inversions present in the lower portions
of each valley resulted in a decrease in the number of FDD,
with increasing elevation, even with a 5 °C km ~! weakening
of the annual inverted SLR. Although the annual SLR for the
lower portion of the east facing side of Valley DN became nor-
mal with changes to the inversion strength, FDD, continued
to decrease with increasing elevation in all of the valley bot-
toms except Valley M222. Additionally, like the annual SLRs
at higher elevations weakening of the inversions resulted in
increasing FDD, with increasing elevation.

4.2. Potential changes in the spatial

distribution of air temperature
In all four valleys a uniform warming scenario without
changes in the SLR, MAAT was predicted to warm evenly,
maintaining the current spatial distribution pattern of air
temperatures. As a result, under this warming scenario, the
highest air temperatures in Valley DS were still predicted at
mid elevations around treeline on the southwest facing slope

(Fig. 3). At Valley DN, the highest air temperatures were pre-
dicted at high elevations especially on the west-facing slope
similar to the current spatial distribution (Fig. 3). The high-
est air temperatures at Valley M222 were still predicted at
mid elevations while the coldest temperatures predicted at
the highest elevations (Fig. 3). Lastly, at Valley MTS, the high-
est MAAT were also still predicted at mid elevations, corre-
sponding to treeline (Fig. 3). However, scenarios involving a
uniform warming coupled with a change in SLR strength, al-
tered the spatial distribution of air temperature with eleva-
tion, as high elevations were predicted to warm less relative
to temperatures at mid and low elevations and substantially
less than the average warming rate from ClimateNA (Fig. 4).
Additionally, due to the reduced warming at high elevations
resulting from more gently inverted SLRs or even a transi-
tion to normal SLRs, average warming over the valleys was
also less than predicted from ClimateNA (Table 3). This reduc-
tion in overall warming increased with decreasing inverted
SLR strength, becoming most pronounced for the 5 °C km™!
weakened SIR scenario. The magnitude of this reduction was
dependent on the strength of the lower inverted SLR and the
magnitude and sign (normal or inverted) of the higher eleva-
tion SLR.

In Valleys DS, DN and MTS, SLRs from low to mid eleva-
tions remained strongly inverted (SLR > 3.0 °C km™!) even
with a 5 °C km™~! reduction, while the SLR above the mid ele-
vations switched from inverted to normal (or remained nor-
mal), causing the largest change in temperature in the valley
bottom and reducing warming at high elevations. At Valley
M222 under a 5 °C km~! decrease in inverted SLR strength,
the SLR remained only slightly inverted (<1 °C km™!). This
resulted in air temperatures in the valley bottom remaining
only slightly colder than those at mid elevations and a small
difference in the rate of warming across the valley. Overall,
the changes in the spatial distribution of warming and MAAT,
specifically the disproportionately less warming at high ele-
vations under reduced inverted SLR strength, highlights how
changes in SLRs may completely or partially offset warming
by EDW drivers at these locations.

4.4. Potential changes in the distribution of

ground temperature

Despite uniform warming across the valley or greater
warming at low elevations (depending on the SLR scenario),
MAGT warmed the most at high elevations for all but the
5 °C km~! reduction in inverted SLR strength for Valleys DS,
DN, and MTS. Under this scenario, MAGT at high elevations
warmed relatively little compared to temperatures in the val-
ley bottom (Valley DS and Valley DN) or mid elevations (Val-
ley MTS). In Valley M222, the warming pattern in MAGT dif-
fered from the other valleys with MAGT predicted to warm
the most at high elevations for all scenarios. However, de-
spite greater warming at higher elevations generally in each
valley, the relative MAGT distribution differed. In Valley DS,
the relatively cold MAGTs were predicted for all scenarios in
the valley bottom and at high elevations (Fig. 5). This was also
true in Valley DN, where the coldest temperatures were pre-
dicted on the west-facing slope and in a small portion of the
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Fig. 3. Spatial distribution of mean annual air temperature (MAAT) in each of the valleys for current conditions and for the SSP
2-4.5 2071-2100 climate normal assuming no change in the surface lapse rate (SLR), a 1 °C km~! weakening of the inverted
SIR, and a 5 °C km~! weakening of the inverted SLR. Base layer from DigitalGlobe Inc. (Imagery © [2017]). Contains information

licenced under the Open Government Licence—Canada.

valley bottom (Fig. 5). In Valley M222, the coldest MAGT were
modelled at high elevations and the warmest in the valley
bottom (Fig. 5). Lastly, in Valley MTS, MAGT in the valley bot-
tom remained the coldest throughout each warming scenario
(Fig. 5).
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Overall, MAGT in the valley bottom remained relatively
cold for all scenarios while MAGT at high elevations varied
depending on the warming scenario. As a result, the percent-
age of each valley underlain by near surface permafrost (NSP)
was highest for the 5 °C km~! weakened inverted SLRs as
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Fig. 4. Spatial distribution for the rate of warming (°C per decade) following a 5 °C km~! weakening of the inverted surface
lapse rates (SLR) for (A) Valley DS, (B) Valley DN, (C) Valley M222, and (D) Valley MTS. Average warming rate (°C per decade) across
each valley from ClimateNA is also given (Wang et al. 2016; Mahony et al. 2022). Base layer from DigitalGlobe Inc. (Imagery ©
[2017]). Contains information licenced under the Open Government Licence—Canada.
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Table 3. Average mean annual air temperature (MAAT) for each of the warming and inversion
change scenarios (2071-2100) in the four valleys.

Current AMAT MAAT Constant ~ MAAT1°Ckm™'A  MAAT5°Ckm™!
(°C) SIR (C) SIR (°C) A SIR (°C)
Valley DS —6.4 -33 —35 —44
Valley DN -5.1 -2.1 —2.2 -3.0
Valley M222 —6.2 -338 -3.8 -4.0
Valley MTS —5.1 -2.7 -2.8 -3.1

Note: Annual mean air temperature (AMAT) for current conditions is also given for comparison.
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Fig. 5. Spatial distribution of mean annual ground temperature (MAGT) in each of the valleys for current conditions and for
the SSP 2—4.5 2071-2100 climate normal assuming no change in the surface lapse rate (SLR), a 1 °C km~! weakening of the
inverted SLR, and a 5 °C km~' weakening of the inverted SLR. Base layer from DigitalGlobe Inc. (Imagery © [2017]). Contains

information licenced under the Open Government Licence—Canada.

it resulted in the least amount of warming at high eleva-
tions (Fig. 6; Table 4). Similarly, the warming scenario with
no change in the SLR resulted in the lowest percentage of
NSP in each valley due to the increased warming at high el-
evations. Additionally, this pattern of warming coupled with
the original presence of permafrost at both high and low el-
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evations, even in discontinuous permafrost, resulted in the
bidirectional spatial loss of NSP in three of the four valleys,
Valley DS, Valley DN and Valley MTS. In Valley M222, the
loss of NSP was unidirectional as permafrost was only as-
sumed to be present at high elevations under the current
climate.
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Fig. 6. Near surface permafrost (NSP) presence and absence
under the baseline warming with no change in the surface
lapse rate (SLR) scenario for (A) Valley DS, (B) Valley DN, (C)
Valley M222, and (D) Valley MTS. NSP presence and absence
under the baseline warming with a 5 °C km~! weakening of
the inverted SLR scenario for (E) Valley DS, (F) Valley DN, (G)
Valley M222, and (H) Valley MTS. Thawed NSP indicates the
NSP was predicted to thaw between these scenarios and the
distribution modelled under the current climate. Base layer
from DigitalGlobe Inc. (Imagery © [2017]).

= NSP
Thawed NSP
=No NSP

5. Discussion
5.1. Errors and uncertainties

As the models of the future air and ground thermal regime
were generated through a scenario-based approach, the ex-
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Table 4. Percentage of near surface permafrost (NSP) underly-
ing each valley for the current climate and under each warm-
ing scenario.

Current Constant —1°Ckm~' A —5°C km™!

NSP (%)  SLR (%) SLR (%) A SLR (%)
Valley DS 80 42 46 56
Valley DN 99 71 78 90
Valley M222 33 0 3 5
Valley MTS 61 40 40 42

act magnitude of warming at each location is unknown. Ad-
ditionally, the scenarios used in the study were also based
on hypothetical magnitude changes or lack thereof to the
strength of the inverted SLR. However, as theorized in sev-
eral studies, the strength of winter temperature inversions
in the Arctic is likely to decrease in a warmer climate due to
reduced sea ice extent and increased cloud cover, which pre-
vents the radiative surface cooling required for the formation
of strong temperature inversions (Bourne et al. 2010; Screen
et al. 2013; Ruman et al. 2022). These mechanisms are also
generally responsible for asymmetric climate warming both
latitudinally and seasonally whereby temperatures are ex-
pected to warm disproportionately at high-latitudes and dur-
ing winter (Serreze and Barry 2011; IPCC 2022). Although, the
temperature inversions in these valleys are primarily radia-
tion based (caused by a lack of solar radiation during winter)
and the main factors influencing their presence are not going
to change (winter solar radiation and valley geometry), win-
ter air temperatures are expected to be warmer (Wang et al.
2016; Noad and Bonnaventure 2022). Inverted SLRs in Valley
DS and Valley DN were more frequently present with colder
air temperatures, especially during cold air events (T, < -
30 °C) (Noad and Bonnaventure 2023). As a result, fewer win-
ter cold air events due to generally warmer winter air tem-
peratures may result in less frequent and weaker tempera-
ture inversions, decreasing the magnitude of the inverted SLR
annually. Therefore, the assumptions made in each scenario
regarding changes in SLR strength only in winter (only chang-
ing FDD,) are likely representative of the type of change even
if the exact magnitudes used are not accurate. Consequently,
although the exact magnitude of warming in both the air and
ground for each valley may not be completely certain, the
spatial distribution of warming based on changes to the SLR
are representative.

Some additional sources of uncertainty arise from assump-
tions of consistency in ny, n;, and rk values through time.
This study did not account for changes in precipitation, even
though the Arctic is expected to become both warmer and
wetter (Boisvert and Stroeve 2015). Changes in precipita-
tion type, timing, and amount will likely alter the effect of
changes in air temperature on the ground thermal regime
and the n; values (Krasting et al. 2013). For these valleys
snowfall is expected to increase by 38-66 mm (Mahony et al.
2022). However, future ny values were not perturbed to ac-
count for this as they are difficult to predict due the large
uncertainties in snowfall redistribution, depth, and morphol-
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ogy with climate change, especially in these remote moun-
tain environments (Callaghan et al. 2011; Kapnick and Del-
worth 2013; Way and Lewkowicz 2016). Additionally changes
in snow capture with changing vegetation regimes will also
result in warming ground temperatures (Way and Lapalme
2021; Heijmans et al. 2022). However, as the snow redistri-
bution patterns are likely to remain relatively similar (snow
will still be scoured from exposed topography or accumulate
in hollows) the relative spatial pattern of MAGT is likely ac-
curate even if the exact temperature values for each location
are not. Additionally, n; and rk may vary between the current
and future values due to changes in vegetation cover and soil
moisture (Andresen et al. 2020; Heijmans et al. 2022). Values
of n, are generally expected to decrease due to changes in
vegetation resulting in cooling during the summer (Heijmans
et al. 2022). With permafrost thaw, hydrologic pathways and
flows are expected to change leading to either drier or wet-
ter surface conditions (Walvoord and Kurylyk 2016; Andresen
et al. 2020). Depending on which occurs, the rk value of a
location may increase or decrease, with drier conditions re-
sulting in a higher rk (lower differences between frozen and
thawed) and wetter conditions decreasing rk values (Burn and
Smith 1988; Shiozawa and Campbell 1990). Additionally, fu-
ture removal of organic layers and moss with fire may in-
crease rk, and result in deeper thaw penetration during the
summer, further increasing warming in the ground at depth
(Holloway et al. 2020). As with ny, values of n; and rk were as-
sumed to remain the same due to the increased complexity
in determining the new values and limited knowledge of how
they may change locally. This potentially could lead to in-
creased errors in the resulting ground temperature surfaces.
As the TTOP model does not directly use surface energy bal-
ance terms, variation in the surface energy balance resulting
from changes in albedo and cloud cover were not considered,
even though these are the main drivers behind EDW (Pepin et
al. 2015b). However, as the results of this study were mainly
to show potential alternatives to EDW based on changes in
SLR in high-latitude, continental mountains, direct compari-
son is not strictly necessary. The inclusion of surface energy
balance components to model changes in the air and ground
thermal regimes in these regions is an important topic for
future work.

5.2. Assessment of EDW in mountains subject

to strong temperature inversions

The concept of EDW has been widely tested in low latitude,
high elevation mountains dominated by glacial processes
(Pepin et al. 2015; Palazzi et al. 2019). The logic and mecha-
nisms behind EDW in these regions are sound, and greater
magnitudes of warming at these elevations have been ob-
served (Rangwala and Miller 2010, 2012). A recent evaluation
of EDW in the St. Elias Mountains in Yukon also produced ev-
idence of EDW in these high-latitude, maritime mountains
with strongly normal SLRs (Williamson et al. 2020). How-
ever, as shown through the various warming scenarios in this
study, the direct result EDW (greater warming at higher ele-
vations) may not be inclusive of all mountain environments.
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In lower elevation, high-latitude mountains subject to an-
nually inverted SLRs, weakening of the SLR in combination
with uniform warming potentially results in a greater in-
crease in MAATs in the valley bottom than in high eleva-
tions, which may offset warming resulting from the drivers of
EDW. Additionally, depending on the magnitude of the weak-
ened SLR, this distribution of warming may propagate to the
ground surface and ground at depth. This was shown ina5°C
km~! SLR weakening scenario as MAGTs were predicted to
warm less at high elevations than mid to low elevations. The
discrepancy in potential warming patterns is likely a result of
the different relations between air temperature and elevation
currently present in these valleys compared to those used in
the development of EDW. As a result of warming, there are
additional possible evolutions to the elevation-MAAT relation
that are not present in these low latitude mountains, namely
the potential for increasing normality due to warmer overall
conditions (Ruman et al. 2022; Noad and Bonnaventure 2023).
However, this study did not account for changes in energy
balance and therefore did not consider changes in albedo,
cloud cover, or latent heat release, all of which are expected
to contribute to EDW (Rangwala and Miller 2012; Pepin et
al. 2015). As a result, concrete conclusions about the nature
(or potential lack) of EDW in these high-latitude, continental
mountain environments cannot be made. Instead, potential
alternative elevation related warming patterns were demon-
strated to allow for refinement of EDW and to highlight a po-
tential complicating factor to better represent a wider variety
of mountain environments. Additionally, complexities in the
ground thermal response to warming either from changes in
SLRs or the traditional drivers of EDW are likely to arise from
differences in ground cover and soil properties.

5.3. Differences in warming response between

valleys

For each scenario, there were different theoretical warm-
ing responses, both within and between valleys, due to
ground cover and soil properties. At high elevations and on
convex exposed slopes the surface offsets in all valleys were
low due to limited vegetation and snow cover (Zhang 2005;
Freudiger et al. 2017). As a result, the variability between sce-
narios was relatively high due to the lack of surface cover,
which allowed for a more direct impact of air temperature
on the ground thermal regime (Shur and Jorgenson 2007).
This shows that ground surface temperatures at these loca-
tions are more susceptible to variations in climate driven
by changes in SLR or EDW. Contrastingly, ground tempera-
tures varied less between and within scenarios as a result
of higher surface offsets and thermal offset due to greater
increased snow retention and vegetation cover (Lewkowicz
et al. 2012; Bevington and Lewkowicz 2015; Freudiger et al.
2017). Furthermore, increased soil moisture in the valley bot-
tom also may have increased surface offsets (Famiglietti et
al.1998; Karunaratne and Burn 2004; Vivoni et al. 2010). On
average, Valley DS and Valley DN showed greater subsurface
warming than Valley M222 and especially Valley MTS. This
is attributed to higher average offsets at Valley M222 and
Valley MTS even at the highest elevations, produced by in-
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creased snowfall in this region and warmer ground temper-
atures (Yukon Ecoregions Working Group 2004). Addition-
ally, Valley MTS showed the least amount of warming due
to the presence of well-developed vegetation over most of
the valley, limiting the ground surface response to changes
in air temperature (Viereck 1970; Shur and Jorgenson 2007;
Dashtseren et al. 2014; Ran et al. 2021). Moreover, differing
surface and thermal offsets in each valley also may have con-
tributed to differences in the spatial pattern of MAGT warm-
ing compared to MAAT. In Valley DN, the magnitude and dis-
tribution pattern of warming in both the air and ground at
depth were similar, especially at high elevations. This results
from the dry soil with limited ice content, organic material,
or moss cover, especially on the upper slopes, which allows
for a more direct connection between the air and ground at
depth due to high thermal conductivity during both the thaw-
ing and freezing season (Smith and Riseborough 2002; Shur
and Jorgenson 2007; Loranty et al. 2018). MAGT in Valley MTS,
especially in the valley bottom, did not have a similar spa-
tial distribution pattern or magnitude of warming compared
to MAAT. Additionally, the variability between scenarios was
limited. The lower portion of Valley MTS is covered by mature
forest with a thick moss layer and high soil moisture. This
produces differential thermal conductivity seasonally and a
high thermal offset, limiting the impact of changing air tem-
peratures on the ground temperature at depth (Loranty et al.
2018). This is also shown in Valley DS, however, there is sub-
stantially more variability than Valley MTS, as the ecosystem
is less developed in this valley. As a result, high thermal off-
sets limit the consequences of both warming and changes in
temperature inversion strength on the ground temperature
at depth, preserving the underlying NSP (Oblogov et al. 2023).

5.4. Differential causes of permafrost thaw

As aresult of the differences in MAGT response to warming
and subsurface properties, there are likely different drivers
of permafrost thaw at different elevations in each valley. Per-
mafrost present at high elevations is largely climate driven,
due to the lack of complex ecosystem structure, and its tem-
perature is largely influenced by changes in MAAT (Shur and
Jorgenson 2007). Permafrost at these locations is therefore
more likely to quickly respond directly to changes in climate
(Garibaldi et al. 2021). Due to the presence of mature ecosys-
tems and well-developed organic layers, the permafrost in
the valley bottoms, especially in Valley MTS, is likely to be
climate driven ecosystem protected. Therefore, permafrost in
the valley bottoms is more susceptible to disturbance coupled
with warming rather than warming alone, as the permafrost
remains protected by the ecosystem properties (Shur and Jor-
genson 2007; Daly et al. 2022; Vegter et al. 2024). With the
warming projected in this region, it is also likely that this
NSP may persist for an extended time beyond 2100, as aver-
age MAAT is expected to remain below 0 °C and ecosystem
properties have been known to protect permafrost even with
MAAT up to + 2 °C (Jorgenson et al. 2010). The permafrost
in the valley bottoms also has the potential to be ice rich
and contain organic material, yielding a higher likelihood for
permafrost thaw manifesting as subsidence and thermokarst
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(Shur et al. 2005; Kokelj and Jorgenson 2013). This likely poses
a greater risk due to the infrastructure present in valley bot-
toms including roadways and the recently constructed fibre
optic line digitally connecting the strategically important lo-
cation of Inuvik, NT (Dempster Fibre Project 2020).

6. Conclusion

Under a number of potential warming scenarios, MAAT and
MAGT showed a variety of responses based on the magni-
tude and distribution of warming in addition to surface and
subsurface characteristics. In all four valleys, warming cou-
pled with weakening inverted SLRs resulted in the greatest
increase in MAAT predicted at low elevations. However, un-
der the same scenarios, MAGT showed the greatest warming
at high elevations and limited change in the valley bottoms.
This discrepancy in warming patterns likely results from vari-
ability in surface and thermal offset between the different
topographic and vegetation characteristics at the various el-
evations. Lower elevations were more likely to have lower
ng, g, and rk values due to flatter and more incised topog-
raphy, more mature and complex ecosystem structure, and
higher soil moisture. Contrastingly, higher elevations had
higher ny, n;, and rk values due to more exposed topogra-
phy, limited to no vegetation, and drier bedrock substrate.
As a result, between each scenario, there were larger differ-
ences at high elevations, and permafrost was more likely to
be preserved in valley bottoms. As permafrost is predicted to
be present in the valley bottom and high elevations under
each warming scenario, thaw in these valleys is likely to be
bidirectional (having fronts moving up and down from mid
elevations) rather than unidirectional. This generally sup-
ports the concept outlined in the regional permafrost model
(Bonnaventure et al. 2012) when subjected to warming con-
ditions outlined by Bonnaventure and Lewkowicz (2013). Ad-
ditionally, an understanding and inclusion of the spatial dis-
tribution of surface and thermal offsets is important for ac-
curate predictions of differential MAGT warming rates and
future permafrost distribution due to the resilience of per-
mafrost under well-developed ecosystems as shown in Valley
MTS.

Lastly, although the concept of EDW is sound for high el-
evation mountains with normal SLRs, it may not be entirely
representative of the possible warming patterns present in
high-latitude continental mountains with intensely inverted
SLRs. As a result, EDW should be adjusted to become more
inclusive of a wider range of possible spatial warming dis-
tributions in distinct mountain environments. This will pro-
vide better assessments of warming and potential permafrost
thaw and therefore produce more accurate predictions of the
subsequent hazards (ground stability and thermokarst) and
feedbacks (carbon dioxide and methane release) in environ-
ments that are not currently well represented.
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