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ABSTRACT

Disentangling the contrasting influences of local ecosystem properties on soil temperatures is critical to understanding drivers
of spatial variability in ground thermal conditions and permafrost distribution. In this study, we investigate the influence of
vegetation, snow, and soil conditions on ground surface temperatures at two subarctic research basins in coastal Labrador.
Eighteen ground surface temperature loggers were deployed at each basin using a stratified random deployment protocol based
on land cover and snow thickness strata obtained from summer and winter uncrewed aerial vehicle surveys. Site-specific field
information was also collected at each logger location in both summer and winter to contextualize ground surface temperature
variability. At the southern field site (Pinware River Hills), derived microclimate indices had statistically significant associations
with ground temperatures, whereas at the northern site (Nain Bay Hills), ecosystem properties including snow thickness, were
important predictors of temperature variability. Ensemble model simulations of permafrost probability indicate that only 10% of
loggers had more than 50% probability of having permafrost, but all of these loggers were found at Nain Bay Hills in low-snow
tundra and wetland ecotypes. This research will inform regional permafrost distribution modelling and our understanding of the

microclimate drivers or ground temperature variability in northern regions.

1 INTRODUCTION

Permafrost is an important component of the terrestrial
cryosphere, storing carbon (Schuur et al. 2015), supporting
habitat for keystone species (Joly et al. 2021), and
sustaining traditional activities for Indigenous Peoples
(Anderson et al. 2018). Permafrost thaw due to ongoing
changes in climate and land use (Biskaborn et al. 2019;
Suter et al. 2019) increases the potential for ecosystem
modifications (Jin et al. 2021; Olefeldt et al. 2021). Most
studies predict that permafrost in the discontinuous zone
will be the first to thaw because it is usually in disequilibrium
with current climate (Biskaborn et al. 2019; Holloway and
Lewkowicz 2019; Hrbacek et al. 2019). However, regional
permafrost changes are expected to be heterogenous
because variability in snow, vegetation, and soll
characteristics alter the susceptibility of landscapes to
permafrost thaw (Grinberg et al. 2020; Myers-Smith and
Hik 2013; Zhang et al. 2021). As these factors can vary over
sub-meter scales, it is challenging to evaluate permafrost
characteristics at high spatial resolution via remote sensing,
especially with large gaps in permafrost observation
networks (Philipp et al. 2021; Smith et al. 2005).

Previous research has shown that permafrost distribution in
upland areas can be particularly heterogeneous (von
Oppen et al. 2022; Zhang et al. 2021). Microclimatic
conditions such as vegetation height, snow cover, and soil
characteristics all influence the local thermal exchanges,
resulting in highly variable ground thermal regimes (Mott et
al. 2018; Myers-Smith and Hik 2018; Strum et al. 2001).
This variability can be amplified in coastal mountainous
areas (Davesne et al. 2017) where ground surface
temperatures often vary by 2—4 °C across short distances
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(< 1 m) due to differing snow thicknesses; thicker snow
insulates the ground surface from seasonal and daily air
temperature fluctuations, resulting in warmer ground
temperatures (Gisnas et al. 2016).

Recent technological advances have facilitated extensive
data logger deployments across large study areas, opening
new opportunities to quantify the drivers of local scale
variability in ground temperatures (Garibaldi et al. 2021;
Serban et al. 2023). However, many of these studies have
focused on field sites with low regional snowfall totals. As
such, there are fewer observed ground surface
temperatures (GST) in coastal discontinuous permafrost
environments where high snow conditions can enhance
variability (Bense et al. 2016; Lembrechts et al. 2020).

In this study, we investigate local-scale variability in GST at
two low-relief coastal mountain research basins (Pinware
River Hills and Nain Bay Hills) located at the extreme ends
of the discontinuous permafrost zone in coastal Labrador.
GST variability was analyzed together with in situ
vegetation, snow, and soil characteristics to elucidate the
effect of microclimate conditions on the ground thermal
regime. These results will contribute to a better
understanding of local microclimate impacts on ground
temperatures.

2 METHODOLOGY

Data were collected from two hilltop plateau research
basins (Pinware River Hills [PRH] and Nain Bay Hills [NBH])
located in low-relief coastal mountains in Labrador, Canada
(Figure 1). Both sites were chosen following consultation
with regional partners and aim to maximize variability in
snow redistribution (0-5 m), ecotype (forest-tundra
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transition), and surficial deposits (till, bedrock, peat; Tutton
et al. 2021). PRH (51.7°N, 56.6°W) is at the southern limit
of the isolated patches of permafrost zone on lands claimed
by the NunatuKavut Community Council. NBH (56.6°N,
62.0°W) is in the Labrador Inuit Settlement Area
(Nunatsiavut) and is at the northern limit of the sporadic
discontinuous permafrost (Way and Lewkowicz 2018).
Eighteen locations (1 by 1 m) at both PRH and NBH were
selected for logger deployment covering three ecotypes
(upright vegetation, wetland, or tundra) and six snow
thickness ranges.
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Figure 1. Location of Nain Bay Hills (NBH) and Pinware
River Hills (PRH) research basins superimposed on
permafrost distribution zones (Heginbottom et al. 1995).

2.1 Uncrewed Aerial Vehicles (UAV) surveys

UAV surveys were used to evaluate site characteristics
(Cryderman et al. 2014; Harder et al. 2016) and to inform
site selection and sampling strategies. Summer UAV
surveys were collected in 2019 (PRH) and 2021 (NBH),
while winter UAV surveys were collected in 2020 (PRH and
NBH). Image acquisitions (450 m by 450 m double grids)
used a DJI Mavic 2 Pro equipped with a 4K Hasselblad
camera flown at 90 m above ground level (ground sampling
distance: ~2.3 cm). Summer UAV image acquisitions used
High Latitude Drone Ecology Network (HILDEN) data
collection protocols (Assmann et al. 2017), while winter
UAV image acquisitions followed Walker et al. (2020).
Ground control points (n = 10) were collected for each UAV
flight using an Eos Arrow Gold GNSS with real-time Atlas
corrections differential GPS (DGPS; VRMS < + 8 cm). Point
clouds and orthomosaics were generated using Pix4D, and
digital surface models (DSM) and digital terrain models
(DTM) were generated using Esri ArcMap 10.7.
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UAV orthomosaics were classified according to major land
cover strata (tundra, wetland, upright vegetation, bare rock,
and water) with a support vector machine object-based
supervised classification in ArcMap 10.7. A 1 m resolution
late-winter snow depth map was obtained for each site by
differencing winter DSMs from summer DTMs with small
edits to remove protruding branches (Walker et al. 2020).
UAV-derived snow depths for both PRH and NBH were
reclassified into six strata (0—0.3 m, 0.3—-0.6 m, 0.6—-0.9 m,
0.9-12 m, 1.2-1.8 m, > 1.8 m) and were combined with
three ecotypes (tundra, wetland, upright vegetation) to
obtain 18 unique classes.

2.2 GST logger deployment

Thirty-six GST loggers were deployed in summer 2020
(PRH, n = 18) and summer 2021 (NBH, n = 18) at random
locations within the UAV-informed 18 unique strata for each
site (Figure 2). Navigation to the generated positions
(+ 40 cm) used a DGPS (Eos Arrow Gold RTK GNSS
Receiver). At each point, HOBO MX2203 temperature data
loggers (+ 0.25 °C) collecting bi-hourly temperature
readings were buried 5 cm beneath the ground surface, and
locations were marked with metal stakes and flagging tape
(Figure 3). Loggers were re-downloaded (35/36; 97%
success rate) in summer 2022 enabling a full year of data
collection (September 2021 — August 2022) to be analyzed.
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Figure 2. Ground surface temperature logger locations in
a) Pinware River Hills and b) Nain Bay Hills field sites by
ecotype. Water and bare rock are shown in white.
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Figure 3. Oblique UAV view of field sites for a) Pinware
River Hills (PRH) and b) Nain Bay Hills (NBH) with a

c) tundra and d) upright vegetation logger deployment site
from NBH.

2.3 Site characterization

At each logger deployment site, vegetation and soil
characteristics were collected in summer 2021 and summer
2022. Vegetation plots (1 m by 1 m quadrat) and visual
estimates were used to determine percent cover for key
functional plant groups (lichen, moss, short shrub, tall
shrub, tree, and herbaceous plants) and dominant plot
species. Soil conditions were described using small
(30 by 30 cm) soil pits dug to the base of the organic layer
which enabled the description and thickness of the organic
layer and mineral soil texture. Three instantaneous soil
moisture measurements were also taken at a 20 cm depth
using an Extech MO750 soil moisture meter (+ 0.1%).

Late-winter snowpack conditions in mid-March 2022 at PRH
and NBH were characterized at each logger position by
relocating each logger (+ 30 cm of true position) using a
DGPS (Broxton et al. 2019; Dong 2018). Snow water
equivalents (SWE) and snow densities were calculated for
each point using mass measurements of snow cores (Geo
Scientific Ltd.) taken within 30 cm of logger location.

Microclimate indices were calculated for each of the
35 logger locations in combinations with the air temperature
data recorded at each station within 400 m of each logger
(Table 1). The freezing n-factor (nf) is a unitless ratio
between the freezing degree days of the soil (FDDs) and
the freezing degree days of the air (FDDa), while the
thawing

n-factor (nt) is the ratio between the thawing degree days of
the soil (TDDs) and the thawing degree days of the air
(TDDa; Burn et al. 2004; Klene et al. 2001; Liu et al. 2021).
Nival offset (NVO) and thawing surface offset (TSO) were
calculated using the difference between the FDDa and
FDDs or TDDa and TDDs, respectively, divided by the
number of days (i.e., 365 days; Way and Lewkowicz 2018).
These microclimate indices summarize air-surface
temperature differences and vary depending on snow and
vegetation characteristics. Higher (lower) nf (NVO) values
suggest thinner snow cover and lower (higher) nt (TSO)
values suggest taller and/or denser vegetation cover
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(Hasler et al. 2015; Throop et al. 2012). Surface offset (SO)
was also calculated using the difference between the mean
annual ground surface temperature (MAGST) and mean
annual air temperature (MAAT) to summarize the net effect
of nival and thawing offsets over the year (Smith and
Riseborough 2002). A correlogram between collected and
derived variables was used to examine the general
statistical associations between variables and MAGST.

Table 1. Derived microclimate indices.

Indices Equation Units
Freezing n-factor (nf) FDDs+FDDa Unitless
Thawing n-factor (nt) TDDs+TDDa Unitless

Nival Offset (NVO) (FDDa-FDDs)+365 °C
Thawing Surface Offset (TSO)  (TDDs-TDDa)+365 °C
Surface Offset (SO) GST-MAAT °C
Thermal Offset (TO) MAGT-GST °C

2.4 Analysis of permafrost probability

The temperature at the top of permafrost (TTOP) model is
a process-based equilibrium permafrost model (Smith and
Riseborough 2002) that has been previously used with GST
loggers to characterize permafrost distribution (Garibaldi et
al. 2021). The mean annual ground temperature at the top
of permafrost or the base of seasonal freezing (e.g., MAGT
at TTOP) for a given logger location can be estimated by
adding a thermal offset (TO; Burn et al. 2004) to MAGST
following Davis et al. (2021):

TTOP =TO + MAGST [1]

The MAGT at the top of permafrost was estimated for each
logger location using the measured MAGST and an
ensemble of TO estimates for each logger, where the
ensemble of TOs were generated using observed TOs from
field monitoring locations at PRH (n = 3) and NBH (n = 3)
established by Tutton et al. (2021). Following Davis et al.
(2021), we generated 1,000 simulated TOs (R(4.1.1)) using
the mean (PRH: -0.48 °C; NBH: -0.55 °C) and standard
deviation (PRH: 0.25 °C; NBH: 0.48 °C) of TOs measured
at the research basins assuming a normal distribution. The
ensemble was then applied (Eq.1) to the MAGST of each
logger (n = 35) to generate estimates
(n =1,000) of MAGT at TTOP for each logger.

3 RESULTS

3.1 Variability in ground temperatures

MAGSTSs averaged 3 °C (range: 2.4-3.9 °C) at PRH and
1.8 °C (range: -0.9 to +3.7 °C) at NBH. Basin-wide
differences in MAGST between PRH and NBH were
statistically significant (t-test, p < 0.05), but when stratified
by ecotype, only tundra (p < 0.05) and upright vegetation (p
< 0.05) showed significant differences between the basins.
Partitioned by field site, ecotype showed no statistically
significant differences at PRH, while at NBH, only
differences between tundra and upright vegetation
ecotypes were near statistical significance (p < 0.10).
Greater MAGST was observed at PRH for all ecotypes
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compared to NBH (Figure 4). At NBH, variability was higher
for tundra (sd: 1.5 °C) and wetland (sd: 1.5 °C) ecotypes
than upright vegetation (sd: 0.6 °C), whereas at PRH,
variability was greatest in the upright vegetation class (sd:
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PRH NBH
0.4 °C) and lowest in tundra (sd: 0.3 °C).

Figure 4. Mean annual ground surface temperatures
(MAGST) recorded by data loggers (n = 35) stratified by
research basin (Pinware Rive Hills [PRH] and Nain Bay
Hills [NBH]) and ecotype. Statistical differences

(p < 0.05) between tundra and shrub ecotypes between
sites.

Derived freezing metrics (nf and NVO) showed contrasting
results between PRH and NBH. The nf and NVO were
significantly lower at PRH (mean: nf = 0.13, NVO = 3.3 °C)
compared to NBH (mean: nf = 0.25, NVO = 4.5 °C).
Stratified by ecotype, nf was the lowest for the upright
vegetation ecotypes (PRH: 0.09; NBH: 0.11), indicating
limited ground freezing in upright vegetation areas in winter.
Similarly, at both sites, mean NVO was the highest at the
upright vegetation ecotype (PRH: 3.4 °C; NBH: 5.3 °C) and
lowest for tundra (PRH: 3.1 °C; NBH: 3.4 °C).

Air-surface temperature differences in the warm season
(nt and TSO) showed smaller differences between the field
sites. Nt was slightly lower at NBH (mean: nt = 0.98)
compared to PRH (mean: nt = 1.02), whereas TSO was
significantly lower at PRH (mean: -1.0 °C) compared to
NBH (mean: -0.5 °C; t-test: p < 0.05). These data suggest
that air-surface temperature differences in the warm season
impact PRH more than NBH, but the magnitude of these
effects is generally small (usually less than 1 °C). For both
field sites, mean TSO was highest at the wetland ecotype
(PRH: -0.4 °C; NBH: -0.7 °C) and lowest at the upright
vegetation ecotype (PRH: -0.6 °C; NBH: -1.4 °C), indicative
of shading and moisture effects on microclimate.

3.2 Correlations between local site properties

Correlograms were used to evaluate and visualize the
statistical associations of MAGST and local site properties
(Figure 5). Pooling PRH and NBH together, statistically
significant Pearson correlations (p < 0.05) were observed
between MAGST and most variables, except for number of
snow days, nt and NVO. The highest correlation was
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observed between MAGST and nf (r = -0.89). For PRH,
MAGST was significantly correlated with nf, SO, NVO, and
TSO, with the strongest correlation found with SO (r = 0.99)
and nf (r = -0.70). At NBH, MAGST had statistically
significant correlations with SWE, snow depth, snow
density, nf, SO, and NVO, with the strongest associations
with SO (r = 0.99) and nf (r = -0.93).
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Figure 5. Correlogram of the variables obtained at each
logger location for a) both field sites (n = 35), b) PRH
(n=18), and ¢) NBH (n = 17). Areas without an asterisk
show significant correlations (p < 0.05), circle size
indicates the magnitude of the correlation, and the colour
indicates the direction. Note: winter and summer SAT are
seasonal averages of air temperature at the two basins.

The derived indices show uneven positive and negative
correlations among the pooled sites. nf was significantly
negatively correlated with every variable except the number
of snow days whereas NVO was both negatively and
positively correlated with measured and derived variables.
Divided by basins, freezing indices were more correlated at
NBH compared to PRH, showing that snow is more
important for understanding ground thermal variability at
this more northern site.

The pooled data showed that nt was not significantly
associated to any factors whereas TSO showed a positive
correlation with air temperature (r = 0.46) and a negative
correlation  with  the number of snow days
(r = -0.49). Thawing indices showed no significant
correlation at NBH, while at PRH correlations were only
present for MAGST (r = 0.64) and the number of snow days
(r = -0.51). Together these data suggest a lack of
consistency in the statistical associations between derived
microclimate indices, local site characteristics, and
MAGSTSs, highlighting the need for additional analyses
using other statistical techniques, like structural equation
modelling.
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3.3 Permafrost distribution

The ensemble-based permafrost simulations showed that
there was only a 9.7% probability of permafrost averaged
across all 35 loggers at PRH and NBH. Only eight loggers
had simulation results indicating permafrost was plausible
(> 0% probability), with just three considered likely (> 50%
probability). All possible and likely permafrost sites were
located at NBH (Figure 6). This was interpreted to be partly
because of lower overall MAGSTs at NBH but also because
of greater MAGST variability and a larger range of thermal
offsets used at NBH compared to PRH (PRH: -1.2 °C to
0.4 °C; NBH: -2.1 °C to 0.9 °C). Two of the three loggers
where permafrost was considered likely were in tundra
ecotypes and the other was in a wetland ecotype. All three
likely permafrost sites had shallower snow depths (< 45 cm)
compared to non-permafrost logger sites (> 45 cm).

Ecotype

B Shrub

E3 Tundra

E3 Wetland
D DU IO

Temperature At Top Of Permafrost (TTOP) (°C)

Figure 6. Ensembles of simulated temperatures at top of
permafrost (TTOP) (n = 1,000) for the 35 GST loggers
simulated using thermal offsets and observed MAGSTs for
Pinware River Hills (PRH) and Nain Bay Hills (NBH).

4 DiscuUssION

4.1 Variability in ground temperatures

GSTs in coastal Labrador varied considerably between the
two research basins and between ecotypes. Greater within-
ecotype variability was observed at the northern field site
(NBH) than at the southern field site (PRH). These results
are similar to those reported by Tyystjarvi et al. (2023) who
found that MAGST variability increased with latitude at field
sites in Finland, although Odland et al. (2017) did not find a
similar latitudinal association in the Norwegian mountains.
In the latter study, the authors reported greater MAGST
variability than reported here but this is likely due to the
comparatively smaller range in mean annual air
temperature for the two basins investigated in the current
study. The absence of permafrost at PRH and the low
probability of permafrost at NBH may be an important
contributor to muted MAGST variability, as deeper ground
temperatures can exert a significant influence on near-
surface soil temperatures (Riseborough et al. 2008; Smith
and Riseborough 2002).

Our study did not find statistically significant differences in
MAGST between ecotypes at either PRH or NBH, although
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the p-values at the latter basin approached significance
(p < 0.10). This result may be explained by the logger
deployment approach which ensured similar strata for snow
depth between the ecotypes. Larger sample sizes,
particularly at NBH, could have increased our ability to
statistically detect smaller effect sizes. Aalto et al. (2018)
concluded that local scale vegetation influences on ground
temperatures in Finland were non-uniform with vegetation-
snow interactions, leading to warmer ground temperatures
due to air-surface decoupling. Conversely, Evans et al.
(2022) found that at their study sites on Baffin Island, the
associations between vegetation type and variability in
GSTs was indirect. Instead, their findings emphasized that
snow duration and microtopography exerted a more
significant influence on the ground thermal regime
compared to vegetation characteristics. These contrasting
findings highlight the importance of study design and
stratified logger deployment to ensure that GST data
include a wide range of ecotypes and snow covers.

4.2 Drivers of ground temperature variability

This analysis demonstrated statistically significant
associations between multiple measured and derived
variables, though the strength of these associations varied
when stratified by study sites. Specifically, MAGST at NBH
was most correlated with snow indices (SWE, nf, NVO),
whereas MAGST at PRH was significantly correlated with
derived indices (SO, NVO, TSO). Stronger overall
associations found at NBH compared to PRH highlight the
role of regional climate differences in altering linkages
between ground temperatures and local ecosystem
properties, as shown previously in model scenarios by Way
and Lapalme (2021). Strong correlations between winter
season indices (nf, NVO) and MAGST at NBH agree with a
large-scale analysis of 106 subarctic and Arctic sites by
Kropp et al. (2020) who found that MAGSTs are more
sensitive to variability in winter season conditions. Like Way
and Lewkowicz (2018), we observed that air-surface
temperature differences in the summer were correlated with
the number of snow days which is suggestive of a link
between late-lying snow and delayed soil temperature
warming (Griinberg et al. 2020). While these associations
can provide important context to the ground thermal regime,
effect size cannot be determined using correlations alone
and differences between basins underscores the necessity
of synthesizing data from multiple sites for drawing broader
conclusions.

4.3 Permafrost probability

Permafrost is likely present for low snow tundra ecotypes
across NBH. This result highlights the importance of
considering the effects of snow and vegetation in regional
permafrost assessment. Little to no snow accumulation
allows colder temperatures to be reached at the surface for
longer preserving permafrost at deeper depths (Biskaborn
et al. 2019). The wetland ecotype site at NBH where a high
permafrost probability was estimated is near a small palsa
where the permafrost is insulated by a thick layer of peat.
Research by Wang et al. (2023) concluded that peatland
permafrost was significantly underestimated for the
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Labrador coast and that contemporary models may not be
adequately representing permafrost distribution in coastal
wetlands. Our results show that even at upland sites
peatland permafrost can be found in localized environments
with thick peat deposits and minimal snow cover.

4.4 Limitations

Although this study explores many factors influencing local-
scale variability in the ground thermal regime, caution is
needed to avoid over-extrapolating the results given some
key limitations. The single largest limitation is the short
period of analysis (one hydrological year) which could lead
to differences in basin-wide MAGST compared to longer-
term averages (Hargrove and Pickering 1992; Nakagawa
and Cuthill 2007). This analysis intended to use two
hydrological years, but owing to COVID-19 travel
restrictions, NBH was not able to be visited for logger
deployment until 2021. For PRH, logger deployment
occurred in 2020, but we restricted our analysis to 2021—
2022 to ensure comparability with NBH. The short duration
of records could also impact the correlation analysis
because interannual variability may affect associations
between variables but overall zones of high (low) snow
accumulation tended to be similar across years and
changes in vegetation are generally subtle over short time
periods (Myer-Smith and Hik 2013). Future work could build
on these results using additional years of data from these
study sites and more advanced statistical techniques to
better represent spatio-temporal drivers of variability.

5 CONCLUSIONS

This study provides new insights into variability of near-
surface ground temperatures in northern coastal
environments using observations spanning two ends of the
discontinuous permafrost zone in subarctic Labrador,
northeast Canada. Using a stratified random logger
deployment scheme, we were able to explore local scale
variations in MAGST across a range of ecotypes and snow
conditions. Our results showed that soil temperature
variability was greatest at our northern site (NBH) where soil
temperatures were lower. We also found that statistical
associations with local site properties were also greater at
NBH than PRH. These results suggests that macroclimate
conditions, like regional permafrost distribution, can dictate
or mediate the associations between local ecosystem
properties and ground temperatures in subarctic
regions. An analysis of permafrost distribution using
ensembles of model simulations showed that permafrost is
absent from PRH but can be found in certain environments
at NBH including low snow tundra and wetland ecotypes.

Ongoing and future changes in temperature, precipitation,
and land cover, coupled with expanded development in the
Canadian north will necessitate an improved understanding
of changes to local microclimate in highly heterogeneous
environments like those presented in this study. Our study
also highlights the utility of UAVs for supporting stratified
sampling designs which can improve the extrapolatability of
analyses of the ground thermal regime. This study will
contribute to the development and evaluation of next-
generation permafrost distribution models in Labrador, and
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will support the development of climate adaptation
strategies for permafrost thaw and ecosystem shifts.
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