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ABSTRACT

The impact of emergent boulders within a thinning and melting snowpack remains poorly understood. Our
research examines how boulders, exposed by melting snowpack influence the spatial and temporal patterns of
snow ablation in the Shar Shaw Taga Valley, Yukon, Canada. A multimethod approach, combining thermal
infrared time-lapse imaging, drone-based photogrammetry, and terrestrial laser scanning, was used to monitor
snow surface temperature, elevation changes, and melt variability. This approach underscores the importance of
comprehensive techniques in assessing the spatial and temporal variability of snow surface temperature and
topography. Results indicate that boulders accelerate snowmelt in their vicinity during the ablation season, with
snow surface thermal characteristics shaped by local terrain and meteorological conditions. The fastest rates of
ablation occur during periods of mild weather with no precipitation. These findings highlight the role of boulders
as micro-scale heat sources that can modify energy fluxes and influence broader melt patterns in subarctic alpine
environments. Understanding these processes is essential for improving snowmelt modelling and predicting

hydrological changes in mountain regions affected by climate change.

1. Introduction

Recent observations indicate a widespread decrease in snow cover
extent and duration globally (Notarnicola, 2022). Climate change is
expected to further transform snowpacks, leading to a further reduction
in seasonal snowpack depth (Dierauer et al., 2021), including a decline
in winter maximum snow water equivalent (Sun et al., 2019), and an
earlier onset of spring melt (Gergely et al., 2010). Additionally, given
that the Arctic is warming faster than the global average (Rantanen
et al., 2022) and that rate of warming is amplified with elevation
(Mountain Research Initiative EDW Working Group, 2015), drastic
changes in snow conditions are anticipated in northern mountainous
regions.

With climate change, understanding the behaviour and characteris-
tics of snowpack formation and melting in mountain environments is
essential for predicting hydrologic functionality. Among studies that
have focused on the physical properties of snowpacks (e.g. Kinar and
Pomeroy, 2015; Mellor, 1977; Pomeroy and Brun, 2001), many have
approached snowpack hydrological behaviour through one-dimensional
energy and mass budgets (Bartelt and Lehning, 2002; Brun et al., 1989;
Jordan, 1991; Mas et al., 2018; Rutter et al., 2008; Turcotte et al., 2007),
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making it difficult to capture the impact of snowpack spatial heteroge-
neity on catchment hydrology (Paquotte and Baraer, 2022). This is
particularly true in mountain environments, where the physical char-
acteristics of the snowpacks are highly heterogeneous (Wetlaufer et al.,
2016).

The spatial heterogeneity of snow cover characteristics is not the
only factor driving the variability in meltwater contribution to catch-
ment hydrology. Melt patterns are influenced by surrounding terrain
features such as trees, rock debris, and topography, all of which modify
local energy and mass budgets. For example, it has been shown that
snowmelt is enhanced near tree trunks in subarctic environments due to
longwave radiation (Woo and Giesbrecht, 2000). Longwave emissions
from surrounding terrain have also been shown to be responsible for
snow and ice melt in mountainous environments too (e.g., Aubry-Wake
etal., 2018; Robledano et al., 2022). Increased melting of heterogeneous
or patchy snow cover, driven by advective fluxes from bare patches of
ground, has also been reported (Marsh and Pomeroy, 1996). Therefore,
it is anticipated that boulders emerging from a thinning snowpack will
affect the surrounding snow melting rate (Griinewald et al., 2010). The
presence of boulders may modify the sensible heat fluxes originating
from the snow-free area to the snowpack (Mott et al., 2011) and they
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may also alter the radiative budget of the snowpack (Markstrom et al.,
2011). The energy provided by a boulder via conduction to the sur-
rounding snow may also affect the adjacent snowpack while the boulder
and snow are in contact (Gray et al., 1995). However, the boulders in-
fluence on the surface energy balance and melt patterns, as well as the
extent of this phenomenon are still poorly understood.

The objective of our study is to combine ground-based thermal
infrared observations, terrestrial laser scanning, and periodic drone-
based snow cover topography measurements to investigate to what
extent and in what manner does an emerging rock boulder influence the
ablation of a subarctic snowpack.

2. Study site and meteorological conditions

The study area is a sub-catchment of the Shar Shaw Taga Valley in
southwestern Yukon, Canada. This subarctic alpine valley is located
within the Kluane First Nation and White River First Nation territory, in
the Kluane National Park and Reserve. Shar Shaw Taga has been referred
to by its non-indigenous toponym, “Grizzly Creek”, in previous studies
(Evin et al.,, 1997; Johnson, 1978; Tjoelker et al., 2024). The sub-
catchment covers 6 km? (Fig. 1), with an elevation range from approx-
imately 1500 to 2600 m above mean sea level (m.a.s.l.). The focus area is
a 1000 m? region located at 61.083116°N, 139.12816°W at an elevation
of 1835 m.a.s.l. (Fig. 1). The site is on a rock glacier where a substantial
number of boulders emerge from the snow cover in spring. At the start of
the measurement period, on June 12, 2022, approximately 70 % of the
focus area was covered by snow. The snow coverage decreased to less
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Fig. 1. Field site in the sub-catchment of Shar Shaw Taga. The solid blue circle
indicates the location of the automatic weather station location. The study area
is represented by a red rectangle. Basemap credits: Esri, Maxar, Earthstar
Geographics, National Geographic, and the GIS User Community. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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than 20 % by the end of the study on June 20, 2022. A 6 m® boulder that
emerged partially from the snow at the beginning of the study was
chosen as the focus for our investigation. This boulder is located at the
edge of a 10 m long East-facing scree slope of approximately 30°, on a
rock glacier lobe.

An automatic weather station (AWS) is located at approximately
2100 m a.s.l. and records air temperature, precipitation, and shortwave
radiation, at 15-min intervals (Supplemental Table 1) with a Campbell
Scientific CR300 data logger.

Observations were made between June 12 and June 20, 2022. Over
this period, the hourly air temperature ranged from —1.0 °C to +10 °C,
and the site received a total of 47 mm of precipitation at the AWS
location (Fig. 2). Most of the precipitation was rain, with a few short
episodes of wet snow. Based on these observations, the study period is
divided into three meteorological episodes: i) the ‘Wet First Period’
(W.1.P.; June 12 at 00:00 to June 16 at 00:00) which was mainly
overcast, with 30 mm of precipitation. During this episode, air tem-
perature ranged from —1.0 °C to +6 °C. The daily average incoming
shortwave radiation during this episode reached 184 W/m? on June 15.
ii) The ‘Mild Second Period’ (M.2.P.; June 16 at 00:00 to June 19 at
00:00) characterized by clear sky conditions. Air temperatures ranged
from +1 °C to +10 °C with a strong diurnal pattern. Clear skies allowed
daily average shortwave incoming radiation to reach 324 W/m? on June
18 and there was no measured precipitation. iii) The ‘Wet Third Period’
(W.3.P.; June 19 at 00:00 to June 20 at 16:00) was overcast with 17 mm
of liquid precipitation. Air temperatures ranged from 0 °C to +8 °C, and
the daily average shortwave radiation decreased to 155 W/m?.

3. Methods
3.1. Method overview

This study presents observations of snow surface topography changes
measured by terrestrial laser scanner monitoring and repetitive photo-
grammetry surveys, and monitoring of snow and adjacent rock boulder
skin temperature using a thermal infrared camera. The observations are
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Fig. 2. a) Air temperatures (in blue) and Precipitation (in orange); b) Short
wave solar radiations (in green) at the automatic weather station. Semi-
transparent grey shadings represent the ‘Wet First Period’ and ‘Wet Third
Period’. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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then compared to a model of longwave emitted by the adjacent rock
boulder to the snow. The terrestrial laser scanner and the thermal
camera were placed in a snow-free zone of the area at 8 m above the
snow surface and 40 m away from the studied boulder, allowing for an
angle of view perpendicular to the snow surface for both devices. Daily
drone-based photogrammetry flights measured snow topographical
changes around the boulder. Ground control points were installed in
snow-free areas on and around the boulder to calibrate and validate the
observational results. The control points locations were chosen to cover
the survey area homogeneously including different slope aspects,
without disrupting the snow cover within the ROIs. Additional details,
such as the number of control points used and their accuracy are
described below. Finally, snow pits were dug following the method
presented in Valence et al. (2022) at the beginning and the end of the
survey to measure the snow density and approximate liquid water
content (see Supplemental Fig. S1 for snow pits and ground control
points localizations).

We selected three Regions of Interest (ROIs) to analyze the results: (i)
Rock ROI, characterizing the south side of the boulder; (ii) Snow Close
RO, consisting of snow adjacent to and potentially affected by the Rock
ROI and (iii) Snow Reference ROI, a reference region of snow 3 m away
from the boulder, and assumed to be outside the influence area of the
boulder (Fig. 3). Finaly, we selected a 3 m long profile perpendicular to
the Rock ROI - Snow Close ROI interface to perform a 2D analysis of the
Rock ROI longwave emission to the adjacent snow.

The Rock ROI is a rectangular area measuring 1.7 x 0.9 m? on the
surface of the boulder, which was partially exposed at the beginning of
the survey. At the beginning of the study, this ROI covered the area

Rock ROI
/] Snow Close ROI :
2 \:| Snow Reference ROI

Fig. 3. The first panel shows an orthophoto of the snowpack area produced
using drone photogrammetry (June 20, 2022); while the second panel is a
picture of the snowpack area taken from the TIR camera point of view (June 20,
2022). The Lidar sensor and the thermal camera are indicated by a red and pink
pentagon, respectively; and the 2D profile used for modelling is display as a
black line. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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overlapping between the LiDAR cloud point, the thermal infrared
camera image and the photogrammetry result. The Snow Close ROI
covers 0.8 m? South-East oriented snow area with a constant slope of
approximately 30° at the end of the survey. The boundaries of the Snow
Close ROI were chosen as a rectangle with the width of 1.7 m, the same
width as the Rock ROI and with a length of 70 cm. The ROI boundaries
are clipped to contain only areas closer to the Rock ROI than to any other
snow-free surfaces by the end of the measurement period and that are
within the fields of view of both observation devices. The Snow Refer-
ence ROI is the largest snow area with the same slope and with the same
orientation as the Snow Close ROL This ROI is at minimum 1 m away
from any snow free surface obstacle at the end of the survey. The snow
cover on both Snow ROIs lies over a scree of rock debris of smaller size
but similar to the boulder of Rock ROI.

The evolution of the snow surface topography was monitored using
LiDAR observations to compare snow surface elevation changes rates
between the Snow Close ROI and the Snow Reference ROI. Photo-
grammetry provided a more detailed representation of the snow
topography near the boulder. By integrating photogrammetry with time-
lapse thermal imagery, a 2D model of the boulder’s longwave emissions
and their impact on snow ablation was developed for the three meteo-
rological periods.

3.2. LiDAR observations

LiDAR point clouds were obtained using a Blickfeld Cube 1 LiDAR
sensor, with a laser wavelength of 905 nm. The Cube 1 has a field of view
of 70° x 30°, collecting 400 lines with 400 points per line for each frame,
resulting in approximately 130 points per m2. The device was mounted
on a 3-m-high mast and controlled by a Raspberry Pi 4B to automatically
turn on and record frames every hour from June 12 at 00:00 to June 20
at 16:00. The LiDAR station was 40 m away and 11 m higher than the
ROIs. Five reflective targets were installed on snow-free rocks, perpen-
dicular to the LiDAR beams and geolocated with a Topcon DGPS with an
accuracy of £0.3 cm.

LiDAR data were processed using a Python v3.9 script to automate
steps in CloudCompare v2.13, including importing data, applying a
noise filter, translating and rotating to georeference the point cloud with
the LiDAR targets, computing the cloud-to-cloud distance (C2C; i.e., the
distance of every point in a cloud point with respect to the closest one in
the second cloud point). The vertical distance (C2C-Z) was computed
using the last measurement as reference and extracting results for each
ROI for each measurement. The mean C2C-Z distance and standard
deviation of the two snow ROIs were computed for each measurement to
track snow elevation changes over time. The LiDAR orientation was
adjusted on June 14 at approximately 12:30, after two and a half days of
measurement, as only three reflective targets were initially detectable in
the LiDAR point clouds. To estimate alignment error, the absolute C2C
distance for the Rock ROI was computed, comparing each measurement
to the last recorded measurement.

Trends in ROI snow median surface elevation changes were assessed
for each meteorological period considered. Trends were calculated using
three nonparametric tests: the Mann-Kendall test, modified Mann-
Kendall test, and Spearman’s rank correlation (rho), with a 0.05 sig-
nificance level to reject the null hypothesis (Chesnokova et al., 2020).
The Mann-Kendall test detects monotonic trends by comparing each
observation with earlier ones, though positive serial correlation can
inflate Type I errors (Bevan and Kendall, 1971). The modified Mann-
Kendall test addresses this by adjusting variance with autocorrelation
coefficients (Hamed, 2009). To avoid miscalculation induced by the
Lidar adjustment or due to diurnal bias in measurement, only contin-
uous periods of multiple full consecutives days where considered.
Therefore, trends were computed from June 12 at 12:00 to June 14 at
12:00 for W.1.P (2 days); from June 16 at 00:00 to June 19 at 00:00 for
M.2.P (3 days); and from June 18 at 16:00 to June 20 at 16:00 for W.3.P
(2 days). The trend calculation of W.3.P starts before the beginning of
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the last period: when the mean surface elevation difference to the last
measurement of one of the two snow ROI reaches 0. Spearman’s rho
evaluates rank correlations but is sensitive to outliers (Croux and Dehon,
2010). Trend magnitudes were calculated for each of the three periods,
using the Theil-Sen estimator, which computes the median slope be-
tween observation pairs (Sen, 1968).

3.3. Photogrammetry measurements

A DJI Mavic 2 Pro drone was used for nine flights over the study area
to acquire RGB images for photogrammetry. During each flight, each
lasting approximately 25 min, the drone captured around 300 images.
The drone flew at a target elevation of 20 m above the landing area,
situated close to the LiDAR and TIR sensors. The images, collected with
80 % overlap, were processed using Pix4Dmapper software to produce
digital surface models (DSM) and point clouds. The horizontal resolution
of the resulting DSM is 0.4 cm per pixel. The vertical accuracies of the
final point clouds, ranging from 5 to 10 cm, were enhanced using ground
control points (GCPs). For each survey, seven GCPs were established on
snow-free ground near the study area (see Supplemental Fig. S1)
following Shu et al. (2023). These GCPs were geolocated using a Topcon
DGPS with real-time kinematic (RTK) correction, achieving an accuracy
of £0.3 cm. Cloud alignment was assessed using CloudCompare v2.13,
comparing the Rock ROI’s position across flights, with the last flight on
June 20 as the reference. Following Clemens-Sewall et al. (2024), a
Bayesian statistical model was used to compare the histogram of the C2C
distance changes of the Rock ROI, which remained immobile during
data collection.

Vertical changes in snow depth were computed using the vertical
Cloud-to-Cloud (C2C-Z) distance calculation tool, referencing the last
photogrammetry cloud point on June 20. The results for the two snow
ROIs were used to compute the mean and standard deviation of snow
surface elevation differences.

As the snow melted, a trench or gap formed between the boulder and
the snowpack. To capture the trench width over time between the Snow
Close ROI and the Rock ROI, lateral changes in cloud points were
computed using the Cloud-to-Cloud distance calculation tool on two
orthogonal horizontal axes (C2C-X and C2C—Y). The surface used for
calculating trench enlargement was fixed daily to capture the lateral
ablation of the snowpack.

For each day, a 3 m long profile was extracted from the photo-
grammetry cloud points, and this profile is used for the long wave ra-
diation model presented in Section 3.4.

3.4. Thermal infrared monitoring

Thermal infrared images were taken at 15-min intervals from June
14, 2022, at 16:00 to June 20, 2022, at 16:00. The TIR camera was
positioned next to the Lidar instrument at an elevation 9 m higher than
the ROIs (Fig. 3). We used a Jenoptik VarioCam HD with a resolution of
1024 x 768 pixels. The camera features an uncooled microbolometer
and operates within the thermal infrared wavelength range of 7.5-14
pm, with a manufacturer-stated accuracy of +1.5 °C. Therefore, the
Rock ROI, Snow Close ROI and Snow Reference ROI represent 1795, 433
and 23,124 pixels, respectively. Following the method by Aubry-Wake
et al. (2018), we installed five temperature control points (CPs) near the
snowpack margin; the characteristics of the temperature CP sensors are
presented in Supplemental Table 1. The sensors were placed under small
piles of rocks to ensure thermal contact with the ground and to avoid
direct solar radiation. As the sensors were at ground level, their
measured temperature is considered the ‘true’ shaded surface
temperature.

The TIR images were processed to obtain calibrated surface-
temperature data following Aubry-Wake et al. (2015), which uses
Planck’s law to convert radiance measured by the TIR to surface tem-
perature and adjusts temperatures with an offset correction based on the

Cold Regions Science and Technology 237 (2025) 104534

mean temperature from three of the five sensors (Baker et al., 2019). The
Hobo temperature sensors recorded data at 1-h intervals, so the cor-
rected temperatures obtained with the TIR are also at 1-h intervals.

The average corrected temperature of each ROI is used as input for a
simple 2D longwave model following the methodology presented by
Woo and Giesbrecht (2000). The average long wave radiation emitted by
the Rock ROI surface (L), by the surface of the Snow Close ROI
(Lsnow_close)> and the Snow Reference ROI (Lgnow_reference) are computed for
each meteorological periods (W.1.P., M.2.P. or W.3.P.) using the
Planck’s law:

L=¢o.T, (€]

where L represent the average long wave radiation emitted in W.m~2 for
the considered meteorological period; ¢ the surface emissivity for the
boulder and the snow, set as 0.9 and 0.99, respectively; ¢ the Stephan
Boltzmann constant (5.67.10~8 W.m=2.K~*), and T (in K) is the mean
corrected ROI temperature value over the considered meteorological
period.

The net long wave radiation (L") in W.m~2 is then computed as:

L' = H/Ht-Lruck - <Lsnowdm - Lsnow,efmnw) (2

where H is the hypothetical hemispherical area emitting longwave ra-
diation to a point on the snow surface, located at a distance x from the
boulder in m; H;is the surface area of the hypothetical hemisphere
which receives longwave radiation from the boulder. The ratio H/H, is
adapted from Woo and Giesbrecht (2000):

H, L . 2 h-S;
0= arctan ( 2.x) .sin (arctan <—x ) ) / T 3

with [ the boulder width in m, h the boulder height in m and S; the snow
height at the beginning of the considered meteorological period inm ata
distance x before ablation. The snow height is extracted from the
photogrammetry results.

The snowpack was considered as mature during the period of study
as the snow at the snow pits location had a temperature of 0 °C allowing
all of the received energy to be used for melting. Therefore, the snow loss
during the considered meteorological period at a distance x from the
boulder (As(x) in m) can be express as:

L.

A. =
’ (X) Lf -Psnow

4

where Lyis the snow specific latent heat of fusion set as 333 kJ/kg and
Psnow 1S the average snow relative density measured by snow pits at the
beginning and end of the study period (0.3).

To compare the observed snow ablation with the computed one, it is
required to add to the snow loss expected if there was no emerging
boulder: being the mean value of the vertical snow height changes
measured on Snow Reference ROI by photogrammetry, assumed to be
equal to the ablation.

4. Results
4.1. Snow surface vertical changes

Fig. 4 presents the surface elevation changes of each ROI over time
from both the photogrammetry and terrestrial LASER scanning (TLS)
surveys.

Fig. 4a illustrates the evolution of the mean surface elevation of the
Rock ROI as measured by photogrammetry and TLS. A 2-3 cm shift was
observed between the values of June 14 at 12:00 and 13:00 in the TLS
data corresponding to a LiDAR position adjustment. This shift was cor-
rected by applying an offset to all elevation difference values recorded
prior to June 14 at 12:00. Several smaller and temporally inconsistent
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Fig. 4. a) Rock ROIs surface elevation changes estimated from photogrammetry (squares) and TLS (line); b) snow ROIs elevation changes from TLS. All elevations are
expressed as the difference with the last measurement. Dotted pink and dashed blue lines show slopes in elevation measurements. Trends being statistically sig-
nificant (a < 0.05) for each of the three tests are displayed in bold. Pastel colour surfaces represent plus and minus one standard deviation for the TLS measurements.
Semi-transparent grey shadings represent the ‘Wet First Period’ and ‘Wet Third Period’. The dashed vertical line marks the moment when the TLS orientation was
adjusted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

shifts in mean elevation change are also observed in the LiDAR dataset.
We hypothesize that these shifts may be due to poor-quality point cloud
data or an insufficient number of points. Excluding this deviation, both
methods align closely with zero, validating their accuracy since the
boulder was stationary throughout the measurement period. However,
the average standard deviation for TLS (3.6 cm) is over twice that of
photogrammetry (1.0 cm).

The TLS data show greater variability due to two factors: i) there are
fewer data points in TLS (600) compared to photogrammetry (24,000),
limiting statistical robustness, and ii) the TLS data are not as well aligned
as the photogrammetry data. Beyond the position adjustment on June
14, no trends or biases were evident in TLS data. Standard deviation
integrates elevation differences and measurement noise. For the fixed
Rock ROI, photogrammetry’s precision reflects minimal misalignment
error. In contrast, TLS precision is affected by insufficient data points for
unbiased distributions, and beam diffraction from the angle between the
LiDAR view and the surface. A more optimized experimental setup
might reduce, though not eliminate, these uncertainties.

Fig. 4b presents the surface elevation changes of the snow ROIs over
the study period, revealing a diurnal fluctuation in the elevation dif-
ference measured using TLS. This diurnal pattern is particularly pro-
nounced from the end of the ‘Wet First Period’. The influence of snow
characteristics such as grain shape and size, density, and liquid water
content on its optical properties in the NIR spectrum is well-documented
(e.g., Hannula and Pulliainen, 2019; Warren, 2019). The pronounced
diurnal oscillation pattern in the elevation measurements during clear
sky periods suggests that the surface conditions of the snow might have
affected the distances measured by the TLS.

Regression lines in Fig. 4b are presented for the TLS measurements. A
general agreement between the two snow ROIs is observed, with more
pronounced ablation and/or snow compaction occurring during the
‘Mild Second Period’ compared to the other two periods. There appears
to be a difference in slopes between the Snow Close ROI and the Snow
Reference ROI. The differences in regression curves indicate that the
ablation and/or snow compaction is greater at the Snow Reference ROI

during the ‘Wet First Period’, is greater at the Snow Close ROI during the
‘Mild Second Period’, and is of comparable rates between both ROIs
during the final ‘Wet Third Period’.

Table 1 presents the results of statistical trend tests, confirming slope
evolution across the three study periods for the two snow ROIs. The
exception is for the Snow Reference ROI during the ‘Wet Third Period,’
where the calculated slope is not statistically significant. Trend analysis
also shows disparities in snow surface topography changes for the three
studied periods. During the ‘Wet First Period’, both the Snow Close ROI
and the Snow Reference ROI showed an average elevation decrease of
approximately 3 cm per day, with a slightly steeper trend slope for the
Snow Reference ROI. During the ‘Mild Second Period’, both Snow Close
ROI and Snow Reference ROI median surface elevations significantly
decreased by 5 and 4 cm per day, respectively, suggesting that the area
close to the boulder was melting or settling faster than the area further
away from the boulder’s influence. Finally, no measurable trend was
shown to be significant during the ‘Wet Third Period’.

During the ‘Wet First Period’, TLS surface elevation changes exhibit
higher variability in the Snow Close ROI than in the Snow Reference
ROL. This result highlights that as the boulder is uncovered by snow, it
affects the snow heterogeneously within the Snow Close ROIL The het-
erogeneity within the Snow Close ROI decreases progressively during
the ‘Mild Second Period’ and matches the Snow Reference ROI by the
end of the measurement period (‘Wet Third Period’). These observations
suggest that the topography of parts of the Snow Close ROI changed
differently than the Reference ROI during the ‘Mild Second Period’, with
the Rock ROI amplifying the melting of parts of the Snow Close ROI due
to the warm and sunny weather.

Interestingly, TLS data for both snow ROIs follow a diurnal pattern,
with higher apparent surface elevations during the night and lower
during the afternoon. The relative increase in snow elevation during
night is larger during and after the ‘Mild Second Period’ of data
collection (Fig. 4b). While the mean elevation difference between nights
and days increased up to 4 cm during the ‘Wet First Period’, it increased
up to 9 cm during the ‘Mild Second Period’ and during the ‘Wet Third
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Table 1
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Results of the trend analysis of the mean elevation difference observed by LiDAR measurement. p-values under 0.05 are indicative of a statistically representative trend
for the studied period. The Slope of this trend is estimated using the Sen’s slope. Trends whose p-values are below 0.05 for the three tests are highlighted in bold.

Method Snow Close ROI Snow Reference ROI
1st period 2nd period 3rd period 1st period 2nd period 3rd period
Mann-Kendall 1.51 E-5 <1E-10 0.770 4.50 E-7 <1E-10 0.493
p value Mann-Kendall modified 1.51 E-5 < 1E-10 0.770 4.50 E-7 3.17 E-8 0.493
Spearman Rho 5.25 E-7 < 1E-10 0.776 4.05 E-7 < 1E-10 0.599
Slope (m/d) Sen’s slope —0.03 —0.05 +0.00 —0.03 —0.04 +0.00

Period’, exceeding the measurement standard deviations. These patterns
are further examined in the Technical Challenges Section.

The results confirm the influence of meteorological conditions on
ablation and/or snow compaction rates. However, the heterogeneity
within each ROI does not allow for the identification of a distance from
the boulder dependent ablation rate measurement. This would explain
why the difference in ablation rates between the two snow ROIs appears
too limited to draw clear conclusions regarding the boulder’s influence.

4.2. Ablation trench formation

Due to the fixed position of the TLS during the measurement period,
its viewing angle was not optimal for observing snow ablation processes
at the edge of the Rock ROIL However, placing the LiDAR setup very
close to the snow near the boulder would disrupt heat exchanges be-
tween the boulder and the snow. The following section examines the
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geometric details provided by photogrammetry.

Figs. 5a-d presents the snow surface elevation changes during the
observation period, focusing on the snow cover adjacent to the boulder
in the southeast direction. The point clouds as well as the extracted
profile are presented for the beginning and end of each meteorological
period, on June 12, June 16, June 18 and June 20. These figures show a
clear evolution of the snow surface profile in the direct vicinity of the
boulder. At the start of the study period, the snow was in contact with
the boulder. However, during the study period, a trench formed between
the snow and the boulder. Surprisingly, the trench enlarged during the
study period, suggesting this process could not be only due to vertical
ablation or settlement of the snow. On the first day of measurement, the
snow is in contact with the boulder at its base. During the ‘Mild Second
Period’, photogrammetry results reveal enhanced ablation down to the
bare ground, resulting in a trench forming between the boulder and the
snow. The snow surface slope decreases to almost vertical over this
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Fig. 5. a) to d) Photogrammetry results focused on the Rock, Snow Close and Receding ROIs at the beginning and end of each meteorological periods, respectively
June 12, 16, 18 and 20 (2022). The boulder measurement points are displayed in red, the Snow Close ROI in blue and the extracted profile in black. The cartouches
display the interpolated extracted profiles for each date. €) Snow Close ROI lateral distance to the Rock ROI measured with photogrammetry. Triangles indicate the
mean values, and the error bars +/— 1 standard deviation for each photogrammetry survey. Semi-transparent grey shadings represent the ‘Wet First Period” and ‘Wet
Third Period’. Linear regressions for the two periods have been displayed with a dashed line. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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period. The trench then opens with a nearly homogeneous horizontal
displacement of the trench snow wall.

Fig. 5e shows the horizontal distance between the snow and the
boulder, computed from photogrammetry results along two orthogonal
horizontal axes (x and y) for each measurement day. This measured
distance includes both the projected vertical ablation and settlement
increase in the vicinity of the boulder and the trench enlargement due to
the boulder. During the ‘Wet First Period’, the median lateral distance
between the snow and the boulder remained constant, with a value of
29 cm, showing no enlargement rate of the trench during the first four
days. Conversely, during the ‘Mild Second Period’, there was a general
increase in the median lateral distance, reaching 35 cm on June 18,
which may correspond to an enlargement rate of the trench on the order
of magnitude of 6 cm in three days. The median lateral distance
measured was 38 cm after the final day of the ‘Wet third Period’,
showing an enlargement rate of the trench in the order of magnitude of
3 cm in three days, twice lower than during the ‘Mild Second Period’.

The increase of the distance between the snow front and the boulder
highlights the enhancement of snow ablation in the vicinity of the
boulder, amplified during the clear sky ‘Mild Second Period’. The snow
ablation amplification appears to continue during the ‘Wet Third
Period’, suggesting the shift between the first and second periods trig-
gered this phenomenon, and the second meteorological shift reduced its
impact.

4.3. Snow surface temperature

Fig. 6 presents the corrected TIR temperatures for the ROIs during
the study period. The mean ROI temperature represents the average
temperature of all pixels within the ROI, the range is the difference
between the maximum and minimum temperature of the individual
pixels. Note that ‘thermal infrared” measures the skin temperature of an
object’s surface, which may differ from the actual internal temperature
of the object. Therefore, it is possible to observe positive TIR snow
surface temperatures while the interior of the snowpack remains below
0 °C.

During the ‘Wet First Period’, the sky was generally cloudy with
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several precipitation events, and air temperatures ranged from —1 °C to
+6 °C (Fig. 2). The mean temperatures of the Rock ROI exhibit a mod-
erate diurnal pattern, increasing from approximately +2 °C at 5:00 AM
to +14 °C, +11 °C, and + 7 °C at 16:00 on June 12, 13, and 14,
respectively (Fig. 6). The temperature range across the Rock ROI is
generally limited, except during the middle of the day when maximum
and minimum temperatures differ by 2 °C. Conversely, the temperatures
of the two snow ROIs are homogeneous and do not show a clear pattern
during the day. For the first three days, mean temperatures measured for
both snow ROIs are similar, oscillating around the melting point by
+2 °C during the day.

During the ‘Mild Second Period’, the weather was sunny with no
precipitation events. This period showed a significant change in air
temperature patterns with pronounced diurnal variations oscillating
between +1 °C and + 10 °C (Fig. 2). The Rock ROI temperatures
mirrored these diurnal variations, maintaining stable and homogeneous
low temperatures at night and higher temperatures in the afternoons
(Fig. 6). The mean surface temperature of the Rock ROI at night stayed
below +10 °C, reaching a minimum around 6:00 AM, before sunrise. In
the afternoons, temperatures ranged from +13 °C to +30 °C and peaked
around 1:00 PM. During this period, the estimated surface temperatures
of the two snow ROIs also exhibited a diurnal pattern but with a limited
amplitude, ranging from —2 °C at the end of the night to +4 °C in the
afternoon. The temperatures across the entire Snow Close ROI gradually
became slightly higher than those of the Snow Reference ROI (Fig. 6).

At the end of the study, during the ‘Wet Third Period’, the mean
surface temperature of the Snow Close ROI was 1 °C higher than that of
the Snow Reference ROI. Additionally, there was a substantial increase
in the range of surface temperatures observed over the Snow Close ROI
but not on the Snow Reference ROI surface. The largest temperature
range within the Snow Close ROI surface was 1.6 °C, while the largest
range for the Snow Reference ROI was 0.3 °C. The Rock ROI tempera-
tures followed a similar diurnal pattern than during the ‘Wet First
Period’, increasing to approximately +14 °C on June 19 at 11:00 PM and
decreasing to +3 °C during the night of June 20 at 06:00 AM.

TIR images collected at high frequency demonstrate that short-wave
radiation can raise the boulder’s surface temperature up to 20 °C higher
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Fig. 6. Corrected surface temperatures from the TIR monitoring of the three ROIs. Semi-transparent grey shadings represent the ‘Wet First Period’ and ‘Wet Third
Period’. Note the two horizontal dashed lines mark a change in temperature scale.
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than the ambient air temperature on mild, clear days. The same images
show that the surface of the snow that is in direct contact with the
boulder becomes gradually warmer than the snow surface further away.
During the ‘Wet First Period’, the temperatures of all three ROIs were
colder, less variable, and more homogeneous compared to during the
‘Mild Second Period’ (Fig. 6). Additionally, during the ‘Mild Second
Period’, characterized by higher air temperature and less cloud
coverage, the temperature of the Snow Close ROI starts to differentiate
from that of the Snow Reference ROI, with higher temperatures and
increasing heterogeneity.

The increasing temperature gradient between the Snow Reference
ROI and the Snow Close ROI during the ‘Mild Second Period’ indicates
that additional energy is being received in this area. This gradient per-
sists during the ‘Wet Third Period’, suggesting that heat transfer be-
tween the boulder and the surrounding snow continues even when
atmospheric heat transfer to the boulder is limited. The accumulation of
heat in the rock mass during the ‘Mild Second Period’ and its subsequent
release could explain this phenomenon.

The modelling results of the additional long wave energy received by
the Snow Close ROI from the Rock ROI are summarised in Table 2.
Additionally, Table 2 provides the LiDAR differential vertical ablation
(ALidar) for the 3 meteorological periods. ALidar is calculated based on
the trends presented in Table 1, and is the difference between the LiDAR
Sen’s slope values of the Snow Close ROI and Snow Reference ROI for
each period, multiplied by the duration (in days) of the corresponding
period.

According to Table 1, the Snow Close ROI ablation is overestimated
by the model by 37 cm over the 3 meteorological periods (W.1.P., M.2.P.
and W.3.P.; Table 2). As the model does not incorporate snow settle-
ment, the ablation could be potentially even more overestimated. The
overestimation suggests part of the energy provided by the boulder was
not directly used for snow melt, and may instead be used to warm the
snowpack to reach the melting point temperature. Nevertheless, the
model finds that the boulder impacts the snow ablation on different
magnitudes for each observation period. The ‘Wet First Period’ is
characterized by the lowest ablation, with 10 cm loss, which increase for
the ‘Mild Second Period’ to an additional 17 cm of loss, and finally 13 cm
lost during the ‘Wet Third Period’. Therefore, the model shows the ‘Mild
Second Period’ leads to an increase in the Snow Close ROI ablation,
which also continues after the end of this meteorological period.

5. Discussion

Snowpacks melt at variable rates due to a combination of external
factors (such as weather, slope aspect, and shading) and internal factors
(such as debris and snow density). From June 12 to June 20, 2022, we
conducted high-resolution spatial and temporal observations of the
melting snowpack in a subarctic alpine valley of southwestern Yukon,
Canada, focusing on surface temperature and elevation changes. Our
study examined three specific regions: a reference snow area, a boulder
emerging as the snow melts, and the snow adjacent to the boulder. By
comparing temperature and elevation differences in these regions, we
sought to elucidate the influence of the boulder on snow temperature
and melting rates.

During the observation period, weather changes resulted in three
distinct subperiods with different meteorological conditions. These
weather changes provided a unique opportunity to assess the interplay

Table 2
Comparison between observed “Lidar differential vertical ablation” (ALidar)
and modelized vertical ablation (ALW) on Snow Close ROI.

Unit Source Mean vertical ablation
1st period 2nd period 3rd period
ALidar m Lidar Sen’s slopes +0.00 —0.03 —0.00
ALW m Model Result -0.10 -0.17 —0.13
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between weather and snowmelt, particularly how variations in
incoming solar radiation and relative humidity affect the boulder and
the surrounding snowmelt rates.

5.1. Heat exchanges and preferential ablation

As detailed in the results section, the three snowpack observation
methods used in this study provided valuable insights into the impact of
an emerging boulder on snow ablation.

During the clear sky ‘Mild Second Period’, the TLS results indicate
that snow ablation and/or settlement may be enhanced at the Snow
Close ROI compared to the Snow Reference ROL. Although the trenching
phenomenon was not captured by TLS, these results indicate a potential
localized increase in ablation rates near the Snow Close ROL.

Fig. 7a shows a side-view cross-section of the boulder and the adja-
cent snow throughout the study period. The expected snow profile at the
end of the survey (June 20) can be computed: being the snow surface
profile measured by photogrammetry at the beginning (June 12) of the
survey offset by the observed average ablation. The Average ablation is
assumed equal to the mean snow elevation difference of the Snow
Reference ROI during the study period. Fig. 7a allows to compare the
expected snow profile with the measured snow surface profile obtained
by photogrammetry at the end (June 20) of the survey. The comparison
between the expected profile without the boulder effect with the
measured snow surface profile at the end of the survey reveals a
mismatch between the two curves. The area between these profiles
represents the influence of the boulder on snow ablation and settlement.
The expected and observed snow profiles converge approximately 2 m
from the boulder, indicating that the boulder’s influence during the
survey period was limited to this distance. Additionally, the observed
profile at the end of the survey reveals a slope break 24 cm from the
boulder, suggesting that multiple processes may contribute to the
boulder’s effect on snow ablation at different ranges.

TIR images collected at high frequency demonstrate that short-wave
radiation can raise the boulder’s surface temperature to levels up to
20 °C higher than the ambient air temperature on mild, clear days. The
same images show that the surface of the snow in direct contact with the
boulder becomes gradually warmer than the snow surface further away.
During the ‘Wet First Period’, the temperatures of all three ROIs were
colder, less variable, and more homogeneous compared to during the
‘Mild Second Period’ (Fig. 6). Additionally, during the ‘Mild Second
Period’, characterized by higher air temperature and less cloud
coverage, the temperature of the Snow Close ROI starts to differentiate
from that of the Snow Reference ROI, with higher temperatures and
increasing heterogeneity. These observations suggest that the Rock ROI
may have increased the melting of the proximal part of the Snow Close
ROL. Overall, the anomalies in snow surface temperatures and topog-
raphy observed near the boulder were more intense during the ‘Mild
Second Period’, indicating that meteorological conditions affect both
the distance and amplitude of the boulder’s impact on the surrounding
snow. The results suggest that during warm and sunny weather, boul-
ders already emerging from the snow will amplify the melting of the
SNOW cover in its vicinity.

Figs. 7b—d illustrate the side-view cross-section of the boulder, the
observed adjacent snow profile, and the modeled snow profile for the
three meteorological periods. Although the use of a 2D model consid-
ering only short waves and longwave have proven to be satisfactory to
estimate the additional ablation induced by tree trunk on a surrounding
subarctic snowpack (Woo and Giesbrecht, 2000), the present model
generally overestimates the ablation for the Snow Close ROI (Table 2).
Fig. 7b shows strong agreement between the modeled and observed
profiles at the end of the ‘Wet First Period’, with only the proximal
portion being overestimated. This suggests that during the ‘Wet First
Period’, the boulder’s longwave emissions could explain the snow
ablation pattern. In contrast, at the end of the ‘Mild Second Period’, the
model overestimates ablation near the boulder while underestimating it
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Fig. 7. a) Side view cross-section of the boulder and adjacent snow for the whole study period. The boulder and snow profiles extracted from photogrammetry on
June 20 are presented in red and cyan respectively. The snow profile extracted from photogrammetry at the beginning on June 12 is presented in dark blue. The
dashed black line represents the expected snow profile at the end of the survey (June 20), assuming the boulder would not affect the snow ablation. The area in blue
marks the difference between the expected snow profile (dashed black line) and the observed snow profile (cyan line) at the end of the survey (June 20). The Snow
Close ROI maximal extent is represented by a vertical dashed line. The point of convergence of the expected snow profile (dashed black line) and the observed snow
profile (cyan line) at the end on June 20 is marked at 2 m and the slope break of the observed snow profile (cyan line) at the end of the survey (June 20) is marked by
a vertical black line 24 cm from the boulder curve lowest point. b-d) Depicts the side view section of the boulder and adjacent snow for the ‘Wet First Period’, the
‘Mild Second Period’ and the ‘Wet Third Period’, respectively. For each panel, the boulder on June 20 is presented in red. The snow profile extracted from
photogrammetry is represented by a dark blue line and a cyan line for the beginning and end of the meteorological period, respectively. The modelized snow profile
at the end of each period is presented as a dashed orange line. The slope break of the observed snow profile (cyan line) at the end of the meteorological period is

marked by vertical black lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the distal regions. This suggests that longwave emissions alone cannot
account for the boulder’s effect during this period. Finally, at the end of
the ‘Wet Third Period’, the modeled profile fails to align with observa-
tions. While the distal regions appear only slightly offset, ablation closer
to the boulder significantly deviates from the observed profile, further
suggesting additional processes beyond longwave emissions influence
the boulder effect.

According to the TIR results, the rock mass may have accumulate
heat during the ‘Mild Second Period’ and its subsequently released it
during the ‘Wet Third Period’. Suggesting the emerging boulder in-
creases the surrounding energy inputs to the snow, not only through
longwave emission but also by storing heat and transferring it to the
surrounding snow.

Photogrammetry-derived snow surface profiles next to the boulder
(Fig. 5) are in good accordance with the observed position of the slope
breaks presented in Fig. 7b-d. The trench width evolution confirms that
heat transfer is not limited to radiative effects, as the ablation profile is
almost vertical in the trench that forms over time. A purely radiative
redistribution of solar radiation would create an ablation pattern

dictated by the emitting surface’s field of view (Aubry-Wake et al.,
2018). In addition, the trench’s continuous enlargement even after the
‘Second Mild Period’ supports the hypothesis that the boulder stores and
later redistributes heat captured by modifying the local energy budget.

We observe that the simultaneous interpretation of results from the
different methods confirms that emerging boulders redistribute heat
during the snow ablation period. Therefore, emerging boulders can
significantly modify the ablation pattern of a subarctic snowpack in its
vicinity compared to areas without boulders. The boulder effect
observed in the area more distal to the boulder indicates that the boulder
heat redistribution involves other processes than direct radiative heat
exchanges like the local advective fluxes, as suggested by Essery et al.
(2006). The formation of trenches observed at the snowpack-boulder
interface during this study could not be explained by the model
considering long waves only. We anticipate advective fluxes and thermal
conduction as being among the heat exchange processes involved the
trench formation and growth. Additionally, this ablation pattern may be
influenced by snow erosion from meltwater flowing over the surface of
the boulder, with the trench potentially channeling both rainfall and
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meltwater, thereby accelerating its deepening. Alternatively, the pattern
could result from a local anomaly in snow density or changes in snow
properties near the boulder.

5.2. Methodology discussion

In addition to understanding snowmelt processes, our research uses a
unique combination of observational tools for continuous snowpack
monitoring. The following section discusses the lessons learned from
utilizing these observation tools.

5.2.1. TIR correction

Our research finds technical considerations for the TIR correction
method of Aubry-Wake et al. (2015), a method developed for periglacial
environments. The initial step in TIR data correction involves converting
the measured temperature to radiance using Planck’s law (Vollmer and
Mollmann, 2017), followed by partitioning the measured radiance to
account for atmospheric absorption and reflected radiance loss. Given
that the camera’s distance to the areas of interest in our study is
approximately 40 m and the air temperature and humidity near the
camera and the ROIs are similar, atmospheric transmissivity is nearly
equal to 1 for the study period. Additionally, the emissivity of rock and
snow are 0.9 and 0.98 respectively (Hori et al., 2006; Rivard et al.,
1995), rendering atmospheric radiance absorption and surface reflec-
tion almost negligible. Consequently, the primary correction of the TIR
data in our study has been due to the CPs offset, indicating that under
similar conditions, using only three CPs for correction and maintaining
other sensors as validation points may suffice. This simpler calibration
approach requires less processing and is feasible without knowledge of
the thermal camera sensor wavelengths.

5.2.2. LiDAR measurements of the snowpack ablation

As noted in the results section, the LiDAR measurements of surface
elevation of the two snow ROIs exhibit a diurnal pattern, with a slight
elevation rise during the night and a decrease during the day, particu-
larly during the ‘Mild Second Period’. In addition, this pattern is not
observed in the Rock ROI measurements, indicating that the LiDAR
equipment is functioning properly. This phenomenon suggests that the
LiDAR measurements are sensitive to changes in snow surface proper-
ties. According to Deems et al. (2013), the interaction of snow grain size
and liquid water content with laser beams may result in uncertainties in
snow depth measurement. These anomalous patterns were mainly
observable when the snow surface temperature oscillated close to the
melting point, i.e., during the ‘Mild Second Period’ and the ‘Wet Third
Period’. Therefore, we interpret these patterns primarily as due to
diurnal variations in the snow surface liquid water content (i.e., melting
and freezing). However, they may also be influenced by indirect near-
infrared sunlight reflected off the snow surface, as surface conditions
affect snowpacks’ optical properties. The findings underscore the need
for caution when measuring snow depth with LiDAR, particularly
regarding timing, as errors can vary both spatially and temporally.
Stationary control points and further analysis of measurements timing
impacts are recommended. In addition, drone-based LiDAR may face
additional uncertainties due to changing sun angles during flights.

6. Conclusions

A combination of snow surface temperature monitoring using TIR
and snow surface topography observation with photogrammetry and
TLS was used on a subarctic alpine snowpack in northwest Yukon
(Canada) during the melting period of June 2022. This multi-method
approach provides valuable insights into the heat redistribution effect
caused by emerging boulders during the snow ablation period. The
findings indicate that this boulder effect is large enough to modify the
ablation pattern on the snowpack surface in close contact with boulders
compared to areas without boulders. Additionally, the extent of the
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boulder influence on the snow ablation and the ablation rate have been
shown to be dependent of the meteorological condition and the snow-
pack conditions.

While the method did not allow us to quantify to which extent each
specific component of the snow energy budget was involved in the
boulder effect, further efforts in this research area are recommended. In
addition, the observations and model results discussed here are from an
individual site with specific characteristics. Futures studies should
consider multiple boulders-snowpack interactions with diverse charac-
teristics and climatic conditions to assess the general validity of our
results. Such efforts could improve the understanding of the physical
processes involved. We anticipate that this assessment of the impact of
boulders on the snow energy budget will help enhance physically based
snow models by integrating the processes involved in heat redistribution
in mountain catchments.

Although the boulder effect mainly manifests at a meter-scale in the
vicinity of a boulder, its cumulative impact across a landscape could
significantly alter snowmelt timing, especially in mountainous regions
with dense boulder fields. Understanding these localized heat redistri-
bution effects is essential for refining snowmelt models, particularly in
subarctic and alpine regions where accurate predictions of snowpack
behaviour are crucial for water management. This study represents the
first identification of the boulder effect in a subarctic mountain envi-
ronment, underscoring the need to incorporate this process into future
research and modelling efforts.
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