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ABSTRACT: Wet-snow slab avalanches are destructive and may become more prevalent in a warming
climate. This type of avalanche remains challenging to forecast because the underlying processes
leading to wet-snow slab avalanche release are poorly understood. In this study, we examine the
temporal evolution of weak layer and slab liquid water content (LWC), critical cut length, and propagation
saw test (PST) results during the season’s first critical melt period at our study site in the Madison
Mountains of southwest Montana. We used snowpack profiles and in-situ weather station data to
initialize and force the 1-D physics-based snow cover model SNOWPACK throughout the winter and
spring seasons. We then used a high-resolution numerical weather model to force SNOWPACK
simulations to forecast the onset of the transition from dry to wet conditions. From April 10-12, 2023, we
conducted 67 PSTs, 1053 LWC measurements, 20 hardness profiles, and a full snow profile each
morning and early evening. During the first two days of sampling, we observed a transition from low to
high propagation propensity with decreasing cut lengths and increasing LWC. On Day 3, we observed
consistently low propagation propensity, even as LWC levels remained elevated and comparable to the
preceding period of high propagation propensity. This indicates that there is a point where the
relationship we observed through the first two days between increasing LWC, increasing propagation
propensity, and decreasing cut length no longer holds. Our results further suggest PST propagation
mode may help pinpoint the onset, peak, and decline of wet-snow fracture propagation propensity.
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1. INTRODUCTION Techel et al., 2011; Mitterer et al., 2013; Wever et
al.,, 2016, 2018). Therefore, understanding the
Wet-snow avalanches are complex, destructive, temporal change in snowpack properties is
challenging to predict, and may become more critical when assessing wet avalanche potential
prevalent in a warming climate (Baggi and (Mitterer et al., 2016; Techel and Pielmeier,
Schweizer, 2009; Ballesteros-Canovas et al., 2009). Previous research focused on
2018; Madore et al., 2022; Peitzsch et al., 2012, meteorological conditions associated with wet-
2021). The underlying processes leading to wet- snow avalanche activity and liquid water moving
snow avalanche release remain poorly through the snowpack (e.g., Baggi and
understood. Wet-snow avalanche formation Schweizer, 2009; Peitzsch et al., 2012; Wever et
depends on the complex interactions of a critical al., 2016), but few studies tracked the temporal
amount of water percolating through a specific change of snowpack properties over the duration
snow stratigraphy resulting in a change of of a melt event (Mitterer et al., 2011; Techel et al.,
snowpack structure that leads to slope instability 2011; Techel and Pielmeier, 2011).
and avalanche release (Peitzsch et al., 2008;
Reiweger and Mitterer, 2017; Schneebeli, 2004). Interactions between liquid water and snowpack
Ponding of liquid water at a capillary barrier is a structure are part of a complicated process that is
particularly important factor in the formation of non-linear, spatially variable, and constantly
wet-snow avalanches (Mitterer et al.,, 2011, changing (Schneebeli, 2004; Techel and
Wever et al., 2016). Additionally, the first critical Pielmeier, 2011; Waldner et al., 2004). The
infiltration of liquid water into the snowpack in a complex nature of wet-snow avalanches and the
given season often corresponds to wet snow difficulty of studying them in the field have led to
avalanches (Conway and Raymond, 1993; the implementation of model-based approaches
to wet-snow avalanche prediction (Mitterer and
* Corresponding author address: Schweizer, 2014; Hendrick et al., 2023).
Josh Lipkowitz, Department of Earth Sciences,
Montana State University, Bozeman, MT 59715; Physics-based models such as the 1-D snow
tel: +1 413-262-9837 cover model SNOWPACK have been used to
email: joshua.lipkowitz@student.montana.edu generate modeled stability indices based on:
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1) The ponding of liquid water at a capillary
barrier (maximum local liquid water
content (LWC)) (Wever et al., 2016), and
The bulk volumetric liquid water content
as a proportion of the entire snowpack

depth (LWCindex) (Mitterer et al., 2013).

2)

These indices require a tradeoff between a higher
probability of detection and lower false alarm
rates depending on the threshold (Mitterer et al.,
2016). Previous research confirms that elevated
local or bulk LWC alone is insufficient for helping
predict wet avalanche release (Bellaire et al.,
2017; Wever et al, 2016; 2018). A better
understanding of wet snow avalanche formation,
specifically the mechanical properties of wet
snow (Reiweger et al., 2016; Wever et al., 2016,
2018) and the temporal evolution of snowpack
properties (Mitterer et al., 2016; Techel and
Pielmeier, 2009), is necessary to improve wet-
snow avalanche forecasting.

The objective of this study is to examine the
temporal evolution of a specific set of snowpack
properties as the snowpack undergoes the first
critical melt event of the season. We define a first
critical melt event as the period when
SNOWPACK predicts LWCindex to increase above
0.3 (see Mitterer et al., 2016 for threshold) for the
first time in the season and is forecast to continue
to rise to 1. To achieve our objectives, we aim to
answer the following questions:

1. How do liquid water content, critical cut
length, and propagation mode change
following the onset of the first critical melt
event of the season?

2. Does crack propagation propensity
change over time as weak layer and/or
slab LWC change and if so, how?

2. DATA AND METHODS
2.1 Research Site

The field site is a south-facing slope located at
the Yellowstone Club in the Madison Range of
southwest Montana, United States (45.23016° N,
-111.44227° W) (Figure 1). Our study site is
within an intermountain avalanche climate (Mock
and Birkeland, 2000) and the closest SNOTEL
site (Lone Mountain, 2706 m) receives an annual
median peak snow water equivalent (SWE) of
54.4 cm. The site has an approximate slope angle
of 30-35 degrees and an elevation of 2750
meters.

At the beginning of the winter season, we
installed an automated weather station (AWS)
adjacent to our sample plot to measure air
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temperature, relative humidity, wind speed and
direction, snow depth, and net longwave and
shortwave radiation. We visited the study site
weekly or biweekly throughout the winter to
conduct a full manual snow profile and download
the AWS data.

2.2 Model Initiation and Forcing

After conducting seven manual snow profiles
throughout the season approximately bi-weekly,
we ultimately chose a profile from March 7, 2023,
to initialize SNOWPACK for our critical melt event
forecasting. We chose this initiation date because
of the proximity to potential forecasted melt
events and the accuracy of our in-situ profile.
Following an approach based on Bellaire et al.
(2017), we forced SNOWPACK with our AWS
data up until the melt event to provide us with a
now-cast of the current snow cover. To determine
when to begin our sampling protocol, we
subsequently forced SNOWPACK with the 60-
hour, 3 km National Centers for Environmental
Prediction (NCEP) NAMNest numerical weather
prediction (NWP) model to predict any future
increases above our defined threshold values of
LWCindex. We began our data collection when the
LWCindex Was forecast to increase above 0.3 for
the first time.

2.3 Data Collection

Snow-pit data collection began on the morning of
April 10, 2023. We completed a full snow profile
each morning and at the end of the day. We
measured LWC with the SLF Snow Sensor
(FPGA Company) at 10 cm vertical increments in
the pit sidewall and conducted a propagation saw
test (PST) (American Avalanche Association,
2022) on a layer of depth hoar at 20 cm above
the ground. The Yellowstone Club Ski Patrol
recognized this layer as a persistent weak layer
throughout the season on similar slopes. We
used density values measured during our
morning profile on April 10 to calibrate the Snow
Sensor for LWC measurements. We completed a
blade and hand hardness profile after every 3rd
PST and collected LWC measurements on
approximately 2 of 3 columns. After conducting a
PST, we excavated a new side wall and
continued moving across the slope, ensuring the
sidewall was shaded. As the sun shifted
overhead and began to illuminate the test wall,
we moved up the slope approximately 2 m and
worked our way back across the slope toward our
starting point, to ensure a shaded test wall. We
continued this protocol for 3 days, beginning at
approximately 0845 each morning and concluded
at approximately 1900 on Days 1 and 2 , and at
approximately 1700 on Day 3 when PST results
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Figure 1: (a) Overview map of research site and surrounding area in the Madison Range of southwest
Montana, USA. (b) Photograph of the research site. The site is located on the property of the Yellowstone
Club on a south aspect at 2750 m with an approximate slope angle of 30-35 degrees. The black
rectangle shows the location of the sample plot from April 10-12, 2023, and the black circle shows the
location of the automated weather station (AWS).

became repetitive and the snowpack had fully
metamorphosed into an isothermal state. Over
the three days, we conducted 67 PSTs, 1053
LWC measurements as part of 39 full vertical
LWC profiles, and 20 hardness profiles.

2.4 LWC Calculations

We identified the weak layer by classifying snow
crystal type (American Avalanche Association,
2022), and we considered all layers above the
weak layer as the slab. We calculated slab LWC
from the median of LWC measurements from a
given column taken between the surface and 25
cm above the ground. We calculated weak layer
LWC from the median of LWC measurements
from a given column taken between 0 and 20 cm
above the ground. As LWC was always
measured at a multiple of 5 cm above the ground,
we have no recorded LWC measurements
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between 20 and 25 cm.

3. RESULTS

3.1 Season Summary

The Lone Mountain SNOTEL recorded a peak
SWE of 66.3 cm for water year 2023; a 21.9%
increase over the 1991-2020 climatological
median. Monthly mean air temperature from
October 2022 - April 2023 was 9.1% lower than
the climatological mean for the same months
between 1991-2020.

3.2 Weather

A multi-day melt event began on April 9, 2023 at
our study site (Figure 2). Air temperature was
above freezing each day from April 9 through
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April 12, with a peak on April 11. Air temperatures
remained above freezing on the nights of April 9
and 10, while falling below freezing for only one
hour on the night of April 11. Snow surface
temperature, as measured by our in-situ
radiometer, climbed steadily starting on April 7
and peaked on April 10, before remaining
elevated on April 11 and 12. The AWS-measured
snow depth decreased from approximately 1.35
m on April 9 to 1.1 m on April 12. Forecasted
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LWCindex reached above 0.3 for the first time on
April 10 and increased to over 1 on April 11 and

12.

3.3 Initial Observed Snowpack

We conducted a full snow profile on the morning
of April 10 (Figure 3). The height of snow (HS)
was 145 cm and the snowpack consisted of melt
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Figure 2: (a) Hourly weather from April 7-12, 2023. Vertical gray lines indicate field sampling periods.
Air Temperature (°C), Relative Humidity (%), Average Wind Speed (m/s), and Snow Depth (m) were
recorded by our in-situ Automated Weather Station (AWS). LWCindgex Was derived from SNOWPACK. (b)
Energy balance from April 7-12, 2023, recorded by AWS. Gray-shaded boxes indicate sampling days.
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Figure 3: Snow profile prior to beginning sampling on April 10, 2023. Height of snow is noted in cm
along the y-axis. A temperature profile in degrees C is shown as a red line with values along the upper
x-axis, while a hand hardness profile by layer is shown in purple with values along the lower x-axis.
Grain form symbols can be found in American Avalanche Association (2022). Grain size is in mm. D-M
indicates dry to moist snow, while D indicates dry snow. A density profile is noted under the p column.
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forms and various melt-freeze crusts from the
surface down to 50 cm. Below that were layers of
rounding facets on top of a 20 cm thick layer of 2
to 4 mm fist to four-finger hard depth hoar. There
were no signs of water percolation below the
bottom 50 cm of the snowpack and snowpack
temperature was below freezing from 80 cm to
the ground.

3.4 PST Results

There are four different possible results of a PST
(American Avalanche Association, 2022): The
crack propagates along the weak layer ahead of
the saw until the end of the column (End), the
crack propagates ahead of the saw but stops
within the column and fractures vertically through
the slab (slab fracture, SF), the crack propagates
ahead of the saw but self-arrests somewhere
within the weak layer before reaching the end of
the column (arrest, Arr), or the entire column is
cut without the fracture propagating ahead of the
saw (X). A result of End with a cut length of less
than 50% of the column length can be interpreted
as having high propagation propensity. An End
result with a cut length of more than 50% of the
column length, or results of X, Arr, and SF,
regardless of cut length, can be interpreted as
having low propagation propensity (eg. Gauthier,
2007; Gauthier and Jamieson, 2008a and
2008b).

On Day 1 (April 10, 2023), 33% (6 of 18) of PSTs
showed a high propagation propensity (13 End, 5
X) (Figure 4a). Test results at the end of the day
produced shorter cut lengths compared to earlier
in the day and showed high propagation
propensity. On Day 2 (April 11, 2023), 66% (16 of
24) of PSTs indicated a high propagation
propensity (20 End, 3 Arr, 1 SF). The first Arr
result occurred at 1547. Of the last 9 tests on Day
2, three were Arr, one was SF, and five were End
results. 12% (3 of 25) of PSTs on Day 3 (April 12,
2023) showed a high propagation propensity (16
SF, 7 End, 2 X). The SF results occurred
throughout the day. At 1230, we observed the last
high propagation propensity result of the day,
after which time we observed 16 consecutive low
propagation propensity results (10 SF, 4 End, 2
X).

3.5 LWC and Cut Length

On Day 1, weak layer and slab LWC values were
variable, but exhibited a general increase through
the late afternoon before a slight decline at the
end of the day (Figures 4b and 4c). Slab LWC
was equal to or greater than weak layer LWC for
all columns except one. Cut length decreased
throughout the day as LWC increased.
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Weak layer and slab LWC were similar at the
beginning of Day 2 as they were at the end of Day
1. Slab LWC increased sharply after 1000, while
weak layer LWC increased sharply in the early
afternoon. After 1300, both remained above 10%
except for three columns where weak layer LWC
was measured between 5 and 10%. Cut length
continued to decrease through Day 2 as LWC
increased.

At the beginning of Day 3, both slab and weak
layer LWC were lower than values measured
during the afternoon of Day 2. Slab LWC
decreased throughout the early morning while
weak layer LWC was variable with values
between 5 and 7%. Slab LWC began to increase
around 1100 and both slab and weak layer LWC
increased sharply after 1400, reaching similar
values as those observed on the afternoon of Day
2. Despite these elevated LWC levels on the
afternoon of Day 3, crack propagation propensity
was low. Cut length was slightly higher at the
beginning of Day 3 than it was at the end of Day
2. There was no clear relationship between cut
length and LWC on Day 3.

4. DISCUSSION

4.1 Trends, Patterns, and Implications

Notable patterns emerged in terms of
propagation propensity and mode during our
sampling period. We observed a progression
from mostly long cut-lengths associated with End
and X modes at the beginning of Day 1 to low cut-
lengths associated with End mode on Day 2.
After a long string of results indicating a high
propagation propensity on Day 2, we observed
Arr and SF modes of propagation, indicating
lower propagation propensity in the afternoon on
Day 2. This shift occurred despite comparable
weak layer and slab LWC levels to those
measured during the previous period of high
propagation propensity. This suggests there is a
point where the relationship we observed through
the first two days between increasing LWC,
increasing propagation propensity, and
decreasing cut length no longer holds. Slab
fractures continued throughout the bulk of Day 3.
In the early afternoon of Day 3, long cut-lengths
associated with X and End propagation modes
occurred in addition to the slab fractures. The
change from high to low propagation propensity
and the shifting of propagation modes suggest
decreasing fracture propagation propensity along
the weak layer as a result of changing slab or
weak layer properties, or a combination of the
two. On the afternoon of Day 3, slab and weak
layer LWC values reached values similar to the
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Figure 4: (a) Cut length and propagation mode by time. Dark shaded bars are End modes with cut lengths
of less than 50% of the column length, indicating high propagation propensity. (b) Median liquid water
content (LWC) by column and layer. Slab LWC was calculated from the median of LWC measurements
from a given column taken between the surface and 25 cm above the ground. Weak layer LWC was
calculated from the median of LWC measurements from a given column taken between 0 and 20 cm
above the ground. (c) LWC measurements by column and layer. Gray region shows the weak layer.
Multiple LWC measurements were taken at 10 cm increments from the surface to the ground. A median
value was calculated from all measurements at a given depth in a column. There are some gaps within a
column due to ice lenses, melt-freeze crusts, or talus at the ground making measurements difficult to
obtain.

1379



Proceedings, International Snow Science Workshop, Bend, Oregon, 2023

period of consistently high propagation
propensity on Day 2, but the trend toward low
propagation propensity continued all day on Day
3.

The results of this study suggest that the PST
could be a valuable tool for assessing
propagation propensity in wet snow (Reiweger et
al., 2016; Reiweger and Mitterer, 2017). The
observed patterns suggest that propagation
mode could help pinpoint the onset, peak, and
decline of wet-snow fracture propagation
propensity. This could be especially helpful for
better understanding the timing of the end of a
wet-snow  slab  avalanche cycle. The
corresponding patterns between LWC and cut
length late on or after Day 2 in our study indicate
that while modeling LWC and LWCindex may help
predict the onset of a cycle, these measurements
alone may not prove effective at predicting the
end of a cycle and a return to stability.

4.2 Challenges, Limitations, and Future

Work

There was a consistent decrease in HS across
the three days of sampling. Our AWS depth
sensor recorded an approximate 18.5% decrease
in HS over the three days due to settlement. HS,
as measured at each of our columns, decreased
by 30-50% throughout the sampling period. This
indicates that there were differences in HS
between our columns that were not caused by
settlement alone. As slab thickness plays a
critical role in fracture mechanics and crack
propagation (e.g., Gaume et al., 2017), we will
account for slab thickness in future analyses.
Furthermore, the inherent spatial variability of
show stratigraphy and the heterogenous nature
of liquid water flow through the snowpack also
require us to account for these spatial effects. We
will account for these effects in future work by
using mixed linear models that assess for the
random effects of both space and time through
an autoregressive function. We also plan on
analyzing the spatial auto-correlation of LWC in
our dataset.

Our measurements yielded a series of low cut-
length slab fractures beginning the afternoon of
Day 2 and continuing on Day 3. These low cut-
length results complicate interpretation of results
if we were to only use cut length as a proxy for
propagation propensity, or when trying to
understand the effect of LWC on propagation
propensity. For example, a result of PST 30/150
(End) suggests high propagation propensity,
while a PST 30/150 (SF) indicates low
propagation propensity (Gauthier and Jamieson,
2008b). Comparing these results in wet snow
conditions is difficult, and future work could
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include creating a propagation propensity index
for using the PST in wet snow. This index could
allow for mode and cut length to be combined in
a way that would allow for robust statistical
analyses of PST results to account for potential
bias by low cut length SF or Arr results. This may
also serve as another tool for avalanche
forecasters when predicting wet avalanche
problems.

5. CONCLUSION

We tracked the temporal evolution of cut length,
PST results, and weak layer and slab layer LWC
at the slope scale over the duration of the first
critical melt event of the season. During the first
two days of sampling, as liquid water infiltrated
into the snowpack for the first time, we observed
a transition from low to high propagation
propensity with decreasing cut lengths and
increasing LWC. This was followed by a period of
low propagation propensity on Day 3, even as
LWC levels remained elevated. The patterns of
propagation mode and low or high propagation
propensity results show interesting potential to
improve our understanding of wet-snow
processes and ultimately wet-snow avalanche
forecasting.
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