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ABSTRACT: Forecasting wet slab avalanches remains one of the most demanding challenges in oper-

ational avalanche forecasting. A key obstacle is the difficulty of observing and quantifying liquid water 

content (LWC) and tracking its infiltration into the snowpack. Field measurements are labor-intensive, 

highly variable in space, and often influenced by user application or sensor design — making them 

impractical for forecasting operations. In this study, we evaluated LWC measurements obtained from 

two capacitive sensors, the SLF SnowPro-17 and -25, and compared them with simulations from the 

snow cover model SNOWPACK. We analyzed five selected days with pronounced melt events during 

spring 2025 at Bridger Bowl Ski Area, Montana. The SnowPro-17 measured LWC on the sidewall and 

the SnowPro-25 was inserted into the pit wall. We then analyzed measurements from the two sensors to 

assess consistency and potential bias. For each of the five days, we also analyzed liquid water infiltration 

by layer, comparing field measurements with model-simulated LWC. This allowed us to assess how well 

the model captured both the timing and magnitude of infiltration processes relative to in-situ observations. 

Our results show that, the absolute LWC values differ by approximately 1% by vol. on average between 

measurements from the capacitive sensors, but the timing of liquid water infiltration is largely consistent 

across both measurements and model simulations. Within our sample, the SnowPro-17 consistently 

reports higher mean LWC values than the SnowPro-25, and exhibits greater variability, indicated by a 

larger standard deviation. We found good agreement when we compared in-situ sensor measurements 

to LWC infiltration in snow cover model simulations. This suggests that, despite measurement challenges 

and sensor variability, SNOWPACK can provide valuable information on the timing of LWC infiltration. For 

practitioners, this work highlights that reliable forecasting of wet slab avalanches depends on understand-

ing when and how liquid water reaches critical layers. Because direct LWC measurements are rarely 

feasible in operational settings, using physically based models may offer a practical pathway forward.
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1. INTRODUCTION

Snow is a highly dynamic, porous medium that 

undergoes continuous microstructural evolution 

because it exists at temperatures close to its melt-

ing point. These changes occur even faster when 

snowpack temperatures approach 0°C and/or liq-

uid water begins to infiltrate the snowpack (Col-

beck 1972; Colbeck 1975). When liquid water is 

present in the snowpack, it moves in two principal 

ways: 1) with high water input, it forms preferential 

flow paths that commonly have high spatial vari-

ability, or 2) as a more uniform flow front, known 

as matrix flow (Colbeck 1975; Birkeland 2025). As 

a result, the combination of rapidly changing snow 

conditions and high spatial variability makes mea-

suring wet snow conditions exceedingly difficult 

and has challenged researchers and avalanche 
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forecasters for decades (Waldner et al. 2001).

Several methods have been developed to quantify 

the liquid water content (LWC) in snow. To mea-

sure through the entire depth of the snow, upward-

looking ground-penetrating radar (upGPR) uses 

changes in snow permittivity to monitor snowpack 

wetness and liquid water distribution (Mitterer et

al. 2011a; Wever et al. 2015). At the point scale, 

instruments such as the Denoth-Meter and Snow 

Fork estimate LWC from the dielectric properties 

of snow (Techel and Pielmeier 2011). The Denoth-

Meter, developed by Denoth (1989), provides vol-

umetric LWC values based on dry snow density 

measurements and the contrast between the di-

electric properties of water, ice, and air (Fierz and 

Föhn 1994).

Building on the principles of the Denoth-Meter, 

researchers have recently developed a series 

of capacitance-based sensors, including the 

SnowPro-17, SnowPro-25 (now released as the 

SnowPro-30), and SnowPro-40 (Wolfsperger et al. 

2023; FPGA Company GmbH 2026a; FPGA Com-

pany GmbH 2026b). Although the SLF SnowPro 
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sensors have been used in only a limited number 

of published studies to date, there is a potential 

for them to provide robust and reliable measure-

ments of snow density and LWC: In field tests 

comparing the SnowPro sensor to the Denoth-

Meter across 13 snow profiles, permittivity mea-

surements agreed closely, with an average relative 

error of 0.5% overall and about 1.5% within individ-

ual profiles. Agreement was strongest in dry snow 

and weakened somewhat in wet snow, where de-

viations between the two instruments were larger 

(Donahue et al. 2022; Wolfsperger et al. 2023). 

Techel and Pielmeier (2011) found that collecting 

at least three LWC measurements in each layer 

over a 50 cm distance helps constrain the impact 

of spatial variability on the measured volumetric 

LWC results.

However, the use of capacitance-based sensors 

can be labor-intensive for avalanche forecasters. 

Their limited spatial resolution restricts data col-

lection to discrete points at the centimeter scale, 

and safety considerations prevent their use in 

avalanche starting zones, where the data would be 

most informative (Techel and Pielmeier 2011). To 

improve wet snow avalanche forecasting Mitterer 

et al. (2011b) used the Denoth-Meter to collect 

LWC measurements and compared the values 

with snow cover simulations of LWC to establish 

the foundation and thresholds for an LWCindex (Mit-

terer et al. 2013) using the one-dimension (1-D) 

physically based snow cover model SNOWPACK 

(Lehning et al. 2002; Bartelt and Lehning 2002). 

To verify the water infiltration schemes in SNOW-

PACK simulations Wever et al. (2015) compared 

the upGPR data with the simulations. They found 

that the differences among the three water trans-

port schemes implemented in SNOWPACK were 

small relative to the discrepancies between the 

simulated and observed meltwater fronts. These 

results indicate that the capability of 1-D snow 

cover models to accurately reproduce both snow-

pack runoff and the internal snowpack structure 

under wet snow conditions remains limited.

Now, a decade later, the same lingering question 

remains: What is the simplest and most practi-

cal way to accurately measure wet snow condi-

tions? And do snow cover model simulations line 

up with observations? In this study, we collect 

and analyze data from two recently developed ca-

pacity sensors - SnowPro-17 and SnowPro-25 - 

and compare observed results with model simu-

lations from the physically based 1-D snow cover 

model SNOWPACK at our field site in southwest 

Montana, USA.

2. STUDY SITE

We conducted this study at our field site that is pro-

tected from skier traffic (2,000 m a.s.l.; 45.74803, 

−110.91300) near the southern boundary of the 

Bridger Bowl Ski Area, Montana, USA which we 

call ”Below Schlasman’s”. The site was located 

on a predominantly east-facing slope, and snow 

depth was relatively uniform across the study area 

throughout the entire winter season 2024/25. We 

installed an automated weather station at this site 

equipped to measure air temperature, wind direc-

tion and speed, relative humidity, net radiation, 

and snow height.

3. METHODS

3.1. LWC In-Situ Measurements

During spring in 2025, we collected LWC measure-

ments on five occasions: 13 March, 20 March, 27 

March, 3 April, and 10 April. We measured LWC 

in distinct snow layers that we identified based on 

hand hardness, grain type, and grain size. We 

only considered layers with a minimum thickness 

of 5 cm and excluded thinner layers from the anal-

ysis to match the size of both sensors.

We used two slightly different LWC sensors, the 

SnowPro-17 and the SnowPro-25 (FPGA Com-

pany GmbH, Tann, Switzerland). Both sensors 

are capacitive probes and therefore operate ac-

cording to the same fundamental measurement 

principle, but they differ in probe size (Table 1), 

and how we manually applied them in the snowpit 

(Wolfsperger et al. 2023). Due to different mea-

surement directions of the two sensors, we placed 

the SnowPro-17 against the side wall of the snow-

pit, where it measures approximately 17 mm into 

the snowpack (Figure 1). In contrast, we inserted 

the SnowPro-25 directly into the snow, where it 

reads LWC approximately 25 mm above and 25 

mm below the sensor which is 50 mm in total (Fig-

ure 2).

 For each sensor, we collected three mea-

surements per layer, spacing the measurements 

approximately 20 cm apart to account for the 

spatial variability of liquid water within the snow-

pack (Techel and Pielmeier 2011). We used the 

SnowPro-17 first to account for an undisturbed 

snowpack. Dry snow density is a required input 

for both sensors, but cannot be accurately mea-

sured once the snow is wet. We estimated the dry 

snow density as 300 kg m−3 based upon our den-

sity measurements before water infiltration into the 

snowpack and according to the common densities 

of settled snow (Muskett 2012). To account for 

this source of inaccuracy, we held the estimated 
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Table 1: Overview on the parameters of the two capacity sensors (FPGA Company GmbH 2026a; FPGA 

Company GmbH 2026b).

Parameter SnowPro-17 SnowPro-25

measurement direction downward upward and downward

penetration depth 17 mm 50 mm (25 mm up; 25 mm down)

measurement footprint 45 * 95 mm 117 * 130 mm

measured volume 72 cm3 608 cm3

measurement frequency 20 MHz 20 MHz

Figure 1: Example of how we placed the SnowPro 

17 on the side wall of a snowpit while performing 

measurements. (Photo: Robyn Gotz, Montana 

State University, 17 April, 2026)

dry snow density constant across both sensors, 

so that the resulting inaccuracies would affect the 

SnowPro-17 and SnowPro-25 measurements in 

the same way. Over the measurement period, we 

sampled 50 unique snow layers with both sensors, 

yielding a total of 300 LWC measurements (Bruck-

meier et al. 2026).

3.2. Snow Cover Simulations

We simulated snow cover using SNOWPACK, a 

physically based 1-D snow cover model (Bartelt 

and Lehning 2002; Lehning et al. 2002), forced 

with hourly meteorological observations from our 

weather station at the study site, including snow 

height, air temperature, net radiation, wind speed, 

and relative humidity, over the winter season (De-

cember 01, 2024 - April 30, 2025). Within the 

model, water transport was simulated using the 

bucket mode, one of three implemented water 

transportation schemes in SNOWPACK. This ap-

Figure 2: Using the SnowPro 25 inserting it into the 

side wall of the pit. (Photo: Robyn Gotz, Montana 

State University, 17 April, 2026)

proach is consistent with the configuration com-

monly applied in operational SNOWPACK simu-

lations (AWSOME Core Team 2024). In this ap-

proach, each snow layer stores liquid water up to 

a defined threshold. Once this threshold is ex-

ceeded, excess water is transferred to the layer 

below (Mitterer et al. 2011a; Wever et al. 2015). 

We visually evaluated model performance against 

the observed snow profiles throughout the winter 

season.

4. RESULTS

4.1. LWC Sensor Comparison

Both sensors produced identical readings under 

dry-snow conditions when snowpack temperatures 

were below 0°C (−4.5 to −1°C), with LWC mea-

surements of 0 vol.% (Figure 3). Measurements 

differed when liquid water was present in the snow-

pack.

Across all 50 paired observations, LWC values 

measured by the SnowPro-17 and SnowPro-25 

Proceedings, International Snow Science Workshop, Whistler, BC, Canada, 2026

1329



differed significantly (paired t-test, t(49) = 4.13, 

p < 0.001; Figure 4). The mean paired difference 

between the two datasets was 1.00 vol.% (95% CI: 

0.51–1.48 vol.%), with a median paired difference 

of 0.73 vol.%.

The standard deviations calculated from the three 

replicate measurements per layer reached 2.8 

vol.% for the SnowPro-17, whereas the maximum 

standard deviation observed for the SnowPro-25 

was 1.8 vol.% (Figure 3). This pattern indicates a 

lower measurement precision of the SnowPro-17, 

particularly in layers with a LWC of 3 vol.% and 

higher.

The measurements obtained with the two sensors 

were moderately positively correlated (r = 0.59, 

Figure 5). However, substantial scatter around the 

1:1 line was observed, particularly at higher LWC 

values.

In our sampled datasets, the results indicate that 

SnowPro-17 tends to report higher LWC values 

and exhibits greater measurement variability than 

SnowPro-25. Although both sensors produced 

identical measurements under dry-snow condi-

tions, differences became increasingly apparent 

as LWC increased.

4.2. Modeled and Measured LWC

SNOWPACK captured the seasonal transition 

from predominantly dry to increasingly wet snow 

conditions during five days in the spring melt 

period, 13 March, 20 March, 27 March, 3 April, 

and 10 April 2025 (Figure 6). Simulated LWC 

remained close to zero on 13 and 20 March, 

whereas the sensor observations indicated the 

presence of wet layers within the snowpack. 

From 27 March onward, the model simulated 

substantial wetting, with LWC increasing to 

approximately 4–5% in the upper and middle parts 

of the snowpack.

The two sensor profiles showed considerable 

variability in both the magnitude and vertical 

distribution of LWC compared to the model. 

However, the SNOWPACK simulations generally 

fell within the range of observed values during 

the later stages of the melt season. Despite 

reproducing the general timing of snowpack 

wetting, SNOWPACK failed to capture several wet 

layers identified in the measurements, particularly 

in the lower part of the snowpack, where the 

observed LWC remained elevated but the model 

simulated little to no liquid water.

5. DISCUSSION

The two LWC sensors produced identical mea-

surements under dry-snow conditions, but di-

verged once liquid water was present in the 

snowpack. In our dataset, SnowPro-17 consis-

tently measured higher LWC values and exhibited 

greater variability within the layer than SnowPro-

25. These differences likely reflect the differ-

ent measurement approaches of the two sensors 

(FPGA Company GmbH 2026a; FPGA Company 

GmbH 2026b). SnowPro-17 measures LWC di-

rectly on the snow surface or, in our study, the 

snow-side wall and samples a relatively small 

snow volume making it more sensitive to local 

heterogeneity such as preferential flow paths and 

potentially more susceptible to influences from air 

temperature and side-wall exposure. Despite best 

attempts at keeping the side wall ”realistic” and 

shaded, there was undoubtedly change to LWC as 

soon as we exposed the pit wall. This measure-

ment technique could be a source for higher values 

of measured LWC and greater standard deviations 

for the three layer measurements (Colbeck 1975; 

Wolfsperger et al. 2023). In contrast, SnowPro-

25 is inserted into the snowpack and samples a 

larger volume, which may reduce sensitivity to 

small-scale variability and external disturbances. 

The moderate correlation between sensors indi-

cates that both captured similar temporal patterns 

in snow wetness, although differences in mea-

sured LWC became increasingly apparent under 

wetter conditions (Figure 5).

SNOWPACK reproduced the overall transition 

from dry to wet snow conditions during the melt 

season but did not capture the observed accumu-

lation of liquid water in the lower snowpack. In-

stead, the model concentrated liquid water primar-

ily in the upper and middle layers. This behavior is 

likely related to the bucket mode water transport 

scheme used in the simulations. The bucket ap-

proach represents water movement as a threshold-

controlled downward redistribution and does not 

explicitly account for preferential flow paths or lo-

calized water ponding (Wever et al. 2015). As a 

result, the model did not reproduce the wet layers 

observed in the lower snowpack. These findings 

highlight the limitations of the bucket scheme for 

simulating vertical liquid water redistribution during 

advanced melt conditions and reconfirm findings 

of previous studies (Wever et al. 2015; Mitterer 

et al. 2011a; Mitterer et al. 2011b).
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Figure 3: Median LWC and within-layer variability for the SnowPro-17 and SnowPro-25 sensors across 

all sampled snow layers for our entire sampling period (5 days). The layers are listed in the order 

sampled. Triangles and circles indicate the median LWC derived from three measurements per layer for 

the SnowPro-17 and SnowPro-25, respectively. Bars represent the corresponding standard deviation 

(SD) of the three measurements and therefore quantify the variability of LWC values within a layer as 

captured by each sensor.

Figure 4: Distribution of liquid water content (LWC) 

measurements obtained with SnowPro-17 and 

SnowPro-25. Boxes represent the interquartile 

range (IQR), the horizontal line within each box in-

dicates the median, whiskers extend to 1.5 × IQR, 

and points denote outliers. SnowPro-17 measured 

consistently higher LWC values than SnowPro-25, 

with a mean paired difference of 1.00 vol.% (95% 

CI: 0.51–1.48 vol.%). A paired t-test indicated a 

statistically significant difference between sensors 

(t(49) = 4.13, p < 0.001, n = 50).

Figure 5: Comparison of mean LWC mea-

surements obtained with the SnowPro-17 and 

SnowPro-25 sensors for 50 snow layers. Each 

point represents the mean of three measure-

ments collected within a layer. The dashed line 

denotes the 1:1 relationship, and the solid line 

shows the linear regression fit (y = 0.79x + 1.23, 

R2 = 0.35, r = 0.59). Measurements from both 

sensors showed only moderate agreement, with 

the SnowPro-17 generally reporting higher LWC 

values than the SnowPro-25.
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Figure 6: Vertical profiles of liquid water content (LWC) measured in snow pits and simulated with 

SNOWPACK for five observation dates during the 2025 melt season (13 March, 20 March, 27 March, 3 

April, and 10 April). The black line with circular markers shows the SNOWPACK-simulated LWC profile. 

Horizontal blue and orange bars indicate observed LWC measured with the SnowPro-17 and SnowPro-25 

sensors. The dashed horizontal line marks the observed snow height (HS) from the snow pit on each 

date. LWC is expressed in percent (vol.%) and snow height in centimeters (cm).
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6. CONCLUSION

This study demonstrated that measuring and mod-

eling liquid water content (LWC) remains challeng-

ing, however, different measurement approaches 

can influence the consistency and magnitude of 

LWC observations. Both sensors agreed under 

dry-snow conditions. However, there was vari-

ability between the sensors, particularly at higher 

LWC, in wet snow conditions. Measurements col-

lected using a sensor that is inserted into the pit 

wall, may be less affected by immediate changes 

in LWC when the pit wall is exposed. Due to the 

variability within individual layer measurements, 

no systematic bias between the sensors could 

be identified, SnowPro-17 recorded, on average, 

approximately 1 vol.% higher LWC values than 

SnowPro-25. This difference became more pro-

nounced as the snowpack became wetter.

The SNOWPACK simulations confirmed the 

known limitations of the bucket water transport 

scheme, particularly in the lower part of the snow-

pack.

This study focused solely on melt-induced infil-

tration of liquid water into the snowpack and did 

not consider rain-on-snow events. Future re-

search could compare melt-induced and rain-on-

snow conditions to provide additional insights into 

wetting-front evolution and model performance in 

wet snowpacks.
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