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ABSTRACT: Snowmelt channels on the snow surface are frequently observed and reported phenom-
ena, typically associated with rain-on-snow events. Consequently, they often serve as indicators of the 
approximate elevation of the snow line—a critical factor in assessing wet-snow avalanche conditions 
and snow cover stability in general. Direct field observations and feedback obtained from field assess-
ments constitute an invaluable component for operational avalanche forecasting, offering critical in-
sights into snowpack conditions and associated avalanche hazards. Accurate interpretation of these 
observations, along with a detailed understanding of underlying processes, is imperative for developing 
a comprehensive overall understanding of snow cover conditions as a basis for precise avalanche 
warnings. Recent observations of the development of snowmelt channels without notable liquid precip-
itation challenged the assumption of rain-on-snow events being the sole formation process. We conse-
quently performed a study aiming to comparatively quantify liquid water input into the snow cover from 
melt processes as well as rain in conditions when snowmelt channels form. Through a combination of 
observations, energy balance calculations and model simulations, our objective is to gain a deeper 
understanding of the processes involved to potentially challenge the common hypothesis, that snowmelt 
channels are a reliable indicator of preceding rain-on-snow. 
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1. INTRODUCTION 

Visual observations of snow cover features are 
essential in avalanche forecasting. They provide 
real-time data on snowpack conditions, enhanc-
ing avalanche risk assessments. Importantly, 
such data can also be communicated to ava-
lanche warning services by individuals with vary-
ing levels of expertise, including non-experts or 
less trained personnel, thereby enriching the 
overall information available. However, accurate 
interpretation of such observations requires a 
profound understanding of the underlying pro-
cesses that lead to the observed surface features, 
ensuring the correct integration of this information 
into avalanche forecasting. 

Rain or meltwater channels, also known as rills, 
are among the surface features frequently re-
ported from the field. These features arise from 
liquid water percolating through the snow, con-
centrating into sub-surface flow channels, with 
the degree of impact varying according to the 
amount of liquid water and the original character-
istics of the dry snow. The locally accelerated set-
tlement of the snowpack is manifested as surface 
rills that trace the path of these subsurface flow 
channels (LaChapelle, 2001) The international 

classification for seasonal snow on the ground 
(Fierz et al., 2009) describes these elements of 
surface roughness as “convex furrows” or “melt 
groves” attributed to rain or melt processes.  

However, among many avalanche forecasters 
the formation of these surface channels or rills is 
commonly attributed solely to rain-on-snow 
(ROS) events. Based on this, these channels are 
frequently used as indicators for determining the 
elevation of the snow line - the transition from 
snowfall to rain - during precipitation events. Ad-
ditionally, they serve as indicators for wet-snow 
avalanche conditions and the overall condition of 
the snowpack.  

Recent observations of such channels have chal-
lenged the widely accepted attribution of their for-
mation solely to rain-on-snow (ROS) events, with 
reports of extensive channel development occur-
ring in the absence of significant liquid precipita-
tion. This suggests that melt processes, as sug-
gested in the literature (e.g. Fierz et al., 2009; In-
ternational Association of Hydrological Sciences, 
1981) also play an important role in the formation 
of these channels, a factor that is often unjustly 
overlooked. 

This study aims to compare the liquid water input 
from melt processes with that from liquid precipi-
tation during the formation of widespread snow-
melt channels in December 2023 in Styria, Aus-
tria. By combining field observations, measure-
ments, as well as model simulations, our study 
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seeks to deepen the understanding of the processes 
contributing to snowmelt channel development.  

2. SNOW AND WEATHER OBSERVATIONS 
IN DECEMBER 2023 

Following initial snowfall events at alpine elevations 
(>2000 m ASL) in early November, a continuous 
snow cover formed at mid-elevations (around 1500 
m ASL) from mid-November onward. Variable 
weather conditions, characterised by repeated pre-
cipitation and occasional rain-on-snow (ROS) events 
at alpine elevations, followed by cold periods with 

snowfall and wind, resulted in a rather heterogene-
ous early-winter snowpack structure. 

From mid-December, the onset of a pronounced 
Azores High brought several days of mild and sunny 
weather to the Eastern Alps, with temperatures 
reaching up to +8°C at 2000 meters ASL (see Fig. 1 
uppermost panel – air temperatures at 1323 m ASL 
at automatic weather station (AWS) Veitsch reach 
15°C on 18. & 19.12.2023). This warm period caused 
the snowpack to settle and by 21.12.2023 a compact 
snow base had developed, primarily composed of 
multiple melt-freeze crusts interspersed with various 
stages of partly moist decomposed or fragmented 

Figure 1: Meteorological observations from Automatic Weather Stations (AWS) at two sites: Veitsch and 
Präbichl. At Veitsch, data were collected at a snow station located at 1323 m ASL and a wind station at 1973 
m ASL. At Präbichl, measurements included precipitation at 1214 m ASL, snow height at 1690 m ASL, and 
combined snow and wind observations at 1731 m ASL, with an additional wind station at 1907 m ASL. The 
dataset covers the period from December 1, 2023, to December 31, 2023. The shaded region indicates the 
specific period analysed in the case study. The lowermost panel provides a comparison between measured 
precipitation (expressed as liquid water resp. liquid water equivalent) and snow height measurements at the 
two snow stations. 
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particles.Beginning on 22.12.2023, a shift to a stormy 
northwest weather pattern led to significant snowfall, 
particularly along the northern flanks the Alps where 
orographic precipitation frequently contributes to 
large precipitation amounts. Automatic weather sta-
tions in our study region measured snowfall accumu-
lations of 60 to 100 cm within approximately 48 hours 
(22 - 24.12.2023, see Fig. 1 lowermost panel) during 
this snowfall event. Despite a decrease in air tem-
peratures compared to the preceding warm period, 

snowfall occurred at relatively high temperatures, 
around or slightly above 0°C, resulting in a warm 
layer of fresh snow (see Fig. 1, uppermost panel). 

The snowstorm ended on 24.12.2023, followed by an 
abrupt return of warm air masses into the Eastern 
Alps. Due to the warm conditions, the snowpack sta-
bilised rapidly, becoming compact and free of signifi-
cant weak layers, even at higher elevations. 

Figure 2: Webcam imagery from the Brunnalm – Hohe Veitsch ski area, capturing a view of terrain with 
elevations ranging approximately from 1600 to 1700 m ASL. The upper panel shows a webcam image from 
December 24, 2024, at 09:00 UTC, depicting an undisturbed, evenly distributed fresh snow surface follow-
ing a snowfall event that ended during the previous night. The lower panel presents a webcam image from 
December 25, 2024, at 08:00 UTC, showing the formation of well-pronounced meltwater channels on the 
snow surface. 
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In summary, by the end of December, conditions re-
sembled those typically seen in spring, even at high 
altitudes 

Observations of meltwater channels on the snow sur-
face were documented immediately following the 
precipitation event. In the morning of 25.12.2023, av-
alanche forecasters from the Styrian Avalanche 
Warning Service reported the presence of wide-
spread meltwater channels during a field investiga-
tion at Präbichl area, extending up to an elevation of 
at least 1900 m ASL. Similar observations were con-
currently captured via webcams in the region, includ-
ing in the Veitsch/Brunnalm ski area (see Fig. 2). Ini-
tially, an intense rain-on-snow (ROS) event during 
the night of 24.12 to 25.12.2023 was suspected as 
the cause. However, subsequent data analysis indi-
cated only minimal sleet or rainfall/drizzle during that 
period, raising questions about the factors contrib-
uting to the pronounced and widespread develop-
ment of the observed meltwater channels.  

3. POTENTIAL MELTWATER PRODUCTION 
VS. LIQUID PRECIPITATION 

To identify the factors driving the observed meltwater 
channel event, we quantified the energy available for 
melting and subsequently assessed the potential cu-
mulative snowmelt. This analysis was conducted us-
ing data from an automatic weather station located in 
proximity to the meltwater channel observation site, 
at Hohe Veitsch. This station, equipped with a CNR4 
net radiometer (Kipp & Zonen, 2024) provided the 
necessary measurements to calculate a full surface 
energy balance 𝐸𝐵surf: 

𝐸𝐵surf =  𝑄LW + 𝑄SW + 𝐻 + 𝐸    [
𝑊

𝑚2]  (1) 

Where 𝑄LW and 𝑄SW are net long- and shortwave ra-
diation calculated directly from the CNR4 measure-
ments. H is the sensible heat flux calculated by 

𝐻 =  𝐶Bulk × 𝜌air × 𝑐𝑝moist × 𝑉𝑊 ×
                    (𝑇air − 𝑇surf)   (2) 

with 𝐶Bulkbeing the dimensionless bulk heat transfer 
coefficient. For the purposes of the calculations pre-
sented in this study, a conservative dimensionless 
bulk transfer coefficient, 𝐶Bulk = 0.002 was adopted 
for both heat and water vapour transfer, as sug-
gested from literature for a flat snow surface under 
statically neutral conditions (Kondo and Yamazawa, 
1986). 

𝜌air is calculated by the ideal gas law, using the cal-
culated water vapour pressure 𝑒 (see Eq.5) and the 
air pressure at AWS Veitsch, calculated by the baro-
metric equation based on air pressure and air tem-
perature measurements from AWS Präbichl and 
AWS Veitsch. The heat capacity of moist air 𝑐𝑝moist =
𝑐𝑝air + 𝑞air ×  𝑐𝑝vapour has been calculated using the 

specific humidity 𝑞air (see Eq.4). 𝑉𝑊 [
𝑚

𝑠
], 𝑇air and 

𝑇surf [𝐾] are measured wind speed, air temperature 
and snow surface temperature, respectively. 

The latent heat flux E is calculated by 

𝐸 =  𝐿v ×   𝜌ai𝑟 ×  𝐶BULK × 𝑉𝑊 ×
                  (𝑞air − 𝑞surf),   (3) 

where 𝐿v = 2.5 × 106 [
𝐽

𝑘𝑔
] is the latent heat of vapor-

ization, 𝑞air  and 𝑞surf are the specific humidity of air 
and the snow surface respectively, calculated by  

𝑞 =
 0.622×𝑒

𝑝−𝑒
,     (4) 

using the calculated air pressure 𝑝 at AWS Veitsch 

and the water vapour pressure  𝑒  

𝑒 = 𝑅𝐻 × 𝑒𝑠𝑎𝑡   (5) 

calculated from the saturation vapour pressure 𝑒sat, 
the measured relative humidity (RH) and tempera-
ture: 

𝑒sat = 6.112 × 𝑒𝑥𝑝
17.67 ×(𝑇−273.15) 

𝑇−29.65 . (6) 

For the snow surface we assume saturation, mean-
ing that RH = 1 (100%) and 𝑒 =  𝑒sat, with 𝑒sat calcu-
lated using the measured snow surface temperature 
𝑇surf. The ground heat flux is assumed to be negligi-
ble for this surface energy balance approach. 

From the surface energy balance we subtracted the 
energy needed to heat the upper 1 cm of snow to the 
melting point (0°C) using the formula 

𝑄heat = 𝑐𝑝snow × 𝑣snow ×  𝜌snow ×
                 (273.15 − 𝑇surf)   (7) 

With 𝑐𝑝snow = 2100 
𝐽

𝑘𝑔𝐾
 being the heat capacity of ice 

resp. snow, 𝑣snow = 0.01 𝑚3 the volume of snow and 

𝜌snow = 150 
𝑘𝑔

𝑚3
 the assumed density of the fresh 

snow layer.  

The energy available for melt 𝑄melt was calculated by  

𝑄melt =  𝐸𝐵surf − 𝑄heat   (8) 

and subsequently used to calculate potential meltwa-
ter production  

                   𝑀melt =  
𝑄melt

𝐿f× 𝜌water
 [𝑚𝑚 𝑜𝑟 

𝑙

𝑚2] 

with 𝐿f = 3.34 × 105  [
𝐽

𝑘𝑔
] and 𝜌water = 1000 [

𝑘𝑔

𝑚3].  

For this calculation, we utilised meteorological and 
radiation balance data from AWS Veitsch. However, 
due to a frozen sensor, wind measurements were un-
available from 22.12 to 24.12.2023. To address this 
data gap, we supplemented the analysis with wind 
data from AWS Präbichl, which was used for addi-
tional energy balance and meltwater calculations. 

As illustrated in Figure 1 (4th panel from the top), 
wind speeds were measured at two locations at AWS 
Präbichl. Both measurements are continuous and 
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consistently recorded lower wind speeds compared 
to AWS Veitsch. Although the two sites at AWS 
Präbichl differ by a few hundred meters in elevation, 
their wind speed readings were similar, with slightly 
lower values at the snow station. 

Given that wind stations are typically in exposed lo-
cations, which may not fully represent conditions at 
the snow height and radiation balance measurement 
sites at AWS Veitsch, the wind measurement from 
the Präbichl snow station was deemed more suitable 
for representative energy balance calculations.  

Figure 3 illustrates the calculated surface energy bal-
ance terms along with the cumulative values of the 
potential meltwater production and the liquid water 

equivalent of precipitation during the period from 
17.12 2023 to 27.12 2023. The precipitation meas-
urements at AWS Präbichl (shown in the lowermost 
and second-lowest panels) clearly reflect the ob-
served weather pattern, indicating approximately 100 
mm of liquid water equivalent of precipitation be-
tween 22.12.2023 and 24.12.2023.  

At the elevation of the snow stations, most of this pre-
cipitation fell as fresh snow, as depicted in the lowest 
panel of Figure 1. The main phase of precipitation 
ended around midnight on 23.12.2023.  

Subsequently, only 1.3 mm of liquid water equivalent 
of precipitation was measured at AWS Präbichl be-
tween 12 UTC on 24.12.2023, 12 UTC and 

Figure 3: Energy balance terms calculated based on measurements from AWS Veitsch, with partial incorpo-
ration of wind data from AWS Präbichl. The figure also presents cumulative values of potential meltwater 
production and the liquid water equivalent of precipitation, alongside the calculated meltwater production rates 
derived from the energy balance calculations and the measured precipitation rates at AWS Präbichl. 
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25.12.2023, 12 UTC, during which time meltwater 
channels were observed. During this period, air tem-
peratures at the AWS location had already risen 
above 0°C, suggesting that any precipitation that fell 
did so in liquid form. However, at higher elevations, 
different conditions may have prevailed. During the 
same period, approximately 7 mm and 10 mm of po-
tential meltwater production were calculated based 
on the use of AWS Präbichl wind data and exclu-
sively on AWS Veitsch measurements, respectively. 

Even larger amounts of potential meltwater produc-
tion were calculated for the period prior to Christmas, 
between 17.12 and 20.12.2023. During this time, 
high temperatures and sunny, cloudless conditions 
resulted in a positive energy balance. However, no 
meltwater channels were observed during this pe-
riod. This absence of channels might be attributed to 
the low relative humidity, which likely led to increased 
evaporation. Additionally, the significantly different 
snow cover conditions, characterised by a hard and 
compact snow surface with a well-settled base, likely 
slowed the percolation of liquid water, preventing the 
formation of meltwater channels. 

4. MODELLING RESULTS 

Based on data from AWS Präbichl, we conducted 
snow cover simulations using the SNOWPACK 
model. For the purpose of this study, we focus on the 
liquid water content and snow temperature, which in-
dicate that liquid water began penetrating the snow 
cover during the night and morning of 25.12.2023 
(see Fig. 4). The onset of snowpack wetting appears 

to coincide with the liquid precipitation observed in 
the afternoon and evening of 24.12.2023. However, 
full liquid water penetration of the snowpack only pro-
gressed beyond the uppermost layers during the 
night, even in the absence of further liquid precipita-
tion. This suggests that the model also detects melt-
water production during this period. 

In contrast, during an earlier warm period between 
17.12 and 20.12.2023, liquid water did not penetrate 
the snowpack beyond the uppermost centimetres. 
Despite the high air temperatures observed during 
this earlier period (see Fig. 1, uppermost panel), the 
depth of liquid water penetration was reduced com-
pared to the conditions on 25.12.2023. This differ-
ence suggests that a greater portion of the available 
energy was used for evaporation, driven by the very 
dry and cloudless atmosphere at that time (see Fig. 
1, relative humidity and Fig. 3, net longwave radia-
tion). This comparison underscores the significant in-
fluence of atmospheric conditions on the energy dis-
tribution between melting and evaporation, affecting 
the depth of snowpack wetting and the overall melt-
water production and liquid water penetration. The 
modelled snow temperatures suggest that the fresh 
snow had very little cold reserve, meaning that the 
snowpack quickly responded to the energy input, 
leading to rapid warming and subsequent wetting. 

5. DISCUSSION 

The calculated potential meltwater produced during 
the morning of 25.12.2023, is considerably larger 
than the accumulated liquid water from rain during 

Figure 4: SNOWPACK model results for the period between 17.12. and 25.12.2023, based on measure-
ments from AWS Präbichl. The top panel shows snow temperatures, while the bottom panel displays the 
liquid water content within the snowpack. 
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the evening of 24.12.2023. Although larger, both 
quantities remain within the same order of magni-
tude. This indicates that both processes likely con-
tributed comparably to the formation of the meltwater 
channels, with atmospheric conditions potentially de-
termining which process becomes more dominant. 

Given these numbers, it becomes even more critical 
to acknowledge that the estimated amount of melt-
water production should be regarded as an approxi-
mation. This estimate is influenced by several as-
sumptions made during the calculation process, 
which inevitably affect its accuracy. 

In addition to the inherent measurement errors asso-
ciated with all data collection, this study specifically 
addressed a systematic bias in snow surface temper-
ature measurements. These errors typically become 
apparent during snowmelt periods when the snow 
surface temperature of a continuous snow cover 
should be constrained to a maximum value 0°C. For 
the calculations presented above, the surface tem-
perature 𝑇surf recorded at the AWS Veitsch was ad-
justed for a positive systematic bias of 1°C. This ad-
justment involved systematically reducing the rec-
orded temperatures across the entire season and, 
even after making these adjustments, capping all val-
ues at 0°C whenever snow was present. The accu-
racy of this systematic bias correction is critical for 
the calculation of 𝑄heat– the amount of energy re-
quired to raise the snow surface temperature to 0°C 
– which significantly impacts the amount of available 
energy for the melting process. This calculation is fur-
ther dependent on the assumption that only the up-
permost centimetre of the snow cover is raised to 
0°C. The impact of this correction becomes even 
more pronounced with a larger volume of snow being 
raised to 0°C, thereby intensifying its effect on the 
overall energy balance. 

Another issue concerning data quality and availability 
involves the calculation of turbulent fluxes, which re-
lied on wind speed measurements from exposed 
wind stations. These measurements may not accu-
rately reflect wind speeds further down the slope or 
at the location of the meteorological sensors, likely 
leading to an overestimation of the turbulent heat 
fluxes. 

The surface energy balance calculation is also heav-
ily dependent on the choice of the bulk transfer coef-
ficient 𝐶Bulk, which depends on atmospheric stability 
and surface roughness. In this analysis, a conserva-
tive approach was taken by selecting a relatively low 
bulk transfer coefficient appropriate for statically neu-
tral atmospheric conditions over flat snow covered 
terrain. However, in structured terrain and under un-
stable atmospheric conditions, the bulk transfer coef-
ficient can be significantly larger (Wallace and 
Hobbs, 2006) and would result in significantly larger 
turbulent fluxes, thereby impacting the energy bal-
ance of the snow surface. 

For simplicity, we assumed that the entire available 
energy would be used solely for snowmelt. However, 
the partitioning of energy between snowmelt and 
evaporation is highly dependent on atmospheric con-
ditions. During very dry atmospheric conditions, such 
as those characterised by low relative humidity, a 
greater proportion of the energy would be allocated 
to snow evaporation. This phenomenon is particu-
larly evident e.g. during Föhn storm situations in the 
Alps, where warm and dry air is advected over the 
snow surface. In such cases, a significant portion of 
the energy is used for snow evaporation, resulting in 
a notably dry snowpack, less snowmelt and no melt-
water channels. 

Additionally, the characteristics of the snowpack 
likely played a significant role in the melting process. 
The warm air temperatures during the snowfall con-
tributed to the formation of a fresh snow layer with 
very limited cold reserves. Consequently, only a 
small amount of energy was required to raise the 
temperature of the snowpack to 0°C. Once this mini-
mal energy input was met, any additional energy 
available was directed toward melting, as observed 
in this case study. This condition accelerates the on-
set of snowmelt and can lead to faster and more ex-
tensive melting compared to a snowpack with larger 
cold reserves. 

6. CONCLUSION 

The study challenges the widely held assumption 
that meltwater channels are formed exclusively by 
rain-on-snow events, revealing that meltwater gener-
ated from a positive energy balance can also contrib-
ute to their development. By analysing snowpack 
characteristics, meteorological data, energy balance 
calculations and model simulations, the study 
demonstrated that atmospheric and snowpack con-
ditions play a crucial role in meltwater channel for-
mation. Despite the conservative approach taken in 
the analysis, the findings clearly indicate that liquid 
water generated from a positive energy balance, ra-
ther than solely from liquid precipitation, also plays a 
role in the development of these channels. While this 
case study does not provide a definitive conclusion, 
it strongly suggests the need for further investigation 
into the processes governing meltwater channel pro-
duction.  
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