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Abstract. Wind-driven snow transport has important implications for the spatial-temporal heterogeneity of snow distribution
and snowpack evolution in mountainous areas, such as the European Alps. The climatological and hydrological significance
of blowig snow occurrences have been extensively investigated using satellite and numerical models. However, knowledge of
the spatiotemporal variability of blowing snow is in its infancy because of inaccuracies in satellite-based blowing snow
algorithms and the absence of quantitative assessments. Here, we present the spatiotemporal variability and magnitude of
blowing snow events, and explore the potential links with ambient meteorological conditions using near surface blowing snow
observations from the ISAW outdoor environmental monitoring network. Results show frequent occurrence of blowing snow,
and contrasting seasonal variability in the French Alps. On average, monthly blowing snow days range from 5.0 to 14.3 days
when using the snow flux threshold of 0.1 g m?s™!. The minimum and maximum frequencies of blowing snow days are
observed in September and January, respectively, accounting for between 16.7% and 46.1% of the month. However, the
frequency of monthly blowing snow days varies widely between stations, and this variability is more pronounced at lower
threshold levels. Blowing snow events with relatively high magnitudes of snow mass flux (1.0 g ms™'") occur more frequently
than low-intensity events (snow mass flux ranges from 0.1 to 0.5 g m?s™"). By imposing a minimum duration of 4 h, the
monthly cumulative hours with blowing snow occurrences can be up to 255 hours, but show significant seasonal and spatial
variability. The considerable variability observed across this region can be explained by contrasting local climate (particularly
wind speed and air temperature), snowpack properties, topography and vegetation. The snow-mass transported during
relatively high magnitude blowing snow events accounts for about 90% of all the transported snow mass, highlighting the

importance of major events. Blowing snow events that occur with concurrent snowfall are generally associated with intense
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snow transport. Transport of wet snow and dry snow is mostly concentrated in the range of 0.1 t0 0.5 gm™2s!and 0.5t0 1.0 g
m2s!, respectively. Understanding the spatiotemporal variability of blowing snow occurrences and the potential links with
ambient meteorological conditions is critical for constructing effective avalanche disaster warning systems, and for promoting

quantitative evaluation and development of satellite retrieval algorithms and blowing snow models.

1 Introduction

With high albedo and thermal emissivity, and low thermal conductivity, the presence of snow cover has a significant
influence on the near-surface ground thermal regime in cold regions (Goodrich, 1982; Zhang, 2005) and palys an important
role in the Earth’s climate system through its impact on the surface energy budget (Cline, 1997; Chen et al., 2017) and the
water cycle (Barnettt et al., 2005). The effects of snow cover on the ground thermal regime can be explained by interactions
with micrometeorological conditions and ground features, such as vegetation and local topography. However, the overall
impact fluctuates widely with the timing and duration of accumulation and melting of the snow cover (Zhang, 2005), both in
magnitude and in its cooling or warming effect. Therefore, the spatial heterogeneity of snow cover exerts considerable
influence on the timing and magnitude of snow cover depletion and snowmelt runoff, which in turn controls energy fluxes
between the land and the atmosphere (Berghuijs et al., 2014; Musselman et al., 2021). Changes in snow distribution exert
strong and far-reaching climatological and hydrological effects on the global climate systems (Dery and Yau, 2002; Zhang,
2005; Xiao, 2021).

The spatial distribution of snow cover is highly heterogeneous over complex terrain and vegetation in mountainous areas,
and snow redistribution by wind plays an important role. Deposited snow particles are eroded and transported downwind via
snow creep, saltation and suspension processes, leading to considerable snow-mass movement from wind-exposed surfaces
(e.g., flat surfaces, hilltops, windward slopes, and sparsely vegetated surfaces) to wind-sheltered areas such as leeward slopes,
more densely vegetated regions and topographic depressions (Li and Pomeriy, 1997; Liston and Sturm, 1998). The action of
blowing snow presents a substantial risk to human activities, threatening public safety and transportation because of reduced
visibility during severe blowing snow events (Huang et al., 2008; Letcher et al., 2021). Furthermore, snow accumulation
resulting from the deposition of wind-blown snow can be many times greater than expected by natural snowfall alone (Mann
et al., 2000), and is regarded as one of the most important factors for avalanche forecasting (Guyomarc’h and Merindol, 1998;
Vionnet et al., 2018). Locally increased snowdrifts and snow cornices in mountainous regions caused by blowing snow
influence snowpack stability and have the potential for avalanche release (Naaim-Bouvet et al., 2014). Therefore, an accurate
forecast of the occurrence of blowing snow may help to minimize the risk and damage caused by aclanche (Vionnet et al.,
2018).

Since snow cover patterns are extremely important for estimating hydrological and heat fluxes, improving the
understanding of blowing snow occurrence is important to develop realistic physical models and quantify the contribution of

blowing snow to the surface heat and moisture budgets. Numerous studies have attempted to accurately simulate the occurrence
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of blowing snow (Liston and Sturm, 1998; Pomeroy et al., 1993; Lenaerts et al., 2012; He and Ohara, 2017; Dery and Yau,
1999; Xie et al., 2019). Parameterization schemes generally fall into two categories: 1) empirical relationships describing
blowing snow occurrence in terms of meteorology, terrain characteristics, and microstructural properties of the snowpack,
such as snow density, the mean radius of snow particles and the bond diameter between particles (e.g., Schmidt, 1980, 1981;
He and Ohara, 2017), and 2) physical-based models which include detailed algorithms calculating saltation, suspension and
sublimation rates of blowing snow (e.g., Pomeroy et al., 1993; Dery and Yau, 1999). Although substantial progress has been
made in the last few decades, contrasting results can be found in large-scale estimations of wind-driven snow processes. For
example, the regional climate model MAR produces snow mass fluxes that are more than three times larger than the RACMO2
model, despite they share a similar overall spatial pattern (van Wessem et al., 2018; Agosta et al., 2019). Hence, Amory (2020)
suggested the need for model intercomparisons and careful assessment of the assumptions made in the implementation of
physical algorithms using independent observations from additional regions to where the empirical equations were developed.

Satellite remote sensing has recently been used to investigate blowing snow occurrences (Palm et al., 2011, 2018). While
these techniques enable large scale data retrieval of blowing snow occurrence, the presence of clouds and the coarse vertical
resolution lead to considerable uncertainty and hinder widespread applications in areas outside of Antarctica (Palm et al., 2011;
Gossart et al., 2017). Moreover, ground validation remains essential to evaluate the remote sensing retrieved blowing snow
occurrence. Various specific instruments ranging from mechanical traps or nets (e.g., Mellor, 1960) to optical (e.g., the Snow
Particle Counter, SPC; Sato et al., 1993), and acoustic sensors (e.g., FlowCapt, Chritin et al. 1999) have facilitated direct
observation of local blowing snow occurrence, and several measurement campaigns have been organized to investigate the
spatialtemporal patterns (Leonard et al., 2012; Barral et al., 2014; Trouvilliez et. al., 2014). These observational data are
essential for the development and evaluation of blowing snow parameterization and satellite retrieval algorithms. However,
direct blowing snow observations are limited to a few sites and are usually sparse in time and space due to the challenge of
establishing a long-term observation platform in remote mountain areas with harsh climatic conditions.

Despite the sparsity and unevenly distribution of direct in-situ blowing snow observations, near-surface measurements of
blowing snow have provided valuable and accurate information that cannot be sensed remotely or determined visually. These
measurements are useful in assessing the ability of models and satellite retrieval algorithms to accurately capture the
spatiotemporal variability of blowing snow occurrences from a quantitative perspective. Understanding the occurrence of
blowing snow under various meteorological conditions can facilitate the prediction of blowing snow initiation and snow
transport ,with broad implications for spatial snow distributions, snowpack dynamics and surface energy budgets.

This study aims to present the spatiotemporal variations in blowing snow occurrence in the French Alps and explore the
potential links with ambient meteorological conditions using long-term meteorological data and FlowCapt measured snow
mass flux. While more work is needed to validate satellite-based retrievals or model simulations of blowing snow occurrence
with point-scale measurements, we believe the work presented here lays a solid foundation for understanding regional

characteristics of blowing snow occurrence by linking local measurements, satellite-based retrievals and model simulations.
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2 Data and methodology
2.1 Sites and instrumentation

This study was conducted in the Alps region, which is the highest and most extensive mountain range in Europe. Nine
stations in Frence (Figure 1) were selected from about 30 ISAW stations where data has been released by IAV Engineering
Ltd (www.iav.ch). The following criteria were designed for site selection to accurately characterize the occurrence of blowing
snow events in this region:

® [ ong-term data availability — Only stations with at least ten years of observations were selected to reduce uncertainty

and ensure reliability and consistency.

®  Availability of meteorological measurements — Stations with wind speed (mean and maximum wind speed, wind

direction), air temperature, precipitation, snow depth and FlowCapt blowing snow flux observations were selected
to investigate the effect of meteorological conditions on blowing snow occurrence.

® Daily observation availability — Determining whether a blowing snow event occurs in a day requires near-complete

records of hourly observations. Therefore, if more than half of the observations within a day were missing or of poor
quality, these data were discarded.

®  Monthly observation availability — The number of days in a month with blowing snow occurrence should represent

the blowing snow conditions within that month but is heavily influenced by the proportion of days with available
data. The number of days with occurrences of blowing snow was counted only when the days with available data
exceeded the threshold values (23 days for February and 25 days for other months).

The blowing snow flux and surface meteorological data from the stations were compoled at hourly resolution. Observed
surface meteorological variables include the mean and maximum wind speed, wind direction, air temperature, relative humidity,
snow depth, and precipitation, although the data availability varies between stations. FlowCapt acoustic sensors (Chritin et al.,
1999) are equipped at each ISAW station to measure blowing snow flux. This instrument consists of two 1 m long tubes
containing electroacoustic transducers that omnidirectionally record the acoustic vibration generated by the collision of wind-
borne snow particles with the tubes (Amory, 2020). These sensors can effectively and accurately discriminate the low-
frequency noise generated by the wind from the high-frequency blowing snow signal using electrical filtering and spectral
analysis (Chritin et al., 1999; Amory, 2020). The FlowCapt can operate across a large climatic range and allows for continuous

and automatic monitoring of snow-drifting as long as the sensor remains partially exposed.
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Figure 1. Location and elevations of the nine stations in this study.

The occurrence of blowing snow events is directly influenced by the ambient atmospheric conditions and internal physical
properties of snowpack, such as different types of snow (Liston et al., 2007; Huang et al., 2018; Xie et al., 2019; Xie et al.,
2021), meaning that investigating the potential impact of different meteorological factors under various conditions is necessary.
Nine stations (Figure 1) with wind speed (mean and maximum), wind direction, air temperature, snow depth and precipitation

observations were selected to investigate the spatial and temporal variability of blowing snow occurrences in the French Alps.

2.2 Data quality control

Strict data selection criteria were applied to the in-situ observations following the procedures developed by Xie et al.
(2021). A threshold check was performed for the mean and maximum wind speed and theair temperature; in addition, the
ranges of the mean and maximum wind speed and wind direction were also checked. For example, data were discarded for
periods when the mean and maximum wind speed was zero for more than three consecutive hours or when wind direction and
wind speed remained unchanged for more than three and five hours, respectively. Previous studies indicated that the FlowCapt
sensor suffers from substantial uncertainty as a result of soil particles (Vionnet et al., 2018; Xie et al., 2021), as it is challenging
to distinguish blowing snow occurrences from false signals caused by the impact of soil particles. Although the SR50 ultrasonic
sensor can provide surface snow cover information, its accuracy can be questionable, as discussed in Xie et al. (2021). Hence,
records during the summer season (June, July and August) were discarded, and only observations during periods with snow
cover were used to minimize the uncertainty of FlowCapt measurements. The blowing snow flux measured by the FlowCapt

sensors were further analyzed to remove additional outlier measurements. For example, periods when sensors recorded
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blowing snow events in the absence of snow cover (determined according to the procedure used by Xie et al. (2021)), without
concurrent snowfall or when positive air temperature lasted for more than 24 hours were discarded. The remaining records
were used to reveal the spatial and temporal variability of blowing snow occurrence. Snow mass flux measurements can suffer
from uncertainty caused by changes in the exposed length of the FlowCapt tube due to snow accumulation and ablation.
However, no adjustment was made because of the inaccurate snow depth observations, and only relative values of snow mass

flux were analyzed.

2.3 Data classification

To investigate the relationship between blowing snow occurrence and different meteorological conditions, the quality-
controlled data were categorized into three types: snowfall (SF), surface covered by wet snow without concurrent snowfall
(NoSF_WET), and surface covered by dry snow without concurrent snowfall (NoSF_DRY). Wet snow refers to snow that has
either melted or received liquid precipitation since the last snowfall, while dry snow is defined as snow that has not been
exposed to liquid precipitation or temperatures greater than 0 °C (Li and Pomeroy, 1997).

In this study, the direct blowing snow flux measured by the FlowCapt sensors was used to identify blowing snow
occurrence. Periods were identified as blowing snow events if at least two consecutive hours with blowing snow fluxes
exceeding a confidence threshold (0.1, 0.5 and 1.0 g m™s™! corresponding to relaxed, normal and strict criteria, respectively)
were observed. The range of thresholds was used as a measure of uncertainty. The thresholds used in this study were different
from values used by Amory (2020) from East Antarctica because the mass flux in the European Alps is significantly lower

than in Antarctica. A day was classified as a blowing snow day if at least one blowing snow event was detected.

3 Analysis of observations
3.1 Frequency of blowing snow occurrence

The total number of blowing snow days (BSD) was extracted based on the different snow-mass thresholds to show the
overall characteristics of seasonal variability in blowing snow occurrences. The monthly number of days with blowing snow
(Figure 2) indicates that blowing snow occurrences are highly frequent in the French Alps. Generally, the frequency of blowing
snow occurrence began to increase after September until a peak is reached during winter (December, January and February),
and a gradual decrease is observed during spring. December and January were the two months with the most blowing snow
days. Except for the Fcel station, where a minimum incidence of blowing snow was observed in October under the relaxed 0.1
g m%s”! threshold, other locations experienced the lowest frequency of blowing snow occurrence in September. The Fmor
station experienced the highest incidence of blowing snow in September compared to other stations, with blowing snow events

occurring 7.2, 5.6 and 4.5 days under the different thresholds, corresponding to 24%, 19% and 15% of the month, respectively.
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The BSD varies significantly during the year, particularly at the Fmor and Femb stations. When averaged across all stations
(Figure 2j), the BSD values range from 5.0 to 14.3 days at the threshold of 0.1 g ms™!, while for Fmor and Femb station, they
175  were 7.17 to 20.3 days and 3.0 to 19.5 days, respectively. Contrary to the pronounced seasonal difference observed at Fmor
and Femb stations, the blowing snow frequency at Fmon station maintained at the relatively low but stable level through the
year, with 5.7 days difference between the BSD in December (9.2 days) and September (3.5 days). In addition, the maximum
BSD of the Fmon station was significantly lower than the average BSD of all stations (14.3 days) in January. Blowing snow

event at the Fmor and Femb stations in January occurred as frequently as two out of every three days.
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180 Figure 2. Seasonal variability in the monthly number of days with blowing snow occurrence (BSD) at each station.

Observations during the summer season are excluded to minimize the uncertainty from soil particles causing false signals.
BSD under a relaxed, moderate and stricter confidence threshold of 0.1 (solid blue line), 0.5 (dashed green line) and 1.0 g m-

25" (dashed red line) are shown as a measure of uncertainty.
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185 Figure 3. Seasonal variations in the number of blowing snow events at each station.

Comparison of the seasonal variability of BSD defined using different thresholds can reflect the uncertainty of FlowCapt
measurements. The BSD at various thresholds showed very similar seasonal variability. The BSD at the stricter threshold of

1.0 g m%s™! accounted for up to 77% (Fecmb station in January) of the total BSD, and the annual average value from different

sites ranged from 51.3% (Fmon) to 66.7% (Fmor), suggesting that the occurrence of blowing snow in most stations was

190 associated with relatively high magnitude snow mass flux. The difference of BSD at the threshold of 0.5 g m?s!and 0.1 g m’
25! was slightly higher than that between 1.0 g m?s™! and 0.5 g m™?s™!. The higher the difference of BSD between the two
thresholds, the higher the frequency of blowing snow occurrence with a magnitude within these two thresholds. Taking the

Fche station as an example, the BSD at the of 0.1 g m™s™! threshold was roughtly 4 days higher than that at 0.5 g m?s™,
indicating that small magnitude (snow mass flux ranges from 0.1 g m2s™ and 0.5 g m?s™") blowing snow event occurred about

195 4 days in each month. The different thresholds did not significantly affect the derived BSD patterns, and the stronger sensitivity
to the lower threshold demonstrates the high frequency of high magnitude blowing snow events (Figure 2). The high frequency

of high magnitude blowing snow events observed in this study is in agreement with the results of Guyomarc’h et al. (2019).
These findings highlight the necessity to specify a moderate but appropriate threshold value to derive the incidence of blowing

snow events from direct blowing snow mass flux sensors.
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Figure 3 demonstrates the difference in BSD frequency between stations. Although these stations shared similar seasonal
variations (Figure 2), the monthly BSD frequency varied widely between stations, and the differences were more pronounced
at the lower mass-flux threshold. The greatest difference in monthly BSD frequency was 0.37, 0.36 and 0.32 for the three
increasing thresholds, with the maximum difference of BSD from 9.92 to 11.47 days. The Fmor, Femb and Fche stations had
the highest frequency of blowing snow occurrence, while the values at the Fmon, Fcel, Fgie and Fbon stations were below
average in majority of months. In most cases, the Fmor station experienced much higher BSD than other stations. This
phenomenon was more pronounced when compared with the BSD at the Fmon station. This significant spatial variability
between stations did not depend on elevation and was likely related to local ambient conditions, such as wind speed and air
temperature.

The pronounced seasonal differences in the number of blowing snow events shown in Figure 4 is highly consistent with
the respective seasonal variability in BSD. Similarly, significant variability in the number of blowing snow events was
observed at the Fmor and Fcmb station, where the maximum number of blowing snow events can be up to 29.2 and 25.5, and
the minimum numbers were 9.6 and 4.6, respectively. The blowing snow occurrences at Fmon, Fbon and Fcel stations were

relatively stable, with only slight variation (about 7.0 days) throughout the year.
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The monthly values of BSD and the number of blowing snow events analyzed above show the spatiotemporal variability

of blowing snow occurrence, and the following analysis illustrates the frequency of blowing snow occurrences in terms of

duration.
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Blowing snow initiates once the wind shear stress provides enough driving force to overcome the snow cohesion, bonding
and frictional resistance and stops when the wind diminishes and/or all loose snow on the ground has been transported and/or
only compacted snow is left. Figure 5a-c presents the monthly accumulative hours where blowing snow was detected, the

225 frequency of blowing snow occurrence and the mean duration of each blowing snow event obtained under different confidence

thresholds. The monthly occurrence of blowing snow events was obtained by dividing the monthly cumulative hours of
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blowing snow by the total number of hours in that month. Strong seasonal and spatial variability was observed in the monthly
cumulative hours with blowing snow occurrence. For example, the total duration of blowing snow events in December and
January was up to 255 hours when the threshold of 0.1 g ms™! was chosen (Figure 5a), accounting for approximately 33.5%
and 34.1% of these two months (Figure 5d), respectively. However, only 81.7 and 88.4 hours were observed at the Fmon
station in the corresponding months, accounting for just 10% and 11% of the total hours. At Fmor station, where blowing snow
occurred the most frequently of the nine stations, the cumulative blowing snow hours declined from 255 in December and
January to 58.83 in September, yielding a 76.99% decrease. Blwoing snow events at the Fmor station occurred with relatively
high or low magnitude accounting 88.4% of the time (with both magnitudes accounting 44.4%, Figure 5d-f). Comparative
analysis of cumulative hours with different magnitudes of blowing snow reveals that relative high magnitude blowing snow
events (where the blowing snow mass flux exceeds 1.0 g m2s!') dominated the total blowing snow hours at the majority of
stations, accounting for about 50% of the time, and this proportion was the highest at the Fmor, Fcmb and Fche stations. About
30% of blowing snow events occurred with a relatively low magnitude, indicating that low intensity blowing snow events
occurred much less frequently than high intensity blowing snow events, but more frequently than moderate-intensity blowing
snow events. These results further indicate that the French Alps experiences frequent high magnitude blowing snow events.
The blowing snow events in this study are defined by snow transport, where snow mass fluesx exceeding a specific
confidence threshold are detected for a minimum duration of 2 h. The mean value for the duration was first determined for
each month of the observation period and then averaged to derive the monthly average value. The spatial and seasonal
variations in the duration of blowing snow events are presented in Figure 5g-i. As using the lower threshold includes all
blowing snow events with transported snow-mass exceeding 0.1 g m™s™!, the duration of blowing snow events included in this
threshold represents the mean duration of all blowing snow events determined. By analogy, the duration derived at the threshold
of 0.5 g m™s! indicates the mean duration of moderate and high magnitude blowing snow events. seasonal variability was
observed in the duration of blowing snow events and shared similar trends with the BSD, the number of occurrences of blowing
snow events and the cumulative blowing snow hours. Generally, Fmor, Fhue and Fche were the top three stations with the
longest events between January to May (Figure 5g). In particular the Fmor station, where the averaged duration of blowing
snow events was roughly 1.5 times longer than the multi-site average in September, October and November. The duration of
blowing snow events at the Fmon station in this period was higher than at the other stations, excluding Fmor. However, the
patterns show different trends for moderate to high-intensity events (0.5 and 1.0 g ms™! thresholds). A significant decrease in
duration was found at the Fmor, Fhue and Fche stations with increasing confidence threshold, except for the Fmon station that
experienced a longer duration for high magnitude blowing snow events. For example, the Fche stations experienced a 51.8%
decrease in duration in February (declined from 12.23 to 5.89 h), shifting from near-continuous to intermittent occurrence, and
the blowing snow events with moderate or high magnitude in November were about 1.18 and 1.37 times longer than the low
magnitude blowing snow events. An increase (decrease) of duration with the increase of confidence threshold suggests that
high (low) magnitude blowing snow events last longer. Comparative analysis of the number of blowing snow occurrences

(Figure 3), cumulative blowing snow hours (Figure 5a-c), and the average duration of each blowing snow event demonstrates
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that a high proportion of blowing snow hours at the Fmor, Fhue and Fche stations were caused by the high frequency of
blowing snow occurrences, and relatively long durations in the low magnitude threshold. Although blowing snow events only
occurred occasionally in some stations (e.g., Fmon), the long duration of high magnitude blowing snow events sometimes

increased the monthly blowing snow hours to be comparable with other stations.

3.3 Contribution of major blowing snow events

A major blowing snow event is defined in this study as an event where the blowing snow mass flux exceeds 1.0 g m2s™..
Analysis of major blowing snow events allows for a better understanding of the contributions of high magnitude events to the
blowing snow-mass transport. The cumulative monthly snow mass flux was calculated and averaged. Figure 6 shows the ratio
of the total quantity of mass transported by major blowing snow events compared to all events. A generally high ratio was
observed across all stations, although intra-annual variability was especially pronounced at some stations, such as Fhue, Fber,
Fgie and Fbon. The Fber station experienced the largest seasonal ratio variations (from 0.67 to 0.97), while only 0.1 and 0.06
variations were observed at Fmor and Fmon station, respectively. The significant contribution of major events at the Fmor
station can be explained by frequent occurreces with short duration but with a high magnitude of snow transport. The reason
was for the constant high ratio at the Fmon station was mostly attributed to the frequent occurrence of high magnitude events.
These results demonstrate that although snow-mass transport does not fully depend on the frequency of high magnitude
blowing snow occurrences when accompanied by high magnitude snow mass flux and duration of each event, these processes
sustain the high ratio of snow transport of major events. From a modeling perspective, an accurate depiction of the occurrence,
magnitude and duration of major blowing snow events are crucial for quantitatively investigating the contribution of blowing

snow to surface mass balance and subsequent climate impacts.
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Figure 6. Monthly ratio of snow mass flux transported by major blowing snow events (with blowing snow mass flux

exceeding 1.0 g m?s).
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3.4 Comparing the frequency of blowing snow occurrences under different meteorological conditions

The credibility index (CRED) was used to investigate the relative frequency of blowing snow occurrences for a given
285 condition. CRED is defined as the ratio of the number of blowing snow events (p in Eq. 1) that occur under a specific wind

speed range, relative to the total number of blowing snow events and non-events (n in Eq. 1) within the same range:

(M

CRED

CRED

CRED

T - T T
15 15 18
WS(m/s) WS(m/s) WS(m/s)

Figure 7. Variability of the credibility index (CRED) with increasing mean wind speed. The shade areas show the range
of CRED values calculated at the relaxed and stricter thresholds of 0.1 and 1.0 g ms™!. The CRED values under the
290 threshold of 0.1, 0.5 and 1.0 are represented with the solid line, dotted line and dashed line, respectively. The blue and red
dashed lines show the 0.5 and 0.8 CRED values, respectively.
The CRED varies from 0 to 1, where 0 indicates that no blowing snow event was observed for the given wind condition,
and 1 indicates that all wind speeds in that range caused snow transport once the prerequisites (with concurrent snowfall or

with snow cover) were met. The CRED was calculated for wind speedsin Figure 7 with a 2 m s”! interval to reduce fluctuation.
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295 Maximum wind speeds above 30 m s™! and mean wind speeds above 20 m s were not considered as these situations rarely

occur.
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Figure 8. Seasonal variability of (a) mean air temperature (red), mean wind speed (blue line with black dots) and
maximum wind speed (blue line with black crosses) of each station during the analysis period with (b) and without (c)
300 blowing snow occurrence.

The CRED distribution (Figure 7) shows an increased probability of blowing snow occurrences with increasing wind
speed. Rare blowing snow events with concurrent snowfall and the transport of loose snow within a very short time after
deposition were generally responsible for CRED values at relatively low wind speed (below 4.0 m s!). The frequency of
blowing snow occurrences was sensitive to relatively highwind speeds, with large variations in CRED observed within small

305 intervals. The spatial variability of the wind speed with a 50% probability of causing blowing snow occurrence ranged from
5.0 t0 9.0 m s! and can be partly explained by differences in local climate (wind speed and air temperature, Figure 8). The
occurrence of blowing snow events was restrained by relatively strong inter-particle bonding at Fmor, Fcmb and Fhue stations.
The strong bonding resistance at the Fmor and Femb stations was attributed primarily to snow compaction from high maximum

wind speeds. At Fhue station, the maximum wind speeds were relatively lowand the higher mean wind speed dominated.
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310 Conversely, the lower snow particle bonding resistance to transport at the Fber and Fcel stations is likely caused by the lower
mean and maximum wind speeds facilitating blowing snow occurrences. However, the lower effect of wind on snow
compaction at Fgie station was compensated by the strong snow cohesive resistance, which was associated with snow wetness
due to high air temperatures. A very high likelihood (CRED>0.8) of blowing snow was observed at 6 of the 9 stations once
the wind speed exceeded 9.0 m s!. Analyzing the CRED distribution provides a simple but efficient way to investigate the
315 likelihood of blowing snow events. Although further research is needed to fully understand blowing snow occurrences, this
information provides a valuable foundation for establishing an effective avalanche warning system to reduce risks in ski resorts.
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Figure 9. The average monthly probability distribution of blowing snow events with and without concurrent falling

SNow.

Figure 9 illustrates the average probability distribution of blowing snow events with and without concurrent falling snow

320

at the monthly scale. To prevent misleading results due to small sample sizes, only months that had 10 or more snowfall events

were included, meaning that only the probability without concurrent snowfall is shown for some months. For instance, the

frequency of blowing snow occurrence with concurrent snowfall at Fhue station for most months is not provided, as snowfall
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was a rare occurrence except in March. Overall, winter months had a higher occurrence of blowing snow events than other

seasons (both with and without concurrent falling snow), and events with snowfall often had a higher occurrence than without

325

snowfall. The seasonal contrast was most pronounced at the Fmor, Femb and Fmon stations. A generally higher occurrence

was observed at Fcmb station than at other sites when snowfall was occurring: typically by up to 50%, while the frequency of

blowing snow occurrence at Fmor station was higher than other sites without concurrent falling snow. Strong mean and

maximum wind speed contributed to frequent occurrences of blowing snow events at the Fcmb and Fmor stations. However,

the underlying mechanisms controlling blowing snow events are likely to be complex as whether blowing snow occurs depends

330

properties (e.g., size, shape and density) and other factors such as topography, vegetation and snow age.
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Figure 10. Relative frequency of blowing snow occurrence under SF, NoSF WET and NoSF_DRY conditions at

on the various meteorological conditions (particularly wind speed, wind direction and air temperature), complex snow

0.9

0.4

different confidence thresholds of 0.1 (a), 0.5 (b) and 1.0 g m™s™ (c). The pound sign (#) indicates that the relative frequency

is unaviliable because snowfall events rare occur for some months.
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The relative frequency of blowing snow occurrence under the different conditions was analyzed to further investigate

the impacts of ambient meteorological conditions on blowing snow events. The monthly relative frequency of the three

categories (Figure 10) was obtained by dividing the respective number of blowing snow events by the total number of events
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in that month. The stations were dominated by wet snow transport in the spring and autumn, linked to snowfall, snowmelt and
fluctuating changes of air temperature near the freezing point during these seasons. The occurrence of blowing snow at the
Fmor, Fhue and Fmon stations was dominated by wet snow transport throughout the year. This finding was especially
pronounced for the Fhue and Fmor stations, where the proportion of blowing snow events occurring under wet snow conditions
was as high as 90% in autumn. A plausible reason for this trend was the rapid phase transition of snow particles due to the
frequent temperature fluctuations in autumn. The frequency of blowing snow with concurrent snowfall was significantly lower
than with either dry or wet snow conditions throughout the year. This result is because snowfall is a relatively infrequent
weather event, particularly at the Fhue and Fbon stations, where the relative frequency of blowing snow events with snow
mass fluxes exceeding 0.1 g m?2s! accounted for less than 10% of blowing snow occurrences throughout the year. The
frequency with concurrent snowfall at the Fcmb station was higher than at other stations, with the highest value was observed
in September (38%). However, the number of blowing snow events occurring in that month did not exceed 10 (Figure 2c),
suggesting that this high relative frequency was mainly caused by the very low frequency of blowing snow occurrences (only
5 times on average, Figure 3c). In May, the frequency of occurrences accompanying falling snow at Fgie station was high at
34%, while the probability of blowing snow occurrence with concurrent snowfall in that month was only 1.3% (Figure 9e),
indicating the snowfall frequently occurred and made a significant contribution to the occurrence of snow transport in that
month.

Comparative analysis of the relative frequency of blowing snow events with varying thresholds shows that the proportion
of wet snow transport decreased significantly (the vast majority of frequencies were below 50%) with increasing intensity
snow mass flux from light to moderate magnitude 0.1 to 0.5 g m™s!), while the proportion of occurrences under dry snow
conditions or with concurrent snowfall increased. The proportion remained relatively unchanged at Fhue, Fbon and Fcel
stations when concurrent snowfall was observed. The reason for this trend at the Fhue station was because of the occasional
occurrence of snowfall, while the latter two stations were due to extremely low proportion of blowing snow with concurrent
snowfall. A decrease was observed in the percentage of dry snow transport when the magnitude of blowing snow events
increased from 0.5 to 1.0 g m™s™!, while changes in the proportion under snowfall or wet snow conditions were negligible.
These results indicate that blowing snow occurrences with concurrent snowfall were generally more intense but that the number
of blowing snow occurrences did not vary significantly with the increasing thresholds. Instead, changes in the threshold
correspond to significant variation in the proportion of blowing snow events occurring under either dry or wet snow conditions,
as the transported wet snow and dry snow mass flux were mostly concentrated in the range of 0.1 to 0.5 g m?s™ and 0.5 to 1.0
g m?s’!, respectively.

The distribution of observed wind direction at each site and the corresponding frequency of blowing snow occurrence
with different thresholds are shown in Figure 11. The probability of blowing snow occurrence with a particular wind direction
was calculated based on the ratio of the number of blowing snow events to the total records of periods with the corresponding
wind direction. Analyses for different snow conditions in different seasons were conducted but only the general distribution

under different snow conditions are discussed here. As shown in Figure 11, the observed prevailing wind direction varied
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significantly between stations, with contrasting patterns for the probability of occurrence in different directions. The prevailing
wind direction is closely related to large-scale atmospheric circulation and local topography, while the occurrence probability
of blowing snow under each direction is also influenced by the ambient meteorological conditions and snowpack properties.

375 The following four scenarios explain the relationship between prevailing wind direction and the probability of blowing snow

occurrence.
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Figure 11. Distribution of observed wind direction at each site and the corresponding frequency characteristics of

blowing snow occurrence under different thresholds. The observed prevailing wind direction is shown by the black bar,
380 while the blue, green and orange bars denote the relative frequency of blowing snow occurrence at the corresponding

direction at the thresholds of 0.1, 0.5 and 1.0 g m™s™, respectively.
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1. The wind comes from a prevailing direction, and the corresponding occurrence probability is high, suggesting that
blowing snow frequently occurs in that direction. Examples of this scenario are with northly and southeasterly winds at
Femb station.

2. The wind comes from a prevailing direction, but the corresponding occurrence probability is low, so the occurrence of
blowing snow mainly depends on the frequency of that wind occurs in this direction, such as with a northwesterly
direction at Fmor station.

3. The wind comes from an infrequent direction but has a high probability of blowing snow occurrence, meaning that once
wind occurs in that direction, it is most likely to be accompanied by blowing snow. However, blowing snow events occur
less frequently in that direction compared to other directions, as is the case for westerly direction at Fbon station.

4. The wind comes from an infrequent direction that is associated with a low probability of blowing snow occurrence,
meaning that blowing snow events rarely occur in that direction. An example of this is with northwesterly and easterly
wind directions at Fmor station.

Due to the significant instability and randomness of wind direction in this region, coupled with the complex influence of
local topography and atmospheric circulation, we conclude that wind direction is not an effective factor to estimate the
occurrence of blowing snow. This finding corroborates previous research that excluded wind direction as a feature variable in
constructing a decision tree model for blowing snow detection based on conventional meteorological measurements (Xie et

al., 2021).

4 Summary

Near-surface measurements of blowing snow provide valuable information that cannot be determined remotely or visually,
facilitating the development of numerical models and satellite retrieval algorithms. Meteorological observations and snow
mass flux from nine stations were analyzed to investigate the spatiotemporal variability of blowing snow events in the French
Alps. This study shows that there are frequent blowing snow events, which display contrasting patterns of seasonal variability
is observed in this region. The average number of blowing snow days across all the stations ranges from 5.0 to 14.3 days using
a snow flux threshold of 0.1 g m™s™!, accounting for between 16.7% and 46.1% of the time. The maximum and minimum
frequency of blowing snow days are in January and September, respectively. At Fmor and Femb stations, blowing snow events
occur for as many as two out of three days in January, and the seasonal variability is more pronounced at these two stations.
The frequency of monthly blowing snow days varies widely between the stations, and this trend is more pronounced for the
lower snow mass flux threshold. The significant spatial variability is not dependent on the elevation and is related to local
ambient conditions, such as mean and maximum wind speed. Comparisons of the number of blowing snow days derived from
various thresholds of snow mass flux indicate that blowing snow events with high magnitude snow mass flux (1.0 g m?s™")
occur more frequently than low-intensity events (0.1 to 0.5 g m™2s™"). Using a minimum duration of 2 h to define a blowing

snow events, the monthly cumulative hours with blowing snow at Fmor station in December and January is 255 hours under
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the threshold of 0.1 g ms™!, accounting for roughly 34% of the month. However, significant seasonal and spatial variability
are present across the region. The observations also demonstrate that the contribution of snow mass transported during relative
high magnitude blowing snow events (with blowing snow mass flux exceeds 1.0 g m™s!) accounts for about 90% of the
transported snow mass. The cumulative hours of major events account for less than 50% of blowing snow events, highlighting
the importance to accurately represent of major blowing snow event sin terms of occurrence, magnitude and duration to
investigate the contribution of blowing snow on the surface mass balance and the climate. A very high likelihood (CRED>0.8)
of blowing snow is observed when the mean wind speed exceeds 9.0 m s™!, and the considerable variability between stations
stems from differences in localized climate (e.g., wind speed and air temperature). Blowing snow events with concurrent
snowfall are generally associated with intense snow transport (with a snow mass flux above 1.0 g m?s™!). Transport of wet
snow and dry snow are mostly concentrated in the range of 0.1 to 0.5 g m?s! and 0.5 to 1.0 g m%s!, respectively.

Overall, the in-situ blowing snow observations presented in this study provide valuable information to improve our
understanding of the spatiotemporal variability of blowing snow occurrences and the potential links between the occurrence
and magnitude of blowing snow events with ambient meteorological conditions. Although the site-scale observations only
represent local conditions, these data allow for continuous and autonomous detection of blowing snow occurrences under

different conditions and enable quantitative evaluations of satellite retrieval algorithms and blowing snow models.

Data availability. Observation from the ISAW stations including the routine meteorological data and FlowCapt snow mass

flux data can be accessed at http:www.iav.ch.
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