Interactive comment on “Radar measurements of
blowing snow off a mountain ridge” by

Benjamin Walter et al.

Anonymous Referee #1

Received and published: 17 January 2020

This paper presents the use of a Micro Rain Radar (MRR) to investigate the dynamics

of snow plumes forming at mountains ridges during blowing events. The MRR, pointing
horizontally, was deployed at a mountain ridge above Davos in the Swiss Alps. MRR

data were collected during two “pure” blowing snow events (without concurrent snowfall)

and one snowfall event. Measurements provided information on the travel distance

and the velocities of blowing snow in snow plumes. Snow accumulation in the lee of

the ridge was also measured using drone-based photogrammetry.

The subject of this paper is very interesting for the snow community and presents

novel measurements of blowing snow characteristics in mountainous terrain. To my

knowledge, this is the first study that provides details measurements on the dynamics

of snow plumes, which constitute the typical image of blowing snow events in alpine

terrain.

First thanks a lot for the very detailed review of our manuscript. I included basically all of your
suggestions which were clear and easy to understand and which helped to significantly improve the
article!

So far, snow plumes have only been investigated from space (Moore, 2004) or

from the air (Geerts et al., 2015).

These references are included now in the Introduction Section:

L66: “Space born images of a huge, about 15 to 20 km long snow plume at Mount Everest have been
related to local wind and weather conditions by Moore (2004). Geerts et al. (2015) used airborne radar
and lidar data to show that small fractured blowing snow ice crystals may enhance snow growth in
clouds.”

Other measurements during blowing events (fluxes, particles size and speed : : :) are typically taken at
point-scale (e.g. Naaim Bouvet et al., 2010; Nishimura et al, 2014; Aksamit and Pomeroy, 2016).
These references are now included in the Introduction Section:

L54: “... (e.g. Naaim Bouvet et al. 2010, Nishimura et al. 2014, Aksamit and Pomeroy 2016) ... *

These data will be very useful to evaluate blowing snow model in alpine environments. Therefore,
this paper should be published in The Cryosphere. However, prior to publication, the

author should clarify several points that are listed below. They are followed by more

technical comments.

Comments:

Abstract L 11-12: The author should mention that the number of cases studied in the

paper is limited. So far, it is not clear in the abstract if the results concern one or several

blowing events or even a full winter season.

Good point, thanks!

L14: “Three blowing snow events are investigated, two in the absence of precipitation and one with
concurrent precipitation.”



Introduction: As mentioned above, this study brings novelty in the field of blowing snow

studies in alpine terrain. However, so far, the introduction of the paper does not reflect

enough this general context and lacks an overview of the existing measurement techniques

(restricted to a few sentences from L 48 to L 52 in the current version of the

paper). | recommend the authors to make the distinction between measurements that

are collected during blowing events and measurements that are collected before and

after blowing snow events. The first kind of measurements is generally made of point

measurements using Snow Particle Counters (Nishimura et al., 2014; Guyomarch et

al., 2019) as already mentioned in the current introduction but also using other devices

such as high-speed cameras (e.g. Aksamit and Pomeroy, 2016).

With “before and after blowing snow” I guess you mean “before and after precipitation”? I think in
our case it is not necessary to separate the existing literature to such two different cases. I think it is
more relevant to separate between attempts of measuring and modelling spatiotemporally resolved
redistribution of snow and studies based on local point measurements. Furthermore, this study focuses
on blowing snow (snow particles in suspension), whereas past studies are often exclusively about
drifting (saltating) snow close to the ground and therefore not necessarily relevant. Additional
literature, including most of that suggested by the referees, was included in the Introduction Section
with a focus on providing more details about the individual studies:

L54: “Naaim-Bouvet et al. (2010) used wind velocity and snow particle flux point measurements at a
mountain pass to parameterize and validate a numerical model of drifting snow. Nishimura et al. (2014)
measured snow particle velocities and mass fluxes using an SPC and found snow particles being about 1-
2 m s slower than the wind speed below a height of 1 m. Aksamit and Pomeroy (2016) introduced an
outdoor application of particle tracking velocimetry (PTV) of near-surface blowing snow investigating the
complex surface flow dynamics. Despite providing valuable knowledge on process understanding, none of
those studies provides spatially resolved measurements on larger scales (> 10 m).”

L64:” First attempts of measuring blowing snow across a mountain ridge to estimate additional snow
deposition on steep lee-slopes for the local avalanche warning in Davos were presented by Fohn (1980).”

The second kind of measurements usually correspond to distributed measurements such maps of

snow accumulation and erosion derived from Airborne or Terrestrial Lidar Scanning or
photogrammetry. This is mentioned at L 50 but without any references. These two

kinds of measurements are complementary and the MRR used in this study brings a

next step since it provides distributed measurements during blowing snow events.

We agree that references were missing here, therefore we added those two:

L62: “Schirmer, M., Wirz, V., Clifton, A., and Lehning, M.: Persistence in intra-annual snow depth
distribution: 1. Measurements and topographic control. Water Resources Research, 47, W09516 (16 pp.).
https://doi.org/10.1029/2010WR009426, 2011.

Picard, G., Arnaud, L., Caneill, R., Lefebvre, E., Lamare, M.: Observation of the process of snow
accumulation on the Antarctic Plateau by time lapse laser scanning, The Cryosphere, 13, 1983-1999,
https://doi.org/10.5194/tc-13-1983-2019, 2019~

Several other important studies were also missing, so we added the following:

L68: “Nishimura et al. 2019 recently applied fifteen SPCs and Ultra-Sonic Anemometers on a flat field to
reveal the spatio-temporal structures of blowing snow near the surface and explore the interaction with
the turbulent flow structures. Several studies simulated wind-affected snow redistribution and
accumulation by relating atmospheric wind fields with resulting snow deposition patterns in mountainous
terrain (Dadic et al. 2010, Winstral et al. 2013, Mott et al. 2014, Vionnet et al. 2017, Gerber et al. 2017,

Wang and Huang 2017).”



https://doi.org/10.1029/2010WR009426

| also recommend the author to mention existing studies on snow plumes (Moore, 2004;
Geerts et al., 2015) and their main conclusions.
These two studies were added as mentioned above in L66.

In addition, the introduction is missing a paragraph on the MRR technology and its traditional use to
retrieve characteristics of solid precipitation. It would be valuable for the reader to know if previous
attempts have been made to study blowing snow with MRR (the authors mention such application

in their conclusion L 357-358). So far, the term MRR is mentioned for the first time in Methods section.
Thanks for this important comment! We added more information:

L73: “Flow structures around utility-scale 2.5 MW wind turbine have previously been measured by Hong
et al. (2014) using a field Particle Imaging Velocimetry (P1V) setup with snow precipitation as the tracer
particles. Their results provide significant insights into the Reynolds number similarity issues presented in
wind energy applications.

Radar is often used for snow avalanche detection (e.g. Vriend et al. 2013) and to capture avalanche flow
structures and velocities. Kneifel et al. (2011) analyzed the potential of a low-power FM-CW K-band
radar (Micro Rain Radar, MRR) for snowfall observation, a method that was further improved by Maahn
and Kollias (2012).”

L447: “The MRR instrument was also recently tested by the CRYOS group at EPFL Lausanne,
Switzerland, for measuring vertical blowing snow velocity profiles and its temporal variability in eastern
Antarctica at the site S17 near the Japanese research station Syowa (yet unpublished work in progress),
where blowing snow layers can reach a vertical extend of up to 200 m (Palm et al. 2017).”

Finally, the introduction in its present form mainly contains references to papers from the Davos and
Lausanne group. There are no doubt that this group has published very valuable contributions in this
field but a broader perspective would certainly improve the quality of the introduction.

We agree, so we introduced more than 25 additional (mainly non-Davos/Lausanne) studies in the
Introduction Section to provide a more comprehensive overview of this research field. Please see
comments above.

P 2 L 50: it is not clear here if the authors are referring here to measurements of

blowing snow characteristics taken during blowing snow events or to measurements

collected before and after blowing snow events. For example, when they mention radar

technology, are they referring to a MRR to collect data during blowing snow events or

to a ground penetrating radar to collect snow depth data before and after the event?

Same for the LiDAR (see my previous comment).

We agree that this was a bit confusing because we used a LIDAR Laser Scanner and later we mention a
cloud physics LIDAR. We changed this sentence to:

L61: “Spatially continuous measurements using remote sensing techniques like radar, for observing
blowing snow, in combination with LIDAR (Light Detection and Ranging) or Photogrammetry
measurements (e.g. Schirmer et al. 2011, Picard et al. 2019), to capture the spatio-temporal snow depth
variability, may thus provide valuable information for improving our understanding and modeling of
drifting and blowing snow and its spatial variability. ”



P 3 L 70-75: general references on the MRR technology and its application in meteorology
are missing.
We agree, so we added some more references in the methods Section (L97 and 148):
- Peters, G., Fischer, B. and Andersson, T.: Rain observations with a vertically looking Micro Rain
Radar (MRR), Boreal Env. Res. 7: 35311362. ISSN 1239-6095, 2002.
- Peters, G., B. Fischer, H. Minster, M. Clemens, and Wagner A.: Profiles of raindrop size
distributions as retrieved by Microrain Radars, J. Appl. Meteorol., 44, 1930-1949, 2005.
- Tridon, F., Van Baelen, J., Pointin, Y.: Aliasing in Micro Rain Radar data due to strong vertical
winds, Geophysical Research Letters, Volume 38, Issue 2, CitelD L02804, 2011.

P 4 Figure 1: a map of the area would be useful to better understand the experimental

setting and the location of the MRR with respect to the surrounding topography.

Figure 2 is not sufficient and only shows the immediate surrounding of the MRR location. The

authors could also show on this map the location of the transect presented in Fig 1b.

We agree. We added a map of the surrounding topography to Fig. 2 so the reader gets an idea on the
mountain ridges in the close vicinity. We also added a line in Fig. 2a indicating the location of the
transect from Fig. 1 b.
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Figure 2: Aerial view of the study domain close to the Gotschnagrat Mountain Station: a) Colours indicate the difference in snow
height (diff) between 2019-03-29 and 2019-03-12 determined from two photogrammetry drone flights, showing areas of upto 1 m
of snow accumulation north of the Snow Drift Station. The horizontally aligned MRR instrument is mounted at an azimuth angle of
22° at a height of about 1 m above ground. A wind rose indicates the wind speed and direction of all major wind events with a wind
speed > 6 m s and thus potentially blowing snow effective for the period 2019-03-12, 1200 UTC+1 to 2019-03-21, 1200 UTC+1.
b) Surrounding topography of the study site.

P 4 L 97-110: this paragraph is confusing since it is the first time that the authors

mention that several evaluation periods were considered in this study. The authors

should re-organize this section and describe earlier the different evaluation periods.

This is currently done at the end of the Methods section (P5 L 128-133).

Thanks. The different evaluation periods are now explained earlier in the Methods Section (L118).



Different sets of MRR parameters settings were used for each evaluation period. The authors

should explain the reasons for these different values. Did it depend on the meteorological

conditions during the blowing events or the occurrence of concurrent snowfall (for

evaluation period 3)?

Very important comment, thanks a lot! It was to test different (and finding the ideal) setting(s) and not
depending on the meteorological conditions. Furthermore, we think a recommendation for parameter
settings would be good for those who want to perform similar experiments. We added more information
here:

L125: “Different MRR parameter settings were tested during the RACLETS campaign to find the best
setting for detecting blowing snow off mountain ridges. The most important parameters were those
defining the distance and velocity resolution. ”

L160: “Providing a recommendation for an ideal MRR parameter combination is difficult, as it depends
on the expected size and velocity of the blowing snow events. Based on the results of this study we
recommend to start with a number of (N = 32) short (or = 10 m) range gates resulting in a high distance
resolution, a typically sufficient maximum measurement distance of 320 m and in a high Nyquist
frequency of oy = 48 m s (Vaet = + 24 m ). A maximum possible value of m = 256 for the number of
lines in spectrum results then in a high velocity resolution of 6v = 0.19 m s*. An averaging time of T; = 5s
seems to result in a sufficient temporal resolution without producing too much data while still capturing
the major flow variability.”

P 7 L 159-165: it is not clear why the authors included this paragraph at the beginning of
the Results section, especially since results on snow height distribution are presented
later in Section 3.4.

Good point. We moved this paragraph to the beginning of Section 3.5.

P7 P164-166: the wind rose on Fig 2. does not bring very valuable information since it

does not correspond to the period of snow depth change shown on the map. Instead,

| recommend the authors to add on Fig 2 the wind rose for the full period from 12

to 21 March (date when the sonic anemometer was removed) or the wind rose only

combining all major wind events during this period (as currently shown on Fig 10).

In addition, it would be interesting if the author could provide at the beginning of the

Results section a figure showing the two wind roses for evaluation periods one and

two. This would give the reader a general overview of the wind conditions during these

two events.

Good point. We added the wind rose from Fig. 10 to Fig. 2a as you suggested and removed Fig. 10. The
wind directions for EP1, two and three are shown in (now) Fig. 5¢,7c and 11b, so it is not necessary to
additionally show the wind roses.

P 7 P 167-173: it is also not clear why the authors included this paragraph at the

beginning of the Results section. A table or a figure does not support the information

provided here. Since this paper constitutes the first application of a MRR to blowing

snow studies in alpine terrain, | think that it would interesting to show the differences in

radar reflectivity for blowing snow events with and without concurrent snowfall.

The most basic data you get from a radar is the radar reflectivity in [dB]. We wanted to begin the
Results Section with some basic radar results. We agree that it was a bit curious in the previous version
of the manuscript, therefore we made some changes and included a new figure (now Fig. 3), as you
suggested, showing the radar reflectivity for a pure blowing snow event and one during precipitation.
Thanks for this good idea!
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Figure 3: MRR reflectivity for a) part of EP2 (2019-03-06 — 07) for pure blowing snow events and b) EP3 (2019-03-14) for blowing
snow with concurrent snow precipitation.

P 8 L 179: the title of this section is not appropriate since this section does not focus

only on the MRR radial velocity. This section constitutes more a zoom on a specific

event.

We agree. We renamed this Section to: “Radial Velocity and Turbulence Intensity. Exemplary cases”

P 8 L 190-194: the MRR turbulence intensity should be defined in the Methods section
at the same time as the Doppler velocity and the spectrum width.
This definition has been moved to the methods Section.

P 10 L 227-230: the comparison between the MRR radial velocity and the horizontal

velocity measured by the sonic anemometer is only carried out for the first evaluation

period. Why did the author not consider the second period as well? Is it due to the different values of
range gate length between the two periods?

P 10L 246 —P 11 L 254: The analysis of the momentum flux revealed the presence of

a low-level jet close to the ground during the first evaluation period. The presence of

such hump in the lowest meters has been previously reported in measurement of the

wind profile at crest location (Fohn, 1980). Did the author find negative values of the

momentum flux during the second evaluation period? Overall, it would be interesting

to systematically carry out the same analysis for the two pure blowing snow events in

Section 3.2.

We wanted to show only the details for evaluation period one (EP1) as an exemplary case (now Fig. 5),
to avoid too many details and too many plots. However, we agree that the details for the second
evaluation period are also relevant and interesting, therefore we included another figure (now Fig. 7)
as well as additional information:

L 321: “Very similar results were found for EP2 (Fig. 7). Longer transport distances (Fig. 7a) were
typically obtained as a result of the higher wind velocities (Fig. 7b). The wind direction (Fig. 7c) was
typically quite stable although there were two periods (2100 — 2200 UTC+1 and 2300 - 2330 UTC+1)
where the wind direction varied significantly. The momentum flux (Fig. 7d) was negative in about 50% of
the time, indicating a higher presence of a low-level jets close to the ground compared to EP1. “
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Figure 7: a) Temporal evolution of the horizontal transport distance of all blowing snow events of EP2 (2019-03-06 1800 UTC+1
—2019-03-07 0200 UTC+1). b) Wind velocity parallel to the MRR direction (202°) measured with a Sonic compared to the close
range (40 - 80m) blowing snow radial velocities measured with the MRR. ¢) Wind direction (mainly 180° - 220°) and d)
momentum flux —u’w’ calculated using the Sonic data.

For the sake of completeness, we also included the momentum flux for the third period in Fig. 11c.
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Figure 11: Precipitation event of the EP3 on 2019-03-14 with strong wind from the south resulting in blowing snow and
preferential deposition north of the Snow Drift Station as shown in Fig. 2. a) Sonic wind velocity and MRR radial velocity, b)
wind direction and ¢) momentum flux —u’w’ calculated using the Sonic data (similar as in Fig. 5 and 7).



P12 L 274-207. The authors mention that the average wind speed was larger during

the second episode, explaining the larger transport distances. To better understand
these differences of transport distance, it would be interesting to show the distributions
of wind speed during the two blowing snow events and not only the average values. In

a sense, Figure 7 could provide this information but the author should separate the data
for the 2 blowing events.

We agree, therefor we added (now) Fig. 7 (see above).

At L 279, the authors mention that the snow surface conditions

and its erodibility may have been different between the two episodes. This suggests

that the relationship between the transport distance and the wind speed varied between

the two episodes. Separating the data on Fig. 7 would help answering this question.

Very good idea! Thanks! We changed this figure (now Fig. 9) as you suggested. The linear fits clearly
show an increase of the “threshold velocity” for EP2. More information on this is added:

L352: “To estimate a threshold wind velocity (e.g. Li and Pomeroy 1997) and thus erodibility of the snow
surface for particle entrainment and transport across the ridge, boxplots of the sonic anemometer wind
velocity as a function of the transport distance are provided in Fig. 8. The median wind velocity increases
by about 2 m s™ for a transport distances increasing from d = 40 - 200 m for EP1 and about 5 m s™ (d =
80 — 280 m) for EP2. An extrapolation of the wind velocity to d = 0 provides an estimate of a threshold
velocity of 7.5 m s for EP1 and 8.8 m s for EP2, a result that is in overall good agreement with other
studies (e.g. Li and Pomeroy 1997). Note: The wind velocity threshold definition for particle transport
used in this study at a height of the sonic anemometer (1.5 m) is similar to that used in Li and Pomeroy
(1997), who defined a threshold wind speed at 10 m above ground and is different to the traditional
definition of a threshold friction velocity for particle entrainment and saltation (e.g. Schmidt 1980,
Guyomarc’h and Mérindol 1998, Clifton et al. 2006, Walter et al. 2012). The fact that the estimated
threshold for EP2 (Fig. 9b) is 1.3 m s™* higher than for EP1 (Fig. 9a) supports our previous hypothesis of
different snow surface conditions with a reduced erodibility for EP2.”

P 12 L 282-283: the extrapolation of the median wind velocity to obtain a threshold
velocity is rather hazardous.
We agree, therefore we renamed it now as an “estimation of the threshold” .

Indeed, the definition of the threshold velocity differs from

the traditional definition of the threshold velocity for the onset of snow transport in

saltation (e.g. Schmidt, 1980; Guyomarc’h and Merindol, 1998 Clifton et al., 2006).

The authors should better comment on the definition of the threshold velocity and its

difference with previous studies.

Thanks for this good comment. We included more information as shown in the comment above (L352).

P 13-14: Section 3.4 presents the results on snow depth changes during the period
from 12 to 29 March. This period does not correspond to the two pure blowing snow
events studied in the previous sections. The authors should improve the description
of the linkage between the snow depth changes and the blowing snow characteristics
derived from the MRR in Sect. 3.1 to 3.3.

Please see comment below: L415 cc.



Indeed, so far, the MRR data in Sect. 3.4 are only used to show that the agreement is good between the
MRR radial velocity and the sonic anemometer wind velocity. This was already shown in Fig 4 and 5.

In the previous figures it was without precipitation, the idea was to show that the agreement also holds
during precipitation. Furthermore, you suggested to show the identical data for all three events to
provide a complete picture. Therefore, we decided to keep that figure and also included the momentum
flux for period three (now Fig. 11c).

For example, can the author discuss similarities or differences between the transport

distance from the MRR and the pattern of snow deposition in the lee of ridge?

We agree and added more information:

L 415: “Similar transport distances for the blowing snow events with concurrent precipitation (EP3) as
for those without (EP1 and EP2) are assumed, based on the similarity of the wind direction and wind
speed. Therefore, the increased accumulation north of the ridge up to distances of 200 m (Fig. 2a) are
very likely the result of the two blowing snow events with concurrent precipitation between the two drone
flights. Although the wind velocity for EP3 (Fig. 11a) are slightly smaller than for EP1 and EP2, probably
resulting in smaller transport distances than shown in Fig. 5a and 7a, the snow gets likely being
transported further closer to the ground outside the field of view of the MRR before it is finally deposited,
which might explain increased accumulation for distances of up to d = 220 m (Fig. 2a). Although the local
topography and the near ground wind velocities north of the ridge also influenced the small scale (meters)
snow height distribution on the ground, the main conclusion is that an overall good agreement is found
between the blowing snow direction, wind velocities, blowing snow distances and the larger scale (several
tens of meters) snow accumulation pattern. ”

Overall, the author should better justify why showing the snow depth changes bring constructive
information to this study. So far, | cannot find it and would recommend to the authors to

remove this section from the paper and to focus on a more detailed evaluation of the

two blowing snow events.

We think it is very valuable to include the snow depth variability to close the loop from Wind->blowing
snow->snow redistribution->accumulation pattern. We agree that we did not properly discuss the value
of including the snow height distribution. Therefore, we added more information:

L 442: “The presented snow height distributions together with the characterization of the blowing snow
events provides a valuable data basis for validating coupled numerical weather and snowpack
simulations. ”

P 15 L 360-364: the potential of LiDAR is not clearly defined here. Are the authors

referring to Airborne Laser Scanner for measure before and after blowing snow events

or vertically- (or horizontally-) pointing cloud physics Lidar for measurements during

blowing snow events.

Thanks for this important comment. We meant the latter one:

L452: “Also exploring the potential of horizontally pointing cloud physics LIDAR (e.g. Mona et al. 2012)
in detecting the spatio-temporal ...~

P 15: Section 4: Errors and uncertainties associated with the MRR data are not discussed

in the text. It would be a very valuable addition since this paper constitutes the

first investigation of the dynamics of snow plumes with a MRR and we can expect more

studies to come in the future.

Errors of aliasing and ground clutter are described in the Methods Section (L150). More information
on the uncertainty of the mean doppler velocity and the spectrum width is provided in the Methods
Section:



L153: “Furthermore, it is difficult to quantify an uncertainty on the mean Doppler velocity vurr that is a
moment of a distribution, the Doppler spectrum. The measure of the Doppler velocity itself is relatively
precise, i.e. depends on the precision of the clock in the radar. It is more uncertain to which extent the
mean Doppler velocity is representative of the movement of the particles within a range gate. However,
the main wind direction was typically well aligned with the MRR view direction and the velocity
fluctuations induced by turbulence is assumed being normally distributed around the mean so that the
mean Doppler velocity vurr Well represents the mean wind or particle velocity within a range gate. ”

The authors should also mention in their conclusion the potential for innovative model evaluation.
Please see comment above. L442.

Technical Comments

Abstract L 18-19: the definition of threshold wind speed used here is questionable and

a value of the threshold velocity with two decimal value may not be relevant for the

abstract.

Thanks! This has been changed in L 19:

“In a first order approximation, the travel distance increases linearly with the wind velocity, allowing for
an estimate of a threshold wind velocity for snow particle entrainment and transport of 7.5 — 8.8 m s,
most likely depending on the prevailing snow cover properties.”

P 1130: the references to Gerber et al (2018) and Sharma et al (2019) are not fully

appropriate here. Indeed, the paper by Gerber et al (2018) does not study blowing and

drifting snow and the paper by Sharma et al (2019) focuses on snow bedforms, which

are typically below the slope scale.

This was a bit confusing as these references were referring to “slope scale” and not meant to refer to
drifting and blowing snow. Slope scale can be few meters to hundreds of meters (Review Mott et al.
2018). Therefore, both papers should be OK in our opinion. Nevertheless, we added some more
references:

L33: “Schén, P., Prokop, A., Vionnet, V., Guyomarc’h, G., Naaim-Bouvet, F., and Heiser, M.: Improving
a terrain-based parameter for the assessment of snow depths with TLS data in the Col du Lac Blanc area.
Cold Regions Sci. Technol. 114, 15-26. doi: 10.1016/j.coldregions.2015.02.005, 2015.

Shook, K., and Gray, D. M.: Small-scale spatial structure of shallow snow covers. Hydrol. Process. 10,
1283-1292, 1996.”

P 2 L 46: the paper by Gerber et al (2018) only concerns modelling and observations

of snowfall in alpine terrain. It would be valuable to add references to other studies that
also consider drifting and blowing snow. See Mott et al. (2018) for a list of relevant
references.

Thanks, we added two more references:

L49: “Guyomarc’h and Mérindol 1998, Naaim-Bouvet et al. 2010~

P 3 L 66-67: it would be interesting here to provide the link to the Envidat webpage that

host the data collected during the campaign.

Good point! We added a reference containing the link.

L 93: “The data collected during the campaign including that used in this study can be found at Raclets
(2019).”

RACLETS: Envidat data repository, https://www.envidat.ch/group/raclets-field-campaign, 2019.



https://www.envidat.ch/group/raclets-field-campaign

Table 1: the date for event 3 in the table differ from the date given in the text (L 129).
We changed this.

P 13 L 304: should it be “< 0.05 for period one”?
We changed this.

P 14 L 329-330: the dismantling date for the MRR and the SDS should be given in the Methods section.
We added this to the Methods Section:
L123: “On 2019-03-21, the MRR and the instruments of the SDS were dismantled.”

References (used in this review and not present in the initial manuscript)
All of the suggested references below were included in the manuscript.
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| do value the idea to use a precipitation radar to measure the spatial extent and intensity

of wind blowing snow, and | understand the difficulty to adapt an instrument

to perform new types of measurements. | have a few comments, suggestions on the

results and | hope the authors may decide to clarify or implement, at least some of

them.

Thanks a lot for your great ideas and suggestions. We were able to implement most of them!

Fig. 3a) during event 2, which is the most significant one, | note opposing trends between

the measured velocity and the distance. | would expect the velocity of the snow

to reduce as the wind gust propagates through the accumulation slope. | interpret it as

an initially concentrated jet that entrains air along its streamwise axis, lose momentum as it spreads
laterally causing the snow to settle on a wider area. So why is the snow

velocity increasing with the distance (during some times of event 2, but also 3 and 4)?

It would be interesting to correlate with the sonic to get a sense of the structure of the

wind gust contributing to a blowing snow event. What is the sonic streamwise velocity

time series for events 2 and 3?

Thanks for this good question! We added two more subplots of the sonic wind velocity and turbulence
intensity to this figure and discussed it in the context of your question

L234: “Event No. I started with relatively high MRR radial velocities of about vwrr = 10 - 11 m s, while
the velocities gradually decreased to about vmrs = 7-8 m s towards the end of this event. The USA wind
velocities (Fig. 4c) are in good agreement also decreasing to about Vsonic 8 m s™ towards the end of event
No. 1. The turbulence intensity Imrr = 0.06 - 0.12 of this first event (Fig. 4b) shows low velocity
fluctuations of the particle cloud, indicating a rather stable, low-level low-turbulence jet, which is
supported by the sonic turbulence intensities (Fig. 4d). The velocity drop at the end of event No. 1 is likely
the reason for the break in snow being blown off the ridge between event No. 1 and 2.

Blowing snow event No. 2 is different, starting with lower radial velocities of about vurr = 9 m s, likely
being initiated by again higher wind velocities starting around 04:16:00 (Fig. 4c), then suddenly dropping
to about vmrr = 6-7 m s during the following 10 s because of another wind velocity Vsonic decrease around
04:16:10 (Fig. 4c). Strong velocity changes are an indication for turbulent gusts which is supported by
higher MRR turbulence intensities of up to Imrr = 0.27 (Fig. 4b). The maximum turbulence intensity at the
SDS measured with the Sonic in the direction of the MRR during event No. 2 was Isenic = 0.25 (Fig. 4d),
thus in good agreement with the MRR result. However, the temporal agreement of the peak turbulence
intensities is rather poor, as the peak in Isonic lags the peak in Iurr although it should be vice versa.
Nevertheless, an overall good agreement between the turbulence intensities measured with the Sonic and
that of the first range gate of the MRR is found, with a mean difference of A1 = mean(Imgr - Isonic) = 0.011
and its standard deviation of o4 = 0.087 for the entire EP1 and EP2. The lower velocity particle cloud of
event No. 2 is transported further within the field of view of the MRR compared to event No. 1, resulting in



a gradually increasing transport distance starting from 60 m, increasing to 80 m, 120 m and finally to 140
m after 20 s. Interestingly, vmrr is increasing with distance for event No. 2, which is counter-intuitive, as
one would rather expect a decrease of the wind velocity behind the ridge. However, the highly turbulent
flow with changes in the wind direction and potentially large eddies of up to 100 m is likely causing this
effect of higher velocities at longer distances. Events No. 3 and 4 both show rather high radial velocities
similarly to event No. 1 and supported by the Sonic wind velocities (Fig. 4c), but also slightly higher
turbulence intensities, indicating a more turbulent flow unlike for event No. 1. The transport distances are
about 80 - 100 m for event No. 3 and 4.”
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Figure 4: a) MRR radial velocity in the azimuth direction 22° for a two-minute period containing four different blowing snow events
on 2019-03-04. b) Corresponding turbulence intensity I, USA ¢) wind velocity and d) turbulence intensity.



Fig 4b: why the vMRR velocity occurs randomly and not necessarily at higher wind

velocity. | understand sonic recording are continuous and | would expect suspended

snow event to occur more systematically under strong winds.

We agree. Generally, a trend for MRR velocities occurring at higher wind speeds is given, e.g. around
05:00 and after 08:30 (now Fig. 5) the wind velocities were small and only few MRR events were
detected. The outliers, e.g. low MRR velocities around 2.5 m/s after 08:30 are most likely instrument
artefacts. We added one more sentence on this in

L285: “Very low MRR velocities around vwrr = 2.5 m s are either an instrument artefact because of very
low blowing snow particle concentrations, or wind directions temporarily deviating significantly from the
MRR field of view direction.”

Fig 5: the y axis should be normalized by the sonic velocity to provide a % difference.

Alternatively, a scatter plot of vs versus vMRR could be provided for different ranges of

directions. The figure as it is not particularly informative.

Good idea, this has been done and the text been changed accordingly!

L290 “To assess a potential dependency of the velocity difference on the wind direction, Fig. 6 shows the
relative difference between the MRR and the Sonic velocity as a function of the wind direction o for all
three evaluation periods. A positive trend is found with a bias of Vmrr > Vsenic for wind directions a > 180°.
Nevertheless, an overall good agreement between the MRR radial and SONIC velocity is found, with a
mean difference of mean((Vmrr - Vsonic) / Vsonic) = 10% and a standard deviation of £ 20%. The intersection
of the linear fit with the Vurr - Vsonic = 0 line for a = 170° (Fig. 6) suggests a stable wind direction in the
vicinity of the MRR and the SDS for winds coming from that direction. This result is most likely strongly
related to the local topography (Fig. 2b) influencing the nearby wind field and direction, where the
mountain station is located west and another SW-NE oriented mountain ridge east of the MRR and the
SDS, resulting in a rather undisturbed flow for southerly winds. “
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Figure 6: Relative difference between MRR and Sonic wind velocity in the direction 202° as a function of wind direction for all
three evaluation periods.

Fig 6: the exponential distribution should be assessed with log scale vertical axis.
The formula are not required in my opinion as they are dimensionally questionable.
We totally agree, so we changed this. Thanks!



(=
o
°

’ a) % | ] % —— exponential fit b) —— exponential fit

=
o
i

frequency
=
o
o

1072

1073
|

O 0 0 @ P O 0O 0 P 20 0 N a0 P g% @ 40 0 @ P
distance in [m] distance in [m]
Figure 8: Histogram of the transport distance of all blowing snow events for a) EP1 (Fig. 5a), and b) EP2 (Fig. 7a), including
exponential fits for distances larger than the minimal transport distance.

—
(=]
1

w

1074

Perhaps the shear velocity (from the Reynolds stress) could be introduced to normalize

the distance (like a term u*"2/g) ? Just a thought... May be different events could be

combined under a generalized law.

We think for a first attempt of characterizing blowing snow off mountain ridges with a radar it is OK to
keep the real distances, this makes it easier for the reader e.g. when comparing it to the snow height
distribution in Fig. 2a. Furthermore, we have only 2 distributions (events). Finding a generalized law
would require more blowing snow events for different conditions, e.g. wind, snow surface, etc.
Therefore, we decided to keep it as it is leaving this for future studies.

In general, the interpretation of MRR turbulent intensity is difficult to provide and to some extent
speculative. Mostly because a wind gust is a transient phenomenon and therefore any reduction in
"mean" velocity with distance could be perceived as a high turbulence intensity.

We agree, therefore we added more information in

L114: “The definition of lurr includes the assumption that within each range gate of length or and for
each time interval Ti the MRR velocity is normally distributed around the mean velocity vugr. This
assumption is supported by the good agreement between the MRR turbulence intensity Iurs and the
turbulence intensity Isonic determined from a 3D Ultra-Sonic anemometer (Sonic) as will be shown in
Section 3.2.”

Fig 7 is convincing. | am again curious about the structure of the wind gust, they

might be quite coherent in both space and time to have such a lasting signature on

the distance of the snow cloud. Still debated if these gusts are more like atmospheric

surface layer coherent structures (see e.g. Heisel et al JFM 2018), or large sweep

events that expand in the slope like a jet structure or a mixing layer.

We changed Fig. 7 (now Fig. 9) to separate the two evaluation periods (See comment of other reviewer
above). We agree that it would be great to further investigate the flow structures with a better setup.
However, the goal of this study was to introduce a new method for characterizing blowing snow on
larger spatial scales, which certainly leaves room for more detailed future studies building upon the
here presented results.



What | suggest to the author in the next campaign, for a future paper perhaps, is to

place the MRR in a flat region, such as a frozen lake and make sure that the sonic is

located downstream of the MRR so that comparison in velocity could be more local, in

space and time, and over a more homogeneous topography, thus limiting as much as

possible unsteady effects.

Thanks for this valuable suggestion, something similar has already been done as mentioned:

L447: “The MRR instrument was also recently tested by the CRYOS group at EPFL Lausanne,
Switzerland, for measuring vertical blowing snow velocity profiles and its temporal variability in eastern
Antarctica at the site S17 near the Japanese research station Syowa (unpublished work in progress),
where blowing snow layers can reach a vertical extend of up to 200 m (Palm et al. 2017).”
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Abstract. Modelling and forecasting wind-driven redistribution of snow in mountainous regions with its implications on
avalanche danger, mountain hydrology or flood hazard is still a challenging task often lacking in essential details.
Measurements of drifting and blowing snow for improving process understanding and model validation are typically limited
to point measurements at meteorological stations, providing no information on the spatial variability of horizontal mass fluxes
or even the vertically integrated mass flux. We present a promising application of a compact and low-cost radar system for
measuring and characterizing larger scale (hundreds of meters) snow redistribution processes, specifically blowing snow off a
mountain ridge. These measurements provide valuable information of blowing snow velocities, frequency of occurrence, travel

distances and turbulence characteristics. Three blowing snow events are investigated, two in the absence of precipitation and

one with concurrent precipitation. Blowing snow velocities measured with the radar are validated by comparison against wind

velocities measured with a 3D ultrasenicultra-sonic anemometer. A minimal blowing snow travel distance of 60 - 120 m is
reached in 10 - 20% of the time during a snow storm, depending on the strength of the storm event. The relative frequency of
transport distances decreases exponentially above the minimal travel distance, with a maximum measured distance of 280 m.
Fhe-In a first order approximation, the travel distance isincreases linearly eerrelated-with the wind velocity, revealing—a

allowing for an estimate of a threshold wind velocity for snow particle entrainment and transport of 6-757.5 — 8.8 m s™, most

likely depending on the prevailing snow cover properties. Turbulence statistics did not allow to draw a conclusion on whether

low-level low-turbulence jets or highly turbulent gusts are more effective in transporting blowing snow over longer distances-,
but highly turbulent flows are more likely to bring particles to greater heights and thus influence cloud processes. Drone-based

photogrammetry measurements of the spatial snow height distribution revealed increased snow accumulation in the lee of the

ridge being the result of the measured local blowing snow conditions.

1 Introduction

Seasonal and permanent snow covers in mountainous regions are of economic and environmental importance worldwide and
may affect communities in a wide range of aspects: e.g. flood hazard, avalanche danger, drinking water supply, hydropower
production, lowland irrigation, ecosystem function or winter tourism (e.g. Metetak-2018-Grinewald et al. 2018, Beniston

et al. 2018). The spatial variability of a mountain snow cover is therefore of great interest for various disciplines like natural
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hazard assessment, hydrology, meteorology or climatology. Orographic precipitation in mountainous regions affects the snow
cover variability on larger scales (mountain range scale, e.g. Mott et al. 2014), whereas preferential deposition (ridge scale,
e.g. Lehning et al. 2008, Gerber et al. 2019, Comola et al. 2019) and blowing and drifting snow (slope scale, e.g._Shook and

Gray 1996, Schon et al. 2015, Gerber et al. 2018, Sharma et al. 2019) are typically responsible for local snow redistribution.

The first two processes are categorized as pre-depositional and the latter one as post-depositional accumulation processes. For
blowing snow, the snow particles are in suspension whereas they follow parabolic ballistic paths near the surface (saltation)
for drifting snow (e.g. Bagnold 1943, Walter et al. 2014). The local mass change rate dM/dt (M being equivalent to the Snow
Water Equivalent, SWE) of the snowpack (Armstrong and Brun, 2008),

= P-VDy—EptE—R o)

depends on the precipitation rate P, the horizontal redistribution rate Dys of surface snow by wind (drifting and blowing snow),
the sublimation rate of blowing snow Eps, sublimation/evaporation (loss of mass) or condensation/deposition (gain of mass)
rates E at the surface, and on the runoff rate R of liquid water at the bottom of the snowpack. The objective of this study is to
gain a better understanding of the horizontal redistribution of surface snow (Dps, mass per unit length per unit time) in
mountainous terrain, especially of blowing snow off mountain ridges. To date, horizontal redistribution of snow is rather poorly
investigated, difficult to measure and consequently insufficiently quantified. Because sublimation rates Eps of blowing snow
(e.g. Groot Zwaaftink et al. 2011, Sharma et al. 2018) directly depend on the mass flux and the time snow particles are in
suspension, our investigations are also relevant for better estimates of Eps.

Despite substantial advances being made in understanding and modeling theblowing snow and the resulting snow cover

variability in mountainous regions (e.g. Guyomarc’h and Mérindol 1998, Naaim-Bouvet et al. 2010, Gerber et al. 2018, Mott

et al. 2018), there is still a significant lack of in-situ measurements to better understand and characterize pre- and post-
depositional accumulation processes. Point measurements of drifting and blowing snow with Snow Particle Counters (SPC,

Niigata, e.g. Nishimura et al. 2014, Guyomarc’h et al. 2019), for example at meteorological stations in mountainous terrain,

do not allow for general conclusions on the spatial characteristics of snow redistribution; not even in rather close vicinity of
the station—_(e.g. Naaim-Bouvet et al. 2010, Nishimura et al. 2014, Aksamit and Pomeroy 2016). Naaim-Bouvet et al. (2010)

used point measurements of the wind velocity and snow particle flux at a mountain pass to parameterize and validate a

numerical model of drifting snow. Nishimura et al. (2014) measured snow particle velocities and mass fluxes using an SPC

and found snow particles being about 1-2 m s slower than the wind speed below a height of 1 m. Aksamit and Pomeroy

(2016) introduced an outdoor application of particle tracking velocimetry (PTV) of near-surface blowing snow investigating

the complex surface flow dynamics. Despite providing valuable knowledge on process understanding, none of those studies

provides spatially resolved measurements on larger scales (> 10 m).

Spatially continuous measurements ef-blewing-snew-using remote sensing techniques like radar, for observing blowing snow,
in combination with LIDAR (Light Detection and Ranging) or Photogrammetry measurements (e.g. Schirmer et al. 2011,

Picard et al. 2019), to capture the spatio-temporal snow depth variability, may thus provide valuable information for improving
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our understanding and modeling of drifting and blowing snow and its spatial-variability-beth-in-meuntaineus-and-flat-areas-on

thekm-seale—spatiotemporal variability. First attempts of measuring blowing snow across a mountain ridge to estimate

additional snow deposition on steep lee-slopes for the local avalanche warning in Davos were presented by Féhn (1980). Space

born images of a huge, about 15 to 20 km long snow plume at Mount Everest have been related to local wind and weather

conditions by Moore (2004). Geerts et al. (2015) used airborne radar and lidar data to show that small fractured blowing snow

ice crystals may enhance snow growth in clouds. Nishimura et al. 2019 recently applied fifteen SPCs and ultra-sonic

anemometers on a flat field to reveal the spatio-temporal structures of blowing snow near the surface and explore the interaction

with the turbulent flow structures. Several studies simulated wind-affected snow redistribution and accumulation by relating

atmospheric wind fields with resulting snow deposition patterns in mountainous terrain (Dadic et al. 2010, Winstral et al. 2013,

Mott et al. 2014, Vionnet et al. 2017, Gerber et al. 2017, Wang and Huang 2017). Flow structures around a utility-scale 2.5

MW wind turbine have previously been measured by Hong et al. (2014) using a field Particle Imaging Velocimetry (PIV)

setup with snow precipitation as the tracer particles. Their results provide significant insights into the Reynolds number

similarity issues presented in wind energy applications.

Radar is often used for snow avalanche detection (e.g. Vriend et al. 2013) and to capture avalanche flow structures and

velocities. Kneifel et al. (2011) analyzed the potential of a low-power FM-CW K-band radar (Micro Rain Radar, MRR) for

snowfall observation, a method that was further improved by Maahn and Kollias (2012). This study makes use of ground radar

measurements of blowing snow particle clouds off a mountain ridge using an MRR instrument to evaluate the potential of

remote sensing techniques in characterizing pre- and post-depositional accumulation processes. H-is-theThe goal_is to relate
measured particle cloud characteristics like velocity distribution, transport distance and direction and turbulence intensities to
the prevailing wind conditions and the subsequent snow accumulation in the vicinity. Our analysis provides a first insight into
the potential of radar measurements for determining blowing snow characteristics, improves our understanding of mountain
ridge blowing snow events and provides a valuable data basis for validating coupled numerical weather and snowpack
simulations.

The instrumentation and methods used in this study are introduced in Section 2. In Section 3, the measured blowing snow

particle cloud characteristics-and, meteorological conditions and snow distributions are presented, discussed and related to
each other. A summary of the results and the conclusions from this research can be found in Section 4.

2 Methods

A Micro Rain Radar (MRR) was set up as a part of a meteorological Snow Drift Station (SDS) on top of the Gotschnagrat
mountain ridge at 46°51.5116N 9°50.9207E (Davos-Klosters, Switzerland) at an altitude of 2,281 ma.s.l. to investigate drifting
and blowing snow. The station was part of the ‘Role of Aerosols and Clouds Enhanced by Topography on Snow’ (RACLETS)
campaign, which took place in February and March 2019 in the area of Davos-Klosters. The data collected during the
campaign, including that used in this study, has been made publicly available (Raclets 2019). The MRR is a radar measuring
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the full Doppler spectrum and operating at a frequency of 24 GHz. It is manufactured by Meteorologische Messtechnik GmbH
(METEK, Germany). The MRR is originally designed as a vertically pointing radar for measuring clouds and precipitation-
(Peters et al. 2002 and 2005). In this study, the MRR was tilted by 90° pointing horizontally to measure the particle velocity

relative to the antenna direction (Doppler velocity) and the distance of blowing snow off the Gotschnagrat mountain ridge

(Fig. 1). The Doppler spectrum provides for each Doppler velocity bin the power backscattered from particles within the
specific velocity range. From this, one can measuredetermine the mean Doppler velocity v and the spectrum width o, which

are defined as:

7=2 f_":jy v S(W)dv 2
o =1 [ =) S(wdv . @®

where P = f_”::ys(v)dv is the mean power of the spectrum and S(v) is the spectral power. Note that v is weighted by S(v) at

each Doppler velocity bin. Since the backscattered power is more sensitive to the size of the particles than their concentration,
v represents the Doppler velocity weighted by the size of the particles. The Doppler spectrum represents the distribution of
particle velocities relative to the radar. In a given radar volume, particles typically move with different velocities due to wind
turbulence, so v is a measure of the mean displacement of the particles relative to the radar and oy is the standard deviation of
the Doppler spectrum. In the case of a horizontally pointing antenna, v and oy (hereinafter referred to as vmrr and ovmrr) Can
be interpreted as a measure of the mean horizontal wind velocity and turbulence.

The MRR turbulence intensity Ivrr in the direction of the MRR’s field of view is defined as

Oy,MRR
Ivrr =~ )
VMRR

where the standard deviation oymrr Of the MRR radial velocity within each range gate is determined from the spectral width

of the Doppler spectrum for each averaging period T;. The definition of Iurr includes the assumption that within each range

gate of length 6 and for each time interval T;, the MRR velocity is normally distributed around the mean velocity vurs. This

assumption is supported by the good agreement between the MRR turbulence intensity lvrr and the turbulence intensity Isonic

determined from a 3D Ultra-Sonic anemometer (Sonic) as will be shown in Section 3.2.
Three MRR evaluation periods (EP) are in the focus of this study: 1) 2019-03-04 0400 UTC+1 — 1000 UTC+1 (EP1); 2) 2019-
03-06 1800 UTC+1 — 2019-03-07 0200 UTC+1 (EP2) and 3) 2019-03-14 1100 UTC+1 — 1900 UTC+1 (EP3). EP1 and EP2

are the only ones during the RACLETS campaign with strong blowing snow events in the absence of precipitation. Because

the radar signal is backscattered by all snow particles in the air, the distance of pure blowing snow events can only be obtained

without precipitation. Because both events occurred not in between two drone flights (discussed below), EP3 was included in

the analysis, although it was a precipitation event. On 2019-03-21, the MRR and the instruments of the SDS were dismantled.
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Different MRR parameter settings were tested during the RACLETS campaign to find the best setting for detecting blowing

snow off mountain ridges. The most important parameters were those defining the distance and velocity resolution. Table 1

provides a brief overview of the MRR instrument configuration used in this study (more information in Maahn and Kollias
2012; and MRR Pro Manual 2016). It is possible to set the following five MRR configuration parameters: i) The number of
range gates N = 32, 64, 128 or 256-, where a range gate defines a measurement volume of a certain length in the MRR pointing
direction, the ii) range gate length Jr- (> 10m). The maximum measurement distance dmax is thus defined by N x dr; iii) The
number of lines in spectrum m = 32, 64, 128 or 256 controls the velocity resolution; iv) The height above sea level H of the
MRR installation site. This parameter is used for assumptions to compute rain rate from spectral power. Since it is not relevant
for this study, it was set to zero. v) The averaging time T; > 1 s of the se-called-power spectra defining the temporal resolution

of the MRR products (MRR Pro Manual 2016).
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Figure 1: a) Picture of the study site: The Micro Rain Radar (MRR) is looking horizontally from the ridge measuring the radial
velocity and distance of blowing snow clouds across the valley. b) Transect of the topography in the viewing direction of the MRR
(aspect ratio is 1:1).

The first range gate was removed for the analysis, since it is affected by near-field effects. The first useable range gate covers
the range 20 to 40 m and the maximum measurement distance was dmax = 1280 m for evatuation-period-eneEP1 on 2019-03-
04 (Table 1). The half power beam width of the MRR is 1.5° resulting in a beam expansion of about 1.3 m at 100 m. The
Nyquist velocity range is inverse proportional to the number of range gates N (MRR Pro Manual, 2019) and was at the
minimum for the first period with va, = 24 m s™.. The velocity resolution év of the MRR radial velocity Vugr is given by vay /m.
Because the wind direction was expected to vary depending on the general weather situation with snow potentially being blown
either away or towards the MRR, the available velocity range vay was set symmetrically to zero, resulting in an actual velocity
range Vact = + Vy / 2 (Table 1). Velocities of [vurr| > [Vact] Fesuttedresult in aliasing (Tridon et al. 2011) but esutdcan be corrected
for by applying a dealiasing procedure based on Vgeaiiased = VMrr + N'Vny, Where n is the dealiasing number (integer with -1 if the
lower limit of the Nyquist interval is exceeded and +1 if the upper limit is exceeded). However, particle velocities [Vvrr| > [Vac|
were rare. Another possible source of uncertainty of the Doppler velocity is the effect of ground clutter at small range gates,
where the beam is not properly formed. However, since the MRR was installed at the edge of a steep slope (30°, Fig. 1b), the
effects of ground echoes on the measured Doppler velocity can be neglected. Fhe-averaging-time-was-set-to-Fi-—=5-s-for

6
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evaluation-period-ene-and-Ti-—10-s-for-evaluation-period-twe-and-three—Furthermore, it is difficult to quantify an uncertainty

on the mean Doppler velocity vurr that is a moment of a distribution, the Doppler spectrum. The measure of the Doppler

velocity itself is relatively precise, i.e. depends on the precision of the clock in the radar. It is more uncertain to which extent

the mean Doppler velocity is representative of the movement of the particles within a range gate. However, the main wind

direction was typically well aligned with the MRR view direction and the velocity fluctuations induced by turbulence is

assumed being normally distributed around the mean so that the mean Doppler velocity vurs Well represents the mean wind or

particle velocity within a range gate. The averaging time was set to Tj =5 s for EP1 and T; = 10 s for EP2 and EP3.

Providing a recommendation for an ideal MRR parameter combination is difficult, as it depends on the transport distance and

velocity of the blowing snow events. Based on the results of this study we recommend to start with a number of (N = 32) short

(or = 10 m) range gates resulting in a high distance resolution, a typically sufficient maximum measurement distance of 320

m and in a high Nyquist frequency of vay = 48 m s™ (Vae = + 24 m s™%). A maximum possible value of m = 256 for the number

of lines in spectrum results in a high velocity resolution of év = 0.19 m s™. An averaging time of T; = 5s seems to result in a

sufficient temporal resolution without producing too much data while still capturing the major flow variability.

Table 1: MRR parameter settings (Parameters 1. - 5.) for the three different eventsevaluation periods investigated and the resulting
MRR limits (Parameters 6. - 9.):

PARAMETER: _2019-03-04 2019-03-06/07  __2019-03-
14445

1. Number of range gates: N 64 32 16 [
2. Range gate length: or [m] 20 40 40 [
3. Number of lines in spectrum: m 64 128 128 [
4. Height above sea level: H[m] 0 0 0 [
5. Averaging time: Ti[s] 5 10 10 [
6. Maximum distance: dmax [m] 1280 1280 640

7. Nyquist velocity range: Vny [ms-1] 24 48 96

8. Actual velocity range: Vact [ms-1] +12 24 +48

9. Velocity resolution: v [ms1] 0.38 0.38 0.75 [

Among the standard products of the METEK processed data the mean MRR radial velocity vurr and the spectrum width ovmrr
obtained for each averaging period T; are of primary interest in the subsequent analysis, providing information on the blowing
snow particle cloud velocities and turbulence intensities. Furthermore, the last range gate reflecting the MRR signal defines
the blowing snow travel distaneesdistance d in the MRR pointing direction for each averaging period Ti. Finally, the radar
reflectivity Z, which mainly depends on the particle size, provides an indication of blowing snow particle sizes. The
determination of blowing snow particle cloud concentrations and a mass flux is not possible, since there is no quantitative
relationship between the spectral power and the particle size distribution for snow. Nevertheless, the MRR measurements

provide other interesting characteristics of blowing snow events as discussed in the following Sections.
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The MRR was mounted at the edge of a few hundred meters wide flat mountain ridge transitioning into a 30° slope defining
the accumulation zone. A transect of the topography of the test site in the direction of the MRR’s field of view (Fig. 22a) is
shown in Fig. 1b. The MRR was oriented at an azimuth angle of 22° (clockwise with respect to north, see Fig. 22a). Note that
the MRR radial velocity and turbulence characteristics determined from the MRR Doppler spectra are meant exclusively in

the direction of the field of view of the MRR. However, the wind direction o was typically along the MRR pointing direction,

At about five meters from the MRR, sensors of the SDS were mounted on a mast. The present study uses measurements of the

three wind components (u, v, w) and the wind direction () measured with a 3D ultrasenieultra-sonic anemometer (R. M.
Young 81000) at a height of 1.5 m above ground at a sampling frequency of 20 Hz.

Two drone flights were performed on the days 2019-03-12 and 2019-03-29 with the SenseFly eBee+ RTK fixed-wing
Unmanned Aerial System (UAS) to photogrammetrically map the local snow height changes due to pre- and post-depositional
snow redistribution processes in between these measurements—{e-g— Sehirmer—et=at=2011). Photogrammetric snow depth

mapping with UAS has proven to be an accurate and reliable method to capture the spatial variability in high alpine terrain
with accuracies in the range of 5 to 30 cm (Blihler et al. 2016, Harder et al. 2016, Biihler et al. 2017, Redpath et al. 2018). As
a meaningful distribution of ground control points in the steep and dangerous slope was not possible, we applied integrated
sensor orientation applying the UAS GNSS measurements (mean positioning accuracy: 2.5 cm). This approach proved to be
valid for accurate georeferencing (Benassi et al. 2017). This is also supported by several studies we performed for snow depth
mapping applying ground control points (Bihler et al. 2018, Noetzli et al. 2019). For both flights we had a mean flight height
above ground of 190 m resulting in a ground sampling distance (GSD) of about 4 cm. However, on 2019-03-12, wind gusts
with high velocities up to 18 m s occurred, which led to deviations of the plane along the flight lines, resulting in a reduced
overlap of the imagery. Therefore, some photogrammetric noise is present in the resulting digital surface model (DSM)
reducing its accuracy (Fig. 22a). No such noise is present in the data acquired on 2019-03-29, a day with calm wind conditions.

We produced two 10 cm resolution DSMs and calculated the elevation difference by subtracting them (Fig. 22a).
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Figure 2: Aerial view of the study domain close to the Gotschnagrat Mountain Station:_a) Colours indicate the difference in snow
height (diff) between 2019-03-29 and 2019-03-12 determined from two photogrammetry drone flights, showing areas of up to 1 m of
snow accumulation north of the Snow Drift Station. The horizontally aligned MRR instrument is mounted at an azimuth angle of
|215 22° at a height of about 1 m above ground. Fh nvind-direction-during-e ion-peri

A wind rose indicates the wind speed and direction
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of all major wind events with a wind speed > 6 m s and thus potentially blowing snow effective for the period 2019-03-12, 1200
UTC+1 to 2019-03-21, 1200 UTC+1. b) Surrounding topography of the study site (Pixmap © 2020 swisstopo (5704000000),
reproduced by permission of swisstopo (JA100118)).

3 Results and Discussion

Because-the3.1 The Radar Reflectivity

The radar reflectivity Z is proportional to the fourth power of the diameter for snow particles (Ryzhkov 2019)-t) and is thus
mainly affected by the snow particle size and less so by the concentration as discussed before. The low reflectivity values of
the measured pure blowing snow clouds (rRet-shewn—hereFig. 3a), compared to the higher reflectivity of precipitation
snowflakes; (Fig. 3b), implies that the measured blowing snow clouds were composed of rather small particles. This is
consistent with other findings of drifting and blowing snow investigations where small particle sizes of typically 50 — 500 pm
were detected (Nishimura and Nemoto 2005, Gromke et al. 2014) compared to precipitation snowflakes that can have diameters
of several millimetres (e.g. Gergely et al. 2017). The lower reflectivities closer to the ridge (d = 0 - 200 m) compared to further

away (d > 300 m) for the precipitation event (Fig. 3b) indicates smaller blowing snow particles due to higher wind speeds near

the mountain ridge, whereas further away larger precipitation particles potentially dominate the backscatter of the radar signal.
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Figure 3: a-MRR radialvelocity-in-the-azimuth-direction-22°reflectivity for a-tweo-minute-period-containing-four-different) part of
EP2 (2019-03-06 — 07) for pure blowing snow events en-2019-03-04.and b) Corresponding-turbulence-intensity-HEP3 (2019-03-14)

for blowing snow with concurrent snow precipitation.

3.4 FheMRR2 Radial Velocity and Turbulence Intensity: Exemplary cases

The MRR radial velocity vmrr (EQ. 2) within a range gate is computed as the average of the MRR Doppler spectrum (MRR
Pro Manual 2016) and is directly related to the blowing snow particle cloud velocity in the viewing direction of the MRR. In
this Section we introduce the basic MRR data by means of four exemplary blowing snow events (Fig. 34) including a brief
discussion and interpretation of the results as this data forms the basis for the analyses presented in the following Sections.

11
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Fig. 3a4a shows the MRR radial velocity vurr Of the four blowing snow events of different characteristics within a two-minute
time frame during the-first-evaluation-period-EP1. The first event (No. 1) lasted for 25 s with a constant transport distance of
60 m. For the subsequent range gates (> 60 m), no snow particles were in the field of view of the MRR anymore (Fig. 1b). The
assumption is that the snow was blown off the ridge horizontally by up to about 60 m before it started settling, either resulting
in local accumulation or being further advected closer to the ground, and thus leaving the field of view of the MRR. Event No.
1 started with relatively high MRR radial velocities of about vurs = 10 - 11 m s%, while the velocities gradually decreased to
about vure = 7-8 m s towards the end of this event. The MRR turbulence-intensity-tyrrSonic wind velocities (Fig. 4c) are in
good agreement, also decreasing to about Vsenic = 8 m s towards the directionend of the MRR sfield-of view-is-defined-as

I _%my 4y
Varrr
where-the-standard-deviation-ov mrr e-MRR sl A e e

i i of this

~(Eg—3)-event No. 1. The turbulence intensity Imrs = 0.06 - 0.12
first event (Fig. 3b4b) shows low velocity fluctuations of the particle cloud, indicating a rather stable, low-level low-turbulence
jet:, which is supported by the Sonic turbulence intensities (Fig. 4d). The velocity drop at the end of event No. 1 is likely the

reason for the break in snow being blown off the ridge between event No. 1 and 2.
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Figure 4: a) MRR radial velocity in the azimuth direction 22° for a two-minute period containing four different blowing snow events
on 2019-03-04. b) Corresponding turbulence intensity I, Sonic ¢) wind velocity (absolute and in the direction 202°) and d) turbulence

intensity for 5 s intervals.

Blowing snow event No. 2 is different, starting with lower radial velocities of about vyrr = 9 m s?, likely being initiated by

again higher wind velocities starting around 04:16:00 (Fig. 4c), then suddenly dropping to about vurs = 6-7 m s during the

following 10 s:_because of another wind velocity Vsonic decrease around 04:16:10 (Fig. 4c). Strong velocity changes are an

indication for turbulent gusts which is supported by higher MRR turbulence intensities of up to Iwrs = 0.27 (Fig. 3b4b). The
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maximum turbulence intensity at the SDS measured with the seric-arememeterSonic in the direction of the MRR during event
No. 2 was Isonic = 0.24;25 (Fig. 4d), thus in good agreement with the MRR result. GenerathyHowever, the temporal agreement
of the peak turbulence intensity is rather poor, as the peak in Isonic lags the peak in Iurr although it should be vice versa.

Nevertheless, an overall good agreement between the turbulence intensities measured with the serie-anememeterSonic and
that of the first range gate of the MRR is found, with a mean difference of Al = mean(lvrr - lsonic)=) = 0.041-ane-its01 with
standard deviation of o = 0.88709 for evaluation-period-enethe entire EP1 and tweEP2. The lower velocity particle cloud of
event No. 2 is transported further within the field of view of the MRR compared to event No. 1, resulting in a gradually
increasing transport distance starting from 60 m, increasing to 80 m, 120 m and finally to 140 m after 20 s. Interestingly, Vmrr

is increasing with distance for event No. 2, which is counter-intuitive, as one would rather expect a decrease of the wind

velocity behind the ridge. However, the highly turbulent flow with changes in the wind direction and potentially large eddies

of up to 100 m is likely causing this effect of higher velocities at longer distances. Events No. 3 and 4 both show rather high

radial velocities similarly to event No. 41, which are in good agreement with the Sonic wind velocities (Fig. 4c), but alsewith

slightly higher turbulence intensities; indicating a more turbulent flow unlike for event No. 1. The transport distances are
typieattyabout 80 - 100 m for event No. 3 and 4.

Based on the above discussion of the four blowing snow events it seems that stronger turbulent fluctuations with higher
turbulence intensities result in longer transport distances. FhatThis leads us to the hypothesis that not necessarily low-
turbulence jets with high wind velocities but turbulent gusts with lower wind velocities may be more effective in transporting
blowing snow over longer distances on the lee side of a mountain ridge. Another explanation could be that the blowing snow
cloud is vertically more extended for turbulent gusts which increases the likelihood of snow particles being in the field of view
of the MRR (Fig. 1b), whereas for low-level low-turbulence jets the particles may rather quickly settle after a certain distance,
leaving the field of view of the MRR. These considerations are further discussed in Section 3.34.

3.23 Blowing Snow Distances

The MRR blowing snow distances d for the-first-evaluation-periodEP1 are shown in Fig. 4a5a. Typically, a minimum distance
of about 60 m is reached whereas longer distances > 100 m appear rather seldom. The distances d and particle cloud radial
velocities vwrr (Fig. 465b) may be smaller than the real absolute distances and velocities, as blowing snow from various angles
(Fig. 4e5c¢), not only straight in the view direction of the MRR were detected as mentioned earlier. Nevertheless, the main
wind direction was typically in overall good agreement with the view direction (202°) of the MRR (Fig. 4¢5c), and the main
interest of this
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Figure 45: a) Temporal evolution of the horizontal transport distance of all blowing snow events of evaluation-peried-eneEP1 (2019-
03-04, 0400 UTC+1 — 1000 UTC+1). b) Wind velocity parallel to the MRR direction (202°) measured with a-senic-anememeterthe
Sonic compared to the close range (20 - 40m) blowing snow radial velocities measured with the MRR (see Fig. 3a4a). ¢) Wind
direction (mainly 180° - 220°) and d) momentum flux —u’w’ calculated using the senic-anememeterSonic data.

study is in snow being blown off perpendicular to the Gotschnagrat mountain ridge. A comparison between the MRR radial
velocities vmre Of the first useable range gate (d = 40_m) and the horizontal wind velocity vsonic measured with the senie
anemoreterSonic, both for the direction of 202°, is provided in Fig. 4b5b. A qualitatively good agreement is found despite

some outliers. Very low MRR velocities around virs = 2.5 m s™ are either an instrument artefact because of very low blowing

snow particle concentrations, or wind directions temporarily deviating significantly from the MRR field of view direction.

Discrepancies between the twoMRR and the Sonic velocities may be the result of the spatial average distance of about 30 m
between the first usable range gate d = 40 m (with a measurement volume extending from 20 to 40 m) and the location of the
senic-anememeterSonic in combination with the slightly varying wind direction. To assess a potential dependency of the
velocity difference on the wind direction, Fig. 56 shows the relative difference between the MRR and the senie
anemoermeterSonic velocity {¥urr—Vsanic)-as a function of the wind direction o for al-three-evaluation-periods—A-shghtEP1-
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EP3. A positive trend is found with a bias of vmrr > Vsonic for wind directions a > 262180°. Nevertheless, an overall good
320 agreement between the MRR radial and seric-anememeterSonic velocity is found, with a mean difference of Av=mean{((Vmrr

- Vsonic) /, Vsonic) = 8-48-m-s10% and a standard deviation of ea-=21-22-m-s*+ 20%. The intersection of the linear fit with the

VMRR - Vsonic = 0 line for « = 367170° (Fig. 56) suggests a stable wind direction in the vicinity of the MRR and the SDS for

winds coming from that direction. This result is most likely strongly related to the local topography (Fig. 2b) influencing the

nearby wind field and direction, where the mountain station is located west and another SW-NE oriented mountain ridge east
325 of the MRR and the SDS, resulting in a rather undisturbed flow for southerly winds-{Fig-—2)-.
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330 Figure 5:Difference6: Relative difference between MRR and senic-anememeterSonic wind velocity in the direction 202° as a function
of wind direction for at-three-evaluation-periodsEP1-EP3.
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Fig. 4d5d shows the momentum flux —u'w" calculated from the senic-anememeterSonic wind velocities, which is generally
positive for evaluation-period-oneEP1, indicating a downward momentum flux and an increase in wind velocity with height
above the location of the senic-anememeter-Sonic. However, between 0615 UTC+1 and 0700 UTC+1, the momentum flux
was negative, indicating a decreasing wind velocity with height above the senic-anememeterSonic and the presence of a low-
level jet close to the ground constantly blowing from a direction of 180° (South). During this time period, the wind velocity
was highest with up to 12 - 13 m s and long blowing snow distances were reached of typically > 80 m (Fig. 4a5a).
Furthermore, the best agreement between the senic-anememeterSonic wind velocity and the MRR radial velocity was found
for this period of stable wind conditions.

Very similar results were found for EP2 (Fig. 7). Longer transport distances (Fig. 7a) were typically obtained as a result of the

higher wind velocities (Fig. 7b). The wind direction (Fig. 7c) was typically quite stable although there were two periods (2100
— 2200 UTC+1 and 2300 - 2330 UTC+1) where the wind direction varied significantly. The momentum flux (Fig. 7d) was

negative in about 50% of the time, indicating a higher presence of low-level jets close to the ground compared to EP1.
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Figure 7: a) Temporal evolution of the horizontal transport distance of all blowing snow events of EP2 (2019-03-06 1800 UTC+1 —
2019-03-07 0200 UTC+1). b) Wind velocity parallel to the MRR direction (202°) measured with a Sonic compared to the close range
350 (40 - 80m) blowing snow radial velocities measured with the MRR. ¢) Wind direction (mainly 180° - 220°) and d) momentum flux —

u’w’ calculated using the Sonic data.

3.34 Blowing Snow Statistics

355 The relative frequency of occurrence of blowing snow transport distances from Fig. 4a-is5a are shown in Fig. 6a8a for the
entire-evaluation-period-one-EP1. In 80% of the time, no blowing snow was present or detected by the MRR (transport distance
d = 0.m). No events were detected for a distance d = 20 m since this range gate cannot be used as discussed earlier. Only-very
few events were detected for a transport distance d = 40 m, although this range gate delivered continuous information on radial

velocities for higher transport distances d > 40 m (Fig. 3a4a). Therefore, we expect that also for d = 20 m, only very few or no
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events would have been detected by the MRR, resulting in a gap in the frequency distribution for 0 < d < 60 m in Fig. 6a8a.
We hypothesize that, if the wind is strong enough and above a threshold wind speed to entrain and transport snow in suspension,
a minimum transport distance of d = 60 m is reached, which occurred for about 10% of the total time of observation for
evaluation-period-eneEP1 (including the ‘no blowing snow” time). For distances d > 60 m, the relative frequency decreases
exponentially with an only once observed maximum distance of d = 200 m. The mean senic-anemereterSonic wind velocity
was 7.3 m s during evaluation-peried-eneEP1, which is only 6h long but sampled at a temporal resolution of 5 s resulting in
4320 samples, thus providing a good data basis for statistics.
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Figure 68: Histogram of the transport distance of all blowing snow events for evaluationperiod-a) ereEP1 (Fig. 4a5a), and b) twe,EP2
(Fig. 7a), including an-exponential fitfits for distances larger than the minimal transport distance.

The relative frequency of occurrence of blowing snow distances for evatuation-period-twoEP2 (2019-03-06 1800 UTC+1 —
2019-03-07 0200 UTC+1) is shown in Fig. 6b8b. The mean wind velocity of 9.1 m s during these 8h (10s sampling) measured
with the Sonic was significantly higher compared to evaluation-period-eneEP1 (7.3 m s™), resulting in a larger gap before the
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minimal transport distance and higher overall transport distances of up to maximum d = 280 m. The higher minimal transport
distance of d = 120 m compared to period-eneEP1 might be the result of stronger gusts during the more powerful storm of
evaluation-peried-twoEP2 and the snow surface conditions and its erodibility. Despite some differences between the two
distributions_in Fig. 8, both show very similar characteristics with a gap before a minimal distance is reached and an exponential
decay afterwards. Therefore, those distributions seem to be generally valid providing a good representation of the frequency
of blowing snow distances for mountain ridges. A dependency of the minimal transport distance and the frequency distribution
on the strength of the storm event and snow cover conditions could be investigated in future more detailed studies.

To estimate a threshold wind velocity fer(e.g. Li and Pomeroy 1997) and thus the erodibility of the surrounding snow particle
entrainment-and-transpert-across-the-ridgesurface, boxplots of the seric-anememeterSonic wind velocity as a function of the
transport distance are provided in Fig. 7—centaining-data—of-thefirsttwo-evaluation-perieds-9. The median wind velocity
increases by about 62 m s for a transport distances increasing from d = 40 te-- 200 m for EP1 and about 5 m s (d = 80 — 280
m) for EP2. An extrapolation of the median-wind velocity to d = 0 revels-m provides an estimate of a petential-threshold wine
velocity of 675-m-s™-whiech7.5 m s™ for EP1and 8.8 m s for EP2, a result that is in overall good agreement with other studies

(e.g. Li and Pomeroy 1997). Note: The wind velocity threshold definition for particle transport used in this study, defined for

a height of 1.5 m (Sonic), is similar to that used in Li and Pomeroy (1997), who defined a threshold wind speed at 10 m above

ground. These definitions are different to the traditional definition of a threshold friction velocity for particle entrainment and
saltation (e.g. Schmidt 1980, Guyomarc’h and Mérindol 1998, Clifton et al. 2006)-, Walter et al. 2012). The fact that the
estimated threshold for EP2 (Fig. 9b) is 1.3 m s™* higher than for EP1 (Fig. 9a) supports our previous hypothesis of different

snow surface conditions with a reduced erodibility for EP2.
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Figure 79: Sonic-anememeter wind velocity as a function of the transport distance of the blowing snow events for evaluationperiod
ene-and-twea) EPland b) EP2.

Turbulent gusts at rather low velocities were found being potentially responsible for longer transport distances as discussed in
Section 3.12 (Fig. 3ada). To investigate whether these events or low-level low-turbulence jets with high wind velocities are
more effective in transporting snow over long distances across a mountain ridge, the turbulence intensities of the last range
gate defining the blowing snow transport distance (Fig. 3b4b) are plotted as a function of the transport distance (box plot) in
Fig. 810. For evaluation-period-ore-EP1(Fig. 8al0a) and distances d > 80 m, the median, the upper and lower quartiles, the
whiskers and the outliers all show a decreasing trend with increasing distance, indicating that low-level low-turbulence jets
with high wind velocities are more effective than highly turbulent gusts in transporting blowing snow over long distances
across a mountain ridge_for EP1. Nevertheless, as mentioned earlier, highly turbulent motions still may result in a higher
vertical extension of blowing snow clouds and thus in an increased likelihood of being within the field of view of the MRR
(Fig. 1b) for long distances. For the stronger storm event of evaluation-peried-twoEP2, the turbulence level was significantly
higher with median intensities of 0.1 — 0.2 (<(< 0.5 for period one) (Fig. 8610b), supporting the latter assumption. Strong low-
turbulence jets may also result in a slight downward air flow right after the ridge and the blowing snow may quickly settle
getting out of the field of view of the MRR. The turbulence statistics shown in Fig. 810 do thus not allow to draw a conclusion
on whether low-level low-turbulence jets or turbulent gusts are more effective in transporting blowing snow over longer

distances. However, highly turbulent flows are more likely to bring particles to greater heights and thus influence cloud

processes. Measurements with a two MRR system oriented parallel at different heights could provide a conclusion on which

of the two events is more effective in transporting snow over longer distances across a-mountain ridgeridges.
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Figure 810: Turbulence intensity determined from the MRR spectral width of the Doppler spectrum of the range gate defining the
blowing snow transport distance (Fig. 34a) as a function of transport distance for evatuation-period-a) eneEP1, and b) tweEP2.
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3.45 Snow Height Distribution

To provide a first connection between mountain ridge blowing snow events and a subseguent snow height distribution in the

vicinity, the measured snow height distribution (Fig. 2a) is discussed in the context of prevailing precipitation and wind

conditions and related to the analysed blowing snow events in this Section. The spatial variation in snow height difference

between 2019-03-29 and 2019-03-12 of the investigated area around the MRR (Fig. 2a) shows distinct patterns as a result of

pre- and post-depositional accumulation and erosion processes. Strongly dark blue and dark red spotted areas of maximum

snow depth differences are an artefact from wind gusts affecting the drone flights on 2019-03-12, resulting in erroneous

photogrammetry measurements (see Methods Section 2). Nevertheless, the smooth areas of the snow depth map show that

significant snow deposition occurred north of the SDS in between the two drone flights, while other regions were eroded.

The increased snow accumulation north of the MRR shown in Fig. 22a is the result of a combination of preferential deposition
and blowing snow, i.e. pre- and post-depositional accumulation processes. Although the pure blowing snow events analyzed
in the previous sub-sections took place about a week prior to thethis long-term observational period_between the two drone
flights, two major snow storm events were found presumablybeing responsible for the accumulation during the 17 days
between the two drere-flights on 2019-03-12 and 2019-03-29. Fig. 9alla shows a comparison of the seric-anemermeterSonic
wind velocity and the MRR radial velocity (similar as in Fig. 4b5b and 7b) for the first precipitation event on 2019-03-14
(evaluationperiod-three)—The-EP3). For this precipitation event, the MRR particle velocities are agairalso in good agreement
with the senic-anememeterSonic wind velocity at similar levels of up to 8 m s as for the pure blowing snow eventevents of
evaluation-peried-one{Section-3-1-EP1and EP2. The wind direction was also well aligned with the MRR view axis and quite
stable from S to SW (approx. 200°) for the entire srew-storm (Fig. 9b11b). We assume that the wind resulted in both,

preferential deposition during the precipitation event but also in snow on the ground being entrained and transported during
strong gusts from the ridge to the accumulation zone (Fig. 1b, 22a). This simultaneous appearance of pre- and post-depositional
accumulation processes also occurred during the second snow storm on 2019-03-15, which was very similar but is not
presented here. The wind rose shown in Fig. 102a summarizes the wind directions for wind velocities > 6 m s, thus potentially
blowing snow effective, for the 9 days period 2019-03-12 to 2019-03-21. On the latter day, the MRR and the instruments of
the SDS were dismantled. However, although the wind rose does not cover the entire period between the two drone flights, it
clearly shows that the blowing snow effective wind direction was stable from S to SW at least for the first half of the time

between the two drone flights. Similar transport distances for the blowing snow events with concurrent precipitation (EP3) as

for those without (EP1 and EP2) are assumed, based on the similarity of the wind direction and wind velocity. Therefore, the

increased accumulation north of the ridge up to distances of 200 m (Fig. 2a) are very likely the result of the two blowing snow

events with concurrent precipitation between the two drone flights. Although the wind velocities for EP3 (Fig. 11a) are slightly

smaller than for EP1and EP2, probably resulting in smaller transport distances than shown in Fig. 5a and 7a, the snow gets

likely being transported further closer to the ground outside the field of view of the MRR before it is finally deposited, which
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might explain increased accumulation for distances of up to d = 220 m (Fig. 2a). Although the local topography and the near
ground wind velocities north of the ridge also influenced the small scale (meters) snow height distribution on the ground, the

main conclusion is that an overall good agreement is found between the blowing snow direction, wind velocities, blowing

460 snow distances and the larger scale (several tens of meters) snow accumulation pattern.

2 | 3 | —— Sonic wind velocity (202°)
MRR radial velocity (202°)

n
E
5
5
r 4
8
>
=
S
-
[
>

= 250
=]
c
2 200
k'
2
; 150
= Sonic wind direction (20Hz)
100 t —— Sonic wind direction (1 min moving average)
Y A
> o w R w° RO o5 R RS
oY o¥ oY o¥ oY o o> oY o

day and time [MM-DD HH]

24



-
o

— Sonic anri velocity (zné°) i
MRR radial velocity (202°) | i l

~

velocity Vsni OF Vagr [M 7]
IS

=]
So

b) |
): [ bt

o
=)

=]
S

wind direction o []
G
(=]

Sonic wind direction (20Hz)
—— Sonic wind direction (1 min moving average)

-
=]
=)

-
N)
n

c) — 5smean

,_.
o
o

~N
n

N
w

momentum flux: -u'w” (7]
«
3

;
i

B (<
N W A > N A !
o I o o o o o o

day and time [MM-DD HH]

Figure 911: Precipitation event of-the-evaluation-period-three(EP3) on 2019-03-14 with strong wind from the south resulting in
465  blowing snow and preferential deposition north of the Snow Drift Station as shown in Fig. 22a. a) Sonic anememeter-wind velocity

and MRR radial velocity, are-b) wind direction and ¢) momentum flux —u’w’ calculated using the Sonic data (similar as in Fig. 465
and €)7).

-
-
8 woisa 30.1
[ woirem 20.1
. o | | 10

{ Formatiert: Standard

25



475

480

485

490

495

4 Summary and Conclusions

Our results show that radar measurements of blowing snow may deliver valuable information to improve our understanding
of pre- and post-depositional snow accumulation or redistribution processes on larger scales. The Micro Rain Radar (MRR)
instrument provides characteristics of and statistics on blowing snow distances, its frequency of occurrence, particle cloud
velocities and turbulence intensities. We found good agreement between the MRR blowing snow velocity and the senie
anemoraeterSonic wind velocity, and that a minimal horizontal blowing snow transport distance of 60 - 120 m is reached in
the lee of a mountain ridge, depending on the strength of the storm event. The relative frequency of occurrence decreases
exponentially for distances longer than the minimal transport distance, with a measured maximum distance of 280 m in our
case. It was not possible to draw a conclusion on whether low-level low-turbulence jets or turbulent gusts are more effective
in transporting blowing snow over longer distances in the lee of a mountain ridge. The increased snow height distribution north
of the measurement location (Fig. 22a) was found being the result of a combination of preferential deposition and blowing
snow accumulation during at least two measured and analyzed snowstorm events. The presented snow height distributions

together with the characterization of the blowing snow events provides a valuable data basis for validating coupled numerical

weather and snowpack simulations.

Further investigations are required for more clarification and may incorporate measurements with a second MRR system
oriented parallel at a slightly different elevation to better resolve the local wind field and blowing snow events; particularly to

capture the process of settling snow disappearing from the field of view of the upper MRR. The MRR instrument was also

recently tested by the CRYOS group at EPFL Lausanne, Switzerland, for measuring vertical blowing snow velocity profiles
and its temporal variability in eastern Antarctica at the site S17 near the Japanese research station Syowa; (unpublished work
in progress), where blowing snow layers can reach a vertical extend of up to 200 m (Palm et al. 2017). The next challenge for
radar specialists will be finding a way to extract particle concentrations from the radar measurements to estimate particle mass
fluxes or at least its order of magnitude. Alse-expleringExploring the potential of horizontally pointing cloud physics LIDAR
(e.qg. Mona et al. 2012) in detecting the spatio-temporal variability of blowing snow would be worthwhile for the community

interested in characterizing anand better understanding pre- and post-depositional snow accumulation processes in various

cold regions worldwide.
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Data availability

The MRR and SDS data for the entire RACLETS campaign will soon be available on the ENVIDAT data repository, but are
available on request by then.
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