Dear editor,

First, we would like to thank the two referees and the editor for dedicating their time to our
manuscript and providing us with an in-depth feedback.

Our major revisions include the following points:

We changed the title to “Continuous and autonomous snow water equivalent measurements
by a cosmic ray sensor on an Alpine glacier”
We improved (rewrote and rearranged several parts) the introduction by adding the points
raised by referee #1, and by adjusting the story line.
We improved the description of how we process the neutron count rate in Section 3.2 and
additionally added a Section 3.4. This section includes an error propagation of the snow
water equivalent derived by the cosmic ray sensor following the suggestions by referee #2.
We also adapted Fig.2 accordingly and added an additional figure.
We improved Fig.4 by changing its design (Fig.3 in first submission).
Following the new estimation of the CRS precision, we adpated our evaluation of the daily
changes in SWE and snow depth even though it did not change significantly (Table 6, Fig.7-8,
in discussion part (Fig.6-7 and Table 4)
We rewrote the discussion sections and split them into three sections:
o Section 5.1 was re-structured and includes all the points raised by referee #1 and #2.
o Section 5.3 was restructured in view of improving the story line of the paper.
The conclusion was adapted to the points raised by referee #1 and #2.

Please find a point-by-point answer for each referee attached to this letter followed by all changes
made in the original manuscript.

We hope to have addressed all major, moderate and minor concerns.

We thank you for considering the revised manuscript for publication, and look forward to hearing
from you.

Rebecca Gugerli, on behalf of the authors
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Anonymous Referee #1

We would like to thank the anonymous referee #1 for his/her time and the thoughtful and constructive review,
which significantly improves our manuscript.

Following the suggestions by referee #1 and #2, we decided to adapt the title of the paper to "Continuous and
autonomous snow water equivalent measurements by a cosmic ray sensor on an Alpine glacier."

General comments

This paper presents the application of a sub-merged cosmic ray sensor (CRS) on a Swiss glacier to derive
daily snow water equivalent (SWE) values for two winter seasons. An additionally installed snow depth
(SD) sensor was used to calculate the snow density by CRS SWE and SD. For validation, some man-
ual field measurements were conducted within the two years and precipitation recordings from nearby
weather stations as well as a gridded precipitation product were scaled to compare them with the mea-
sured CRS SWE. The measurement results derived by CRS are very plausible for snow accumulation,
densification and ablation phases. In general, this paper is well written and is, in my opinion, a good
contribution to this journal. All measurements are well described and indicated by potential uncertainties
and illustrated by significant figures. However, the main focus/ objective of this paper has to be better de-
fined. Are you rather interested in gaining better snow density information or are you mainly focusing on
using and validating CRS measurements especially on such a glacial test site, or both? Please emphasize
on this — maybe also the title has to be changed accordingly. In some paragraphs, references should be
added or revised. Below, I indicated some other moderate to minor issues.

Thank you for your careful assessment and your constructive feedback. We have investigated the application
of the cosmic ray sensor for measurements at a challenging site such as a glacier. The cosmic ray sensor
(CRS) that lies below the snowpack has been presented in previous studies (e.g. Kodama, 1980, Paquet and
Laval, 2005). A CRS which lies on a large hydrogen pool, such as ice, has been presented by (Howat et al.,
2018) where they deployed a CRS on the Greenland ice sheet. To complement these studies, we assessed
the application of this device on an Alpine glacier. The primary focus lies on the measurement setup and
what new knowledge we gain from such observations. To state this more clearly, we rewrote the end of the
introduction and state the study objective more clearly (see below).
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In this study, we investigate the applicability of a CRS installed below the snowpack to derive
continuous SWE observations on an Alpine glacier in Switzerland (Glacier de la Plaine Morte). More
specifically, we (i) analyse the CRS performance by comparing its SWE estimates to manual field
observations. With the continuous observations of SWE and SD we (ii) analyze the evolution of
snow density over the course of a winter season including the influence of meteorological conditions.
Finally, we use the continuous observations to (iii) assess the performance of scaling readily available
precipitation observations of nearby AWS and gridded precipitation data with a constant factor.

Specific comment

Please use the same units throughout the paper. SWE is usually given in mm (or kg/m2), not in cm w.e.

We changed the units for snow water equivalent (SWE) to mm w.e., but kept the unit for snow depth (SD) as
cm following the unit guidelines in Fierz et al. (2009). We adapted all figures accordingly.

Abstract

p. 1,112-16: The aspect of the comparison of the cosmic ray SWE values and the scaled precipitation is
represented quite dominant in the abstract. I think this aspect can be reduced to two 2 sentences and the
abstract should better include also a statement on the general applicability.

We agree and reduced it to two sentences.

thismean-absolute error can-be reduced-to-less-than 6-cim-w.e-for-all stations. The continuous
SWE measurements were also used to define a scaling factor for precipitation amounts from nearby
meteorological stations. With this analysis, we show that a best-possible constant scaling factor results
in cumulative precipitation amounts that differ by a mean absolute error of less than 80 mm w.e. from
snow accumulation at this site.

1. Introduction

In general, a statement on remote sensing approaches to derive snow cover properties in alpine areas is
missing (e.g. I. 31ff) — please give a short overview on such techniques.

We included the following paragraph on remote sensing approaches.



RC:

AR:

RC:

AR:

Spaceborne sensors can provide observations of snow cover, SWE and SD with a large spa-
tial coverage. However, these observations often have a low spatial resolution and estimates
of SWE are affected by snow properties such as the snow crystals and the liquid water content
(Clifford, 2010, Dietz et al., 2012). In addition, uncertainties are increased for complex topographies
(Smith and Bookhagen, 2016) and deep snowpacks (Smith and Bookhagen, 2018).

p-2, 1.2: Not only the cold and windy conditions are a big challenge for in situ snow measurements in
high mountains; please add that they are also often limited by difficult accessibility, complex terrain etc.

We added a further sentence to explain the limited accessibility and complex terrain.

MesthyIn particular, the cold and windy conditions pose the main challenge for accurate measurements
(Sevruk et al., 2009, Rasmussen et al., 2012, Kinar and Pomeroy, 2015). The complex topography and
limited accessibility add further challenges in high mountain regions.

p-2, L.13-21: The statements in this paragraph should be revised carefully as some statements are not
correct. Some explanations are given in the following: Schmid et al. (2014) combined the upGPR with a
snow depth sensor to additionally derive the liquid water content in snow. The main reasons for combining
upGPR travel time with GPS signal strength in Schmid et al. (2015) were to eliminate an overestimation
in snow depth during wet snow conditions, which would be the case by using only upGPR measurements,
and to be independent of poles as both sensors were buried beneath the snowpack, which could be useful,
e.g., in avalanche prone slopes. Moreover, with this upGPR-GPS sensor combination it was possible for
the first time to derive SWE, snow height and liquid water content simultaneously. Schmid et al. (2015)
is not suitable as reference in 1.20 and Heilig et al. (2009) not for SWE measurements. Besides citing
Steiner et al. (2018), Henkel et al. (2018, TGRS) and Koch et al. (2019, WRR) should be added as
references in 1.20. Besides snow accumulation, the GPS techniques derive snow properties under snow
ablation/melt conditions. Additionally, in the latter reference, it was possible to derive three snow cover
properties (SWE, snow depth and LWC) simultaneously with only one sensor setup.

We revised this paragraph carefully, and changed it as follows.
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Other in situ devices include ground-penetrating radar (GPR) and sub-snow GPSs. Upward-looking
GPR systems are installed below the snowpack and provide information about the snow stratigraphy
(Heilig et al., 2009) and snow depth (SD, Heilig et al., 2010, Schmid et al., 2014). Combined with
a low-cost GPS, Schmid et al. (2015) derived the liquid water content, SD and SWE independently
from additional information and mast poles, making the system suitable for avalanche-prone slopes.
Recent studies present sub-snow low-cost GPS as a promising method to continuously derive SWE
(Steiner et al., 2018, Henkel et al., 2018, Steiner et al., 2019, Koch et al., 2019). This method uses
two GPS antennas one of which is placed below and the other above the snowpack. Because the GPS
signals are influenced when traveling through the snowpack, the difference in received signals can be
used to quantify SWE, SD and liquid water content. GPS signals are freely available but the signal

strength may be limited in high mountain regions depending on slope exposition and location (Koch
et al., 2019).

p-3, 1.23: I would not name it in a second application. This is rather a further type of validation (besides
your manual SWE measurements) for CRS SWE.

In general, we have more confidence in the SWE observations by the CRS than in the scaled precipitation
measurements. For this reason, we use SWE to find the optimal scaling factor for precipitation and thereby
assess an approach that has been previously applied.

2. Study Site & 3. Data

I would suggest to merge sections 2 and 3.

We added the section "Study site" under the Section "Data". In the revised manuscript, Section 2 is named
"Study site and data".

p-4, 1.2: Although you have mentioned the altitude of your study site in the introduction, this should
definitely also be mentioned in this section.

We agree and modified the paragraph as follows.
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Our study site is located on the Glacier de la Plaine Morte (in the following: Plaine Morte) in
Switzerland, where we deployed a subsurface CRS along with an automatie-weather-station-This
glaeier-AWS at an elevation of 2690 m a.s.l. (Fig. 1). Plaine Morte is situated on the ridge between tweo
Npmﬁegei%e#—SWeﬁTmeFthe Bernese Alps in the North and the Rhone Valley in the South (Huss
et al., 2013) -Plai -and is surrounded
by mountain peaks with elevatlons from 2926 m.a.s. l (Pomte de la Plaine Morte) up to 3244 m a.s.l.
(Wildstrubel, see Fig.1).

p-4, L10f: How fast does the glacier move? Is there an effect on the measurements (e.g. on the SD sensor
installed on a pole)?

We added the following part to the section "Study site" to answer the question about the surface velocity.
Concerning the second question, we did not add an explicit statement on this because we expect an effect of
the glacier movement to be small. The AWS was designed not to be affected by glacier movement or ice melt.
As shown in Fig.1d, it has three large wooden beams as a foundation of the main pole. We do address the
influences of this mast design on the SD measurements in Section 5.2.

[...] the winter snow distribution shows only a small spatial variability

Hussetal2013;-GEAMOS; 200 (GLAMOS, 2018) and  the surface  velocity is low
(2-5 m per year according to Huss et al., 2013).

4. Methods

I would suggest including Subsection 4.1 in Section 3.

We understand this point, but we decided against including subsection 4.1 into Section 3 because we consider
it a method rather than data.

The title of Subsection 4.2 might be misleading — it would be better to directly refer to CRS SWE and
generally separate between SWE and snow density derivation.

We split this section into two parts as suggested. In the revised manuscript the section names are as follows:
3.2 Calculating SWE from neutron counts, 3.3 Calculating snow density and daily changes in SWE, SD and
snow density.

p.7, 1.26: Please insert a reference for the empirical parameters.

The empirical function and its parameters have been provided by the manufacturer and previously used by
Howat et al. (2018). We added this reference accordingly.

p.8, Table 3: Not sure if it really makes sense and is sound to use for the gap filling different meteorologi-
cal parameters from different stations (e.g. temperature from station a, humidity from station b etc.). In
my opinion, rather one station with an overall best fit of all parameters should be used. Please state on
this.
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We understand this point of view. With regard to physical consistency and in, for example, an modeling
application this aspect is crucial. In our study, however, we have independent SWE measurements which
were not affected by the measurement gap of the station. To complete the bulk snow density evolution, we
considered snow depth as the most important parameter and chose the best correlation for it (IMIS station
SLFGA?2). The correlation of temperature and relative humidity are similar for both, the chosen IMIS station
(SLFDIA) and SLFGA?2. For wind speeds, in contrast, the correlation is significantly smaller for SLFGA2 or
SLFDIA compared to the chosen station (SLFGU2). In general, our results of the prevailing meteorological
conditions during process-dominated days would remain similar. Figure 8a and b would remain similar
because of the similar correlation. Figure 8d would also not be affected because wind is not displayed during
the gap-period as we did not fill the data gap of wind direction.

p.8, 1.1: Please use just one unit for SWE (either mm or kg/m2). Regarding SD — in the figures, you use
[cm] and here you define SD in [m] — this should be uniform throughout the paper.

We adapted the units to mm w.e. for SWE and cm for SD following the guidelines suggested by Fierz et al.
(2009). To make the equation consistent with the given units, we added a conversion constant (c) with a value
100 cm m™" to the equation.

The bulk snow density (pzrssrpers_sr» 1N Kg m~3) is then-derived from daily SWE 65W-E+-in
kem—2D(SWE,,,, in mm w.e. or kgm~2, Fierz et al., 2009) and daily SD measurements (S D, in
mcm) according to

SWEcrs
crs,srers_sr — amC 1
Pers.srers.ar = —gpte M

with ¢ equal to 100 cmm ™! to assure unit consistency.

p.9, Fig.2.a: Actually, no red or black crosses are visible in the figure (only red and grey horizontal lines)
— please state on this and/or correct. Moreover, the error bars are not really readable. A revised version
of this figure would be helpful (it could make sense to display the error bars in a separate figure).

The crosses were not visible because the scale is too large for the uncertainties to be visible. We replaced
Figure 2 with a new figure (see below). The uncertainties of SWE measurements are discussed and presented
in a new section (Section 3.4 Estimating the uncertainty of CRS).
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Figure 2: Relation between SWE and the neutron count rate. Grey dots represent the uncorrected
hourly neutron counts and black dots the uncorrected daily means. The orange dots represent the

corrected daily means. Red dots show SWE from the field data and the corresponding neutron counts
of the field work days.

p-10, 1.8: Please introduce N or do you mean Ni?

N refers to N;. We corrected it throughout the manuscript.

p-10, 1.10: Why did you chose +/- Icm? Can this be underlain with a reference?

The systematic bias of +/- 1 cm originates from an analysis during snow free conditions (not shown), so it
cannot be underlain with a reference. But we changed the uncertainty estimate of the SWE observations as
suggested by referee #2 and documented it in Section 3.4 Estimating the uncertainty of the CRS. The new

approach is based on error propagation of a non-linear equation and contains no additional systematic bias
anymore.

p. 10, 1.19: In an earlier section you mentioned 4.8 m instead of 4.75 m — please unify.

We changed it to 4.8 m consistently.



5. Results

RC: p.14, Fig.3: Please describe the vertical dashed lines in the figure caption or in a legend. In general, this
figure would benefit to be displayed larger (if possible).

AR: We replaced this figure with an improved figure and adapted the figure caption (see below). In the revised
manuscript, Figure 3 has become Figure 4.
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Figure 4: Continuous observations of (a) SWE, (b) SD and (c) snow density with their daily standard
deviation. The red dots show the manual field measurements with their uncertainties (salmon bars).
The dotted (dashed) line shows the day of the seasonal maxima in SD (SWE).

RC: p.15, Fig.4: I really like this figure!
AR: Thank you.
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following, two relevant manuscript excerpts are shown.

[Section 4.3.] Without applying a scaling factor, we see a large difference between cumulative
precipitation and snow accumulation on the glacier (Fig. 9). This could be due to the high spatial
variability of solid precipitation and/or undercatch of rain gauges (Kochendorfer et al., 2017, Pollock
etal., 2018).

[Section 5.3] A drawback for AWS stations is the potentially large undercatch of solid precipitation
combined with high wind speeds which can be on the order of a factor of three given solid precipitation
and high wind speeds (Kochendorfer et al., 2017).

6. Discussion

Please add the following points in the discussion: Is there a general SWE limit by using CRS? How big
is the footprint of the sensor and which shape does it have (e.g. conical)?

For the general SWE limit no distinct value can be given because the relation between neutron counts and
SWE is of an exponential nature. We added the following paragraph in Section 5.1 to address this point. To
assess the footprint of a CRS lying below the snowpack is beyond the scope of this study. The dispersion and
production of fast neutrons within the snowpack remains unclear and would require an in-depth investigation
with a different study setup. Moreover, it probably would also require the modeling of neutron trajectories. In
the new manuscript, we suggest an investigation on the footprint as a potential future study.

In the second winter season, SWE amounts were exceptionally high with more than 2000 mm w.e.
Nevertheless, the agreement to field measurement is within +£10% indicating that the measurement
limit of SWE has not yet been reached. Due to the exponential nature of the relationship there is no
distinct threshold beyond which the relative neutron count is no longer sensitive to SWE (Fig.2).

p-22, 1.12: Please specify why there might be problems between 90 and 120 cm.

We have removed this part from the manuscript because an explanation is too speculative. Moreover, we
only apply the equation provided by the manufacturer. An investigation of further relations between neutron
counts and SWE might help explain such discrepancies at these particular SWE amounts but is beyond the
scope of this study. In general, our results show that the manual measurements are in good agreement with
the given conversion equation (neutron counts - SWE, Fig.2). But, we discuss the potential influences of how
we process raw neutron counts in the revised manuscript.

p-22, 1.26-30: Please insert references in this paragraph.

We re-wrote the discussion on the CRS performance and limitations and rephrased this paragraph with
reference to the introduction where all references are included.
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The main advantage of the CRS is that it can be deployed in an exceptionally wide variety of terrain.
There is no need for a stable and flat surface nor does it depend on the reception of satellite signal for
its measurements (cf. Section 1.1).

7. Conclusion

As this study investigates to a quite big extent the development of the snow density at your study site, this
should also be mentioned more prominently in the conclusions section.

We added the following paragraph in the conclusions.

With the daily mean snow density observations, we showed that the evolution of the bulk snow density
can be divided into three main periods; accumulation, densification and ablation. Throughout the
accumulation period, snow densities are low with periodical repetitions of snowfall and subsequent
densification. At the seasonal maximum of SWE the snowpack densifies during several days before its
melting period begins. Additionally, we investigated these three processes at a daily basis and could
attribute general meteorological conditions to each process.

Appendix A

In my opinion the appendix should be integrated in the methods section.

We agree and integrated it in Section 3.2 Calculating SWE from neutron counts.

p.25, L.12: Please introduce N also in the text.

We dedicated a own section (3.2) on how we process neutron counts and adapted the variables accordingly.

10
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Anonymous Referee #2

We would like to thank the anonymous referee #2 for his/her time and the thoughtful and constructive review,
which significantly improves our manuscript.

Following the suggestions by referee #1 and #2, we decided to change the title of the paper to "Continuous
and autonomous snow water equivalent measurements by a cosmic ray sensor on an Alpine glacier".

General comments

This paper evaluates the snow accumulation on the Plaine Morte glacier by means of a buried cosmic-
ray neutron probe (CRNS) and an approach based on the scaling of the precipitation records of nearby
meteorological stations. The accuracy of the field data is assessed by the propagation of possible error
sources. Together with the combined approach using different types of field data, this gives important
insights into the evolution of the snow pack on the glacier. The language of the paper is appropriate, as
are the figures and tables. Partly, the paper would benefit from considering a geographically broader
view on the state-of-the-art as many references focus on Switzerland. In principle, the paper is suitable
Jor publication in this journal. In particular, the added value of the paper lies in applying a buried CRNS
together with other measurements for continuously monitoring the snow accumulation of a mountain
glacier.

Thank you for your valuable assessment and the interesting feedback. We admit that the state-of-the-art has
many, but not only Swiss references. In the revised manuscript, we broadened the introduction and included
more more non-Swiss references.

However, prior to further consideration for publication, the following two major concerns need to be
addressed carefully:

To address these two major concerns in more detail, we split the following comment of referee #2 into smaller
parts. That allows us to directly address each raised point.

(1) The story line of the paper needs to be clarified. The title and the final conclusions do not match well
with the analysis made. Furthermore, the second part of the analysis is not (yet) connected to the rest of
the paper. One could think of some logical links between the two parts, but it is important to state this
more clearly, and to frame the rest of the paper accordingly. In addition, it would help the reader if the
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novelty would be more pronounced in the abstract and the conclusions.

The main focus of the paper is to assess the application of a cosmic ray sensor (CRS) in combination with the
sonic ranging sensor for continuous snow water equivalent (SWE) and snow depth (SD) measurements on
Alpine glaciers, and to show the advantages of such a measurement setup. We revised the story line of the
paper and state our study objectives and the link between precipitation scaling and the CRS measurements
more clearly.

(2) While the error propagation of the snow depth, snow density and the meteorological measurements
is reasonable and covers all important sources of uncertainty, this is not the case for the CRNS data.
Most notably, the instrument’s precision is most likely largely overestimated. Furthermore, a decrease of
the error with increasing SWE is highly unlikely with mostly likely the opposite behavior being the case.
Currently, only the uncertainty of the neutron count rate is considered, and a constant error is added
despite the high non-linearity of the signal. The latter is probably the reason why the relative accuracy
seems to increase with higher snow accumulation values. The statistical error of neutron count rate
itself is an important element of measurement uncertainty, but it refers to uncorrected variations only.
The uncorrected count rate includes variations not only of the accumulated SWE but also variations of
incoming neutrons, atmospheric pressure, and in atmospheric moisture.

We addressed this major concern in two ways. First, we approximate the precision by means of error
propagation of a non-linear equation. Thereby, we take all corrections of the raw neutron count rate into
consideration. With this approach, we also determine the driving uncertainty for the precision and present it
in Figure 3b. The absolute precision decreases with increasing SWE. We calculated the precision for two
temporal resolutions and show that the precision is considerably lower at the hourly resolution compared to
the daily resolution. The calculation of the precision is documented in Section 3.4 of the revised manuscript
and presented in the following.

3.4 Estimating the uncertainty of the CRS

The calculated SWE is determined by the corrected neutron count relative to when the CRS is
uncovered by snow (/Vie1,4, Eq. 4). We base our error propagation on all corrections applied to the raw
neutron count. Therefore, we assemble Eq.1-4 into

Fine,i i — 1
Nrel,i = Nraw,i . (6 . (& _ 1) _|_ 1) -exp (p Lpo) . F (8)
inc,0 0

The raw neutron count (N, ), the incoming neutron flux (Fi,c ;) and air pressure (p;) change with
time, but remain independent from each other. Following the rules of error propagation of a non-linear
equation, we approximate the uncertainty in Ny ; as
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The uncertainty UIZV,CI . is then propagated through Eq.5 to estimate the uncertainty o ;

OSWE;\
Jcrs,i ~ \/(m) . O—JQVrel,i (10)

Since the uncertainties are not always known, we assume rather generous estimates for the uncertainties
of all correction factors. Table 5 provides an overview of uncertainty estimates for all components.

For all neutron count rates (Nyaw,i, No, Finc,0, Finc,s), WE assume poissonian counting statistics, which
gives the uncertainty as the square root of the neutron counts (e.g. Zreda et al., 2012). With the
integration over a time period ¢, the uncertainty is reduced by ¢~%-® (Schron et al., 2018). While the
relative uncertainty in [Vy,, ; varies between 1.5%-5.3% for hourly observations, it varies between
0.3%-1% for the integrated daily estimates of our study.

The incoming radiation measured at Jungfraujoch has a low statistical uncertainty as its precision is
high with around 190 counts per second. However, incoming radiation is corrected by an adjustment
factor (3, Eq. 2) which is rather small for our site. Therefore, we assume also a small uncertainty of
0.03 for og.

The uncertainty in air pressure (o, , 0, ) is based on the instrumental precision of 0.1 hPa (Lufft, 2019)
. For the mass attenuation length L, we use 132 hPa. An applied uncertainty of of +2 hPa corresponds
to the difference of shielding depths from latitudes north and south of Switzerland as shown in Fig.1
of Andreasen et al. (2017).

To render the error propagation more robust, we calculated o ; using two different time resolutions.
We additionally created a synthetic data set for both time resolutions. For the synthetic data set, we
varied the time-dependent variables (Nraw,i» Pis Finc,s) uniformly within their observed minima and
maxima values. At the hourly resolution it encompasses 4.8-10° hours and at the daily resolution it
encompasses 4.8-10° days.

Figure 3a and b show the resulting precision for an hourly and daily resolution, respectively. Figure 3¢
and d show the relative contribution of every uncertainty term in Eq. 9, i.e. a high relative contribution
indicates that the given parameter is an important source for the overall uncertainty of SWE. Figure 3
shows that the main uncertainty can be attributed to the neutron count uncertainty, independently of
the time resolution. However, the precision estimate presented here does not include the uncertainty of
the correction parameterization (Eq. 2 and Eq. 3) or the conversion equation (Eq. 5) and its parameters
(Table. 4).




Table 5: Compilation of all direct observations and constants as well as the associated uncertainties o
at the hourly and daily scale. The units cph and cps stand for counts per hour and second, respectively.
Brackets show the minimum and maximum within the time series.

Variables hourly values o (hourly) o (daily)
Nraw.i [354; 44501 cph  \/Neaw: cph Newi cph
Ny 4143 cph 64 cph 13 cph
Finc,i [184; 195] cps \/%cps \/ﬁcps
Finco 191 cps 0.2 cps 0.1 cps
Ié] 0.95 0.03 0.03
i [708; 747] hPa 0.1 hPa 0.1 hPa
Do 739 hPa 0.1 hPa 0.1 hPa
L 132 hPa 2 hPa 2 hPa
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Figure 3: Precision of SWE calculated by means of error propagation. (a) and (b) show the absolute
precision with grey dots as an synthetic data set and black dots as the in situ observations. (c) and (d)
show the relative contribution of each parameter to the overall precision. (a) and (c) present the results
based on hourly observations while (b) and (d) show the results of the daily observations.

An error propagation should thus include the uncertainty of (1) the neutron count uncertainty as already
done, (2) the uncertainty of the measurements used for the corrections (Jungfraujoch neutron monitor
data, atmospheric pressure, atmospheric moisture), (3) the uncertainty in the parameterisation of the
correction functions (e.g., the value for the attenuation length, which may vary in space and time), and
(4) the uncertainty in the (not well documented) empirical function relating neutron counts to SWE. In
total, from figure 2 the error seems to be rather in the range of 10 to 20% (and thus around ten times
larger than estimated in the paper!), with an increasing trend for high SWE values. Also the comparison
with the manual measurements (figure 3) shows that the SWE from CRNS is mostly only touching the
uncertainty bands of the manual measurements, while is partly entirely off.

In the revised manuscript, we present an error propagation considering not only the neutron count uncertainty
but also the uncertainty of the measurements used for the corrections. The uncertainty from the parameterisa-
tion of the correction function and the empirical function are not included in the calculations of Section 3.4
but clearly stated in this section and in the discussion. The relevant excerpt of the discussion section is shown
in the following.
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5.1 CRS performance and limitations

The data processing of the neutron counts as presented is straightforward. Given the transformation
equation, only the initial neutron count rate can be calibrated. But a variation of this calibration
parameter within its uncertainties has little influence on the resulting SWE amounts, especially for
amounts larger 400 mm w.e. This is a consequence of the exponential nature of the conversion equation
(Eq. 5). More importantly, the neutron count rate may also be influenced by how we correct for air
pressure and solar activity even though we apply the same equations as presented in previous studies
for SWE (e.g. Howat et al., 2018) or soil moisture studies (e.g. Zreda et al., 2012, Andreasen et al.,
2017). In contrast to previous studies of above-ground CRS, we do not correct for the changes in
atmospheric moisture. We assume that for the below-ground CRS, fast neutrons are produced within
the snowpack rather than in the atmosphere, an assumption also made in Howat et al. (2018), and
implicitly made by preceding authors in their studies (e.g. Kodama et al., 1979, Paquet and Laval, 2005,
Gottardi et al., 2013). Another source of uncertainty is the semi-empirical fit that has been used in this
study. Because our study focuses on the application for snow and glacier studies, we have chosen to
apply the relations used by Howat et al. (2018). In general, the conversion function has the potential
to introduce considerable uncertainty in the inferred SWE. However, the applied empirical relation
has shown to be adequate as the resulting SWE agrees well with independent field measurements,
indicating only a minor bias and a standard deviation for individual observations that lie in the range
of the uncertainty of the in situ SWE surveys.

For all correction factors such as air pressure and solar activity, we propagated an estimated uncertainty
through all equations and show that the precision is mainly defined over the neutron count rate.
Assuming that the parameterization of the correction equations carry no uncertainties, the influences of
all other measurements and constant parameters are small. Moreover, an independent study by Howat
et al. (2018) quantified a precision of 0.7% of a CRS lying below the snowpack on the ice sheet. Their
results, however, are affected by lower in situ air pressure and consequently higher neutron count rate.
In addition, Howat et al. (2018) observed lower SWE amounts which places them on a steeper part of
the calibration curve (Fig. 2). For lower SWE amounts, changes in neutron counts are more sensitive
and have a higher precision. The precision can be increased by integrating over longer time periods.

With the current focus of the paper the lack of a proper error propagation of the CRNS data constitutes
a severe issue, as the evaluation and the precision of the CRNS are stated prominently in the title and
conclusions. Still, it is interesting to see the application of CRNS for glacier monitoring and I agree with
the authors that it constitutes a very promising technique for continuous accumulation measurements on
glaciers. Existing uncertainties should, however, be kept in mind instead of propagating an unrealistically
high precision of the SWE estimate. I believe there are two equally legitimate strategies on how the
authors could address this. One is a true and rigorous error propagation with regard to all relevant
uncertainty sources of the CRNS SWE estimate. Another could lie in drawing the reader’s attention to the
fact, that the uncertainty range could be substantially (up to ten times) larger, combined with reframing
the paper towards the application rather than the error propagation.

We addressed the major concern of refree#2 in two different ways. First, we calculated a precision based
on the neutron count rate and the correction measurements. Second, we draw the readers attention to all
uncertainties related to the processing of the raw neutron count in the discussion. Since the main focus
of the paper is the application of a CRS, an in-depth investigation of the uncertainties in the correction
parameterizations and the semi-empirical conversion equation would be beyond the scope of this study. We
adjusted the title and story line of the paper accordingly.
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Specific comment

Page 3/ Line 33-34: Check the sentence ('..define three different scaling factors, one for...“?).
This part was rewritten and does not include the specific sentence anymore.

Page 4/ Line 2: It would be helpful when the elevation of the glacier and the surrounding mountain peaks
would be added here.

We modified the beginning of Section 2.1 Study site as follows.

Our study site is located on the Glacier de la Plaine Morte (in the following: Plaine Morte) in
Switzerland, where we deployed a subsurface CRS along with an autematic-weather-station-This
glacter-AWS at an elevation of 2690 m a.s.l. (Fig. 1). Plaine Morte is situated on the ridge between two
Aﬂlpmefegieﬂ&ef—Saﬂ{feflaﬂeFthe Bernese Alps in the North and the Rhone Valley in the South (Huss
et al., 2013) —Plai : -and is surrounded
by mountain peaks with elevations from 2926 m.a.s. l (Pomte de la Plaine Morte) up to 3244 m a.s.l.
(Wildstrubel, see Fig. 1). With a surface area of 7.4 km? it-and a particularly low elevation gradient,
Plaine Morte is the largest plateau glacier in the European Alps. Due-to-itsflatnessMost of its surface
is located between 2650 m a.s.I. and 2800 m a.s.l. (GLAMOS, 2018).

Page 5/ Line 18: Can you add a few key facts on how the gridded products is produced. Does it contain
station data? If so, how reliable is it when the nearby stations have data gaps?

We added the following paragraph to Section 2.2.

The gridded precipitation product, RhiresD, uses rain-gauge measurements from around 400 automatic
as well as manual observations. These observations (not available in real time) are quality-checked
prior to their processing. The observations are spatially analysed, pre-processed and interpolated to a
1x1 km grid at daily resolution covering the Swiss territory (MeteoSwiss, 2013). The main sources of
uncertainty arise from the interpolation, the rain-gauge measurements, the grid spacing and its effective
resolution, and the temporal variation of the number of stations. For further information, the reader is
referred to the technical document provided by MeteoSwiss (MeteoSwiss, 2013). We extracted daily
precipitation estimates of the three grid points closest to the position of the CRS (Table 2 and Fig. 1c¢).

Page 6/ Table 2: Think of readers that are not familiar with the Swiss coordinate system. I would recom-
mend converting the station coordinates into a globally used system like UTM or WGS84 (lat/lon). In any
case, add also the EPSG-code of the coordinate system.

We added the WGS84 coordinates of the AWS and the RhiresD in the corresponding table. For RhiresD, we
kept the Swiss coordinates to help the reader find the grid cells in Fig.1c. Additionally, we added a cross in
the lower left corner of Fig.1c with the corresponding WGS84 coordinates.

Page 7 Line 1: The reliability of the CRNS is one of the objectives, thus could cannot be claimed before-
hand.

We changed the paragraph as follows.



Onece-deployed;the-CRSmeasuredreliably-The CRS, in contrast, measured continuously over the two
w1nter seasons w1th eﬁeﬁeepﬁeﬂ—Dufmgthe exceptlon of a short period end of April 2048-the

wever2018. After fixing a
faulty connection, the CRS thefrcontlnued measurlng W1thout euro}meffefeﬂee—}n—%tmmef%tgﬁﬁe
inee—need for further maintenance.

Page 23/ Line 2: the effect is related to SWE not to density.

We split the discussion section into two parts and rewrote both which changed also this sentence.

Page 23/ Line 8: Here, too much confidence is set into CRNS.

We rewrote this section and state all influences of snow density estimates more clearly. In the following the
corresponding revised paragraph of the manuscript is presented.

[...] The high snow densities presented here could be a result of changes in the snow physics,
measurement errors of SWE and SD estimations (Eq. 7), or a combination of both. Physical changes

within the snowpack could be due refreezing of liquid waterat-several-layers—within-the-snewpaek

, water saturated snow in the top layers locally thick ice lenses, or accumulation of 11qu1d water

e&asee&mee&s—SD—me&swement% FﬁstlySWE from the CRS could for example be affected by
a supraficial pond in the vicinity of the site. It remains unclear how such a hydrogen pool would
influence the in situ point measurements of the below-ground CRS. Other influences could come
from the correction factors of the neutron count rate or the conversion equation applied in this study
(cf. Section 5.1). The SD measurements are also susceptible to errors. For example, the snow area
below the sonic ranging sensor may show a small depression because of wind turbulence caused by
the mast. FurthermereAdditionally, the snow around the metal-mast-main pole of the station melts
faster possibly leading to a depressionwith-atargerradins-around-the-mast. It remains difficult to
assess whether the radius of this depression would be within the footprint of the sonic ranging sensor.
Neverthelessthese-two-effects-maysuperimpose—Seeondlyln winter 2017/18, the solar panels were
submerged below the snow. To ensure further power supply, we had to free-theselarpanelsby-digging
a-dig them out. This snow pit around the mastin-winter 204748—This-snew-pit-main pole would

have been refilled by wind, but densities are different, probably causing accelerated melt rates around
the mast. ?hifd%y—fhe—mﬂueﬂee&For more shallow snowpaeks the metal anchorage of the mast’s
foundations ;thev

with the SD measurements. The SD measurements, for instance, never observe a SD of 0 cm even
though the sensor is calibrated for the mounted height and agreements to snow probings agree during
the season (Fig. 4)-b and Fig. 6).

To underline this statement, we show a photo from the mast taken in June 2019. We did not include this photo



in the revised manuscript. Between the last field work in April 2019 and this one, the site was not visited, and
we encountered it with the large depression around the mast itself.

Figure 4: Photo of the mast installation taken in June 2019.
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Abstract. Snow water equivalent (SWE) measurements of seasonal snowpack are crucial in many research fields. Yet accurate
measurements at a high temporal resolution are difficult to obtain in high mountain regions. With a cosmic ray sensor (CRS),
SWE can be direetly-derived-inferred from neutron counts. In-this-study;-we-We present the analyses of temporally continuous
SWE measurements by a CRS on a-Swiss-glacter-an Alpine glacier in Switzerland (Glacier de la Plaine Morte) over two winter
seasons (2016/17 and 2017/18), which were-markedly-ditferentin-terms-of-differed markedly in the amount and timing of snow
accumulation. By combining the-SWE-values-SWE with snow depth measurements, we calculate the daily mean density of the
snowpack. The-Compared to manual field observations from snow pits the autonomous measurements overestimate SWE by

+2% +12%compared-to-manual-field-observations{snowpits)}13%. Snow depth and mean-density-agree-with-manual-in-situ
measturements-with-a-standard-deviation-of-the bulk snow density deviate from the manual measurements by 6% and +8%—

respectively—In-general;-the-cosmieray-sensor-has-9% respectively. The CRS measured with high reliability during-these-over
two winter seasons and is thus—censidered-an-effective-method-to-measure-thus considered a promising method to observe

SWE at remote high-alpine sites. We use the daily observations to break-down-the-winterseason-into-days-eitherclassify winter
season days into those dominated by accumulation (solid precipitation, wire-snow drift), ablation (sind-snow drift, melt) or

snow densification. The-For each of these process-dominated days the prevailing meteorological conditions efthese-periods-are

continuous SWE measurements were also used to define a scaling factor for precipitation amounts from nearby meteorological

stations. With this analysis, we show that a best-possible seali

constant scaling

factor results in cumulative precipitation amounts that differ by a mean absolute error of less than 8-em-80 mm w.e. for-the

less-than-6-em-w-—e—for-all-stattons—from snow accumulation at this site. The-annual-amountof-
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1 Introduction

The evolution and amount of the seasonal snow accumulation in high mountain regions is a key parameter in many climate-
related research fields such as glaciology or hydrology and climate change impacts, risks and adaptation. Changes in snow
accumulation in mountain areas caused by climate change are expected to have major impacts on water supply for adjacent
lowlands (Barnett et al., 2005; Viviroli et al., 2007, 2011), hydropower production (Ali et al., 2018) or winter tourism (Marty
et al., 2014; Sturm et al., 2017). In addition, information of the amount of water stored within the annual snowpack (snow
water equivalent, SWE) in high mountain regions is crucial for avalanche predietion-warning (Castebrunet et al., 2014), flood
prevention (Jorg-Hess et al., 2015), or mass balance calculations of glaciers (Sold et al., 2013; Pulwicki et al., 2018). Despite
the high demand for accurate SWE measurements in high mountain regions, reliable and temporally continuous measurements
of SWE are still difficult to obtain. Mesttyln particular, the cold and windy conditions pose the main challenge for accurate
measurements (Sevruk et al., 2009; Rasmussen et al., 2012; Kinar and Pomeroy, 2015). The complex topography and limited
accessibility add further challenges in high mountain regions.

Manualin-stta-In this study we focus on providing temporally continuous and autonomous observations of SWE in glacierized
high mountain regions to improve our understanding of the seasonal evolution of the snowpack.

1.1 State-of-the-art snow accumulation observations

A wide range of different devices are used to measure snow accumulation (Kinar and Pomeroy, 2015; Pirazzini et al., 2018)

each with its advantages and clear tradeoffs. Manual in situ field measurements with snow pits and snow probes ustatty-can
provide reliable data —Nevertheless;-they-are-not-suited-forcontinuous-measurements-beeause-they-are-but have a low temporal

resolution. Such measurements are also invasive, laborious, and logistically complicated for remote sites. Various-devicesto

According to Pirazzini et al. (2018) snow gauges, a rain-gauge adapted for solid precipitation, are often used in Europe.

However, theu

ges-they are known to carry large uncertainties
in the extreme environments of high mountains through undercatch and post-event thawing i
—Snow-ptlews{(e.
relying on the mass or pressure of overlying snow (e.g. snow pillows and snow scales) are rarely suitable-innot well suited

for high mountain regions because they require a large flat surface (e.g. Egli et al., 2009; Kinar and Pomeroy, 2015). In addi-

tion, ice bridging ean-falsify-the-measurements(e-g—Sorteberget-al;200+;John

roduce large errors (e.g. Sorteberg et al., 2001; Johnson and Schaefer, 2002).
Other in situ devices include ground-penetrating radar (GPR) is-anether-method-to-determineshow-accumulation-and-has

ad1n o diec e o He o Q 009 010 hmid-e 014 ombine RO denth D ARcO
bk va tS—Std § 79 = ar: VAV, 0 ats c A B B

and sub-snow GPSs. Upward-looking GPR systems are installed
below the snowpack —Thiscombinationresultsinecontinnous-estimates-ef-and provide information about the snow stratigraph

. Goodison et al., 1998; Rasmussen et al., 2012; Martinaitis et al., 2015; Pollock et al., 2018). Current instruments
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Heilig et al., 2009) and snow depth (SD, Heilig et al.,
derived the liquid water content, SD and SWE at-a

2

2010; Schmid et al., 2014). Combined with a low-cost GPS

GPS-signalsis-elaberate-as a promising method to continuously derive SWE (Steiner et al.,

- This method uses two GPS antennas one of which is placed below and the other above the snowpack. Because the GPS signals
are influenced when traveling through the snowpack, the difference in received signals can be used to guantify SWE, SD and
liquid water content, GPS signals are freely available but the signal strength may be limited in high mountain regions depending
on slope exposition and location (Koch et al., 2019).

Spaceborne sensors can provide observations of snow cover, SWE and SD with a large spatial coverage. However, these

observations often have a low spatial resolution and estimates of SWE are affected by snow properties such as the snow
crystals and the liquid water content (Clifford, 2010; Dietz et al., 2012). In addition, uncertainties are increased for complex

topographies (Smith and Bookhagen, 2016) and deep snowpacks (Smith and Bookhagen, 2018).

2018;

Henkel et al.,

Other approaches use empirically derived or physically calculated bulk snow densities to-ealettate—the-with additional

meteorological parameters to calculate SWE from continuous SD measurements. The-approach-presented-byJonas-et-al(2009)
~Aorinstance - uses-automatic- measurements of SD-with-an-empirically derived-model-to-estimate the Empirical models often

Manta-mea den

. More recently, Hill et al. (2019) proposed an empirical model to derive SWE from SD measurements in regions where no

automatic weather station (AWS) data is available. For avalanche forecasting operational models are usually physically-based

data to derive accurate snow properties. Such model-based approaches are sensitive to errors in the input data, For example
erroneous precipitation observations (Raleigh et al., 2015) and/or uncertainties in modeled snow density may influence the
results significantly (Raleigh and Small, 2017).

Schmid et al. (2015

2018; Steiner et al.,

withits-temperalreselution—4A-, which allows the calculation of SWE if combined with SD data (e.g. Jonas et al., 2009; Sturm et al., 2010
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A simplified approach utilizes precipitation observations from nearby AWS and accounts for the bias in cumulative seasonal
precipitation through use of a temporally constant scaling factor derived from on-glacier point SWE measurements at the end
of winter. This approach is used for the operational evaluation of the winter mass balance on Swiss glaciers (GLAMOS, 2018)
where seasonal manual measurement of SWE are combined with readily available precipitation data. Despite the heterogeneity.
of precipitation and the influence of preferential deposition and snow drift, the simplified approach has provided reasonable
results for the purpose of glacier mass balance observations (see e.g. Huss et al., 2009, 2015; Sold et al., 2016).

1.2 Cosmic ray sensor

The cosmic ray sensor (CRS) is a re-discovered—methed-device to measure snow accumulation eentinuotsty—temporally
continuous. The method relies on the attenuation of natural radiation by snow. A CRS counts the number of fast neutrons

LS

study is installed at ground level, and is allowed to get buried by snow. On the surface of a glacier, most of the fast neutrons
Hence, the neutron counting rate is negatively correlated to the number of hydrogen atoms present-in-the-vicinity-and-allow
inferri e-SWE-(Zredaetal;2008; Desilets-et-al;-2610)—The-CRS-hasfirst-been-above the sensor. A CRS was deployed
by Kodama et al. (1975) and Kodama (1980) in the 70s-and-already-1970s and showed promising results with an error ef-less
than 7% for cosmic-ray-derived SWE measurements compared to manual measurements. Almost 20 years later, the Freneh
Eleetrie Utility-Electricité de France developed their own CRS and integrated these in a mountain monitoring network in order
to manage hydroelectric power (Paquet and Laval, 2005; Paquet et al., 2008). In 2013, this monitoring network counted 37
sites in the French Alps and the Pyrenees (Gottardi et al., 2013). These-CRS-are-all-installed-below-the snowpack—Merereeent

Recent studies have investigated the potential of SWE measurements with above-ground-CRS—-whieh-CRS installed above
the snowpack. These provide a larger footprint of230-300-m-with a radius on the order of tens to hundreds of meters (Sigouin
and Si, 2016; Schattan et al., 2017). Independently of the sensor>’s deployment above or below the snowpack, the SWE
measurements were-are known to be influenced by changes in soil moisture through snow melt (Kodama, 1980; Paquet and
Laval, 2005; Sigouin and Si, 2016). A shield was thus added to the invasive CRS to prevent influences from increases in soil
moisture from the surrounding ground (Paquet and Laval, 2005). Schattan et al. (2017) state that this-with the non-invasive
hese-influences-ean-be-alm atirely-deep snowpacks.

These influences are avoided by placing the CRS on an ice surface such as a polar ice sheet or a mountain glacier. In the recent

sensor the effect is negligible for

study by Howat et al. (2018), the CRS was deployed below the snowpack on the Greenland Ice Sheet. With almost 24 months

of measurements, they find an instrument precision of approximately 0.7% and a good agreement with manual measurements.

1.3 Study objectives

In this study, we evaluate-investigate the applicability of the-CRSfercontinnous-SWE-measurement-on-a CRS installed below
the snowpack to derive continuous SWE observations on an Alpine glacier in Switzerland (Glacier de la Plaine Morteinthe
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. More specifically, we (i) analyse the CRS performance
by comparing its SWE estimates to manual field observations. With the continuous observations of SWE and SD we (ii) analyze

the evolution of snow density over tw

stations-Finally, we use the continuous observations to (iii) assess the performance of scaling readily available precipitation

observations of nearby AWS and gridded prec1p1tat10n data -

constant factor.

2 Study site and data
21 Study site

Our study site is located on the Glacier de la Plaine Morte (in the following: Plaine Morte) in Switzerland, where we deployed
a_subsurface CRS along with an automatie-weather-station-This-glacier-AWS at an elevation of 2690 m a.s.]. (Fig. 1). Plaine
Morte is situated on the ridge between two-Alpineregions-of-Switzerland;-the Bernese Alps in the North and the Rhone valley
in the South (Huss et al., 2013) —

Plaine-Merteis-partienlar-in-thatit-has-almest-ne-elevation—gradientand is surrounded by mountain peaks with elevations

from 2926 m.a.s.l (Pointe de la Plaine Morte) up to 3244 m a.s.l. (Wildstrubel, see Fig. 1).
With a surface area of 7.4 km? it-and a particularly low elevation gradient, Plaine Morte is the largest plateau glacier in the

European Alps. Pue-te-itsflatnessMost of its surface is located between 2650 m a.s.l. and 2800 m a.s.l. (GLAMOS, 2018). Due
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Figure 1. (a) Map of Switzerland. (b) Map of the excerpt marked in (a), and all weather stations used in this study (black dots). (c) Topo-
graphic map of Plaine Morte with the red star indicating the location of the AWS with the CRS (see (d), 46°22.8’N, 7°29.7°E). The yellow

contour represents the current outline of Plaine Morte (Fischer et al., 2014). The coordinates correspond to the Swiss coordinate system
(EHH963EPSG: 21781). (Maps provided by Swisstopo).

to lack of elevation gradient, the equilibrium line is-can be located either above or below the glacier surface, rendering it either
completely snow-free or snow-covered at the end of summer;respeetively. For the same reason, the winter snow distribution
shows only a small spatial variability (Huss-et-al52043;-GEAMOS;26+7)(GLAMOS, 2018) and the surface velocity is low

2-5 m per year according to Huss et al., 2013).
Since its ntegration-inclusion in the glacier monitoring network of Switzerlandin2669, the annual mass-balanee-glacier-wide

mass balance for the hydrological years between 2009 and 2019 has been negative with an average loss of +-4-m-1477 mm w.e.

per-year. Th despite-a-mean-winter-gain-between2009-and2047-of +-34+0-2-m-Average glacier-wide winter mass balance
was 1338 mm w.e. between 2010 and 2019 (GLAMOS, 1881-2018).

3 Data

In October 2016, we installed an automatic-weatherstation-rAWS on Plaine Morte (46° 22.8° N, 7°29.7° E, 2690 masim a.s.l.,
Fig. 1) with sensors to measure SD, air temperature, humidity, air pressure and shortwave radiation (the latter enly-added in
October 2017). The CRS (SnowFoxmzl‘vA\provided by Hydroinnova LLC, Albuquerque, NM, USA) is also connected to the

station. We have-conducted 11 field campaigns over two winter seasons to measure SD and SWE manually. Additionally, we use
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Table 1. Sensors used-in-this-studyinstalled at Plaine Morte.

Name Distributor Parameter

CNR4 Kipp & Zonen shortwave radiation

CS215 Campbell Scientific  air temperature, relative humidity

UMB Ventus Lufft air pressure, wind speed, wind direction
SnowFome‘i (CRS) Hydroinnova snow water equivalent (fast neutrons)
SR50A Campbell scientific ~ snow depth

observational and gridded meteorological data provided by the Federal Office of Meteorology and Climatology (MeteoSwiss)
for comparison and for best-possible data completion—All-data-are-deseribed-belowin-detail, as described below.

AR ANARREARKRARNARA

2.1 Automatic weather stations

We have-installed a five meter high-tall mast on the bare ice of Plaine Morte on which we mounted all sensors (see Table 1) at
4.8 m height above the glacier surface. These sensors measured continuously at an hourly interval during two winter seasons
(20-10-2046-29:07-204820 October 2016 to 29 July 2018). The CRS lies on the bare ice, i.e. below the snowpack, at approxi-
mately 8 m horizontal distance from the mast to aveid-any-limit impacts caused by potential maintenance work.

Precipitation data for comparison to snow accumulation are taken from (i) the federal network of weather stations in Switzer-

land (SwissMetNet, Table 2) -

include precipitation data from the high-elevation weather station network in the Swiss Alps (IMIS, intercantonal measurement

and information system, SLF Data, 2015) -

a pluviometer have considerable data gaps during winter-and-could-therefore-not-be-usedthe winter season.

The gridded precipitation product, RhiresD, uses rain-gauge measurements which-are-spatially-analysed-and-from around 400

automatic as well as manual observations. These observations (not available in real time) are quality-checked prior to their
rocessing. The observations are spatially analysed, pre-processed and then-interpolated to a 1x 1 km grid at daily resolution

covering the Swiss territory (MeteoSwiss, 2013). From-this-dataset-we-extracttimeseries-of the The main sources of uncertainty
arise from the interpolation, the rain-gauge measurements, the grid spacing and its effective resolution, and the temporal
variation of the number of stations. For further information, the reader is referred to the technical document provided by
MeteoSwiss (MeteoSwiss, 2013). We extracted daily precipitation estimates of the three grid points closest to the position of
the CRS ~(Table 2 and Fig. lc)..
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Table 2. Table with three meteorological stations with precipitation measurements and three grid cells of the gridded precipitation product.

For the gridded precipitation, the coordinate in EPSG 21781 represents the centers of the corresponding pixel (see Fig. 1).

Station name Coordinates (WGS 84)  Elevation Source
[EPSG21781]  [masl]

Adelboden 609356/14900+-46°30°N, 7°34’E 1322 SwissMetNet

AANANAANAAAAAAA

Montana 6601709/142748846°18’N, 7°28’E 1427  SwissMetNet

AAANAAAAAATAAA

Tsanfleuron 589461/12993246°19°'N, 7°18’E 2052  SwissMetNet

AAARKAANAAAARAAA

grid cell 1 (Heml\lgpQ) 605500/136500-  46°22°N, 7°30’E 2299 RhiresD

AT ARAAAAAAT

[605500E, 136500N]

AR AAARAAAAAN

grid cell 2 (Hemlﬂlg@% 604500/136500-  46°22°N, 7°29°E 2579 RhiresD

AT ARAAASRAAT

[604500E, 136500N]

AATAARAAARARAAAA

grid cell 3 (%mll(anz) 60450037500  46°23°N, 7°29°E 2579 RhiresD

AATAAAAARAAT

[604500E, 137500N]

AATARAARAAANAA

2.2 Field data

Over the two winter seasons 2016/17 and 2017/18, we conducted 11 field campaigns to obtain data-forcomparisorcomparative
data. During two of these-campaigns-(20-10.2016-and-05-12.2047)-~ the campaigns (20 October 2016 and 5 December 2017)
we installed the CRS —Beeause-of-the-disturbed-snowpackwhich disturbed the snowpack. Hence, the measurements of these
two campaigns are only-used-used only to account for the already existing-SWE-fallen snow on the glacier.

During the field campaigns --we measured SWE by-means-of-using snow pits and snow tube sampling (e.g. Cogley et al.,

2011; Kinar and Pomeroy, 2015) and SD swith-srew-prebesby snow probing. The snow pits were dug in-the-vieinity-within
approximately 15 meters of the station, but each time at a different location to avoid sampling of a disturbed snowpack.

3 Methods

3.1 Filling measurement gaps

The-measturementperiod-considered—in—this"This study covers two eontinuwots—but-highly-distinetive-sequential but distinct
winter seasons (26-10-20+6-29:07:204820 October 2016 to 29 July 2018). During summer 2017, the weather-station-AWS on

Plaine Morte enty-measured-wind;-measured only wind speed, wind direction, temperature and relative humidity.

In winter 2017/18, unusually high amounts of snow buried most of the mast causing several interruptions of measurements.
The time spans of the data gaps differ for the-certain sensors because of their measurement characteristics. The SD sensors;
for-instaneesensor, for example, requires a minimal distance of 0.5 m to the target surface (Campbell Scientific, 2016) and

thus-has the longest data gap. Another issue was the power consumption of the station sinee-when the solar panels were-buried
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became buried by snow, too. To conserve energy;-we-turned-off-power, we deactivated the heated wind sensor (highest energy
consumption), which measures wind speed, wind direction, and air pressure. Furthermore, we did-not-consider-disregarded
wind speed, temperature and relative humidity from +60-03:2048-to-17:04-2618-10 March 2018 to 17 April 2018 because of the

proximity of the sensors to the snow surface.

Onee-deployed;the- CRSmeasured-reliably-The CRS, in contrast, measured continuously over the two winter seasons with
one-exeeption—During-the exception of a short period end of April 2648;-the-CRS-measured-irregularly-beeause-of-a-problem
with-the-conneetor-However2018. After fixing a faulty connection, the CRS then-continued measuring without eur-interferenee-

we-changed the eonnector and measurements have been-without gaps-sinee-need for further maintenance.
To fill the data gaps

of the Plaine Morte site with data from the IMIS network and a selection of stations from the-SwissMetNet. For the-parameters

- we correlated our measurements

SD, air pressure and wind speed, we chose the station with the highest correlation (Table 3). As SD is an accumulated time
series, we correlated the daily change in SD. We did not fill the gap of wind direction because all correlations were below 0.45
at hourly as well as daily seale-Beeause-SB-is-an-accumulated-timeseries;- we-also-correlated-the-daily-changein-SP-resolution,
The mean bias in Table 3 is used to adapt-adjust the reference data to the Plaine Morte station. The standard deviation of the

mean bias represents the absolute uncertainty of the parameters during the interpolated time period.

3.2 Calculating SWE and-the bulk-snew-densityfrom neutron counts

The CRS records the total number of cosmic ray neutrons integrated over a ene-heur-periodset time period, in this case one

hour. The neutron intensity,-meastred-count rate expressed in counts per hour (cph) +is then used to infer SWE.
Tna-first-step;-we-pre-process-obtainedneutron-counts-We process the raw neutron count rate as follows: To eliminate spuri-

ous changes in the count rate, neutron counts are excluded if the hourly count differs more than 20% from an 6-hour moving av-

erage. Theneutron-counts-aretheneorrected-by-As presented in previous literature (e.g. Zreda et al., 2012; Hawdon et al., 2014; Sigouin an

we correct the neutron count rate (/Vy,y,;) for time step ¢ for variations in solar activity (Fy ;) and more importantly by-air

pressure—for changes in situ air pressure (£}, ;) with

Variations in solar activity are quantified with the aid of a reference station, which is not buried in the snow(Sigeuin-and-S; 2046 Howat

. As areference station -we use the rearby-neutron monitor at Jungfraujoch (JUNG, www.nmdb.eu, see Fig. 1) which is located
only 40 km from our site. The correction factor F; is determined as

Enc,i

Fs,z:ﬂ(F 0
inc,

—1)+1 &

where variable F},. ; represents the incoming neutron flux at Jungfraujoch (JUNG) at time interval ¢ and F;,. o represents the

incoming neutron flux at an arbitrary reference time period. The adjustment factor 3 depends on the difference in geomagnetic

latitude and site elevation between the glacier site and the reference site (Desilets et al., 2006; Hawdon et al., 2014; Andreasen et al., 2017


www.nmdb.eu

5

Table 3. Time periods of data gaps with reference periods for correlation and correlation coefficients. The mean bias shows the average

difference (and its standard deviation) between the reference stations and AWS at Plaine Morte. All stations are shown in Fig. 1

Reference station

Parameter Data gap

Coordinates

snow depth  20:01:2018—04:05:2018-20 Jan 2018 to 4 May 2018

Gandegg/ Laucherenalp (SEEGA2AMIS)-
P46 E46226" N2 F-mas-SLEGA?2, IMIS

RS AR

air pressure 22:64+-2648—10-63-2048-22 Jan 2018 to 10 Mar 2018

Les Diablerets {BIA;-SwissMetNet)-
7422E-DIA, SwissMetNet

7 IR ARAAIRAANAAANA

46°20°'N, 7°12’E, 2964 mastm a.s.1.

wind speed 22:012048—17-04-2048-22 Jan 2018 to 17 Apr 2018 Guttannen/ Homad (SEFGU2AMIS)-
§°SLFGU2, IMIS
temperature +0-03-2048—17064-2048-10 Mar 2018 to 17 Apr 2018 Les Diablerets (SEEBIAAMIES)-

7SLEFDIA, IMIS
46°19’N, 7°15’E, 2575 mastm a.s.1.
relative humidity = 10:03:2048—17:04-2048-10 Mar 2018 to 17 Apr 2018 Les Diablerets (SEEDIAAMIES -

46°19°N, 7°15°E, 2575 maskm a.s.1.

. The manufacturer has provided a value of 0.95 for our site. The adjustment is negligibly small because our study site
eographically close to the neutron monitor at Jungfraujoch. Adrpressureis-directly measuredin-sita—More-detatledinformation

relation-Air pressure is directly measured at the study site. The correction factor F, ; is obtained b

17 4624 N2 HO=

Fp,i = €exrp (pi ;po)

3)

The mass attenuation length L is assumed to be 132 hPa for our study site and depends on latitude and atmospheric depth
Desilets et al., 2006). The observed hourly pressure values are represented by p; while pg stands for a reference pressure.

10
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Table 4. The constant parameters of Eq. 6. The fitted parameters ay, as and ag are without unit.

Parameters Fit
A 144cem
a 0313
ao Q/QSV%
a L7

For the reference period, we chose a 24-hour time frame between 12 June 2017 at 10 UTC and 13 June 2017 at 10 UTC.
The reference variables (No, Linc.0, Po) correspond to the median value during the reference period (Table 5).

To calculate SWE, we use the relative neutron count (N1, Eg. 4). i.¢. the neutron count (IV;) divided by a reference count
No).

Nrel,i = X (4)

The relative neutron count is then used to derive SWE with the non-linear equation

1 N;
Ei = —_.] _
SW A nNO
1
SWEZ = *X . lnNreLi (5)

e-A-The variable A is the

—as

N,
1 1 1 1 1 1 “— a1 Ny ; —
Ai _ + _ A1+ exp | — No rel,i — Q1 (6)
Amax ;é\rp\% Amin Amin Amax Amax az WV(\I/%V\N

The empirical parameters th

as 6-1-and a3 (+1-Table 4) were provided by the manufacturer for use on glaciers and were also used by Howat et al. (2018

. Note that the parameters A,,;, and A,,,, are respectively the asymptotic values of the effective attenuation lengths for low

and high SWE values, and that the parameters a1, a2 and a3 define the curvature of a sigmoidal function. Thereference-count

rate-

In this study, we report daily estimates of SWE. The direct observations, however, are based on hourly values. Therefore
we integrated the mean daily neutron counts of [V, Ngwdefemﬁﬂeéreveﬁhe—mediafreetm%fateﬁﬁ%dy—%%%eph%

24 hours and took the mean daily pressure for p; to calculate SWE.

’ crs)e

11
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Figure 2. ta)Hourty Relation between SWE and the neutron count rate. Grey dots represent the uncorrected hourly neutron counts teorrected
and %meefhed—)—w&h—ea%etﬂafed—SWE—ametmﬁ—égfeyL@g/cvlg dots jthe uncorrected daily means. B}aeleg‘\l/l\e/vovrg/gg;c\ dots shevw;/qp\r/ggszg\t/\the
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field data and their-the corresponding daity-neutron counts - : inti i i

NE-arounts h-the—anplied—A Panel (b chowe tha d

sents-the theeretical-inerease-in-uneertainty-with-SWEfield work days.

3.3 Calculating snow density and daily changes in SWE, SD and snow densit

The bulk snow density (pzrss70crs_sr» in kg m™2) is thea-derived from daily SWE (SW-E ke m=2(SW E,.4, in mm w.e. or ke m 2
and daily SD measurements (S D, in sicm) according to
SWECTS
crs,srers_sr — T oy . 7
Perssrerssr = —gp € (7

5 with ¢ equal to 100 cmm ™! to assure unit consistency.

The temporal resolution of one day allows the determination of daily changes in SD, SWE and the bulk snow density. These

daily changes are calculated as the difference between two consecutive days. To-assure-the-exclasion-oferrors;the-datlyrates
have-to-be-larger-than-theuncertainty-estimates{see-belew)-We filtered out days where daily changes where lower than the

uncertainty estimates.

10 3.4 Estimating the uncertainty of the CRS

12
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The calculated SWE is determined by the corrected neutron count relative to when the CRS is uncovered by snow (N ;
Eq. 4). We base our error propagation on all corrections applied to the raw neutron count. We assemble Eq. 1-4 into

Finc,i ; — 1
Nrel,i:Nraw,i'(ﬁ'(&—l)—f—l)-eajp (p Lp()) F (8)
inc,0 0

The raw neutron count (/V,, , the incoming neutron flux (F;,. ;) and air pressure (p;) change with time, but remain independent

from each other. Following the rules of error propagation of a non-linear equation, we approximate the uncertainty in N ; as

ONrel i ? ONrel,i ?
UJQVre],i ~ <8Nraewi> 'UJZVraw,i + ( a]\;o 'OJQVU
+ (8Nrel7i>2 0_2 + (aNrel,i>2 0_2 + (3qu>2 02
NOFwy) T \OFueo) 0\ 98 ) °
aNrel,i : 2 aNrel,i : 2 8Nrelti ? 2
+( Ipi v\ “apy w oL r O

The uncertainty o2, _ is then propagated through Eq. 5 to estimate the uncertainty s ;

OSWE;\*
Tersi & \/ (aNl) Rt (10)

Since the uncertainties are not always known, we assume rather generous estimates for the uncertainties of all correction
factors. Table 5 provides an overview of uncertainty estimates for all components.

For all neutron count rates (N,ay.i, Na, F; Floc.i), we assume poissonian counting statistics, which

ives the uncertaint

it varies between 0.3%-1% for the integrated daily estimates of our study.

The incoming radiation measured at Jungfraujoch has a low statistical uncertainty as its precision is high with around 190
counts per second. However, incoming radiation is corrected by an adjustment factor (3, Eqg. 2) which is rather small for our
site, Therefore, we assume also a small uncertainty of 0.03 for g4.

The uncertainty in air pressure (gp;, Ip,) 18 based on the instrumental precision of 0.1 hPa (Lufft, 2019). For the mass
attenuation length I, we use 132 hPa. An applied uncertainty of of 2 hPa corresponds to the difference of shielding depths
from latitudes north and south of Switzerland as shown in Fig.1 of Andreasen et al. (2017).

To render the error propagation more robust, we calculated o, using two different time resolutions. We additionally
created a synthetic data set for both time resolutions. For the synthetic data set, we varied the time-dependent variables (Nrgw,i.

iy F;
and at the daily resolution it encompasses 4.8:10° days.

Figure 3a and b show the resulting precision for an hourly and daily resolution, respectively. Figure 3¢ and d show the
relative contribution of every uncertainty term in Eq. 9, i.e. a high relative contribution indicates that the given parameter is an

uniformly within their observed minima and maxima values. At the hourly resolution it encompasses 4.8-10° hours

13
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Table 5. Compilation of all direct observations and constants as well as the associated uncertainties o at the hourly and daily scale. The units

cph and cps stand for counts per hour and second, respectively. Brackets show the minimum and maximum within the time series.

Variables ~ hourlyvalues ¢ (hourly) g (daily)
Nraw.i

Mo, 4143 cph 6oph 13cph.
8 095 003, 003
2 (708;7471hPa O1hPa  Q.1hPa
o 739 hPa. 0.1 hPa_ 0.1 hPa
L 132 hPa 2hPa 2 hPa

important source for the overall uncertainty of SWE. Figure 3 shows that the main uncertainty can be attributed to the neutron

count uncertainty, independently of the time resolution. However, the precision estimate presented here does not include the

uncertainty of the correction parameterization (Eq. 2 and Eq. 3) or the conversion equation (Eq. 5) and its parameters (Table 4).

3.5 Estimating the uncertainty of automatically derived SWE;-SD and snow density

In general, we distinguish between the observed standard deviation of all observed hourly values during one day (s) and
the theoretical measurement uneertainty-precision in those daily values (o). The daily standard deviations-deviation of SWE
(SswE—sS as) and SD (8sp—srSsp_sr) are derived assuming a gaussian distribution. For the standard deviation of the bulk

density (S5rers 5780 (s s))» WE apply gaussian error propagation to Eq. 7 to yield

2 2 2 2
SSWE_crs SSD_sr SSWE_crs SSD_sr
5_S rs_sr) — ——— = — = 11
Splers_sr) plers ) \/<SWE> - < SD.. ) \/<5WE> + <SDSI> (1D

The calculation of the measurement uncertainties of SD () SWEA6s)-0,) and the bulk density (650 o(crs_sr)) is described

in the following paragraphs. The-main-source-ofuneertainty-inth VE-estimates (o)1 Utron-countu ai
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Figure 3. Precision of SWE calculated by means of error propagation. (a) and (b) show the absolute precision with grey dots as an synthetic

data set and black dots as the in situ observations. (c) and (d) show the relative contribution of each parameter to the overall precision. (a

and (c) present the results based on hourly observations while (b) and (d) show the results of the daily observations.

Fhe-uneertainty-of The uncertainty in daily SD observations varies with the depth of the snowpack. According to the instal-

lation manual, the accuracy lies between £1 cm and 0.4% of the distance from sensor to ground (Campbell Scientific, 2016).
Since the sensor is mounted at 4:754.8 m, the maximum uncertainty equals 1.9 cm under snow free conditions. In addition
to the given uncertainty, we add a further systematic measurement uncertainty on SD’s less than 30 cm. This uncertainty is
10 beeause-caused by the footprint of the sonic ranging sensor which is large enough to include parts of the mast’s foundations.
The mast’s foundation consists of three wooden beams with a height of 20 cm each. Theirfunetion-is-to-They stabilize the

mast on the glacier ice, especially during the ice melt season. To keep the wooden beams in place, they are anchored with tubes
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drilled into the ice. These tubes also exceed the 20 cm height of the wooden beams and add an additional error. We estimate
this additional uncertainty to be 30% with SD below 30 cm, 50% with SD below 25 cm, 80% with SD below 15 cm and 100%
with SD below 10 cm. Moreover, the SD measurements from 26-:60+-26148-t0-64-05:2648-20 January 2018 to 4 May 2018 which
have been taken from another station at high-elevation carry an additional uncertainty of 6 cm (see Table 3).

Using the uncertainties of SD and SWE, we derive the uncertainty of the daily bulk density (¢50,) as

2 2 2 2
O.(',I‘S (TSI‘ UCI‘S O-Sr
s,s1) plers_sr) = Trrr— 12
? plorson) pere e Wsw) +(SDM) ﬂsw) *(sar) (12

3.6 Estimating the uncertainty of field data

Field measurements carry uncertainties s-which-may-have-different-from a variety of sources (sampling tube, weight scale,
sampling technique, etc.). Only—few-Few studies discuss the accuracy of SWE observations comprehensively (e.g. Stuefer

et al., 2013). Commonly, a relative uncertainty of +10% is applied (e.g. Schattan et al., 2017). Thibert et al. (2008), for
example, focus on uncertainties for glacier mass balance calculations based on the glaciological method. These random and
systematic errors, however, assume underlying firn with unknown water content and are not intended for snow accumulation.
For our study, we have chosen to calculate an uncertainty based on the gaussian error propagation (see Papula, 2010). Next to
the human-induced errors, which cannot be quantified in the scope of this study, we identify two major sources of sampling
errors. These are related to the weighed mass and the snow volume within the tube.

We sample an entire column of the snowpack ;-from the surface to the snow-glacier interface. These samples are taken either
within a snow pit ;-or by extracting a snow core. In both approaches -we use a sampling tube. In deeper snowpacks ;-the whole
column cannot be sampled in one measurement step. Thus ;-we take several samples with a certain length (/) from snow to
glacier surface. For each of these samples ;-the density (p,) is calculated by applying Eq. 13). The variable #5-m represents

the mass of the snow weighed in-situ-in situ with a scale -while-rrme-while 7y, represents the radius of the sampling tube.

My My

Pss = (13)

T Tupe s T~ Tige - Is

The sources of the sample uncertainty in density (6,50, ;) arise from the uncertainties in snow-mass weighing (SmsXmy),
the uncertainties of the sampled volume given by the radius (35#ture2Tyne) and the uncertainties of the sampled length (35#52/)
in the snowpack. The uncertainty of the mass is thus composed of two individual sources; the scale for weighing the sample
(SttscateaMcale)» and the extracted snow volume (#mass2iMpass)- These two uncertainties are added to 5ms—fellowing
Gausstan-21m following gaussian error propagation. Because the surface area of the extracted snow core does not always
match the tube’s surface area, we define an uncertainty range for the radius. The relative uncertainty of each sample (50, ;)

is then derived from
Yps Ymg \ 2 Sreve N2 (SN2 [/ Eme\? by A
— Ps mg T'tube ls mg T'tube ls
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Given the density for each sample at different depths within the snowpack, we calculate the bulk density (prerapgeq)- To this
end, we need to divide the snowpack into layers of variable lengths. Because of this variation, we determine a multiplicative
weight prp for each layer as

L L
SDserd SDfieid

P = (15)
This weight corresponds to the relative contribution of #-/; to the total depth of the snowpack (5PgeraS Dgeyg) Which is mea-
sured independently.

The samples may overlap depending on the tube and the extraction method used. If there is no overlap, the length of the
sample #5-{s is equal to the tength-thickness of the layer 41;, and the number of samples is equal to the number of layers (rn).
Simultaneously, the sample density (ps=4=—2psps £ 3ps) corresponds to the layer density (pr+=23p1p = X py). If the samples
overlap, pr-p; corresponds to the mean density and propagated uncertainty of the overlapping samples. In that case, the number

of layers is greater than the number of samples. With

11
nn
Pricldfield = —— > "'priri prin (16)
— nn “ 1 i -

and

\/2211 i (Eﬂl,i)2\/2?lzlpl,i (o)

Y Pficld 2Pfield _

O p_field p_field = (17)
Y _Pield Pfield Piicldfield
we obtain the bulk density (prerapgelq) and its relative uncertainty (65-feta0,_field)-

Knowing the bulk density and the depth of the snowpack (:5Prera:S Dsea), we calculate the-total-amountof SWESW Frara)
with-total SWE (SW Egeiq) with

SW Efcldfield = Phieldfield * S Dricldfield (18)

With errer-propagation-by-Gauss;-gaussian error propagation we derive the relative uncertainty of SWE as

. _ XS5WEgelq ZSW Efieta _ | ( Xpsield 2+ $8Dgeta \” | ( Spreta 2+ 28 Dheta \* (19)
SWEAIINELN ™ "SW Bgeld SW Efag Pfield SDfeld Pfield S Dfeta

The absolute uncertainty of SD f;c1q (355PaeraS Dsela) is estimated independently of the sample measurements. The absolute
uncertainty of the bulk density (3prsraXpseld) is given in Eq. 17.

For each field campaign we define the diseussed-uneertainty-depending-uncertainty based on the sampling tube, the scale,
and whether we sampled within a snow pit or extracted a snow core. Thereby;-we-use-four-different-We used tubes with a radius
radii of 4.00£0.10 cm, 4.1540.15 cm, 4.504-0.10 cm and 4.754-0.10 cm and alengthlengths of 117.0 cm, 107.0 cm, 55.7 cm
and 56.0 cm, respectively. Additionally, we have three scales with a maximum weighing capacity of 24+0.02 kg, 54-0.05 kg and
1240.10 kg. The uncertainty in the weighed mass ranges from 0.05 kg to 0.15 kg depending on the snow depth and the tube
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length. Sampling lengths are attributed with-an-uneertainty-between-an uncertainty from 0.5 cm and-to 1.0 cm. During a field
eampatgh-campaign we usually sample more than one snow column. In those cases we take an average of all snow parameters;

and-we-average-all-o-to-aceount-for-variables and average all uncertainties to yield the mean uncertainties. We quantify the
variability within several snow columns with their standard deviation (s) which is smaller than the mean uncertainty. An

extensive table on all assumed uncertainties, the number of samples per snow pit is provided in the supplement.

3.7 Pre-processing and precipitation datascaling

%mméwwmnmmw
from three stations at lower elevations &
anhourly-resolution-measured-and for three grid cells of the gridded precipitation (Table 2).

Because snow accumulation is cumulative and precipitation is instantaneous we first sum the hourly precipitation amounts
to daily amounts over the whole winter seasons from HH:01 to (HH+1):00. Fo-compare-it,-we-stim-the-hourlyvaluesto-datly
precipitation-amounts:—The-time-series-of the-precipitation-sums-begins-Second, we adjust the cumulative precipitation to
the amounts of snow accumulation at the beginning of the season. In the first winter season (2016/17), precipitation records
begin at the same day-as-the time as snow accumulation observations. Thatimplies-adding-a-constant-vatueIn the second winter
season (2017/18), observations by the CRS began when the snowpack was already developed. To start the observations of snow.
&WMM to the cumulative precipitationseries-i

an. This offset corresponds to the first

SWE amount measured by the CRS in the respective winter. The end of the precipitation time series is set at the end of May
for each-yearboth years. At this point in time, the peak of SWE had already passed in both winters.

In a first analysis we apply scaling factors between 0.1 and 8.1
at an 0.1 interval to all daily instantaneous precipitation observations. We then accumulate the scaled daily precipitation over
the winter season. Compared to 392 days of CRS observations, we calculate the daily absolute error and derive the seasonal

mean absolute error (MAE)

have-392-days-available-for-comparisonr. We then chose the scaling factors resulting in the lowest MAE for all AWS and grid

cells.

temperature-thresholds—based-on—previous—studiessecond analysis we find the optimal scaling factor for each precipitation
hase, i.e. solid, liquid and mixed-phase. The precipitation phases are defined through air temperature observations at the
lacier site. This parameterization of precipitation phases is based on values from literature. The study by Sims and Liu (2015),

for instance, show that 90% of precipitation events were solid precipitation for near-surface temperatures below 0°C for land

surface observations. For temperatures above 3°, more than 85% of all precipitation events were liquid. ThereforeHence, we
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consider all precipitation as liquid if temperatures are above 3°C during at least six hours. If temperatures range remain between

0°C and 3°C during at least six hours, we classify it as mixed-phase precipitation.

same-procedure-as-deseribed-Solid precipitation only occurs with subzero temperatures. For each of these phases, we apply the
rocedure described in the analysis above.

4 Results
4.1 Measured snow-depthSD, SWE and snow density

With the CRS installed on Plaine Morte, SWE was measured during two subsequent winter seasons (2016/17 and 2017/18).
These two winters were markedly different;-with-. The first winter received typical snowfall while the second winter experieneing
experienced particularly heavy snowfall. During winter 2016/17, a maximum SD of 324 cm was reached on 62:05:204+7-2 May
2017 and a maximum SWE (137em-1379 mm w.e.) on +8:65:2647-18 May 2017. With these observations, the first winter
season lies in the range of average mean specific winter mass balances between 2009 to 26472019 (GLAMOS, 1881-2018).
During the following-winter-second winter (2017/18), a maximum of 520527 cm of SD (64+-04-2048)~-1 April 2018) and a
maximum SWE of 242-em-2122 mm w.e. (24:05:204824 May 2018) were observed, which corresponds to abeut-approximately
1.5 times of SWE-than-in-the SWE amount of the previous year.

Fig-Figure 4a and e-shew-b show the snow accumulation and ablation over the two winter seasons. In both winters, the first
snowfall areund-occurred mid-October led-to-SPBs-when SDs reached of about 20 cm. By mid-November, SD exceeded one

meter with appreximately30-em-a SWE amount of approximately 300 mm w.e. in both winters. While-there-wasne-further
snow-aceumulationin-In winter 2016/17, the SD remained almost constant until the beginning of January ;-the-SP-tripled-itself

£y-2017. In the following winter, SD significantly increased from November 2017 to January 2018. By that time, it had already
surpassed the maximum in SD of the previous winter.

From January 2017 to Mai-May 2017, SD increased almost regutarty-continuously with a period of accumulation followed
by a period of densification. The time lag between the maximum of SD and the maximum of SWE is 16 days. During this
time span, SWE remained almost constant and only increased little. By the beginning of July 2017, the snow had completely
melted. In winter 2017/18, SWE increased more continuously between end of January and beginning of June. In this winter,
the maxima in SD and SWE are almost two months apart. Already in April 2018, SD started decreasing while SWE remained
constant. During that time, only few events led to small increases in SD. From end of Mai 2018 onwards, SWE decreased

rapidly. By the end of July, the snow had disappeared.

time-—In the beginning of winter 2016/17 for-instanee;snow density increases after a short decrease —(Fig. 4c). This short
increase corresponds to the snowfall observed in Fig. 4a and b. In general, densification slowly progresses with short intervals

of decreasing densities caused by snow-fallsnowfall. Between the maximum SD and the maximum SWE, density increases
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dashed) line shows the day of the seasonal maxima in SD (SWE).
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Figure 5. Daily mean SWE and daily mean SD. Grey lines show the densities in kg m 3. The beginning of each winter season is marked by

the red dot, yellow dots indicate the maximum of SD.

almost linearly in both winters. After reaching the maxima of SWE, snow densities are above 500 kg m~3. Shortly before the

snowpack disappears completely, densities decrease but-earrylargeruneertainties—rapidly. The comparatively high standard

ig. 4¢) are a consequence of the daily variability in SD. SD may decrease significantly durin

deviations of the snow densit
a day when densification rates are strong while SWE remains constant.

Fig-Figure 5 shows daily SWE in relation to daily SD over the winter season. During the accumulation period, daily densities
fe-vary between 200 kemkg m 3 and 400 kemkg m 3. Oftenan-An increase in SD is often followed by a period where- SWE
rematns-constant-and-Sb-deereases—This-marks-periods-of constant SWE and decreasing SD which is characteristic of snow
densification. In-general-both-winters-Both winters tend to follow a similar pattern in the evolution of density. At the maximum
of SD, the daily density is 390 kgm~2 for winter +62016/17 (62:65-26+72 May 2017) and 392 kg m~3 for winter +72017/18
(640420481 April 2018). After these peaks, the snowpack : i sification;—which-is—identi 2

wintersbegins to densify continuously. During this period of densification, SWE remains almost constant while SD decreases
by about 1 m (2016/17) and 1.5 m (2017/18). Only then does the-SWE begin to decrease simultaneously with SD, following
the density lines between 600 kg m~2 and 700 kg m 3.

For the evaluation of the CRS, we ebtained-field-data-during—t1-use field data from nine campaigns over the two winter
seasons. Fig:Figure 6 shows the autonomous data of SWE (Fig. 6a), SD (Fig. 6b) and snow density (Fig. 6¢) compared to
the data from the field surveys. On average, the CRS overestimates SWE by +2%=+1213%. The senie-ranger-agrees-SD
measurements agree within a standard deviation of £6%, and =7% when also considering the interpolated data during the
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Figure 6. Scatter plots of the field data compared to the automatic-autonomous measurements of SWE-(a) SWE, SB-(b) SD and butk-snow

density-(c) bulk snow density. The dashed grey lines show the range within +10%. The error bars correspond to the uncertainty of the field
data only for SWE and snow density. (d) shows the retative-differencesfor-eachratio between field eampaigr-and automatic measurements

for SD, SWE and snow density (p). The unfilled grey squares represent the data interpolated from another station.

measurement gap of SD. The snow density data agree on average with a standard deviation of 8+9% (Fig. 6d). Furthermore;the

errors—The correlation coefficients (r?) of all considered snowpack parameters are higher than 6:96-0.89 (Fig. 6).

4.2 Daily variations of SWE-and-SD and SWE

Freom-With the continuous data of SWE and SD, we ean-evaluate the daily variations —of snow properties (Fig. 7ashows-this

22



10

15

20

Table 6. Befinition-Overview of all considered processes, their criteria and the process-dominated-number of days with-when the eotor
criteria are fulfilled. The colors refer to the processes displayed in Fig. 7;-the-eriteria-and-the-number-of-daysb.

Process color snow depth SWE  days (2016-2018) days (2016/17) days (2017/18)
all - - - 484-487 (100%) 260 (100%) 224227 (100%)
accumulation lightblue > Osr >0cm  H223107 22%) 5856 (22%) 542451 (22%)
ablation red < —0sr < —0Ocrs 345110 (23%) 28-(HH48 (18%) 452662 (27%)
densification green < —Osr >0cm 241043174 36%) +H3980 (31%) 1694994 (41%)
not classified white - - 891896 (20%) 7342876 (29%) +6-¢720 (9%)
subgroups

accumulation (high confidence) blue > Osr > Ocrs 6181 3247 29-34
densification with accumulation  lightgreen <0cm > Ocrs 2874 +44§ +431

the-snowpack-sueh-as-). We use this to classify days based on whether they were dominated by accumulation, densification and
ablation—To-this-endor ablation. For this purpose, we define a-eriterium-criteria for SWE and SD considering the uneertainties

precision estimates of the observations. The precision is especially
important for the SWE measurements important-as-because we want to distinguish between noise and signal. Table 6 gives an
overview of all criteria and the number of days ;-when these are satisfiedfulfilled. A day dominated by accumulation has to have
a change in SD greater o,, while the change in SWE has to be greater than 0 cm. To ensure more confidence (accumulation
with high confidence), the SWE changes have to exceed o..s (Table 6). The same applies for ablation with the difference that
the daily change has to be more negative than the uncertainty values. For densification, we require a significant decrease in SD
while SWE remains constant or increases. For the latter case, we extract the days where densification and accumulation happen
occur on the same day. Fig-Figure 7b shows that the winter is mainly dominated by accumulation and densification. Some
days with ablation occur at the beginning of March 2017. On these days, we note higher wind gusts and subzero temperatures
(Fig. 7c ;and d). Hence, ablation is likely caused by wind-snow drift rather than melt. Ablation through sprew-melt sets in as
soon as daily air temperatures are above 0 °C.
The mean daily meteorological conditions can be summarized for the categorized days (Fig. 8, Fab:Table 6). Days with
accumulation are characterized by high relative humidity (Fig. 8a), significantly lower temperatures (Fig. 8b) and an average
decrease in mean density (Fig. 8c). Wind speeds are higher-often above 6 ms~! and originate mainly from south over west to

north. Days dominated by ablation are characterized by average daily relative humidity (Fig. 8a), significantly higher tempera-

tures (Fig. 8b) and tewer-wind-speeds-wind speeds that are mainly around or below 4 ms~! (Fig. 8d). During the-ablation days,

we find no significant change in density. Days with densification havelower-daily-relative-humidities-are drier than days with
ablation. The median values of daily mean temperatures and-daily-mean—wind-speeds-are similar to the ones in the reference

periods. Puring-Winds originating from the sectors southwest to south are usually below 6 ms~! during days with densifica-
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Figure 7. (a) Daily rates-changes of SP-and-SWE (green) and SD (blue). (b) Categorization of process-dominated days with 1 as accumu-
lation, 2 as ablation, 3 as densification, 4 as accumulation with high confidence, and 5 as densification with accumulation (see Table 6). (c)
Daily mean wind speeds (black shading), mean wind gusts (grey shading) and daity-maximum wind gust (dark-light grey shading). (d) Daily
mean temperature (black line) with daily-maximum and minimum temperature (grey shading). (e) Daily mean relative humidity (black line)

with daily minimum and maximum relative humidity (grey shading).

tion;-the-wind-directionis-meostly—. More frequently, however, the wind blows from south-east and is rather strong during the
ablation days.
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Figure 8. Summary of daily—values—of-the—daily-meteorological conditions during process-dominated days (accumulation, ablation and
densification). (a) Daily mean and minimum relative humidity, (ab) s-daily average-mean and maximum temperature, (bc) and-the change in

mean bulk snow density, and (ed) —Fhe-wind-rosesshow-mean daily wind speeds with-wind-direetiontehand -direction. The numbers in the
wind roses correspond to the percentage of days within that selection. The reference includes all days with valid data (487 days).

All these findings align with our general expectations that accumulation happens-occurs with lower temperatures, high
relative humidity, and stronger winds. Ablation through melt is mainly characterized by higher temperatures, lower relative
humidity and lower wind speeds. Of all densification days, +443% show a simultaneous increase in SWE ("densification with
accumulation”, Table 6). When both processes occur during-the-one-single-dayat the same day, it suggests either simultaneous
compaction of snowfall, accumulation by wind-snow drift, or infiltration of liquid precipitation. About ere-third-40% of these

days have daily-meantemperatures-above-0->C-which-suggestinfiltration—Another third-of these-days-have-daily-mean-negative
temperatures and low wind speeds, while the remaining 60% have either positive temperatures or wind speeds above 4 ms~1;
which suggests wind drilt. The last third -have negative mean temperatures-and-wind speeds below 4-ms— 1. Positive dail

temperature might suggest infiltration within the snowpack. Higher wind speeds would rather suggest an effect of snow drift.

nsPrecipitation scalin

we assess the accuracy of an approach utilizing scaled
recipitation from three nearby AWS and RhiresD. In the following, we refer to the autonomous CRS measurements as
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Figure 9. Cumulative precipitation and snow accumulation of (a) winter 2016/17 and (b) winter 2017/18. Black dots show daily SWE
observations with their standard deviations. Colored lines represents all cumulative precipitation time series.

snow accumulation

difference between cumulative precipitation and snow accumulation on the glacier —TFhis-is-mainly-due-to-orographic-effeets
but-could-also-be-caused-by-wind-drift-(Fig. 9). This could be due to the high spatial variability of solid precipitation and/or
10 undercatch of theraingauge-rain gauges (Kochendorfer et al., 2017; Pollock et al., 2018).

26



10

15

20

Table 7. Scaling factors resulting in a minimal MAE. Two different approaches are presented; one factor applied and three factors applied

distinguishing between the precipitation regimes (solid, mixed and liquid).

one factor three factors

all [ ] MAE [emmmw.e.] solid[] mixed[] liquid[] MAE [emmmw.e.]

Adelboden 2.8 7.879+5.755 29 1813 0206 414143837
Montana 33 7:676+4:342 34 3425 0208 565643637
Tsanfleuron 1.8 7:470+3:637 18 2014 0205 545042529
grid cell 1 15 737244443 15 1209 0403 474844143
grid cell 2 14 747446:0-59 15 1208 0403 403942830
grid el 3cell3 +617  7:978+7443 17 4309 0403 464644244

In general, the timing-of-inereases—in-onset of snow accumulation corresponds well with increases in the precipitation
observations. Still-there-are-some-exeeptions—as;forinstaneetnmid-However, in November/ beginning of December 2016
increases in SWE are observed with no corresponding increase in precipitation registered at the AWS (Fig. 9a). In addition,

than other stations in winter 2016/17 (Fig. 9a). In winter 2017/18, Montana captures approximately the same number of events

in precipitation (e.g. December 2016, mid-February 2017 and mid-February 2018) we also observe higher mean daily wind
speeds afe—abeveérms—mgs}m (Flg 7c). Thﬂs—wmekéﬂfHﬁayLeause—ﬂaesefhsefepanetes—thalyﬁ&ef

ftThis suggests snow drift as an explanato
mechanism. Precipitation amounts are generally lower than SWE amounts observed for individual events on the glacier. This
bias seems to increase with the duration of the precipitation events, especially for those lasting several days.

fwewmeﬁseaseﬂs—?hegﬂdde&pfeexpﬁa&e&haf The optimal scaling factors range from 1.4 (grid cell 2) to 3.3 (Montana).
Gridded precipitation and Tsanfleuron have similar scaling factors (Table 7) The pfee}ﬁf%&&m%me&ﬁﬁeéﬂ%ﬂeuf%rhas—a

fhaﬁfh&measufemeﬂts—&kﬂame—Meﬁe—hawseahﬂgfaetef&eﬂ wo AWS have significantly higher scaling factors with 2.8

(Adelboden) and 3.3 (Montana).
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Figure 10. SWE observations (black dots) and scaled cumulative precipitation with (a) one factor and (c) three precipitation phase-dependent
scaling factors (see Table 7). (b) and (d) show the difference between precipitation and SWE of (a) and (c), respectively. The hourl

temperature at Plaine Morte is visualized in (e) with temperatures above 3°C colored in red, between 0°C and 3°C in orange, and below 0°C

in blue. The dashed line corresponds to the date of the seasonal maximum in SWE.

below—8-em—w.e—The best performance is found for the-station—at-Tsanfleuron with a MAE of 7+70+3-6-em-We-find-that
aceumulation37 mm w.e.
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Accumulation events in October/ November 2016 are-s

aceumulation-and May 2017 are represented fairly poorly by precipitation observed at AWS. Accumulation is overestimated
by at least S-em-50 mm w.e. (Fig. 10a;and b). The-same-observationhasbeenmadefor May261+7-In these months, hourly tem-
peratures at Plaine Morte ean-reach values higher than 0°C (Fig. 10e). It is thus likely that precipitation falls in-its-teguid-form

rather-than-selidas rain rather than snow. Nonetheless, it may still contribute to the SWE by refreezing—Hewever-this-effeetis
only-relevant-withinan-, a process that would only be relevant in isothermal snowpack. fa)Fimeseries-of the-scaled-cumulative

With-the-applied-distinetion-of the preeipitation-phase;we-find- The temperature-dependent parameterization for the precipitation
hases result in potentially 68 days (17%) with liquid precipitation, 288 days (72%) with solid precipitation, and 46 days (11%)

precipitation. Table 7 provides the resulting optimal scaling factors for each of these phases. The scaling faetorfactors for
solid precipitation remains similar to the enes—for-the-whele-time-seriesfirst analysis (Fig. 10a). Mixed-phase preeipitation
is-sealed-by-shightly-and liquid precipitation are scaled by lower factors. Liquid-preeipitation;-however,showsfactors-smaller
Scaling factors for liquid precipitation are smaller than a factor of one (Table 7). With these scaling factorswe-ean-, we reduce
the MAE eof-precipitation-to-snow-aceumulation—to-below-6-emto below 60 mm w.e. With-the-newly-sealed-time-series-and

the temporal evolution is generally consistent with the SWE observations on the glacier (Fig. 10c);-thereproduction-of-snow

5 Discussion

5.1 Instrument-CRS performance and limitations

tes-1-13%. The agreement of the individual field
campaigns varies between an excellent agreement within +£2% (10 May 2017 and 19 December 2017) and a rather large
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difference of more than +20% (27 March 2017 and 10 January 2018). Otherwise, the agreement is within the uncertainty

range-of the manual measurements{(Fig—6a)-However-during-two-field-campaign 03201+ 7-and-10-01-2018)-the di

destruetive-nature—In-faetitisfield measurements.

In the second winter season, SWE amounts were exceptionally high with more than 2000 mm w.e. Nevertheless, the most
likely-explanationfor-diserepanecies-in-seven-of ninefield-surveys:agreement to field measurement is within £10% indicatin
that the measurement limit of SWE has not yet been reached. Due to the exponential nature of the relationship there is no

distinct threshold beyond which the relative neutron count is no longer sensitive to SWE (Fig. 2).
The . .. .

the neutron counts as presented is straightforward. Given the transformation equation, only the initial neutron count rate can
be calibrated. But a variation of this calibration parameter within its uncertainties has little influence on the resulting SWE
amounts, especially for amounts larger 400 mm w.e. This is a consequence of the exponential nature of the conversion equation
(Eq. 5). Mereoverthe-calenlated-SWEfluetuates-between—0- m-and 0.5 cm-during snow-free conditions. - We-take this-into

—+*More importantly, the neutron count rate may also be influenced by how

we correct for air pressure and solar activity even though we apply the same equations as presented in previous studies for SWE
2012; Andreasen et al.,

.g. Howat et al., 2018) or soil moisture studies (e.g. Zreda et al.,

of above-ground CRS, we do not correct for the changes in atmospheric moisture. We assume that for the below-ground CRS

fast neutrons are produced within the snowpack rather than in the atmosphere, an assumption also made in Howat et al. (2018)
. Kodama et al., 1979; Paquet and Laval, 2005; Gottardi et al., 2013

2017). In contrast to previous studies

and implicitly made by preceding authors in their studies (e.

. Another source of uncertainty is the semi-empirical fit that has been used in this study. Because our study focuses on the
lication for snow and glacier studies, we have chosen to apply the relations used by Howat et al. (2018). In general, the

of-the-ERSconversion function has the potential to introduce considerable uncertainty in the inferred SWE. However, the
applied empirical relation has shown to be adequate as the resulting SWE agrees well with independent field measurements,
indicating only a minor bias and a standard deviation for individual observations that lic in the range of the uncertainty of the

Directly-comparable-to-our-study-is-the_For all correction factors such as air pressure and solar activity, we propagated
an estimated uncertainty through all equations and show that the precision is mainly defined over the neutron count rate.
Assuming that the parameterization of the correction equations carry no uncertainties, the influences of all other measurements
and constant parameters are small. Moreover, an independent study by Howat et al. (2018) s-where-they-deployed-a-CRS-on
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the-Greenland-quantified a precision of 0.7% of a CRS lying below the snowpack on the ice sheet. With-the-variability-of- SWE

situ air pressure and consequently higher neutron count rate. In addition, Howat et al. (2018) observed lower SWE amounts
which places them on a steeper part of the calibration curve whi i i o en

ease;-however,it-becomes—quitecostly—(Fig. 2). For lower SWE amounts, changes in neutron counts are more sensitive and
have a higher precision. The precision can be increased by integrating over longer time periods.

The main advantage of the CRS is that it can be deployed in an exceptionally wide variety of terrain. There is no need
for a stable and flat surface nor does it depend on the reception of satellite signal for its measurements (cf. Section 1.1).
The correction factors for air pressure and solar activity can easily be interpolated. Air pressure can be measured in situ
without the need of an elaborate measurement setup. These advantages, however, only apply when we are solely interested in
SWE observations. As soon as further observations such as SD or other meteorological parameters are required, the potential
deployment areas become more limited.

5.2 Evolution of snow densit

The snowpack of the presented-winters-here-two winters that we studied evolved differently in terms of amounts and accu-
mulation rates. SimultaneoustyHowever, the evolution of the mean density of the snowpack is very-alike-similar between the
two winter seasons. The evolution before the onset of melt agrees well with the findings of Mizukami and Perica (2008)-
HW%MMHOW densities become quite high (>600 kg m~?) during the melt season in our study.
After the SD maxima snow densities
did not exceed 500 kg-m~3 %MM%WIM\%\MIH the Austrian Alps by Schattan
et al. (2017) also shows lower mean snow densities towards the end of the snowpack. Sechattan-et-al-(2017)-argue-that-the

The high snow densities presented here could be a result of changes in the
snow physics, measurement errors of SWE and SD estimations (Eq. 7), or a combination of both. Physical changes within the
snowpack could be due refreezing of liquid wateratseveral-ayers-within-the-snowpaek:, water saturated snow in the top layers
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locally thick ice lenses, or accumulation of liquid water around the CRSwhich-eventuallyrefreezes—With-the-CRS-and-the-SR;

o on dete ne Maan P dan harafaora O hacaaffa d a 1da Hahle d-axn O am N

at—omry-¢ a ai—SHow-d Y- Ore;Hot3 WOtHG—D c abte;—ana prafatio a

SWE from the CRS could, for example, be affected by a supraficial pond in the vicinity of the site. It remains unclear how
such a hydrogen pool would influence the in situ point measurements of the below-ground CRS. Other influences could come
from the correction factors of the neutron count rate or the conversion equation applied in this study (cf. Section 5.1).

The SD measurements are also susceptible to errors. For example, the snow area below the sonic ranging sensor may show
a small depression because of wind turbulence caused by the mast. FurthermoreAdditionally, the snow around the metal-mast

main pole of the station melts faster possibly leading to a depressionwith-atargerradius-around-the-mast. It remains difficult to
assess whether the radius of this depression would be within the footprint of the sonic ranging sensor. Nevertheless;-these-twe
effeets may superimpose-Seeondlyln winter 2017/18, the solar panels were submerged below the snow. To ensure further power
supply, we had to free-the-solarpanels-by-digging-a-dig them out. This snow pit around the mastin-winter 20478 This-snpow
pit-main pole would have been refilled by wind, but densities are different, probably causing accelerated melt rates around the

mast. Thirdly-the-influenees-For more shallow snowpacks, the metal anchorage of the mast’s foundations ;-the-woeden-beams

SP-measurementsneverreach-might interfere with the SD measurements. The SD measurements, for instance, never observe
a SD of 0 cm even though the sensor is calibrated for the mounted height and agreements to snow probings agree during the
season (Fig. 4-b and Fig. 6).

In summary, this study setup shows that we are able to gain important information concerning the temporal evolution of
snow density. We are able to derive the main periods of snow accumulation, densification and melt and it seems to follow.
a consistent pattern over two winter seasons (Fig. 3). In that sense, the CRS does not distinguish between water, snow and
ice which avoids a falsification of SWE estimates. But it also becomes impossible to determine the snow layering. The SD.
observations seem to be more sensitive during the melting phase, probably because of the small-scaled heterogeneity in snow.

melt,

5.3

5.3 Estimating snow accumulation by precipitation scalin

Sy

> &5 Sy

sumsThe comparison of snow accumulation to precipitation observations is not without caveats given that snow accumulation
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is cumulative while precipitation is instantaneous. Moreover, snow accumulation is influenced by precipitation, snow drift
and evaporation whereas precipitation is not. When continuous SWE measurements are unavailable, a straightforward and
simple approach is to use precipitation data scaled to a ground reference. In the case of RhiresD;the-spatial-resolution—of

de = h APOO 2N 2 Ny ha me Aarman o hicherale on—than—1mn-RhirecdPD
O O t O O P OpOETrapiry- d Y5 o 5

and-may-therefore-lead-to-preeipitationsums-that-are-tooJtowthe glacier-wide mass balance studies on Plaine Morte this
approach is applied using precipitation observations from Montana (GLAMOS, 2018). Precipitation data from AWS or RhiresD
undercatch of solid precipitation combined with high wind speeds which can be on the order of a factor of three given solid
recipitation and high wind speeds (Kochendorfer et al., 2017). The gridded precipitation, RhiresD, is potentially influenced b
measurement errors as well as an underrepresentation of observations at high elevations. In addition, the complex topography.

evolution of both winters could be reproduced with a constant factor between 1.4 and 3.3 for the AWS and RhiresD (Fig. 10
and Table 7). The minimal MAE is below 80 mm w.eand-with-a-standard-deviation-of-below-8-em, with larger absolute
discrepancies during the second winter season (Fig. 10b). In practice only a snapshot of SWE is available to scale precipitation
data and thus the error at the daily resolution is most likely higher.

Applying a precipitation-phase-dependent scaling factor reduces the MAE to below 60 mm w.e. Fhis- MAE-is-in-the same

se—fo ombpared on Vith—the—information—of—tempe o Plaine—Motrte—we —even—imbprove—the

temperatures—are-The phase of precipitation is parameterized using air temperature at the glacier site. Since air temperature
is not as spatially heterogeneous as precipitation it can be interpolated with less uncertainties. The parameterization proposed
here distinguishes the precipitation phase between three temperature thresholds: below 0 °C, between 0 °C and 3 °C and above

3 °Cduring-atlea hours—During-such-days;-precipitation-add e-to-the-snowpaeck-—Nonetheless;-we-would expe

=0.4°C and 2.4 °C in the Northern Hemisphere.

The scaling factor for the solid phase remains similar to the overall constant factor because most precipitation falls in its solid
form during the winter season. Mixed-phase precipitation is scaled with lower factors while liquid precipitation has scaling
factors below one. Especially for liquid precipitation, we observe a seasonal component. Liquid precipitation occurs mainly at
the beginning and ending of the winter season (Fig. 10e). For winter 2016/17, for instance, resulted-from thunderstorms-These
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i-the first precipitation event does not result in accumulated

snow and therefore the constant scaling factor overestimates the beginning (Fig. 10b). At the end of the %meﬂmeﬁs&yeﬁme

precipitation, the time period in which precipitation is accumulated could be adjusted. However, an adjustment of the time
period would only partly exclude such events.

The choice of the precipitation data and AWS is also important. RhiresD has shown a better performance especially for the
phase-dependent scaling factors. Tsanfleuron (2052 m a.s.1.) has the lowest constant factor (1.8) and MAE (70£37 mm wee.,
Table 7) for the phase-independent approach. Adelboden and Montana which are located north and south of Plaine Morte have
higher scaling factors than Tsanfleuron. In addition, they are on either side of the Alpine ridge and dominated by different
weather regimes which is also confirmed by analyzing the temporal evolution. In winter 2016/17, many events captured by
Adelboden are not represented in Montana (Fig. 79a). Nonetheless, Montana does not perform worse than Adelboden with
only one constant factor. In the case of the phase-dependent scaling, the performance of Adelboden is significantly improved
reducing its MAE by almost a factor of two._

butasa-deerease-Qur calculation was possible only because we had reliable and continuous snow accumulation data. Because
the spatial variability of snow accumulation on Plaine Morte is rather low the analysis can be made with a point measurement
as a reference. But at high mountain sites with more topographic gradients, the location of the in situ measurement becomes
more important which is why a glacier-wide mean is typically used. Another caveat of this assessment is the uncertainty of
the CRS measurements which has not been taken into consideration. Nonetheless, the resulting MAE lie within £13% of the
average agreement between CRS and within the uncertainty of manual measurements.

In_summary, it is possible to infer the temporal dynamics of snow accumulation at a high-elevation site by means of
scaled precipitation data. However, at least one in situ observation is required for applying this approach. The choice of the
precipitation data series and the time period considered is crucial for this methodology.
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6 Conclusions and perspectives

During two winter seasons, we meastred-observed snow accumulation and ablation on a Swiss glacier at a daily resolution.

The ins

of-deployed CRS withstood the harsh environmental conditions at the high mountain site and measured reliably. The validation
with manual field measurements indicated a mean accuracy of +2%+12%-The-mean-densities-from-CRS-observation-obtained

the CRS provided daily mean snow densities that were within a range of +8% en-average—With-this-data;-we-could-show-of
manual in situ snow density surveys.
With the daily mean snow density observations, we showed that the evolution of the bulk snow density was-quite-similar

be divided into three main periods; accumulation, densification and ablation. Throughout the accumulation period, snow
densities are low with periodical repetitions of snowfall and subsequent densification. At the seasonal maximum of SWE the

snowpack densifies during several days before its melting period begins. Additionally, we investigated these three processes
at a daily . . . . cn . . . ..

meteorological-conditions-at-thissitebasis and could attribute general meteorological conditions to each process.

The availability-of snow-accumulation-at-dailyresolution-allows-the-dire ompartson-of-hich-elevation-accu

of RhiresPdeployment of the CRS on Plaine Morte provided continuous observations of SWE that could be used to assess
the optimal scaling factor for readily available precipitation data. With the sealingfactors;-the-snow-aceumulation—could-be
reprodueed-optimal scaling factor, we were able to obtain snow accumulation with a MAE below-8-em-Taking-temperature

below 80 mm w.e. However, the performance depends on the choice of precipitation data, the choice of AWS, the date of
the manual ground measurement and the time period considered. Scaling precipitation with a phase-dependent factor further
improves these results.

In summary, we conclude that the CRS is
a highly promising device for observing SWE continuously in cryospheric high alpine environments. Despite its limitations

through the level of noise ;-and-its-high-uneertainties—in—a-deeper-snowpackand its precision depending on absolute snow
amounts, it is suitable for long-term monitoring of SWE in high-mountain-high mountain regions as well as polar regions.

In such areas, its robustness-resilience in harsh environmental conditions, its rare need for maintenance (once it is properly
running) s-its-tittle-demands-and its flexibility regarding site topography and-its-straightforward-data—processing-with-ittle
sensitivities-to-input-parameters-make-it-an-ideal-deviee forcontintous-SWE-measurements—For-more-shalow-are convincing.
For shallower snowpacks, the temporal resolution can be increased to a sub-daily scale. Coneerning-afinancial-aspeet—the
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long-term-monitoring-of SWE;such-an-extensive-installation-For this study, we chose an elaborate measurement setup which
would not be necessary if only SWE measurements are required.

r-In future, the point-scale footprint of the CRS should
be better investigated by modelling of neutron trajectories. It would be particularly important to better quantify the influence
of hydrogen pools in close vicinity of a subsurface CRS. More investigations into the location-dependent correction of the
solar activity would provide further insights into the applied processing of raw neutron counts, The deployment of additional
CRS observations in other high-mountain regions of the Alps would not only give further indications on the suitability of
precipitation scaling but also the spatial variability of snow accumulation.

Data availability. All observations at the Glacier de la Plaine Morte are available upon request from the first author. In future, it will also be

available in an online repository.
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