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Abstract The characteristics of an aboveground cosmic-ray neutron sensor (CRNS) are evaluated for
monitoring a mountain snowpack in the Austrian Alps from March 2014 to June 2016. Neutron counts were
compared to continuous point-scale snow depth (SD) and snow-water-equivalent (SWE) measurements
from an automatic weather station with a maximum SWE of 600 mm (April 2014). Several spatially distrib-
uted Terrestrial Laser Scanning (TLS)-based SD and SWE maps were additionally used. A strong nonlinear
correlation is found for both SD and SWE. The representative footprint of the CRNS is in the range of
230-270 m. In contrast to previous studies suggesting signal saturation at around 100 mm of SWE, no
complete signal saturation was observed. These results imply that CRNS could be transferred into an
unprecedented method for continuous detection of spatially averaged SD and SWE for alpine snowpacks,
though with sensitivity decreasing with increasing SWE. While initially different functions were found for
accumulation and melting season conditions, this could be resolved by accounting for a limited measure-
ment depth. This depth limit is in the range of 200 mm of SWE for dense snowpacks with high liquid water
contents and associated snow density values around 450 kg m > and above. In contrast to prior studies
with shallow snowpacks, interannual transferability of the results is very high regardless of presnowfall soil
moisture conditions. This underlines the unexpectedly high potential of CRNS to close the gap between
point-scale measurements, hydrological models, and remote sensing of the cryosphere in alpine terrain.

1. Introduction

Mountain regions are considered as the “water towers” of the surrounding low lands [Liniger et al., 1998;
Viviroli et al., 2007] with snow melt often being of major importance for its fresh water supply [Sturm, 2015].
Snow state data from both ground-based measurements and remote sensing products are increasingly
used for snow hydrological applications including multiobjective calibration of hydrological models
[Kirnbauer et al., 1994; Finger et al., 2011, 2015; Schober et al., 2014; Berezowski et al., 2015; Revuelto et al.,
2016], reverse modeling of basin-scale precipitation [Shrestha et al., 2014; Henn et al., 2016], and data assimi-
lation [Slater and Clark, 2006; Thirel et al., 2013; Magnusson et al., 2014].

Measurements of environmental variables can be classified by (i) their support, i.e.,, the integration volume
of the signal detected, (ii) the spatial spacing between two measurements, (iii) the extent of the totally mea-
sured area, and (iv) the repeat frequency [Bloschl and Sivapalan, 1995; Sturm, 2015]. Mountain snowpacks
are characterized by complex layering and a high variability in time and space [Sturm et al., 1995]. Therefore,
measurements of snow state variables in mountain areas ideally combine a support of intermediate spatial
scale of several hectares, a small spacing, an extent of the entire basin and a high repeat frequency. Other
aspects to be considered include (i) low disturbances of both the snowpack itself and the snow accumula-
tion patterns, (i) the applicability in a wide range of terrain and snowpack properties, and (iii) acceptable
costs for installation and maintenance [Lundberg et al., 2010].

Traditional snow sampling techniques (snow pits, snow core surveys) [Goodison et al., 1987; Kinar and
Pomeroy, 2015; Proksch et al., 2016] are invasive, labor intensive, and suffer from several drawbacks like small
support, large spacing and/or low repeat frequency. A number of automated in situ measurements for
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snow depth (SD), snow water equivalent (SWE), or liquid water content exist [Johnson and Marks, 2004;
Stahli et al., 2004; Egli et al., 2009; Lundberg et al., 2010; Koch et al., 2014] but are usually limited to a very
small support with a high sensitivity to local anomalies. For widely used instruments like snow pillows or
snow scales, other issues include disturbances of the snowpack due to energy transport into the snowpack,
changes of the wind field, or a high sensitivity to varying snow properties, such as changes in snow density
or the development of thin ice layers [Johnson and Marks, 2004; Lundberg et al., 2010].

Space-borne remote sensing products would overcome these limitations and meet most of the require-
ments presented before. But unlike snow-covered area, which has been operationally monitored using
optical satellite data for decades [Dozier, 1989; Hall et al., 1995, 2002; Nolin, 2010; Dietz et al., 2012; Frei
et al., 2012; Rittger et al., 2013], monitoring other snow properties in mountain areas remains challenging
[Lundberg et al., 2010; Nolin, 2010; Kinar and Pomeroy, 2015; Sturm, 2015; Lundberg et al., 2016]. In
satellite-based SWE products, mountain ranges are masked out due to the low sensor resolution of sev-
eral kilometers [Rott et al., 2004; Liang et al., 2008; Clifford, 2010; Nolin, 2010; Dietz et al., 2012]. Recent
developments based on high-resolution Synthetic Aperture Radar satellites allow for mapping wet snow
cover [Rott et al., 2004, 2012; Pettinato et al., 2013; Nagler et al., 2016; Rondeau-Genesse et al., 2016]. How-
ever, no information related to the mass of the snowpack like SD or SWE can be retrieved. High costs and
low repeat frequencies hamper the use of airborne techniques like passive gamma-ray measurements
[Peck et al., 1971; Lundberg et al., 2010; Kinar and Pomeroy, 2015], airborne light detection and ranging
(LiDAR) [Deems et al., 2013; Bhardwaj et al., 2016], or airborne photogrammetry [Biihler et al., 2015; Jagt
et al.,, 2015; Nolan et al., 2015].

Recently, promising measurement techniques combining a larger support with low maintenance cost like
acoustic-sounding of the snow pack [Kinar and Pomeroy, 2007], aboveground gamma-ray scintillators
[Choquette et al., 2013], GPS interferometric reflectometry [Gutmann et al., 2012], or aboveground cosmic-
ray neutron sensors (CRNS) [Desilets et al., 2010] have been suggested for monitoring SWE. While buried
cosmic-ray neutron probes [Kodama, 1980; Avdyushin et al., 1982; Paquet and Laval, 2006] have a small sup-
port and potentially disturb energy fluxes into the snowpack, the aboveground CRNS technique is charac-
terized by a support of several hectares [Desilets et al., 2010; Zreda et al., 2012; Desilets and Zreda, 2013; Kohli
et al., 2015]. Originally proposed to monitor soil moisture [Zreda et al., 2008; Desilets et al., 2010] and also to
infer soil parameters [Rivera Villarreyes et al., 2014; Baatz et al., 2016], CRNS has been demonstrated to be
sensitive also to other hydrogen pools like biomass [Franz et al., 2012a; Bogena et al., 2013; Baroni and
Oswald, 2015] or snow [Desilets et al., 2010; Rivera Villarreyes et al., 2011; Rasmussen et al., 2012; Zweck et al.,
2013; Sigouin and Si, 2016]. The COSMIC operator [Shuttleworth et al., 2013] enables effective data assimila-
tion for snow-free environments. As approaches to separate the signal of different hydrogen pools are
emerging [Baatz et al., 2015; Baroni and Oswald, 2015; Franz et al., 2016; Heidbuchel et al., 2016; Tian et al.,
2016], applications in other environments than open fields, including measurements of snow canopy inter-
actions, are promising [Desilets, 2014].

The empirical knowledge of using CRNS for monitoring snowpacks is, however, limited to shallow snowpacks
with rather uniform evolution. The range of SWE values covered in existing field studies is very limited and
does not exceed 70 mm [Rasmussen et al., 2012; Sigouin and Si, 2016] to 130 mm [Desilets et al., 2010]. A satu-
ration level at 100 mm is presumed with no sensitivity of CRNS remaining to additional amounts of snow
above that [Franz et al., 2012b; Desilets, 2014]. Results from neutron modeling [Zweck et al., 2013] and field
observations [Sigouin and Si, 2016] suggest that for shallow snow packs there is a mixed signal from soil mois-
ture and snow. Two of the existing study sites are located in level, homogeneous terrain with a rather uniform
snowpack [Rasmussen et al., 2012; Sigouin and Si, 2016]. In contrast, heterogeneity of the spatial patterns of
snowpack accumulation and melt was reported to alter the neutron count rates during the melt season at the
Mt. Lemmon Cosmic Ray Laboratory [Desilets et al., 2010]. Neutron count rates from all studies show a sharp
decline in neutron count rates with the onset of snow accumulation as compared to snow-free conditions
[Desilets et al., 2010; Rasmussen et al.,, 2012; Delunel et al., 2014; Sigouin and Si, 2016]. Not all of these studies
provide a functional relationship between neutron counts and snow properties. For the test site in Saskatoon
(Canada), a linear fit between neutron count rates and SWE was found sufficient [Sigouin and Si, 2016]. Previ-
ous applications with buried probes showed that neutron penetration into the snowpack follows an exponen-
tial function [Kodama, 1980; Avdyushin et al, 1982]. Theoretical analysis of interactions between snow and
neutrons confirm this strongly nonlinear relationship [Morris, 2008; Franz et al., 2012b].
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Figure 1. Study area within the Upper Fagge River (green) in the Austrian Alps. The TLS positions (yellow) are chosen to cover the theoreti-
cal footprint above snow around the Weisssee automatic weather station (AWS). The approximate CRNS footprint from where 86% of
neutrons originate is marked by blue colors. The areas from where 63% and 50% of neutrons originate are marked with darker color to
illustrate the spatially nonlinear nature of the footprint.

In this study, the aim was to address the following questions: (i) Does CRNS work in the extreme conditions
of a high altitude site with a complex and relatively deep mountain snowpack?, (ii) Does the CRNS signal
show a saturation level for the high snow depths occurring here?, (iii) Is the neutron signal sensitive to
snow mass (SWE) alone or is there also an effect of the absolute thickness of the snow layer (SD)?, and (iv) Is
there still a signal contribution from soil moisture when there is snow cover, and when can the signal be
attributed predominantly to the snowpack?.

To investigate these issues, a field experiment in the Austrian Alps was set up to combine a CNRS measurement
with point-based monitoring of the snowpack as well as special campaigns yielding a spatially highly resolved SD
estimate over an area comparable to the CRNS footprint. The study period covered three winter seasons, and in 2
years the complete snow season from first snow fall to melting of the last snow cover was monitored by CRNS.

2. Experimental Site

The study area is within a gauged headwater catchment of the Fagge River, a major tributary of the Inn
River in Tyrol, Austria and is located in the Otztal Alps close to the main alpine ridge, near the border to Italy
and Switzerland (Figure 1). It exhibits high precipitation amounts originating from both north-western and
southern storms. An automatic weather station (AWS) is operated in vicinity of the lake Weisssee (2480 m
a.s.l). The station is equipped with standard meteorological sensors for measuring temperature, precipita-
tion, wind speed, wind direction, and surface energy fluxes.

The AWS is surrounded by relatively level alpine terrain. The elevation ranges between 2420 and 2500 m
a.s.l. within a 230 m radius around the AWS. The mean slope is 14.5 = 10.0°. Still, SD values are highly vari-
able due to small-scale changes in terrain roughness and surface energy fluxes (Figure 2). Snow coverage
during snow accumulation is close to 100% with SD values of up to two meters at the AWS. The melting
season, in contrast, is characterized by a patchy snow cover. The soils are shallow with high skeleton frac-
tions of gravel to rocks from a glacial ground moraine and have only very little vegetation.
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Figure 2. The test site Weisssee during the measurement season: (a) the test site next to the automated weather station (AWS), (b) the
AWS in mid-winter conditions during the highest accumulation in terms of both snow depth and snow water equivalent, (c) and (d) with
patchy snowpack during the melting period. The numbers (1) and (2) indicate the ultrasonic snow depth sensors. The Snow-Pack-Analyzer
is located beneath sensor (1) and is almost completely buried with snow. The cosmic-ray neutron sensor (CRNS) is mounted at a height of
~2.7 m above the snow-free surface (3).

At the AWS a device for cosmic-ray neutron sensing was mounted and operated during three snow seasons
to obtain neutron counts representing a spatially averaged contribution of snow and soil water. A skiing
area with cable car infrastructure and two skiing slopes occupies a parts of the outer CRNS footprint. The
Kaunertal glacier road with a number of viewpoints allows for all-year access to the field site facilitating
Terrestrial Laser Scanning (TLS) campaigns during the winter season.

3. Data and Methods

3.1. Continuous Point-Scale Snow Measurements

Point-scale measurements are defined in general as measurements with small support in the range of maxi-
mally a few square meter and typically large spacing in the range of several meters to kilometers. In the pre-
sent study, such continuous measurements of SD and snow density are processed at an hourly time step.
Point-scale SD values are provided by two ultrasonic sensors (USH-8, Sommer). SD is measured based on
ultrasonic distance ranging with a nominal accuracy of 0.1% but empirically being on the order of a few
centimeters. While the first sensor was operated during the complete period of the field experiment, the
second sensor was installed some months after the start of the study period in October 2014. Both sensors
have a support of around 1 m? and are installed north and south of the AWS in a distance of around 2 m
(Figure 2). Differences related to microscale snowpack heterogeneity of SD were observed in the order of
+0.4 m between the two sensors. As the measurement infrastructure affects the local wind field, the values
of both measurements are averaged to increase robustness.

Since October 2014, bulk snow density is continuously monitored by a Snow-Pack-Analyzer (Sommer)
[Stahli et al., 2004]. Based on the different dielectric constants of ice, water, and air, bulk snow density is
inferred from measurements of impedance along a diagonally installed flat ribbon sensor. Due to the setup
of the Snow-Pack-Analyzer for SD values below approximately 0.5 m, the diagonal sensor is influenced by
high noise, and snow density is underestimated. Additional measurements from three horizontal flat ribbon
sensors (10, 30, and 50 cm above ground) are used as a substitute in this case for the automated point-
scale measurements. During the first winter season, sometimes air pockets appeared around the diagonal
sensor, which is a known technical problem reported also by a prior study [Stahli et al., 2004]. The Snow-
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Pack-Analyzer was therefore reconfigured in August 2015 when the frame of the sensor was turned by
about 90° to be parallel to the local wind field. For the 17 dates with snow pit measurements available (in
both winter seasons), the correlation between manually and automatically observed snow density had an
coefficient of determination r* of 0.79 and a root means squared error (RMSE) of 55 kg m > being partly
caused by differing SD (RMSE = 27 cm). Observed bulk snow density p;,.,, in kg m~> and SD in m are used
to calculate SWE in mm as follows:

SWE= 410, - SD (1)

3.2. Snow Measurement Campaigns

Spatially distributed measurements refer to quasi-distributed measurements consisting of a very high num-
ber of individual measurement points that have small support each but due to their dense spacing together
cover large parts of the test site. During the monitoring season, 18 measurement campaigns were con-
ducted (Table 1). Each campaign comprises of (a) spatially distributed SD measurements and (b) supporting
snow pits for obtaining SD and snow density.

A first distributed SD survey was conducted using manual-scaled probe-based measurements along a
north-south and an east-west transect in May 2014. For higher representativeness, three individual meas-
urements were averaged at each of the 30 measurement points. During the following two winter seasons, a
snow-free reference campaign in October 2014 and a total of 17 TLS-based snow campaigns were con-
ducted (Table 1). Two long-range laser scanners (VZ-4000 and VZ-6000, Riegl) were used in the campaigns.
Differing in laser wave length, the VZ-6000 laser scanner has a comparable performance on snow-free and
dry snow surfaces but is better suited than the VZ-4000 for melting snow surfaces. The measurement accu-
racy is in the range of few centimeters [Deems et al., 2015; Hartzell et al., 2015]. As terrain features in the
line-of-sight between the laser scanner and the surface result in data gaps, measurements were performed
from three different scan positions to increase the spatial coverage (Figure 2). Due to technical reasons, six
campaigns feature fewer scan positions (Table 1). Being a LiDAR-based measurement, a point cloud of sur-
face elevation measurements is produced for each campaign. In the following step, the point cloud is
aggregated to a 1 X 1 m grid. Distributed SD values are calculated by subtracting the resulting surface ele-
vation grid from the snow-free reference elevation model (based on the campaign on 7 October 2014):

SDdisz‘ribued :DEMsnow_DEMsnow-free (2)

Pixels with SD values smaller than 3 cm were classified as snow-free terrain. Eleven TLS campaigns during
the 2014/2015 season and six campaigns during the 2015/2016 season allow for mapping within-site SD

Table 1. Snow Measurement Campaigns During the Winter Seasons 2014/2015 and 2015/2016

Number of Number of
Scan Data Points Snow-Free Number of

Survey Date Instrument Positions (Thousands) Data Points (%) Snow Pits
2 May 2014 Scaled Probe 0.030 0.0 2

7 Oct 2014 Riegl VZ-4000 1,2 130 100.0

14 Nov 2014 Riegl VZ-6000 1,2 124 12.6 1

19 Dec 2014 Riegl VZ-6000 1,2,3 107 4.8 1

13 Jan 2015 Riegl VZ-6000 1,2,3 120 1.9 1

12 Feb 2015 Riegl VZ-6000 1 109 32 1

25 Feb 2015 Riegl VZ-6000 2 86 19 1

18 Mar 2015 Riegl VZ-6000 1,2,3 125 2.7 1

9 Apr 2015 Riegl VZ-6000 1,23 126 15 1

17 May 2015 Riegl VZ-6000 1,23 126 9.1 1
5Jun 2015 Riegl VZ-6000 T, 2, 3 125 231 1

11 Jun 2015 Riegl VZ-6000 1,2,3 126 52.1 1

22 Jun 2015 Riegl VZ-6000 1,23 126 92.1 3

24 Nov 2015 Riegl VZ-6000 1 106 53.2 2

3 Dec 2015 Riegl VZ-4000 ,2,3 120 20.6 1

4 Mar 2016 Riegl VZ-4000 1,2 103 14 =

28 Apr 2016 Riegl VZ-4000 1,23 121 35 6

7 Jun 2016 Riegl VZ-6000 1,23 125 36.5 1

29 Jun 2016 Riegl VZ-6000 ,2,3 129 96.5 2
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distributions at contrasting snow accumulation and melt conditions. The resulting distributed SD maps
cover 86-130 thousand data points within a 230 m radius around the station. The fraction of snow-free data
points ranges between 1.4% during accumulation on 4 April 2016 and 96.5% at the end of the melting sea-
son on 29 June 2016.

The coefficient of variation (CV) [Marchand and Killingtveit, 2005] is calculated from the standard deviation
within the 230 m radius and the corresponding average SD as a measure for within-site variability of distrib-
uted SD values:

cv=22 3)

SD
In a snow pit near the AWS, individual layers are cut and weighted using a tube of a length of 21 cm and
known volume. Bulk snow density is calculated by averaging the single measurements. SD is measured by a
scaled stick with 1 cm resolution. Snow density and SD can be used to infer point-scale SWE with an accu-

racy of = 10% [Stuefer et al., 2013].

The within-site variability of snow density is considerably lower for snow density than it is for SD [Jonas
et al.,, 2009; Sturm et al., 2010; Lopez-Moreno et al., 2013; Schober et al., 2016]. Variability of SWE therefore
largely follows the spatial distribution of SD [Sturm et al., 2010; Lopez-Moreno et al., 2013]. Self-compaction
is one of the main drivers for within-site variations of snow density. To verify the impact of SD on snow den-
sity at the study site and to describe its within-site variability, a total of seven measurement points were col-
lected on 28 April 2016 within the area where 50% of neutrons originate (Figure 2). In addition to the values
recorded by the AWS, this included six snow pit bulk density measurements with differing SD.

SD values of the snow pits varied between 73 and 201 cm, corresponding to a range of snow density
between 323 and 411 kg m™>. The resulting within-site variability of snow density in terms of CV is 8%,
which is at the lower end of the values in the range of 7-32% reported by other studies [Jonas et al., 2009;
Sturm et al., 2010; Lopez-Moreno et al., 2013; Schober et al., 2016]. This corresponds to the fact that transects
reported in the literature include a larger elevation range than is found at the study site. The CV of SD val-
ues is 34%.

A snow density fraction pr and a SD fraction SDr were calculated to normalize the individual measurements
in respect to the corresponding mean values of snow density and SD:

where i represents the individual measurements.

Snow density fraction and SD fraction data from snow pits and the AWS at this date were used to fit equa-
tion (6) by an ordinary least square algorithm:

_ SD;—SD _
= 7. ck+ 6
pi= P ( D > P (6)

where i represents the individual measurements and k is the slope of the regression line.

The slope k of the linear function was found to be 0.23 (Figure 3) with in a high correlation represented by a
r* value of 0.93. The local function could be verified with a r* value of 0.89 for the campaigns on 11 June
2015 and 24 November 2015, representing the melting season 2014/2015 and the beginning of the accu-
mulation season 2015/2016, respectively. The within-site variation of snow density usually increases during
snow melt with snow density becoming increasingly a function of liquid water content and refreezing of lig-
uid water [Jonas et al., 2009; Lopez-Moreno et al., 2013]. Thus, snow measurements made during the late
melting season on 29 June 2015 and 29 June 2016 show an increased bias in the range of 5-12% when
using equation (6) with a constant k value fitted with the data from 28 April 2016. This represents an
increased uncertainty for the data of the late melt season but is still acceptable when compared to the liter-
ature [Jonas et al., 2009; Schober et al., 2016].
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Within-Site Variability of Snow Density Equation (6) was used to account for
: : : : g the effect of within-site variability of
010 : : : : : snow density for all TLS measurement
' : : : : : campaigns. Therefore, the mean snow
: : : : : density 7 in kg m~? is calculated from
S 0.05 ; ; ; (T TSR b . .
2 : : : : all available snow density measure-
E ments (AWS and snow pits) at the date
T 0.00 of the campaign. Since automatic
@ .
2 snow density measurements of the
o H i . .
& -0.05 : — Snow-Pack-Analyzer are uncertain if
Snow Pits 2016/04/28 . i
»  Snow Pits 2015/06/11 SD is lower than 0.5 m onIy snow pit
—0.10 | « Snow Pits 2015/06/22 | data were used for the campaigns on
: Snow Pits 2015/11/24
v Snow Pits 2016/06/29 24 November 2015 and 3 December
5 : : : AWS 2016/04/28 2015. Given a water density of 1000 kg
—0.4 —0.2 0.0 02 04 0.6 0.8 m 3, the distributed SWE in millimeter
Snow depth fraction . L.
is calculated as a product of distrib-
Figure 3. Measured within-site variations of snow density at snow pits (blue dots uted SD in meter and snow density in

and colored triangles) and the automated weather station (red diamond)

o kg m™~ 3. Therefore, the following equa-
compared to within-site variations of snow depth.

tion is applied for each data point:
SWE;=p; - SD; 7)
where i represents the elements of the SD grid.

3.3. Aboveground Neutron Sensing

The aboveground CRNS integrates information from an area of several hectares, referred to as intermediate
scale. The CRNS is equipped with a >He proportional counter surrounded by a polyethylene moderator for
the measurements of epithermal to fast natural neutrons created by a secondary cascade of cosmic rays.
These neutrons interact with the land surface, and the signal is moderated by the hydrogen pools on the
land surface. For this reason the monitoring of neutron counts well represents the temporal dynamics of
water based on an inverse relation [Zreda et al., 2008; Desilets et al., 2010]. Due to the specific characteristic
scattering length of neutrons in the atmosphere, the measurements integrate a signal over a large area in
the order of hundreds of meters radius [Desilets and Zreda, 2013; Kohli et al., 2015]. For further information,
readers may refer to Zreda et al. [2012].

In the present study, a CRNS (CRS-1000, Hydroinnova) [Desilets et al., 2010; Zreda et al., 2012] was installed
in the period from March to June 2014 and was replaced by another sensor of the same model measuring
from October 2014 to June 2016 (Figure 2). As the first sensor shows slightly higher count rates, a linear
regression was applied for normalizing the data of both sensors. Differences between CRNS probes of the
same model are common due to differences in the polyethylene shielding thickness or in the pressure of
the Helium gas, which is usually solved by intercalibration [Baatz et al., 2015]. Both sensors were mounted
at a height of 2.7 m above snow-free surface to prevent the CRNS to be buried by snow during peak accu-
mulation conditions. The lowest distance between the senor’s enclosure and snow surface was around
0.3 m in April 2015 (Figure 2b).

Raw neutron count rates were aggregated to hourly values and subsequently corrected for (i) incoming
neutron intensity, (i) air pressure, and (iii) absolute humidity according to the postprocessing for soil mois-
ture applications [Zreda et al., 2012; Rosolem et al., 2013]. Data from the nearby neutron monitor Jungfrau-
joch in Switzerland (JUNG), which has the same geomagnetic cutoff rigidity, were used for correcting the
variations in the neutron intensity. All additional data necessary for the corrections (i.e., air humidity, air
temperature, and air pressure) were measured locally. For this reason they also well represent the specific
environmental conditions. Neutron count rates generally follow a Poissonian distribution. With increasing
neutron count rates, the uncertainty of the measurement relative to the total count rate decreases. Hence,
hourly values would imply a high level of uncertainty during the period with large SWE values. For this rea-
son, the corrected neutron count rates were averaged to 12 hourly values to increase the statistical accuracy
of the measurements still partly capturing subdaily dynamics of snow properties.
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3.4. Relating Neutron Counts to Snow Measurements

To investigate the characteristics of using CRNS for snow monitoring, both point-scale and distributed SD
and SWE values are related to neutron counts. The coefficients ay, a;, a, and N, of a function originally
developed for relating neutron counts to soil moisture [Desilets et al., 2010] are estimated by an ordinary
least square algorithm using the respective subset of snow measurements:

do
©
SD and SWE predicted with the resulting function are compared to measured values. The Kling-Gupta-

Efficiency (KGE) [Kling et al., 2012] was used as objective function as it includes r?, a ratio of the coefficients
of variation, and a bias ratio.

f(N) = —dadj (8)

To test the temporal transferability of the resulting equations, a split sampling is applied. The data from the
winter season 2014/2015 (11 samples) is used for calibrating the equations, while data for the winter sea-
sons 2013/2014 and 2015/2016 is used for validation (7 samples). Therefore, point-scale SD and SWE values
are reduced to dates with distributed snow measurements.

3.5. CRNS Footprint Over Snow

For characterizing the CRNS footprint, two different approaches were followed. In the first approach, the
footprint was calculated using functions originally developed for soil moisture studies. Recently, the foot-
print characteristics were revised suggesting the use of a spatial weighting function to account for a time
variant footprint and the spatial sensitivity of the signal [Kohli et al.,, 2015]. Every data point is weighted
based on a spatial weighting function. In the present study, the reference pressure was set to 75 kPa, refer-
ence atmospheric moisture to zero. This weighting was originally developed only for soil moisture condi-
tions. A soil moisture content of 99% was assumed to account for snow conditions as this reflects the near-
saturation conditions of the snowpack. Snow-free data points are calculated assuming 20% of soil moisture.
Due to the skeletal character of the soil, the latter value corresponds to rather wet conditions as assumed
for the melting season. In theory, also other hydrogen pools reduce the footprint (and thus decrease the rel-
ative probability for neutrons in larger distance to the probe to be detected), while lower air pressure
increases the footprint. However, only soil moisture and atmospheric moisture are implemented in the spa-
tial weighting function. In a second step, the resulting radius of the theoretical footprint from where 86% of
the neutrons originate is scaled by prefactors taking into account the effects of atmospheric pressure and a
changing hydrogen pool stored in biomass. Due to the negligible seasonal effects of total hydrogen stored
in biomass at the study site, the latter prefactor was held constant at a value of one. All distances were cal-
culated in three dimensions to account for complex topography.

In the second approach, the footprint radius is estimated using a data-based optimization approach. The
aim is to empirically verify the use of the theoretical approach for snow conditions. Another aspect is to test
the temporal stability of the footprint at the study site. A simple, uniformly distributed average over all data
points closer than the footprint radius f., to the CRNS is calculated. Neutron counts are compared to mean
snow values within a specific randomly set radius. The parameters of equation (8) are estimated and a corre-
sponding KGE value is calculated. To optimize f., the radius is varied over a uniformly distributed space
from 1 to 1000 m with 1999 samples. SD and SWE is processed separately using data from all campaigns.
The respective calibrated uniform footprint f., for SD and SWE is defined as the distance with the highest
KGE value. As data from all campaigns is included, high KGE values correspond to a temporally stable foot-
print. Due to the underlying uniform probability density function approach, slightly smaller values of the
footprint radius are expected than for the theoretical approach.

4, Results and Discussion

4.1. Within-Site Variability of Snow Properties

The topography around the station consists of convex and concave features with differing surface rough-
ness altering both the local wind field and the surface energy balance. Spatially heterogeneous snow accu-
mulation and melt result in patchy snowpack depletion as shown in Figure 2. In sheltered areas snowpack
typically persists a few weeks longer than at the AWS.
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Figure 4. Temporal dynamics and within-site variations of SD. TLS maps for peak accumulation in 2015 and 2016 and the melting season
2016.

A known problem of point-scale SD measurements in alpine terrain is the representativeness as compared
to mean values of larger areas [Griinewald and Lehning, 2015]. In the winter seasons 2013/2014 and 2014/
2015, SD at the AWS was subject to strong wind-induced snow redistribution. TLS measurements in the
2014/2015 season indicate an overestimation of SD in the range of 23-129% at the AWS as compared to
the mean values found in a 230 m radius. In contrast, in May 2014 AWS SD measurements were 42% below
the mean SD value of the distributed campaign. In the winter season 2015/2016 measured SD values were
closer to TLS derived means (deviations of —6 to +15%). This was very likely caused by a fence built around
the station in summer 2015, and the geometrical reconfiguration of the Snow-Pack-Analyzer in August 2015
(see chapter 3.1), which had been orthogonal to the local wind field before.

The high within-site variability of the snowpack is visible in the TLS-derived distributed SD maps shown in
Figure 4. To ensure a comparable spatial extent, only areas in the range of 230 m around the AWS are con-
sidered as the coverage of the outer areas differs for different TLS campaigns. As shown in Table 1, the per-
centage of snow-covered pixels during peak accumulation is very high. In 2015 a total of 98.5% of the data
points within the 230 m radius were snow covered; in 2016 this was 96.5%. The corresponding CV values
were higher in 2016. With the onset of spatially nonuniform snowpack depletion, snow coverage decreases
t0 63.5% in early June 2016, while the CV rises to 1.79.

4.2, Seasonal Evolution of the Snowpack

Snowpack evolution at the test site generally follows a typical alpine pattern with a long snow season from
fall to midsummer (Figure 5). Whereas in October 2014 the accumulation period started quite early with a
heavy storm, the 2015 accumulation period started rather late in December. After a step-wise snow accu-
mulation period, peak accumulation in terms of SWE is typically reached in spring. Intermediate melt events
occurred during fall and spring, e.g., in May 2015, in November 2015, in March 2016, and in April 2016.
Yielding around 150 mm higher SWE values during peak accumulation, the winter 2014/2015 was consider-
ably wetter than the winter 2015/2016. During the snow-free periods, three smaller snowfall events
occurred during June 2014, July 2014, and September 2015.

While in general, the dynamics of SWE are related to variations in SD, seasonal differences arise from the
evolution of bulk snow density. During accumulation snow densities ranged between 100 and 350 kg m ™3,
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Figure 5. Seasonal snowpack evolution retrieved by a single point-scale measurement at the automated weather station (AWS) compared to the average value obtained from TLS
(orange markers) and snow pit measurements (blue markers): (a) air temperature and precipitation (liquid and solid), (b) SD, (c) SWE where purple arrows mark two intermediate melt
events, and (d) snow density. Measured 12 hourly corrected neutron count rates by CRNS are plotted in Figure 5e where purple arrows mark the same events as in Figure 5c. A subset of
this plot shows neutron count rates after two snowfall events on snow-free ground with 22 cm (~22 mm SWE) in June 2014 and 26 cm (~26 mm SWE) in September 2015.

Melting snow was denser, with bulk densities of 400-550 kg m 3, including a high content of liquid water
in the pore space. Thus, due to the densification (compaction) of the snowpack with time and energy input,
peak accumulation (in terms of SWE) does not usually correspond to the highest SD values. For a number of
dates automatic snow density values are lower than the snow pit measurements. In June 2015 or November
to December 2015, this was associated with SD values at the AWS below 0.5 m. Despite SD being above this
level, similar differences between AWS snow density and manual measurements can be observed from Jan-
uary to May 2015 where automated measurements were hampered by air pockets around the sensor cable.
After optimizing the location of the Snow-Pack-Analyzer with regard to the local wind field in August 2015,
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both automatic and manual density measurements show better agreement, particularly during peak
accumulation.

4.3. Seasonal Evolution of Neutron Counts

In Figure 5e the time series of 12 hourly neutron counts corrected for incoming neutron intensity, air pres-
sure, and air humidity is shown for the whole study period. While in snow-free conditions measured neu-
tron counts range between 5000 counts per hour (cph) during wet soil conditions, and 6240 during the
peak of the August 2015 drought period, snow-covered conditions are characterized by considerably lower
neutron count rates. Snowfall events cause a sharp decrease in neutron counts. Two snowfall events of
around 20 cm of new snow (approximately 20 mm of SWE if assuming a new snow density of 100 kg m™~3)
on 29 June 2014 and 29 September 2015 correspond both to a decrease in neutron counts of around 1500
cph each (subset of Figure 5e). The amplitude of the change between zero and 20 cm of snow cover is thus
higher than the amplitude between wet and dry soil conditions. For both snowfall events, neutron counts
fell below the level of wet soil conditions, an effect that could be useful for phase detection of precipitation
by applying a threshold. The pronounced decrease of count rates reported also by other studies is due to
the presence of relatively large amounts of hydrogen in snow compared to soil, in which the amount of
water is limited by the porosity of the soil matrix. Furthermore, in soil the grain material can contribute sig-
nificantly to the neutron attenuation. This creates a background that is weakening the dynamics of the neu-
tron response to water content changes. In snow, however, the neutrons do not interact with the air inside
the snow, and only water—frozen, liquid, or as vapor—is contributing to the signal. An experimental study
in the French Alps showed however that in the presence of snow neutron fluxes can be reduced even more
than can be explained by hydrogen mass alone which was attributed to possible boundary effects [Delunel
et al., 2014]. Still, absolute levels of neutron counts after snowfall depend on preevent count rates. This con-
firms findings from other studies reporting a mixed signal of soil moisture and snow for shallow snowpacks
below approximately 30 mm of SWE [Franz et al., 2012b; Zweck et al., 2013; Delunel et al., 2014; Sigouin and
Si, 2016]. For deeper snowpacks, this effect is expected to be negligible.

The winter seasons correspond to periods with generally lower count rates. As for soil moisture, the slope of
neutron count decrease in fall is steeper than for count rate recovery in summer. Decreases are triggered by
short-lived precipitation events, whereas increases are due to drying of soil or melting of snow which are
longer-lived events. Even for high values of SD, the neutron signal is not completely saturated. The accumu-
lation and melt-out phases in fall and summer have their correspondence in neutron count rates. The neu-
tron signal also allows for tracing intermediate snowfall and melt events like on May 2015 or March 2016.
Even with high SD values during peak accumulation, neutron count rates never drop below 2000 cph. An
amount corresponding to around one third of the neutron count rate for dry conditions is produced in the
top snow layer during snow-covered conditions.

4.4. Estimating the Footprint Characteristics Over Snow

The footprint radius is relatively stable over time for the atmospheric and meteorological conditions at the
study site. The theoretical equation [Kohli et al., 2015] for homogeneous conditions over snow is dominated by
the absolute humidity being generally rather low. In summer, the theoretical footprint over snow defined as
the distance from where 86% of neutrons originate is 247 m. The 63% of neutrons originate within a distance
of 85 m. The inner footprint from where 50% of the neutrons originate is 41 m. Due to lower humidity at low
temperatures, the corresponding values are slightly higher during the winter period (273, 102, and 49 m).

Optimizing the uniform footprint f.,, for SD and SWE revealed higher overall KGE values for SD but very similar
distance-dependent patterns of KGE values (Figure 6). The generally lower KGE values for SWE data result
from a different shape of the function describing the relation between neutron counts and SWE during the
melting period (see chapter 4.5). Very small averaging distances exhibit the lowest KGE values. A first local
maximum can be found for a radius of 15 m, followed by a local minimum at 32 m. The best fit, indicated by
the highest KGE, was found at around 230 m for both SD and SWE. The data sets from all measurement cam-
paigns were used in the optimization. The good fit therefore indicates a stable footprint over time.

Both the theoretical and the empirically optimized approaches hence show comparable results, as due to
the differences in the underlying probability density functions, the averaging radius of the uniform averag-
ing is likely to be smaller than the radius of the theoretical footprint. This indicates that footprint functions
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Figure 6. Optimization of the calibrated uniform footprint f, for SD and SWE
based on all campaigns. The corresponding KGE value if using the spatial
weighting function is indicated by dotted horizontal line, respectively.

The penetration depth in snow appears to be deeper than in pure water or soil. The role of spatial structure
of hydrogen distribution on neutron counts could be a possible explanation that is supported by a recent
modeling study [Andreasen et al., 2017]. In that study the impact of different structures on neutron counts
has been investigated quantitatively, however, only with respect to forest biomass. In heterogeneous alpine
terrain, the distribution of high SWE values is highly variable in space, where large changes of SWE can
occur even within few decimeters of distance. For this reason, further studies should be conducted focusing
on the role of the strong spatial variability of SWE in alpine terrain on neutron fluxes.

The advantages of CRNS to measure snowpack properties with a high spatial variability can be illustrated
comparing SD and SWE on different spatial scales, respectively. Considering SD, the point-scale measure-
ments show the same nonlinear relation and good fit as compared to the TLS measurements (Table 2). The
main difference is observable as an offset from the curve for the melting season 2014/2015. This is consis-
tent with the constant overestimation detected between the point measurements and the TLS campaigns
(see Figure 5b). Considering SWE, the correlation between point-scale measurements and neutron counts
are less pronounced. The interannual differences are larger than for SD. With distributed data, this effect dis-
appears, confirming that the CRNS measurements are not affected by small-scale heterogeneities.

Considering distributed SD and SWE, the differences between the two different approaches for averaging
the distributed measurements are smaller than in soil moisture studies [Kohli et al., 2015; Heidbuichel et al.,
2016]. This is probably caused by the high number of data points, the relative stability of the footprint
radius in time and the fact that the support distance was explicitly calibrated for the test site. Another possi-
ble factor could be the near saturation of the signal in the presence of snow in contrast to a high variability
of the signal with changing soil moisture dynamics. Still, it is noteworthy that the spatial weighting slightly
improves the results. For operational snow monitoring, averaging over a fixed distance could however be
easier to implement.

With distributed SWE data, different curves for the accumulation and for the melting period become evi-
dent. The offset is larger than the uncertainty introduced by neutron counts or snow measurements. The
uncertainty of the SWE data increases during the melting period due to the constant k factor in equations
(6) and (7). However, resulting potential errors are in the range of few mm of SWE for the area estimate. A
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Figure 7. Different calibration curves of neutron counts (cph) versus the two snow properties observed during snow measuring campaigns: derived from (a) point-scale SD, (b) point-
scale SWE, (c) distributed TLS SD averaged over a 230 m radius around the AWS, (d) distributed TLS SWE averaged over a 230 m radius around the AWS, (e) spatially weighted distributed
SD, and (f) spatially weighted distributed TLS SWE.

possible explanation could be that count rates are shifted toward (higher) snow-free levels due to the pres-
ence of snow-free patches. The result is a mixed signal of low snow-affected count rates and high snow-
free count rates. This effect is however minimized by using distributed SD and SWE data and spatially
weighting the data. The spatial weighting function [Kohli et al., 2015] accounts for the effect of averaging
nonlinear data by including a higher contribution from the snow-free patches. Still, different curves were
found for the accumulation and the melting season, suggesting that some aspects of neutron interactions
with different layers of snow and soil, like edge effects or the spatial heterogeneity of the snowpack, are not
accounted for.

Another aspect points to varying snow density leading to altered interactions with neutrons. Snow structure
and density could decrease the effective measurement depth as was shown for soil moisture [Franz et al.,
2012a; Kohli et al, 2015]. Snow density is generally lower during the accumulation period. During the
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melting season bulk density values

Table 2. KGE Values of Fitting Measured Snow Data to Neutron Counts in _ ) .
d above 450 kg m > were associated with

the Calibration Period

Accumulation Melting high liquid water contents. To empiri-

All Data Period Period cally test this hypothesis, a limitation
Snow depth point-scale 0972 0985 0998 of effective measurement depth was
Snow depth TLS 230 m 0.993 0.992 0.999 introduced:
Snow depth TLS weighted 0.993 0.992 0.999
SWE point-scale 0.895 0.995 0.999 { min (SWE,', d), 0 > D
SWE TLS 230 m 0.960 0.999 0.999 SWE;= (9)
SWE TLS 230 m corrected 0.986 0.999 0.990 SWE;, pj < p
SWE TLS weighted 0.962 0.962 0.999
SWE TLS weighted corrected 0.996 0.999 0.998 The correction was developed with data

from the 2014/2015 season by manually

calibrating thresholds for effective mea-
surement depth d and critical snow density p. Best results were obtained with a measurement depth limit
at 200 mm for all data points where snow density exceeds 450 kg m~>. Applying the measurement depth
limit for all data sets resulted in worse agreements, as did higher or lower thresholds for both parameters.
The measurement depth-corrected SWE values show a unique function for all data points including the
melting season as shown in Figure 8. The measurement depth-corrected SWE values also show reasonable
results for the validation period 2015/2016.

Most likely the effective measurement depth decreases nonlinearly as more pore spaces become filled with
liquid water, which has the largest effects for very dense snow where most pore spaces are occupied. This
is mimicked by the threshold function. As the function was derived empirically, no information could be
obtained however about the actual physical processes in terms of neutron interactions or the form of the
associated mathematical function. A universal function should be derived from neutron modeling. To
enhance the empirical data base with data from different sites, it is therefore recommended to include field
samples of SD, snow density, and liquid water content from both the accumulation and the melting period
into the study design.

The data presented in this study give empirical evidence that neutron fluxes measured by the aboveground
probe show snow-related signals even for a comparably deep snowpack of up to 600 mm of SWE. A buried
probe, better suited for deeper snowpacks, was reported to be capable of measuring SWE values up to 1-
12 m when measuring in the range of 1 eV-1 MeV [Kodama, 1984]. But a buried probe is only a very local
measurement, and therefore CRNS measurements appear to be more robust for applications in heteroge-
neous alpine terrain. In addition, measuring 12 m of SWE by a buried probe seems to be highly unlikely
given the attenuation length of neutrons in snow for the neutron energies targeted by the sensor. For this
reason, the limits of saturation of the CRNS and a buried probe could be much more comparable.
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Figure 8. Calibration curves of neutron counts (cph) and measurement depth-corrected SWE values from (a) a 230 m average and (b) spatially weighted data.
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The fitted functions generally have a
) ) very high agreement in terms of KGE

All Accumulation Melting
Data Period Period with observed data (Table 2). The spa-
tial weighting function slightly increases

Table 3. KGE Values of Predicting Snow Values in the Validation Period

Snow depth point-scale 0.593 0.666 0.258

Snow depth TLS 230 m 0.924 0.922 0.823 the fit. Uniformly averaged point-scale
Snow depth TLS weighted 0.897 0.919 0.811 and TLS data show slightly lower effi-
SWE point-scale 0.362 0.565 0.264 . . .

SWE TLS 230 m 0.894 0918 0915 ciency values than spatially weighted
SWE TLS 230 m corrected 0.939 0.924 0.808 data, but regardless of the weighting,
SWEISWeighted WEED s weEL TLS data fit considerably better than
SWE TLS weighted corrected 0.914 0.881 0.789

point-scale data.

To test interannual transferability, the

resulting functions were used to predict
the observed data in the validation period that is the winter seasons 2013/2014 and 2015/2016. While the
functions for point-scale measurements are not well suited to predict SD and SWE in the validation period,
the functions for spatially distributed values are transferable (Table 3). Distributed data corrected for mea-
surement depth show the best interannual transferability. Considering both the accumulation and melting
seasons, the functions based on spatially weighted data with measurement correction are most robust as
indicated by very high KGE values.

4.6. Performance of Snowpack Monitoring via CRNS

The reconstruction of SD and SWE values for the entire time series using corrected neutron counts is illus-
trated in Figure 9. The functions were developed including only the data from the 2014/2015 snow season
using spatially weighted, measurement depth-corrected snow measurements. For all dates of snow mea-
surement campaigns (Table 1), SD derived via CRNS matches the mean value in the study area better than
the point-scale measurements at the AWS. Furthermore, the CRNS-derived values are almost always in
excellent agreement with the values from the campaign, with only the March 2014 campaign slightly differ-
ing to the value from the campaign. However, this was the only campaign not using the TLS but snow sticks
at 30 points, and the conclusion could also be that this is not as representative as the TLS-measured values,
and the CRNS-derived value may well be correct. The CRNS-derived values perform equally well for snow
water equivalent. In two cases, the point-measurement matches exactly the TLS-derived average. Since it is
off otherwise, this may rather be a coincidence. But even during peak accumulation, the CRNS-derived value
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Figure 9. (a) SD and (b) SWE data reconstructed from neutron counts using the equations developed for the season 2014/2015 compared to measured snow data. The range of
uncertainty induced by neutron counting statistics is shown as shaded area.
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always matches well or at least is acceptable within the neutron count-induced statistical uncertainty, plot-
ted as shaded area. However, during periods with high accumulation with SWE values above around
400 mm, the signal appears to be close to saturation, particularly during the winter season 2014/2015 (sub-
set of Figure 9). It seems clear that CRNS, once calibrated, can reproduce well the dynamic snowpack evolu-
tion during the whole snow season. In snow-free conditions during summer, a small background remains
that is very likely caused by soil moisture as to be expected. Nevertheless, even comparably small intermit-
tent snow-fall events during that period create a signal exceeding the background and therefore could cor-
rectly be distinguished and identified.

Overall, CRNS proves therefore to be remarkably well suited for monitoring mountain snowpacks. Still,
some additional discussion is necessary to better understand the reliability of the measurements. The
uncertainty of estimating SWE or SD generally increases with increasing snowpack. This is due to the com-
bined effects of a higher statistical uncertainty at lower count rates and the steep slope of the function
relating neutron counts to SD and SWE. The uncertainty can be reduced by increasing the time step of neu-
tron counts measurements. For hourly values and snowpacks above 300 mm of SWE or 1 m of SD, the com-
bined effects of high statistical uncertainty at low count rates and the steepness of the function would
translate into high errors in the range of up to 30-40%. Using 12 hourly data reduces the uncertainty of esti-
mating SWE and SD induced by statistical neutron count errors to a level 1-12%, with an average of 4%.
The corrections applied to the raw neutron count rates could provide additional sources of uncertainty.
However, the corrections in this study are based on the incoming neutron data provided by a monitoring
station relatively close to the experimental site, and on meteorological data collected directly at the experi-
mental site. For these reasons, the uncertainty introduced by these corrections is expected to be lower than
the other sources of uncertainty.

Another important limitation is the near saturation of the signal for high values of SWE and SD. Given the
form of the functions relating neutron counts to SD and SWE, the signal seems to be saturated at around
600 mm of SWE and 2 m of SD, respectively. Already at around 400 mm of SWE and 120 cm of SD, high
noise is present in the reconstructed SWE and SD values, which cannot be explained by the uncertainty of
neutron counts and its corrections alone (see Figure 9). A larger time step, as was used in this study, is
therefore recommended when the snowpack is deeper than 200 mm. This is particularly important in envi-
ronments with low overall count rates like low altitude locations.

5. Conclusions

The presented experiment at an alpine site with a snowpack of up to 600 mm of SWE proves that CRNS is
suitable for monitoring snow in complex mountainous terrain. Even for SWE values considerably higher
than the 100 mm presumed so far in literature, no complete saturation of the neutron signal is found. A
mixed signal of snow and soil moisture was observed for shallow snowpack in agreement with other studies
[Zweck et al., 2013; Sigouin and Si, 2016]. Moreover, snowfall events can be distinguished from rainfall events
in the summer period since the decrease of neutron fluxes by snow is more pronounced than by wet soil.
This opens an interesting application to detect the elevation of the snowline which has a large impact on
flood generation.

Both SD and SWE show a strong correlation with neutron count rates following a highly nonlinear function.
This relationship between neutron counts and snow properties can be represented by the function usually
used for the soil water content measurement by CRNS, though with different parameter values. Separate
functional parameterizations were found to describe the relation between neutron fluxes and SWE during
the accumulation and melting periods. To resolve the issue of having two different functional parameteriza-
tions, a detection limit at 200 mm of SWE for very high snow densities above 450 kg m~3 was introduced.
The empirically based measurement depth limitation resulted in a unique function with a far better overall
fit. Still, the underlying mechanism itself was not yet analyzed or described by means of a physical neutron
scattering model. For comparing SWE or SD derived via CRNS with other snow data, it is important to iden-
tify the areas where to apply the measurement depth limitation. As proxies for these areas, potentially both
in situ measurements of snow density or liquid water content and remote sensing-based snow wetness
maps could be useful. As both functions converge at peak SWE conditions, an alternative option is using
seasonally different functions for converting neutron counts in SWE.
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As both SD and SWE are highly variable in space, and the probability of a neutron to be detected is a func-
tion of distance, best correlation results have been achieved for spatially weighted LiDAR-derived snow
data (KGE > 0.99). A good interannual transferability of the relationship between neutron counts and dis-
tributed snow data was found. This corresponds to KGE values in the validation period of 0.897 for SD and
0.914 for SWE. In contrast, point-scale SD and SWE values show lower correlations with neutron counts, and
the derived equations perform considerably worse in the validation period. This corresponds to CRNS repre-
senting indeed a SD and SWE averaged over an extended support area. This footprint depends in general
on air humidity, soil moisture, and snow cover itself. Values in larger distance contribute somewhat less to
the signal, which was accounted for by spatial weighting. As long as the CRNS probe is above the snow
cover, the shielding of neutrons by the snow cover is only indirect and results in a moderate influence on
the footprint size. Otherwise snow directly around the CRNS probe will eliminate some of the neutrons to
be counted, which should be avoided by installation of the CRNS probe above the local maximum snow
cover. The average footprint during the season, based on measurements over almost three snow seasons,
was estimated to be around 230 m.

The large support of the CRNS underlines its advantages over conventional point-scale snow measurements, as
point-scale data may not be representative for its surrounding area (Figure 7). Thus, CRNS seems to have clearly
the potential to become an excellent method for representative continuous measurement of average SD and
SWE. Possible applications include intermediate-scale snow monitoring for water resource management, runoff
forecasting, or multiobjective calibration of hydrological models. Another potential application is using CRNS
measurements as automated “ground truth” for satellite data [Lundberg et al., 2010].

Assuming that the background conditions are less relevant in snow-covered conditions than in snow-free con-
ditions, the transferability of the relation for snow measurements might be better than for soil moisture appli-
cations. However, as this study was carried out at a single location, this needs to be investigated. Further
research is also needed for understanding possible differences in neutron intensities between accumulation
and melting periods. Dedicated neutron modeling with spatially heterogeneous SD and SWE scenarios could
help to understand the interactions of neutrons at the interface of atmosphere, snowpack, and soil. This would
also give more insight into the characteristics of the CRNS footprint under snow conditions. Another aspect
that could be addressed by both modeling and experimental studies is including the information of thermal
neutron counts as was suggested by preliminary experimental studies [Rivera Villarreyes et al., 2011; Tian et al.,
2016] and a neutron modeling study [Andreasen et al., 2017]. This would include the use of an additional bare
neutron counter which can be optionally installed in the same enclosure. Thermal neutrons are expected to
contribute additional information on snow, at least as indicator for the presence of snow but their behavior
with increasing snowpack still needs to be explored. Finally, data from field experiments and neutron model-
ing could be used to extend the COSMIC operator [Shuttleworth et al., 2013] for snow conditions, enabling the
assimilation of snow states and the partitioning of the hydrogen pools in soil and snow. Further research
should also address the added value of CRNS-derived SWE for snow-hydrological applications as compared to
other snow data. A multiobjective hydrological model calibration could e.g., show the impact on reducing
parameter uncertainty or the reconstruction of basin-wide SWE.
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