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Abstract.

Photogrammetric surveys using Unmanned Aerial Systems (UAS) may represent an alternative to existing methods for
measuring the distribution of snow, but additional efforts are still needed to establish this technique as a low-cost, yet precise
tool. Importantly, existing works have mainly used sparse evaluation datasets that limit the insight into UAS performance
at high spatial resolutions. Here, we compare a UAS-based photogrammetric map of snow depth with data acquired with a
MultiStation and with manual probing over a sample plot. The relatively high density of manual data (135 pt over 6700 m?,
i.e., 2 pt/100 m?) enables to assess the performance of UAS in capturing the marked spatial variability of snow. The use of a
MultiStation, which exploits a scanning principle, also enables to compare UAS data on snow with a frequently used instrument
in high-resolution applications. Results show that the Root Mean Square Error (RMSE) between UAS and MultiStation data
on snow is equal to 0.036 m when comparing the two point clouds. A large fraction of this difference may be, however, due
to spurious differences between datasets due to simultaneous snowmelt, as the RMSE on bare soil is equal to 0.02 m. When
comparing UAS data with manual probing, the RMSE is equal to 0.31 m, whereas the median difference is equal to 0.12
m. The statistics significantly decrease up to RMSE = 0.17 m when excluding areas of likely water accumulation in snow
and ice layers. These results suggest that UAS represent a competitive choice among existing techniques for high-precision,

high-resolution remote sensing of snow.

1 Introduction

Monitoring snow distribution and amount is important for both water resource management and risk prevention (DeWalle and
Rango, 2011). The amount of snow can be measured either as snow depth (HS, in m), or as snow water equivalent (SWE),

i.e., the amount of water that would result from the complete melt of snow (in mm w.e. or kg/m2, see Fierz et al. (2009)).
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Both variables have been usually monitored by means of, e.g., snow pits or manual probing (Fierz et al., 2009), which are time
consuming and may be risky in avalanche-prone, remote areas. HS can be also monitored using ultrasonic (Avanzi et al., 2014)
or laser (Morin et al., 2012) depth sensors, while SWE can be monitored using e.g. snow pillows (Johnson and Marks, 2004)
or cosmic rays (Morin et al., 2012). The significance of local measurements has been, however, debated (Lépez Moreno et al.,
2011; Griinewald and Lehning, 2015; Lépez Moreno et al., 2015; Helbig and van Herwijnen, 2017), especially in view of the
marked spatial variability of snow processes (Kattelmann, 1989; Schweizer et al., 2008; Griinewald et al., 2010; Scipién et al.,
2013).

Recently, remote sensing has emerged as a non-invasive alternative for monitoring the snow water resource in quasi real-time.
Importantly, remote sensing enables to observe the spatial patterns of snow and thus overcomes the possible undersampling
of point measurements (Dietz et al., 2012; Sturm, 2015). Existing technological solutions include, among others, Terrestrial
Laser Scanner (TLS) (e.g., see Jorg et al. (2006); Jaakkola et al. (2014); Prokop et al. (2008); Griinewald et al. (2010, 2013);
Griinewald and Lehning (2015); Revuelto et al. (2016)), digital photogrammetry (Biihler et al., 2015; Nolan et al., 2015),
tachymetry (Prokop et al., 2008), Ground Penetrating Radar (GPR) (Machguth et al., 2006), time-lapse photography (Farinotti
etal., 2010; Parajka et al., 2012), or satellite-based sensors (Dietz et al., 2012). While the temporal-spatial resolution of satellite
sensors is generally low for real-time forecasting at catchment-slope scale (Nolan et al., 2015) and optical data can be further
affected by cloud coverage (Da Ronco and De Michele, 2014), laser scanning may need the instrument to be relocated for
measuring HS in complex terrains (Biihler et al., 2016).

Some early attempts of using Unmanned Aerial Systems (UASs) on snow have been recently carried out. These systems are
commonly used for high-resolution surveys (Thamm and Judex, 2006; Newcombe, 2007; Grenzdorffer et al., 2008; Gini et al.,
2014; Niethammer et al., 2010; Molina et al., 2012; Nex and Remondino, 2014; Pagliari et al., 2016; Berni et al., 2009; Tauro
et al., 2016). Moreover, it is quite simple to carry out the flight in an automatic way (Eisenbeif3, 2009; Colomina and Molina,
2014). The miniaturization of the imaging and of the positioning sensors reduces the payload and makes it possible to carry
out flights up to about one hour long (Tao and Hansman, 2016). The increasing use of UAS is also related to the improvement
of Structure from Motion (SfM), which allows to automatically obtain three-dimensional models from two-dimensional image
sequences (Hartley and Zisserman, 2003; Koenderink and Van Doorn, 1991), and its combination with algorithms for automatic
tie points extraction such as Scale Invariant Feature Transform (SIFT) (Lowe, 2004) and Speed-Up Robust Feature (SURF)
(Bay et al., 2008). These state-of-the-art feature-based algorithms give several reliable matchings even in case of bad textured
surfaces (El-Gayar et al., 2013; Lingua et al., 2009) .

Existing works about UAS on snow usually report an expected Root Mean Square Error (RMSE) for HS below 30 cm (e.g.,
see Vander Jagt et al. (2015); De Michele et al. (2016); Biihler et al. (2016); Harder et al. (2016); Lendzioch et al. (2016); Biihler
et al. (2017)). Larger errors are usually attributed to vegetated areas (Biihler et al., 2016; Lendzioch et al., 2016). However,
snow tends to form homogeneous surfaces and therefore it is often difficult to identify homologous points on different images
of the photogrammetric block (Smith et al., 1967; Cline, 1993, 1994), especially in case of high resolution images where each
frame covers only a small area. The use of modern SfM techniques, combined with the use of feature-extraction algorithms

from Computer Vision, enables to recognize points even on very homogeneous surfaces (Adams, 2016; Vander Jagt et al.,



10

15

20

25

30

The Cryosphere Discuss., doi:10.5194/tc-2017-57, 2017

Manuscript under review for journal The Cryosphere The Cryosphere
Discussion started: 24 April 2017 Discussions
(© Author(s) 2017. CC-BY 3.0 License.

2015). Existing works to evaluate the performances of UAS on snow have, however, mainly used sparse datasets at low density
(Vander Jagt et al., 2015; De Michele et al., 2016; Biihler et al., 2016; Harder et al., 2016; Lendzioch et al., 2016), whereas
only Biihler et al. (2017) present a one-day comparison with a TLS. Therefore, further efforts are highly needed to establish
UAS as a low-cost, yet highly precise and promising tool for automatically monitoring snow at slope-catchment scale.

Here, we present a comparison between a UAS-based photogrammetric map of snow depth, co-located manual measure-
ments (probing), and point clouds acquired with a Leica Nova MultiStation (MS) (Grimm, 2013). A MS acquires a point cloud
by moving the telescope collimation axis and scanning the target scene at a very high frequency, i.e., up to 1000 points/s for
distances smaller than 300 m (accuracy of 2 mm + 2 ppm). The measurement principle is, therefore, different from that of a
TLS, which uses a mirror to reflect the laser beam on the target scene. While a TLS enables to acquire a denser point cloud,
its accuracy is in the order of centimeters, whereas a MS can reach the order of millimeters. Moreover, the Electronic Distance
Meter of the MS has an operative wavelength equal to 658 nm. For any snow grain size the reflectance of the laser beam
is, therefore, between 90-100%, whereas a TLS usually uses a wavelength between 800-1200 nm, which yields a reflectance
below 70% (Prokop et al., 2008). For both reasons, in this work the MS 3D point clouds will be used as a reference to evaluate
the quality of the photogrammetric UAS survey.

The acquisition of point clouds on snow using a scanning principle represents a benchmark for high-resolution snow surveys
and is a frequent choice in several applications (Jorg et al., 2006; Jaakkola et al., 2014; Biihler et al., 2015; Prokop et al., 2008;
Griinewald et al., 2010, 2013; Griinewald and Lehning, 2015; Revuelto et al., 2016). To the best of authors’ knowledge, this is
however the first comparison between a UAS, a MS survey, and manual probing. The snow depth distribution is computed by
comparing two different Digital Surface Models (DSM), i.e., a DSM of snow distribution (April 2016) and the DSM of bare
soil (September 2016). The ground validation (in snow conditions) is carried out using 135 manual measurements of snow
depth. The relatively high density of this dataset (2 pt/100 m?) enables to assess the key role that snow variability plays in
ruling sensor performances; this is especially needed for UAS as it represents a recent technology for snow surveys.

The paper is organized as follows: Section 2 discusses the case study and introduces the instrumentation used. Section
3 presents and discusses the processing methodologies together with the results. Sections 4 and 5 report discussions and

conclusions, respectively.

2 The case study

The study area is located close to the Belvedere glacier (Piedmont region, Italy, 45° 57° 10.845”, 7° 55°, 5.2261”, 2070 m
a.s.1) and extends for about 6700 m? (Fig. 1). The site is characterized by sparse rocks and grass, with no tree. The area is also
crossed by two streams. While the topography is quite homogeneous (maximum variation of ~ 7 m in correspondence of the
highest rocks), the bare-ground coverage is variable and this enables to investigate the variability of sensor performances with
different topographic features. During winter, this site is not easily accessible; this also guarantees that snow conditions are

generally undisturbed.
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Figure 1. Morphology of the surveyed area during summer (left) and winter (right). The boundaries of the study area are in black. Red dots

are the station points of the MultiStation, while the blue triangle represents the point used as angular reference.

Two different surveys are necessary to measure the depth and the distribution of the accumulated snow. A first survey during
summer, when the snow is absent, is used to define the site topography and the reference, bare surface. A second survey
is then carried out during peak accumulation. The differences between the multi-temporal estimated DSMs return a map of
the snow depth distribution. The "summer" survey has been executed on 27th September 2016, while the acquisition at peak

accumulation has been performed on 14th April 2016 (Fig. 1).
2.1 UAS and MultiStation data acquisition

UAS surveys were realized using a hexacopter produced by Microcopter. This system is equipped with an on-board low-cost
GNSS receiver (Ublox LEA GH), a triaxial magnetometer and a MicroElectro-Mechanical System Inertial Measurement Unit
(MEMS IMU). Its maximum payload is 0.500 kg; the system is characterized by a flight autonomy of about 15 minutes. Images
were acquired using a Canon EOS M camera with a fixed focal length of 22 mm, equivalent to a focal length of 35 mm in
full-frame format. Both flights were planned following the guidelines by Pagliari et al. (2016). The average flight height for

the summer acquisition was about 65 m, whereas it was about 60 m for the winter survey, which corresponds to an average
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Ground Sample Distance (GSD) of about 0.02 m. The summer images were acquired at about 10 AM (local time), while the
winter survey was done around midday (local time).

The flights were arranged in 4 strips and the acquisition were planned to guarantee a high overlapping, i.e., about 80%
for the along track direction and about 60% for the cross track one. The photogrammetric blocks were georeferenced using
Ground Control Points (GCPs), represented by black-and-white square targets. The bare-soil block (September 2016) was
georeferenced using 16 GCPs, whereas only 8 GCPs were measured during the April survey to limit the perturbation of the
snow surface. The position of both the summer and winter GCPs is given in the same reference frame, which is necessary to
compute HS by means of a differentiation of photogrammetric DSMs. Therefore, two geodetic networks were realized and
measured in the field, combining MS and GNSS measurements. GNSS measurements were only used to georeference the two
surveys, while the MS (used in its Total Station mode) has been used to measure all the GCPs. To guarantee high redundancy,
the survey was referred to some permanent GNSS stations (4 in the winter survey and 12 in the summer one), known in the
ETRF2000(08) reference frame. The final adjustment leads to a centimetric accuracy for the position of GCPs for both cases
in the global ETRF2000(08) reference frame.

The MS chosen was a Leica Nova MultiStation MS60. Since this device enables to acquire point clouds on a regular angular
grid, these were acquired with a horizontal spacing between 0.01-0.10 m, depending on the distance from the station point.
During the summer survey, three station points were considered (Fig. 1): this results in ~ 3 x 108 points, which cover the entire
study area. On the contrary, only one station point (see again Fig.1) was used during the winter survey due to time restrictions.
The resulting point cloud is composed by ~ 1 x10° points. While this results in a smaller scanned area during winter due to
the topography of the study area (that presents increased obstructions and depressions in the middle), this choice is a trade-off

between maximizing survey extension and minimizing snowmelt-due variations of the snow surface.
2.2 Manual probing

Point measurements of snow depth over the study area were performed using portable stakes (aluminum, diameter ~ 1 cm,
resolution 1 cm). To this end, a regular grid of points was defined and materialized in the field using ropes (see Section 3.3).
The grid was composed by 12 courses; the average spacing between measurement points on the same course was ~ 5 m, which
aimed at reasonably capturing the variability of the spatial patterns of snow depth at plot scale. Each measurement took a few
minutes, whereas about two hours were needed to complete the manual survey (between 1 and 4 PM local time). This resulted
in a slight decrease in the measured snow depth with time due to snowmelt (see Section 3). The position of each probing point
has been measured using the MS, thus guaranteeing the co-registration with the GCPs used for the photogrammetric processing

and with the MS point clouds.
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Table 1. RMSE between the measured and estimated coordinates of Ground Control Points (GCPs).

Flight season  E[m] N[m] h[m]

Summer 0.010  0.007 0.005
Winter 0.017 0.010 0.004

3 Results
3.1 UAS photogrammetric blocks: processing

Both the photogrammetric blocks were processed using Agisoft Photoscan (version 1.2.6) (www.agisoft.com). The summer
block is composed by 84 images, while the winter one is composed by 144 images. Because searching correspondences (tie
points) on snow may be difficult, a higher overlapping was used for the winter flight, which resulted in a larger number of
frames. Each block was processed separately, following the standard photogrammetric procedure. First, tie points have been
extracted from multiple images and the External Orientation (EO) parameters have been computed, constraining the block
with the GCPs previously measured (bundle block adjustment). The accuracy of each GCP was specified for each coordinate,
in agreement with the precision obtained from the geodetic network adjustment. Following this procedure, we ensured that
the different observations were used together with their correspondent weight during the bundle block adjustment. During
the bundle block adjustment, camera Internal Orientation (IO) parameters were also optimized by means of a self-calibration.
This step is fundamental in case of a UAS survey, because of the disturbances to the system induced by take-off and landing,
which can change these parameters compared to those obtained prior to the flight (Nex and Remondino, 2014). The empirical
accuracies of GCPs for the two surveys are shown in Table 1.

For each survey, the photogrammetric dense point cloud was computed considering an image downscaling factor equal to
4, namely, two times for each image size. The generated point clouds are composed by about 50 x10¢ points for the summer
survey and 55 x 106 points for the winter set. Then, the DSM was derived considering a pixel size equal to 0.03 m, as shown in
Figure 2. This value was selected to have a cell size larger than the GSD, thus guaranteeing a sufficient number of observations

for each cell.
3.2 UAS vs. MultiStation

The photogrammetric products for both surveys, i.e. dense point clouds and DSMs, were separately compared with the MS
scans. The MS dataset was used to validate both the photogrammetric point cloud (C1), and the computed DSM (C2). A
comparison using a MS-based DSM was avoided as its computation introduces additional interpolation errors. The MS scans
were surveyed using the same geodetic network used for measuring the GCP, which guarantees the co-registration between the

datasets.
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Figure 2. The computed Digital Surface Models for the summer (left) and winter (right) UAS survey. The color legend represents surface

height (ASL) and the contour lines (grey) are represented with an equidistant interval of 2 m.

C1 was performed by computing the height difference between each point of the MS scan and its nearest neighbour in
the photogrammetric point cloud, which was found basing on the shortest 3D distance. Because the photogrammetric point
cloud presents some holes (due to shadows or poor matching over some areas of snowed surface), any resulting couple of
points with a distance greater than 0.03 m in the horizontal plane was not included in the statistics. This corresponds to setting
a maximum horizontal search radius of 0.03 m, which is assumed as the maximum acceptable distance between points on

different datasets that make them physically correspondent. On the other hand, C2 was performed by interpolating the UAS

[m]
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Table 2. Statistics of the winter and summer validation of the photogrammetric products using data from the MultiStation.

Point Cloud (C1) DSM (C2)
Survey Mean [m] St. Dev.[m] RMSE [m] Mean[m] St.Dev.[m] RMSE [m]

Summer 0.004 0.020 0.020 0.001 0.068 0.068
Winter 0.026 0.025 0.036 0.041 0.056 0.069

DSM in correspondence of the horizontal coordinates of the MS point clouds and then comparing this interpolated height with
that measured by the MS.

Table 2 reports (for each comparison) the mean and the standard deviation of the residuals between the UAS and the MS
along with the corresponding RMSE. In all the cases, standard deviations are smaller than 6.8 cm, which means that the
correspondence between the photogrammetric and the MS point clouds is high. Moreover, the standard deviations of C1 (both
summer and winter cases) are ~ 50 % of the corresponding values of C2. This is because the DSMs used in C2 were obtained
interpolating (hence, smoothing) the photogrammetric dense point clouds, which results in larger differences especially at
discontinuities. This reflects in increasing height residuals in correspondence of abrupt terrain variations, as shown in Figure 3.

The mean of the summer residuals is lower than, or equal to, 4 mm for both C1 and C2, namely, it is not significantly
different from zero compared to the corresponding standard deviations. Instead, for the winter case, both C1 and C2 show a bias
compared to summer surveys. By projecting the GCPs on the MS point cloud, a vertical offset of about 2.6 cm, with a standard
deviation of about 1 mm, is indeed found. This is because the GCPs were surveyed about 3 hours after the measurement of
the point cloud with the MS to prevent any perturbation to the snow surface. This delay introduced a height variation due to
progressive snowmelt. The average daily temperature on the survey day was equal to +2.6°C. Assuming a degree-day factor
equal to 4.5 - 5.3 mm w.e./°C/d (Hock, 2003) and a representative snow density for melting snow of 400 kg/m?® (De Michele
et al., 2013), the estimated decrease in HS due to snowmelt is ~ 3 - 3.5 cm over the 24 hours of the survey day. This value is
consistent with the observed bias, which refers to the three hours of peak snowmelt.

Furthermore, the relative frequencies of the residuals of C2 and their histograms have been computed. These histograms are
reported in Figure 4 along with the corresponding scatter plots between UAS and MS heights (ASL). The results confirm the
bias in the winter case, even though both distributions are symmetric. The R? of a linear regression between the data of the MS
and those of the UAS reads 0.97 in winter and 0.99 in summer. These results show that UAS can provide a map of snow depth

distribution with a competitive accuracy to that of a MS.
3.3 UAS vs. manual probing

Figure 5(a) reports the scatter plot between UAS-based (henceforth, HSys 45) and manual (henceforth, HS 5;) measurements of
HS. A linear regression between them reads HSyy 45 = 0.72 x HSj, + 0.51 (R? = 0.53). While these statistics show that the

two datasets are correlated (73%), the difference between the data increases with a decreasing HS ;. This plot also shows that
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Figure 3. Height differences between the MultiStation (MS) dataset and the photogrammetric products (both summer and winter). C1 refers
to the comparison between the MultiStation scan and the photogrammetric point cloud, whereas C2 refers to the comparison between the

MultiStation scan and the computed DSM from UAS data.

the UAS-based HS is generally greater than the manual one, i.e., HSy 45 - HSj; > 0 in ~ 89% of the data. This reveals either

a tendency to underestimate HS by manual probing or a tendency to overestimate it by photogrammetry and MS.
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Figure 4. Histograms of the residuals between the MultiStation scan and the computed DSM from UAS data (C2), both winter and summer

cases (left). Scatter plot of UAS-based vs. MS-based heights (ASL), both winter and summer cases (right).
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Figure 5. Evaluation of UAS data using manual probing. Fig.5(a): Scatter plot between UAS-based and manual measurements of HS (regres-

sion line in red). Fig.5(b): Spatial distribution of the differences between UAS-based and manual measurements of snow depth. The color

legend represents the differences between UAS and manual probing.

The mean difference between the UAS-based DSM and the 135 manual measurements (henceforth, HSyy 45 - HS /) reads
0.20 m, whereas the standard deviation is equal to 0.24 m. This translates into a RMSE equal to 0.31 m. The median difference

is, however, equal to 0.12 m. Because only ~ 11% of the differences are negative, about 39% of the measurements are rather

10
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Table 3. Statistics of the evaluation of UAS data using manual probing: Group 1 (courses A, B, E, F, I, L, M and N) vs. Group 2 (courses C,
D, G, and H).

Group Mean [m] St. Dev. [m] RMSE [m]

Group 1 0.11 0.14 0.17
Group 2 0.36 0.27 0.45

small, i.e., between zero and the median. The first quartile is equal to 0.02 m, whereas the third quartile is equal to 0.33 m. The
maximum difference is rather large (~ 1 m), whereas the minimum difference is equal to -0.23 m.

Figure 5(b) shows the spatial distribution of the differences between the UAS-based DSM and the manual measurements.
Along courses A, B, E, F, I, L, M and N (Group 1), this difference is generally small (see Table 3). Along courses C, D, G,
and H (Group 2), the differences are spatially more variable (see again Table 3). Because the protocol as well as the manual
probe was the same for all the courses, this discrepancy cannot be explained by a measurement error. While the differences are
clustered along these courses, no evident spatial pattern in vegetation or soil coverage emerges that could clearly explain this

mismatch.

4 Discussion

These results confirm the expected precision of a UAS photogrammetric flight in measuring the spatial variability of HS at cm
scale. The obtained RMSE agrees with what reported before by e.g. De Michele et al. (2016) (0.14 m), Biihler et al. (2016)
(less than 0.15 on rocks and less than 0.3 m on grass), Lendzioch et al. (2016) (0.22 m in open areas and 0.42 m in forests), or
Harder et al. (2016) (between 0.085 m and 0.137 m). Compared with most previous surveys, we focused here on a relatively
dense grid. For example, Vander Jagt et al. (2015) used 37 measurements over 6900 m? (0.5 pt / 100 m?), Biihler et al. (2015)
took between 0.04 pt / 100 m? and 0.11 pt / 100 m?, and Lendzioch et al. (2016) took between 0.04 pt / 100 m? and 0.2 pt /
100 m?. Harder et al. (2016) considered wide areas (0.65 km? and 0.32 km?), but one of the two study sites included intensive
plots, which is comparable to our survey. Because the spatial variability of snow may be very large, even over short distances
(Lopez Moreno et al., 2015), the outcome of a comparison between UAS and manual proving may change with the spatial
resolution of manual data. However, this survey revealed that increasing the number of points does not significantly affect
the overall precision of the survey (i.e., the RMSE). UAS does represent a competitive choice among existing techniques for
high-precision remote sensing of snow at high resolution.

Some spatial patterns emerge between measurement locations and measurement differences (see again Fig. 5), which results
in an increase in RMSE for some specific courses compared to, e.g., De Michele et al. (2016); Biihler et al. (2016); Harder
et al. (2016). In Figure 6, the position of the measurement points and the map of flow accumulation area have been shown over

the DSM of the bare soil (0.03 m resolution). This map enables to estimate the drainage network of the study area, i.e., the

11
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Figure 6. Drainage network over the study area: blue lines represent the areas of preferential flow drainage. The two color legends represent

the differences between UAS and manual probing (left) and surface altitude (right), respectively.

areas of water concentration due to surface runoff. This shows that several larger differences are located in areas of marked
flow accumulation, i.e., over the stream and/or over areas of preferential percolation of water over the plot.

The drainage network in melting snow is generally poorly constrained and may depend on several random effects, e.g.,
layering or preferential flow (Katsushima et al., 2013; Avanzi et al., 2016). Because gravity becomes the dominant driver
of liquid water flow in snow once the snowpack is ripe and isothermal (DeWalle and Rango, 2011), slope and elevation
differences on the ground may be assumed as approximate, proxy variables for explaining the dominant directions of water
movement in snow (Kattelmann and Dozier, 1999). The concentration of large differences between HSyy 45 and HS; in areas
of flow accumulation might be, therefore, explained by the possible local concentration of water due to snowmelt and rainfall
and its subsequent refreeze. The local development of ice layers could have prevented the probe from reaching the base of
the snowpack, hence the large differences. This is also consistent with Fig. 5, which shows that manual probing tended to
underestimate snow depth. The 2015 - 2016 snow season at the study site was marked by an early snowpack (October 2015)

that persisted at the site up to January 2016 and created a shallow, dense base layer (up to ~ 10 - 15 cm thick). Between January
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and April 2016, the snowpack increased up to ~ 150 cm, but both melt-freeze episodes and rain-on-snow events occurred over
the study area, especially in early April. Both processes, together with water retention at layer transitions due to capillary
barriers (Avanzi et al., 2016), favor the development of ice layers. While no pit was excavated due to time constraints, ice
layers were observed close to the two streams that cross the study area, where the snow cover was patchy.

The observed discrepancy between HSyy 45 and HS ;s leads to three important conclusions about UAS and manual surveys
of snow depth. First, because larger differences may be the effect of local disturbances like ice layers, the statistics calculated
on courses from Group 1 may be a more significant indication of sensor performance at this scale (i.e., RMSE = 0.17 m).
Second, because these discrepancies may be explained by microscale topography and importantly internal snow processes,
a non-invasive technique like UAS may represent a more reliable solution than manual probing, which is also more time-
consuming and cannot retrieve the distribution of snow depth at this scale without significantly perturbing the snow cover. All
these benefits support further efforts to replace existing manual courses (such as those carried out for hydrologic monitoring in
mountain catchments) with remote sensing. Third, liquid water redistribution in snow and the associated stratigraphic features
(like ice layers) may represent an important, but sometimes neglected, source of error for probing. The use of flow accumulation
maps may provide a useful tool for predicting the areas where such errors may be expected. Some measurements on flow-
concentration areas show a smaller difference between HSy; 45 and HS 3, (see for example courses M or N, Fig.s 5 and 6). This
may be expected, as flow drainage networks in snow are spatially very variable due to inherently random effects like instability
of the wetting front at microstructural transitions (Katsushima et al., 2013; Hirashima et al., 2014; Avanzi et al., 2016).

While several works have evaluated the accuracy of UAS flights on snow using manual probing, systematic comparisons
with other high-resolution techniques are still lacking. This would represent an essential step in the evaluation of UAS because,
as mentioned, their spatial resolution is much larger than that achievable using manual measurements. For example, the GSD
of the UAS flights was about 0.02 m in this study, which is comparable to the diameter of a portable stake. It follows that
further insight into the performance of UAS at high resolutions can only be achieved using other remote sensing devices, such
as those using a scanning principle (Biihler et al., 2017). Our comparison with data from a MS reveals that the two point clouds
are highly consistent (see Table 2). Such a high agreement suggests that the two techniques may provide comparable results.
Moreover, the standard deviations of the residuals between the UAS and the MS point clouds are comparable for both the
summer and winter cases (respectively 0.02 and 0.025 m), which means that the noise introduced by a more difficult search and
matching of tie-points over homogenous surfaces, such as snow, is minimal. A MS or TLS acquisition needs several stationing
points to map snow depth over an irregular terrain, hence a longer survey, whereas UAS flights may suffer from strong wind,
which is a frequent, yet variable condition in mountain areas. Therefore, this result suggests that the combination between
scanning and photogrammetric techniques may enable to map snow depth with a high level of flexibility, e.g., under several
weather or topographic conditions. The obtained RMSE is smaller than those reported by Biihler et al. (2017), who compared
four UAS flights at different wavelengths and shadow conditions with a TLS (RMSE between 0.18 m and 0.77 m). This reveals
the expected increased accuracy of a MS compared to a TLS and further supports the high agreement between scanning and
photogrammetric techniques on snow. Moreover, it is worth to note that the error distribution over the reconstructed surface is

homogenous, in case of a flight planned and realized considering appropriate overlapping and a constant flight height (as for
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the case here presented). On the contrary, the MS or TLS measurement precision depends on the distance between the station

point and the investigated object (i.e., the distance travelled by the laser beam) and on the incidence angle.

5 Conclusions

Here, we have compared three different instruments used to collect snow depth, i.e., UAS, a MultiStation (MS), and manual
probing, over a sample plot (6700 m?). The snow depth distribution has been obtained for both UAS photogrammetry and MS
by differentiation of the dataset in snow condition (April 2016) with the one on bare soil (September 2016).

Results show that the mean of the computed residuals between the MS and UAS point clouds is not significantly different
from zero for the summer survey. For the winter case, a bias equal to 0.026 m has been found, which is mainly due to ongoing
snowmelt between the UAS and the MS acquisitions (time difference of three hours). These results reflect the high consistency
between the two datasets on both bare soil and snow. The standard deviations of the residuals are below 0.025 m for both the
summer and the winter case. The small increase of the standard deviation on snow compared to that on bare soil (from 0.020
to 0.025 m) is related to the more difficult automatic tie-points search on the relatively homogeneous surface of snow, which
results in a noisier matching. When comparing the photogrammetric DSMs with the MS point clouds, an increase of the mean
and the standard deviations of the residuals has been found. This is because a DSM interpolates a point cloud and introduces a
smoothing effect, especially in correspondence of abrupt terrain variations.

The comparison between the UAS map and manual samplings has been carried out using a relatively dense, regular grid
of 135 manual measurements (~ 2 pt / 100 m?). The obtained RMSE (0.31 m) agrees with previous works. However, larger
differences between UAS and manual data of HS could be explained by ice layers in the melting snow. The median difference
between the two datasets is, indeed, equal to 0.12 m, whereas the mean difference is equal to 0.20 m. When excluding areas
of possible preferential accumulation of water in snow due to topography (hence, ice layers), the observed RMSE decreases
to 0.17 m. These results support the use of UAS as a competitive choice among existing alternatives for high-precision high-

resolution remote sensing of snow.

6 Data availability
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