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Abstract

When snow is present, the snow surface is the interface between the atmosphere and the
Earth’s surface. The snowpack energy balance is dictated in part by snow surface roughness,
which can be quite dynamic. At the Sierra Nevada ski resort in Spain, we measured
several snow surface forms: natural, with the presence of dust, with the presence of sun
cups, and groomed snow (tracked and between tracks). The snow surface was assessed
in 2-dimensions from snow roughness boards and in 3-dimensions from iPad surface
scanning to measure across resolutions. Both data collection methods yielded similar
roughness estimates via random roughness (RR) and variogram analysis (scale break, SB,
and fractal dimension, D) for each distinct surface, yet the roughness differences between
the surfaces were substantial. The geometry-based aerodynamic roughness length (z) was
computed for the iPad-scanned surfaces, yielding an order-of-magnitude variability in z.
This produced an order-of-magnitude difference in modelled sublimation. This work can
inform snow management at ski areas and reflects some of the snow-surface conditions
encountered in a natural snowpack.

Keywords: snow surface; random roughness; variograms; scale break; fractal dimension;
aerodynamic roughness length; zj; sublimation

1. Introduction

Snow is the great equalizer [1]. As snow accumulates and covers the ground, the
characteristics of the snow surface change [2], typically becoming smoother [3]. The snow
surface varies substantially over the winter [4-6], often increases during melt [3,6,7], such
as with the development of sun cups [8] (Figure 1), that can be enhanced by the presence of
dust (Figure 1) [5,9].

The surface of the snowpack is the interface between the atmosphere and the earth
when snow is present [10-12]. As such, this interface dictates the energy balance of the
snowpack [13,14], in particular the latent heat flux and the sensible heat flux [15,16]. The
surface can be defined by a variety of metrics [17]; the aerodynamic roughness length (zq)
is a component of these heat fluxes. However, most models assume that the snow surface
is static and that z( is constant for snow [18].

At the sub-meter scale, snow surface roughness influences albedo [19]. The roughness
occurs across a variety of scales [7,20]. Understanding the snow surface roughness is
relevant for remote sensing of the snowpack [20]. At ski areas, grooming provides a
smoother snow surface (Figure 1) [21]. Modelling of the snowpack for a ski resort is
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challenging due to the snow management strategies [22]. Here, we argue that an additional
challenge arises from the spatial variability of snow surface roughness. Thus, we asked
the following questions: (1) How does the snow surface roughness vary at a ski area? and
(2) what are the implications of the spatial variation on snowpack sublimation modelling?
This examination uses several roughness metrics that have been applied across several
scales of snow surface data [23], including zp, to compare different surfaces seen at a ski
resort. The latter metric is used in a sensitivity analysis for simple sublimation modelling.
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Figure 1. Photograph of the study area illustrating sun cups, groomed (tracked and between tracks
or untracked), and dust at the surface (taken by Steven Fassnacht).

2. Study Site

In Spain, most areas with continuous seasonal snow cover lie above treeline [24,25].
Snow dominates the Spanish alpine environment (Figure 2a) [26], especially in the Sierra
Nevada (Figure 2b) [27]. Snow is an important resource in the Spanish Sierra Nevada [28]
for ski tourism [29], water resources [30], and for sustaining endemic fauna and flora [31,32],
which make this area a biodiversity hotspot [33]. However, assessing the amount of
snowfall is difficult [34]. Sublimation and melt-evaporation [35] reduces the water storage
and further increases uncertainty [36].

To evaluate the uncertainty of sublimation, we collected data near the city of Granada
(Figure 2a), in the northwestern Sierra Nevada (Figure 2b). Specifically, data were collected
to the west of the top of the Telecabina Al-Andalus (Andalucian Gondola) (Figure 2c).
This area, known as Borreguiles, is at an elevation of 2700 metres. Data were collected on
19 April 2024.
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Figure 2. Location map (a) Spain, (b) Sierra Nevada Ski Resort, and (c) field site (37.0717° North
latitude and 3.3946° West longitude). The black box is the greater study area and is 100 m wide by
200 m high. Maps from Google Maps and as such local labels are present, specifically the Parque
Nacional de Sierra Nevada (Sierra Nevada National Park) located around the ski area, Cauchiles
Glacier (Ventisquero de Cauchiles), the top of the gondola (denoted as Estacion de esqui Sierra
Nevada or Sierra Nevada ski resort), and the local highest point (Pico Veleta).

3. Methods
3.1. Surface Mapping

We measured both the groomed snow surface, or piste [37], and the ungroomed (or
natural) snow surface, also known as off-piste [38], at two spatial resolutions (0.2 mm and
1 cm) to estimate snow roughness (Figure 1). For the groomed surface, measurements
included both the compacted tracks left by the grooming machine and the flatter sections
between them (Figure 1). The ungroomed snow surface included natural snow with small
undulations, sun cups, and dust at the surface (Figure 1 and Table 1). Roughness boards
were used as a two-dimensional representation of fine details (sub-millimetre resolution) in
the snowpack (Figure 3) while iPad surface scanning was used for a more coarse (centimetre
resolution) three-dimensional surface geometry of the snow surface and Table 2. The latter
were used to determine the sensitivity of snow surface roughness to sublimation modelling.

Table 1. Characteristics of the snow surfaces evaluated. The surface code presents groomed (P for
piste) and natural (N). With P, the second letter T represents the tracked surface, and B is between
tracks. With N, N is the natural surface, S is for sun cups, and D is for dust-on-snow. These surfaces
are labelled in (Figure 1). N/A represents where data were not collected.

Surface Form Code Roughness Board iPad Scanning
groomed/piste PT parallel to track on groomer track
perpendicular to/
PB between track between groomer tracks
natural NN natural N/A
NS sun cups sun cups
ND N/A dust on snow
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Table 2. Characteristics of the roughness boards and iPad scanning data.

Surface Characteristics Roughness Board iPad Scanning
dimensions 2-D 3-D

extent 0.6 m 0.8m x 1.6 m
resolution 0.2 mm 1cm

(a) photograph of board into snow surface
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Figure 3. (a) Groomed snow board photo, (b) clipped green band image, (c) digital number (DN)
distribution (board DN < 100), and (d) detrended snow surface. The board is 60 cm wide between the
inside of the black edges.

3.1.1. Roughness Boards

A roughness board was used to define the directional snow surface roughness. The
term directional is applied since the directional snow surface roughness is for a north-south
or west—east line along the snow [5]. It represents one- and two-dimensional data [17].

A 60-cm wide snowboard was inserted into the snow so that the surface was fully
contrasted by the board (Figure 3a). A photograph of the board was taken using a Samsung
Galaxy A53 (SM-A536U1, 16 MP 4624 x 3468 pixels, ISO50, 24 mm) [39]. Each image was
clipped horizontally to the black-red edge of the board (Figure 3b). The green band was
converted to a matrix of digital numbers (DNs). Fassnacht et al. [17] showed that for a
blackboard, the DN threshold was crucial; they used 140. Here, there were almost no pixels
between 80 and 120 in the green band (Figure 3c). Thus, a DN threshold of 100 was used to
identify the snow surface, i.e., board (low DN) versus snow (high DN) (Figure 3c).

Once the directional snow surface was converted into ASCII data, it was detrended to
remove any slope bias from the angle of the surface and/or camera (Figure 3d). The full
method is detailed in Fassnacht et al. [17]. The raw images are in JPEG format [40].

The roughness boards were inserted parallel (Figure 3a) and perpendicular to the
grooming tracks (Table 1). The surface of the roughness board perpendicular to the groom-
ing tracks is shown between the groomed tracks. Some areas of natural snow had some
small undulations, while others showed sun cups (Figure 1).

3.1.2. iPad Surface Scans

The full snow surface was scanned to represent between 2- and 3-dimensions [23].
Surface scanning with an iPad has been shown to produce similar results to Terrrestrial
Lidar scanning [41,42], ranging from a 4 mm error for features smaller than 5 cm [42] to
18 mm for larger elements [41]. Thus, the surfaces were scanned at a distance of about 1 m
from the surface with an iPad Pro (4th generation) [43] using the 3-D Scanner App version
2.4.3 [44] (Figure 4). The software identifies a triangular mesh over the surface, and the
iPad was moved over all triangles in the mesh until the desired area was scanned (Figure 4).
While the specific scanning mechanism is proprietary and likely software-dependent, it
appears to be structure-from-motion with lidar from a distance.

An 0.8 m x 1.6 m rectangular area was clipped in CloudCompare [45] for the dust-
covered natural, sun-cupped natural (left in Figure 4), within the groomer tracks, and
between the groomer tracks (right in Figure 4). Each area was examined to visually assess
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for outliers, which were removed. Each area was detrended in X and Y [17], and the point
cloud was interpolated to a 1-cm resolution using kriging and a Gaussian model with the
Golden SURFER program [46]. Since the point cloud was at about a 1-cm resolution, the
point cloud and the interpolation surface are at the same resolution, and many interpolation

procedures could be used. The procedure is detailed in Neville et al. [7]. The raw, unclipped
scan is an ASCII file with coordinates (X, Y, Z) and colour (R, G, B) [40].

natural snow

Figure 4. iPad snow surface scan RGB photograph illustrating natural snow (left) with dust on the
surface and sun cups, and machine-groomed areas (right) as tracked and between tracks.

3.2. Roughness Evaluation

We used a variety of metrics to assess snow surface roughness [17]. The Random
Roughness (RR) is the standard deviation of the detrended surface. It does not consider the
spatial structure or relative location of any surface point.

Variogram analysis considers the spatial structure of the surface. It was used to
compute the Scale Break (SB) and Fractal Dimension (D). Variograms were computed for
each surface, with lag distance being in logarithmic bins and semi-variance also being in
logarithmic space [47]. In log-log space, any change in a linear segment represented a
potential SB. A power function (line in log-log space) was fit to the points, and the best-fit
was optimized using the correlation coefficient by adjusting the range of the lag distance.
The value of D was computed as 2 or 3 minus the exponent in the power function divided
by 2 [47] for the roughness boards or iPad scans, respectively.

The geometric-based aerodynamic roughness length (zp) was derived from the full
snow surface (iPad scans). The geometric zy value was computed using the Lettau [48]
method with the watershed-identification code of Neville et al. [7]. The Lettau [48] equation
is presented in Appendix A (Equation (A1)).

3.3. Sublimation Estimation

One-minute meteorological data were collected for four hours (10:19 to 14:32) at the
field site [49]. A Vaisala WXT510 Weather Transmitter (Vaisala Oyj, Vanha Nurmijarventie 21,
Vantaa, Finland) [50] was used to measure wind speed (at a height of 0.7 m above the
snowpack), temperature, and relative humidity (0.6 m above the snowpack). Snow surface
temperature was collected using a Campbell Scientific 109 Temperature Probe (Campbell
Scientific, Logan, UT, USA) [51]. Both sensors were connected to a Campbell Scientific CR200
datalogger (Campbell Scientific, Logan, UT, USA) [52].

The meteorological data were used with the calculated geometric-based zg values to
compute the bulk-transfer sublimation (Appendix A; Equation (A2)) [53]. Concurrently,
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evapo-sublimation pans [54] were deployed in the groomed and ungroomed areas to
provide field measurements of sublimation-evaporation and melt [35]. These field data are
not presented in this analysis, as the focus is on the variability of roughness at a ski area
and the potential impact of snow surface geometry on sublimation modelling.

4. Results

The groomed snow was much smoother than the ungroomed snow, especially when
sun cups were present (Figures 4 and 5). Grooming provided relatively homogeneous
grooves (Figure 5a) and the area between the tracks was essentially flat (Figure 5b). The
natural surface had some undulations (Figure 5c) that were enhanced where sun cups
formed (Figure 5d).
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Figure 5. Snow board geometry for the groomed surface (a) parallel versus (b) perpendicular to
grooming), (c) natural snow, and (d) in the presence of sun cups.

The four surfaces interpolated from the iPad scans (Figure A1) exhibited distinct spatial
variability. Despite these visual differences, the roughness of the iPad-scanned surfaces
(Figure A1) broadly matched that from the roughness boards (Figure 5). Variograms
illustrated the same roughness structure between the same features (Figure 6), although
the order of magnitude of the roughness differed between methods (Figure A2).
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Figure 6. Variograms for the (a) roughness boards (2-D data) and the (b) iPad scans (3-D data).
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The scale breaks (SBs), or change in slope in the variograms (Figure 6), were in a
similar range for the two measurement types (boards versus scans), though they did not
match exactly. The fractal dimensions (D) were more similar among the surfaces (Figure 7).
Similarly, RR values were almost the same between the roughness boards (Figure 7a) and
the iPad scans (Figure 7b).

21 (a) roughness board 125
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Figure 7. Fractal Dimension (D) values on the left with bars in dark (light) green for short (long)
lag distance derived from variogram analysis (Figure 6), plus the Random Roughness (RR) values
on the right in grey. The horizontal number is the Scale Break (SB) in mm for the short lag, and
the vertical numbers are the range of scales for the long lag. Plots are for (a) roughness boards and
(b) iPad scanning.

RR values are largest for the sun cups, and thus most organized, i.e., D was smallest for
the longer scales (light green in Figure 7) where D = 1.15 for the roughness board and D = 2.15
for the iPad surface. For the shorter scales (dark green), D was similar to the grooming surface
(up to 16 mm, which was the period of the groomer teeth; Figures 3 and 5a), and for the
natural and sun cups board and iPad surface. For the latter two, D of about 1.5, for a distance
of 7 mm, represented the rounded snow grains. The board parallel to grooming was almost
flat, and the surface was more random (D was larger).
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The default zp modelling value was 0.24 mm. The geometric-based z for the groomed
surface was almost the same (0.35 mm) (Figure 8). The other zg values matched the pattern
in RR, with low RR values (groomed flat) yielding low zg values and larger roughness
surfaces, i.e., sun cups, being larger (zg of 9.5 mm). The variations in zj influenced the
modelled sublimation estimates (Figure 9), illustrating an order of magnitude of variation.
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Figure 8. Geometric-based zj estimates using the approach of Neville et al. [7].
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Figure 9. Modelled cumulative snowpack sublimation from the bulk transfer approach using the zg
estimates from Figure 8.

5. Discussion
5.1. Roughness Assessment

There is consistency in the roughness features across scales, i.e., between the roughness
boards and the iPad scanning (Figures 6 and 7). Sun cups had the largest roughness (largest
magnitude in the variograms and largest RR) and were most organized (lowest D), while
the groomed surface between the tracks was smoothest and most random [17]. The tracked
surfaces were similar (Figures 7 and A2). While we did not measure the dust on the snow
surface with the roughness boards, its roughness was also similar to the natural snow
without the sun cups (Figure 6). We measured the natural snow (without sun cups) at two
locations in both the north-south and west-east directions. These four variograms were
essentially on top of one another, illustrating consistency among the same surface form.

The roughness features presented herein (Figures 1 and 4) were seen across the ski area
during travel to and from the study site (Figure 2). While it is not practical to map these fea-
tures across an entire ski area, their smaller-scale structure was evaluated (Figures 6 and 7).
Unmanned Aerial Vehicles (UAVs) could be used to assess the location of different fea-
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tures [55]. While it is currently not known if the small-scale features can be measured with
a UAV, it is possible that combining the data with the spectral signature could differentiate
the features (e.g., colours in Figure 4).

This current work can be expanded upon to provide a comparison of different metrics
for assessing snow surface roughness [17], especially across scales [23]. Lettau [48] used ge-
ometry to estimate zp from roughness elements, here defined as watersheds [7] (Figure A1);
other approaches used a transect of roughness [56]. Such approaches could be combined to
use variables such as RR and D to estimate zy. Further, the roughness features presented
herein (Figures 1, 4, 5 and A1) are a portion of the general snow roughness classification
by the International Association of Cryospheric Sciences [57]. This could be expanded to
include machine-made (Figure 5a,b) and other roughness elements.

5.2. Sublimation

A ski area can have a variety of snow surfaces (Figures 5 and Al) with different
roughness (Figures 6 and 7) that will impact wind movement across the surface. Using
a geometric approach [48], this yields varying zo values (Figure 8) that produce a variety
of sublimation estimates (Figure 9). Sublimation is an important process in the water
balance of mountainous regions [58]. Sublimation and melt-evaporation [35] on ski slopes
will influence snow making due to consumptive use [59-61]. These processes need to be
implemented into models [62], especially due to reduced reliability of snow under climate
change [63].

The aerodynamics will vary due to geometry (Figure 8). However, these aerodynamic
differences will be less when compared to the surface variation of the snowpack. To
better quantify sublimation losses and to evaluate the sensitivity of the roughness controls,
concurrent measurements from sublimation pans would be useful [35,54]. Further, while
the geometric-based z( values are comparable to those derived from anemometers [64], it is
useful to estimate measure zg from anemometers [65] and geometry [48].

5.3. Surface Measurement

The iPad scanning appears unable to resolve the flat snow surface (Figure 6b), espe-
cially compared to the roughness board (Figure A2). The iPad flat surface between the
tracks (Figure Alb) was essentially random (D = 2.99; Figures 6b and 7b). Conversely, the
surface is completely flat, and thus D would be 2, i.e, a plane. The iPad cannot resolve such
a difference. Further, artifacts arise from iPad data collection and the nature of photogram-
metry processing. Roughness metrics on flat surfaces may be biased. UAVs are now used
to measure the snowpack [55], but these also cannot resolve such differences.

For the roughness board, there was some order (D = 1.56) at the shorter scale (up to
7 mm) (Figures 5b and 7a), but this was not picked up by the iPad scanning. The iPad
scanning with the software used herein (3D Scanner App) has been shown to resolve
features smaller than 5 cm with a 4 mm error in the best case [42], but 1-2 cm off in other
studies [41,66]. For the longer scale, there was the same slight order (D = 1.92 and 2.92 for
the board and iPad, respectively). The interpolated iPad surface appears to have much
roughness (polygons in Figure Ala), but these are all plus or minus zero and less than
5 mm.

The actual process for creating the point cloud from iPad scanning [43,44] is propri-
etary, and more information is needed to determine the accuracy of scanning smooth snow
surfaces. It is recommended that this scanning be compared with data collected from
terrestrial lidar (e.g., [3]), specifically for snow, due to its high reflectance. Here, we used
the 3D Scanner App [44]; other software could also be evaluated [41]. However, for the
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rougher surfaces (natural, dust, and sun cups), the iPad surfaces (1 cm resolution) seemed
to match the roughness boards (0.2 mm resolution).

The iPad scanning also produces a point cloud of RGB colour returns (Figure 4). These
data could be used to estimate albedo in the visible portion of the spectrum [67]. At our
study area, this is relevant due to the presence of dust (Figure 1), which lowers albedo,
increases snow melt [68], and changes snow roughness [5].

5.4. Limitations

The scope of this work is limited to investigating the nature of the snow surfaces that
can be observed at one ski resort during melt, specifically focusing on several roughness
metrics. This paper did not examine sublimation across the entire ski resort. However,
investigating the degree of difference in snow surface roughness illustrates its importance
for the energy balance, specifically sublimation. Meteorological data [49] were collected
on the edge between the groomed and ungroomed (natural) surfaces. Future work should
collect such data over each of the various surfaces (Figure 4). The iPad surface-scanning
for snowpacks has not been evaluated and should be compared with terrestrial lidar
scanning. The resolution versus extent (low on iPad) should also be examined; UAVs are
the preferred data-collection method for snow depth [55], but it is unclear if such hardware
collects data at the necessary resolution to resolve features like grooming (Figure 3). The
geometry of the snowpack surface is a surrogate for zq [7,48], but it may not represent the
anemometric-based zg [12,64]. Erroneous measurements from the iPad or other surfaces
used for mapping could propagate errors into sublimation modelling. However, these are
lower than with a default, constant zy value. The roughness of the snowpack varies, and
this impacts the energy balance in various ways.

6. Conclusions

In this paper, we examined the various snowpack surfaces with different roughness
levels that are found at ski areas during snowmelt. We then used those different roughnesses
in a sensitivity analysis of sublimation modelling. The snowpack at a ski resort can vary
in surface conditions. At the Sierra Nevada ski area, investigated here, we observed two
natural surfaces with the presence of dust and sun cups and two groomed surfaces with rills
from the tracks and a flatter surface between. The sun cup surface had the most roughness,
followed by the natural and dust-covered surfaces. Both showed similar roughness values
with the finer-resolution 2-D roughness board and the coarser-resolution 3-D iPad scanning.
The tracked 3-D surface was similar to the board, while the flat surface was less similar
among the methods. This was likely due to the iPad scanning not resolving features on the
flat surface.

There is a large difference between how much sublimation we model for different
parts of a ski resort. The aerodynamics of near-surface meteorology are influenced by
various snow surface roughnesses, which, in turn, alter snow surface characteristics. We
computed the geometric-based z( from the surface geometry. Future work should examine
the anemometric-based zp, and also use snow/earth system models that better estimate all
components of the energy balance.

The results from this work are robust. The differences between the various snow
surfaces are large, as indicated by the metrics and sublimation modelling. While simple
techniques were used to measure the various surfaces, there is consistency between methods
(roughness boards and iPad).

The use of a constant z value for all snowpack surfaces is wrong. The snowpack
surface is dynamic and varies over space (here) and time. This needs to be considered for

https://doi.org/10.3390/ glacies3010004


https://doi.org/10.3390/glacies3010004

Glacies 2026, 3, 4

11 of 16

the snowpack energy balance and beyond. The sublimation sensitivity analysis illustrates
the importance of accounting for variable and dynamic snow surface roughness.

The implications of this work are for the computation of consumptive loss of snow at
a ski area. This includes natural and machine-made snow. This could help identify areas
where more snowmaking should occur and/or for ski slope maintenance from surrounding
areas with less sublimation. While this study focused on a single small area at a single
ski resort, the different surfaces examined herein were observed across the resort. Remote
sensing, such as high-resolution satellite imagery and UAVs (Unmanned Aerial Vehicles),
can be used to map the different snow roughness features or an entire ski area.
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Appendix A. Equations Used

The Lettau [48] equation for individual roughness elements is utilized:
s
Z0 = O.5h§, (A1)

where / is the “average vertical extent,” or “effective obstacle height,” measured in cm, s is
the “silhouette area of the average obstacle,” measured in cm?2, and S is the “specific area”,
or “lot area”, measured in cm? [48].

The bulk transfer equation [53] was used to estimate the mass of sublimation (E):

Pa ;2 U, (ea —¢9)
E=-0622——k ,
Pr; LN(zy/zo) LN(z1/20)

(A2)

where p, is the density of air (kg/ m?), Pr, is the air pressure (mb), k 0.4 (von Karman
coefficient), U, is the wind speed (m/s), zy; is the wind speed measurement height (m),
e, is the vapour pressure at the sensor height (mb) computed from air temperature and
humidity, ej is the surface vapour pressure (mb), and zt is the temperature and humidity
measurement height (m). The values of zy are computed from [7].
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Appendix B. Interpolated iPad Scan Surfaces

The appendix presents the clipped iPad scanned surfaces (Figure 4), which were
interpolated to an area of 0.8 x 1.6 m (Figure Al).
The iPad-derived tracked surface (Figure Ala) did not show the consistent rills as the

roughness board interface (Figures 3 and 5a).
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Figure Al. The four 1 cm resolution interpolated snow surfaces from the iPad scanning illustrated
with contour intervals of 0.005 m (5 mm) and labelled at 0.025 m intervals for (a) tracked surface,
(b) flat surface between tracks, (c) sun cups, and (d) dust on snow. The data were detrended prior to
interpolating. The zero line is presented in blue, with negative contours in black and positive in red.

https://doi.org/10.3390/ glacies3010004


https://doi.org/10.3390/glacies3010004

Glacies 2026, 3, 4 13 of 16

Appendix C. Variograms over Scales and Dimensions

This Appendix presents a comparison of the semi-variance for the four overlapping
iPad scanning surfaces versus the roughness boards curves (Figure A2).
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Figure A2. Comparison of the semi-variance for the iPad scanning surfaces versus the roughness
board curves.
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