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Measurements of small scale spatial and temporal variability of snow depth
and SWE in a small mountain catchment

Grinewald, T., Schirmer, M., Lehning, M.
WSL Institute for Snow and Avalanche Research SLF, Switzerland

ABSTRACT: Using a new type of terrestrial laser scanner (TLS), which is particularly suited for meas-
urements of snow covered surfaces, we monitored snow depth, snow water equivalent (SWE) and
melt rates in a high alpine catchment during the Winter 2007/08 ablation period. For the first time the
spatial variability of these quantities and its temporal development could be studied with a high spatial
resolution (cell size 2.5 m). A very high variability of snow depths ranging between 0 - 9 m at the end
of the accumulation season was found. This variability decreased during the ablation phase. Average
daily melt rates were between 15 mm SWE at the beginning of the ablation period and 30 mm SWE at
the end. The spatial variability of the melt rates increased during the ablation season and could not be
explained in a simple manner by geographical or meteorological parameters.
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1 INTRODUCTION

The snow cover in mountains is character-
ised by high spatial and temporal variability in
snow depth and snow water equivalent (SWE).
The spatial distribution and the total volume of
snow stored in an area and its evolution during
the hydrological year, are questions of high im-
portance: The total amount of snow and the tim-
ing of snow melt strongly affect tasks such as
flood control, drinking water supply, agriculture
or vegetation growth (e.g. Elder et al., 1998;
Armstrong and Brown, 2008; Deems et al.,
2006;, Jones et al., 2001; Keller et al., 2000).

In recent years investigations on spatial
snow cover characteristics were mainly carried
out by extrapolating limited numbers of manually
sampled snow depth and density data using sta-
tistical models (e.g. Lopez-Moreno and Nogués-
Bravo, 2006; Marchland and Killingtveit, 2003;
Chang and Li, 2000; Luce et al., 1999;, Erickson
et al., 2005). Terrestrial laser scanning (TLS)
provides a new method to collect snow depth
data in a very high spatial resolution with limited
time effort. Prokop et al., 2008 and Schaffhauser
et al., 2008 proofed TLS to be an accurate tech-
nique for snow depth investigation and also pre-
sent detailed information on accuracy and appli-
cations of TLS in snow sciences.

In this study we present an assessment of
area wide snow depth data from an high alpine
catchment for a complete ablation period. This
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high spatial resolution available at regular time
intervals offers for the first time the possibility to
analyse spatial patterns and temporal develop-
ment of snow distribution and ablation.

2 METHODS AND DATA

Four TLS measurement campaigns were
performed in the Albertibach catchment in about
two week intervals between the time of peak
SWE (26 April) and the disappearance of most
of the snow (10 June). The catchment is a small
(1.3 km2) high alpine basin located above the
valley of Davos (Switzerland).

To monitor the snow surface data we used a
Riegl LPM 321 terrestrial long range laser scan-
ner, which, due to its wavelength (904nm) and
long range (> 1500 m), is an instrument particu-
larly suited for applications on snow (Rieg|,
2008).

From point clouds obtained by the TLS we
produced raster maps with a 2.5 m - grid resolu-
tion. As TLS just measures distances to the ob-
served surface and therefore creates digital sur-
face models, a digital elevation model was used
to transfer the data to real snow depth.

Furthermore nine snow density measure-
ments were made at well selected spots during
each of the field campaigns. Using average val-
ues of the measured snow density together with
the snow depth maps obtained by the TLS, we
were able to calculate SWE maps of the area.
The difference between consecutive time steps
gave information on the temporal change of
SWE and average melt rates could be calcu-
lated for the time intervals.

We performed an analysis of snow depth,
SWE and melt rates by visual interpretation of
the maps and by using basic statistics such as
mean values (J) and standard deviation (o). Fur-
thermore, we investigated whether there were
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statistical dependencies on geographical and
meteorological parameters such as aspect, ele-
vation, slope, incoming solar radiation and wind
speed using simple linear regression. Solar ra-
diation was calculated using the ArcGIS solar
radiation tool and wind speed was derived from
small scale atmospheric modelling with the Ad-
vanced Regional Prediction System, ARPS (Xue
et al., 2000; Mott et al., 2008; Raderschall et al.,
2008).

3 RESULTS AND DISCUSSION

In Fig. 1 the snow depth distribution is shown
at the end of the accumulation season. Apart
from very small patches, which are mainly lo-
cated in steep rock walls, the whole area was
snow covered. The average snow depth was 2
m (o = 1.3 m) which corresponds to an average
SWE of 697 mm. The high spatial variability of
snow depth is obvious from the map with values
ranging from 0 to 9 m of snow. In general most
snow seemed to be located in the steep north
facing slopes of Wannengrat and in the Vordere
Latschiel whereas the Chilcher Berg area
showed snow depths below average. Most strik-
ing were the features characterised by out-
standing high snow depth located in the north
eastern slope of Wannengrat (arrows in Fig. 1).
These features could be identified as cross
slope accumulation zones due to wind drift (Mott
et al., this issue) and preferential deposition
(Lehning et al., 2008). The same processes
might account for the snow filled ditches in the
Chilcher Berg area (arrows in Fig. 1).
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Figure 1. Snow depth map showing the Alberti-
bach catchment at end of the accumulation sea-
son (26 April).
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The following measurement dates were
characterized by decreasing mean snow depth
due to melting of snow. o values decreased
from 1.3 m to 0.9 m (Table 1). Together with the
snow depth maps (not shown) this showed that
the spatial variability was slightly decreasing in
time during the ablation phase. An interesting
observation is that the basic distribution pattern
of snow remains unchanged during the ablation
period (maps not shown).

Snow depth
date 26 Apr 13 Mai 2 Jun 10 Jun
W [m] 2.0 1.5 1.2 1.1
o [m] 1.3 1.1 1.0 0.9
cv 0.6 0.7 0.8 0.8

Table 1: Snow depth statistics: mean (), stan-
dard deviation (o) and coefficient of correlation
(CV)

Daily melt rates showed high spatial variabil-
ity and characteristic spatial patterns with melt
rates being highest in the south facing slopes of
the Vordere Latschiel and lowest in the north
face of Wannengrat (map not shown). At the first
part of the ablation period, mean melt rates were
only slightly increasing from 15 mm/d to 16
mm/d but a dramatic increase to 30 mm/d oc-
cured towards the end of the ablation season
(Table 2). These high melt rates might be ex-
plained with the higher total amounts of energy
available for melting later in the ablation season
and by lateral advection of energy from snow-
free patches. Like for snow depth, the spatial
pattern of melt rates remained similar for the
whole ablation period. By contrast, increasing o
values suggest that the spatial variability of the
melt rates strongly increased at the end of the
ablation season (Table 2). The lateral transport
of energy may also explain the increasing het-
erogeneity (Essery and Pomeroy, 2004): The
later in season, the more snow free patches are
present. These snow free patches increase melt
rates in their surroundings. Big differences in
melting between small and larger snow patches
might therefore occur. Comparison of the coeffi-
cient of variations (u/o) of snow depth and melt
rates showed that spatial variability of the melt
rate was still much lower than that of snow
depth and SWE.

The spatial patterns in melt rates could not
be explained by simple linear regression mod-
els. Correlations between melt rates and aspect,
elevation, slope, incoming solar radiation and
wind speed were weak. The best result with an
r* of 0.19 for the first rate and decreasing to
near zero for the last rate was obtained for ele-
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vation. Non-linear and non-local models as well
as interactions between the factors have not

been investigated.

Melt rate
. 26 Apr - 13 Mai — 2 Jun—
perad 13 Mai 2 Jun 10 Jun
W [mm/d] 15.4 157 30.0
o [mm/d] 6.9 6.5 12.0
cV 0.4 0.4 0.4

Table 2: Melt rate statistics: mean (u), standard
deviation (o) and coefficient of correlation (CV)

4 CONCLUSIONS

We found that snow depth and melt rates
were characterised by a high spatial variability.
The variability of snow depth was higher and
decreased in time. Melt rates were strongly in-
creasing towards the end of the ablation period
and their spatial variability was increasing as
well. This spatial heterogeneity could not be ex-
plained by simple regression analysis.

The measurements are now used to validate
models of spatial snow distribution with a par-
ticular focus on the spatial variability of turbulent
and radiative fluxes. In addition, the question of
a representative snow depth or SWE measure-
ment will be addressed with the aim to give rec-
ommendations on estimating total available
snow in mountain catchments at different
phases of the ablation period. Measurments of
peak accumulation 2007/2008 and the accumu-
lation season 2008/09 are currently used for
modelling wind drift (see Mott et al. this issue).

With additional measurements in the accu-
mulation period to be performed in the coming
winters, we expect to gain an improved under-
standing of the time-space dynamics of the
mountain snow cover.
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