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Abstract. The spatio-temporal variability of the mountain of the snow cover. Hence the spatial and temporal variabil-
snow cover determines the avalanche danger, snow watdty of the snow cover greatly impacts the alpine water bal-
storage, permafrost distribution and the local distribution ofance and strongly affects nature and mankind (Elder et al.,
fauna and flora. Using a new type of terrestrial laser scan1998). Drinking water supplies, hydro-power, agriculture
ner, which is particularly suited for measurements of snowand vegetation growth, all strongly depend on snow cover
covered surfaces, snow depth was monitored in a high alpinand alpine water storage (Keller et al., 2000; Jones et al.,
catchment during an ablation period. From these measure2001; Armstrong and Brown, 2008). Moreover rapid melt-
ments snow water equivalents and ablation rates were calcung can cause flooding and increased erosion (e.g. Male and
lated. This allowed us for the first time to obtain a high res- Gray, 1981; Pomeroy and Gray, 1995). Furthermore, winter
olution (2.5m cell size) picture of spatial variability of the tourism, with its high economic importance in many alpine
snow cover and its temporal development. A very high vari-regions, strongly depends on snow reliability and snow cover
ability of the snow cover with snow depths between 0—9 m atduration (e.g. Haefner et al., 1997; Beniston, 2000; Fazzini
the end of the accumulation season was observed. This varet al., 2004; bpez-Moreno and Nodgs-Bravo, 2006; Marty,
ability decreased during the ablation phase, while the domi-2008).
nant snow deposition features remained intact. The average To make reliable assessments of current and future snow
daily ablation rate was between 15 mm/d snow water equiv-dynamics, it is essential to obtain a better understanding of
alent at the beginning of the ablation period and 30 mm/d athe total amount of snow stored in a catchment and how snow
the end. The spatial variation of ablation rates increased dureover changes in space and time, especially in the ablation
ing the ablation season and could not be explained in a simperiod.
ple manner by geographical or meteorological parameters, A |ot of work has been carried out on the spatial variabil-
Wh|Ch SuggeStS Signiﬁcant |atel’a| energy ﬂUXeS Contributingity of snow depth and snow water equivajeﬁwa and hOW
to observed melt. Itis qualitatively shown that the effect of it is influenced by meteorological and topographical factors
the lateral energy transport must increase as the fraction ohn, different scales (e.g. Bschl, 1999; Balk and Elder, 2000;
snow free surfaces increases during the ablation period. | jston and Sturm, 2002; Pomeroy et al., 2003; Deems et al.,
2006; Trujillo et al., 2007; Mott et al., 2008; Merz et al.,
2009; Dadic et al., 2010). In particular, snow deposition and
1 Introduction snow transport due to wind have been investigated in great
detail (e.g. Doorschot et al., 2001; Lehning et al., 2008) and
The largest part of annual winter precipitation in the Alps ithas been shown that snow distribution influences runoff dy-
above 1000 m a.s.l. falls as snow. Most of this precipitationnamics in mountain catchments (Lehning et al., 2006). Many
is stored in the snow cover until melting starts at the end ofof these efforts, however, are based on model studies and in-
the accumulation season. The amount and t|m|ng of the me|§UfﬁCient validation measurements exist. Very often, limited

strongly depend on the thickness and the spatial distributiorsnow depth and&WEobservations are extrapolated to large
areas using statistical models (e.g. Luce et al., 1999; Chang

and Li, 2000; Marchand and Killingtveit, 2004; Erickson et

Correspondence tdl. Griinewald al., 2005; lopez-Moreno and Nogs-Bravo, 2006; Bavera
BY (gruenewald@slf.ch) and De Michele, 2009).
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LiDAR altimetry is a promising method to obtain area-
wide high resolution snow depth data. Airborne laser scan-
ning (ALS proved to be an appropriate and accurate method
for gathering area-wide snow depth measurements (Hopkin-
son et al., 2001; Deems and Painter, 2008).S data were
used to investigate spatial variability and scale invariance of
snow depth and its relationship to wind direction, vegetation
and topography for several mountainous test sites (Deems e
al. 2006; Trujillo et al. 2007).

In recent years, the introduction of terrestrial laser scan-
ning (TLS to snow science has given a further push forward
as this technology provides the possibility to obtain more
cost effective and flexible area-wide snow depth observations
with high spatial resolution (Bauer and Paar, 20@4g&t al.,
2006; Prokop, 2008). Prokop et al. (2008) and Schaffhauset
et al. (2008) performed detailed investigations on the accu-
racy of TLSfor measuring snow depth and showed tha§
is an appropriate tool for mapping snow depth with high ac-

curacy. . . . Fig. 1. Location of the Albertibach catchment (marked with the

However, so far this promising technique has not beenyeq jing), the sub-areasE (yellow line) andSE (green line), the
Used to fOCUS on snow depth diStributionS and their timearea scanned in théLS surveys (b|ue)’ the position of tHhELS
development for a catchment. By performing repeated(red triangle) and of the meteorological stations in the area (blue
TLS measurement campaigns in the Albertibach-catchmentrosses). Black stars indicate the position of the density samples
(Davos, Switzerland) during the entire ablation season oftaken at 26 April 2008. (base map: Pixelkarte PK25 © 2009 swis-
winter 2007/08, we present a unique data set of snow deptgtopo (dv033492))
andSWEvariability in a high mountain setting. The repeated
catchment-wide measurement campaigns offer the possibil-
ity to investigate seasonal snow cover changes by investigat@nge, aspect, and slope. The site is well equipped with a
ing snow depth changes (mostly depletion) during the abladense network of seven meteorological stations, which pro-
tion phase. vide continuous meteorological data.

This paper presents a first qualitative and quantitative in-
vestigation of this dataset. We first give an overview of the
study site and the methods used for collecting, processing Measurement methodology and accuracy assessment
and analysing the data. Then the spatial and temporal devel-
opment of snow depth arBWEare analysed, followed by a We carried out four measuring campaigns to collect the data
detailed description of the ablation rates and an investigatior'sed in this study during the winter 2007/08. Surveys were
of statistical correlations with weather and terrain parame-made at the end of the accumulation season (26 April 2008)
ters. Finally, conclusions of the main results of the study and@nd at intervals of about two weeks until the end of the melt-

a short outlook on future tasks and challenges are presenteéld Season (13 May, 2 June and 10 June). The end of the ac-
cumulation season was estimated from snow depth measure-

ments at the permanent weather stations in the catchment.
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2 Method and data To investigate area-wide snow depth, we useRieg|
LPM 321 terrestrial laser scanner (Riegl, 2008). With a
2.1 Site description wavelength of 905 nm, thePM 321operates in a wavelength

where the reflectivity of snow is very high. ThéM was

The area of investigation is a small mountain catchment lo-mounted on a mobile tripod, which was placed on a small
cated in the region of Davos, Switzerland (Fig. 1). The areahill located in the south of the investigation area (Fig. 1).
of interest is defined by the drainage area of the Albertibach;This position was chosen as it provides good angles of inci-
which discharges in an easterly direction and is surroundedlence for the scanner for most areas of interest and a good
by steep mountain ridges to the north and south. The eleeverall coverage of the catchment. Additionally, the place is
vation of the area ranges from 1940 to 2658 ma.s.l. and igasily accessible from the nearby storage place of the scan-
located above the local tree line. The total size of the catchhing equipment. In order to minimize possible errors which
ment area is 1.3 kfy of which we covered 0.6 k(46%) might be caused by slight settling or tilting of the tripod, the
in the laser surveys. The scanned area can be regarded asea was sub-divided into five single scans. Each of the scans
representative for the entire catchment in terms of elevatiorwas restricted to a maximum duration of one hour and the
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position of the instrument was re-determined after each scan 1s7o00
Detailed information how to measure snow depth wWittS
can be found in Prokop (2008).

We subjected all laser data to a variety of quality checks.
In particular, we compared the laser measurements with
those obtained from a tachymeter, as described in Prokog 1sesoo
et al. (2008). With a tachymeter (Leica TCRP1201 total
station) more than 500 single distance measurements wer:
obtained on each of the four measurement campaigns. The
tachymeter provided a very high accuracy for distance mea-
surements at mid-range distances (up to 300 m) and there 1sso00
fore provided an adequate method for the quality assessmen :
(Prokop et al., 2008). The quality control revealed that snow %‘im it
depths showed mean deviations in the z-direction of less thar -
4 cm and standard deviations of less than 5 cm for distances

i i i
778500 779000 779500

of up to 250 m. This is a higher level of accuracy than that X
published by Prokop et al. (2008) and more than sufficient =~ eees——_——EE=E——t—— T msm

for our purposes.

Furthermore, an airborne laser scan is available for the engig. 2. Spatial distribution of the deviation in z-direction [m] be-
of the accumulation season using an independent helicopteweenALSandTLSsurvey for 26 April 2008.
based technology (Vallet et al., 2005; Skaloud et al., 2006).
With this data, it was possible to investigate whether there

were systematic errors in the terrestrial scans. The analysis 14 calculateSWEand ablation rates from snow depth data

showed that thé\LSdata had a mean deviation of less than 5 erage snow cover density estimations are necessary. Many
5cm compared to a simultaneously performed tachymetegygies have found that the spatial variability of density is
survey. The standard deviation was 6cm. The spatial disig|atively small in comparison to snow depth (e.g. Dickin-
tribution of the deviation in z-direction between theSand ¢4, and Whiteley, 1972; Pomeroy and Gray, 1995: Marc-
the TLSsurvey for 26 April is shown in Fig. 2. Comparing phang and Killingtveit, 2004; Mizukami and Perica, 2008).
TLSandALSgave a mean deviation of 10cm and a Sta”dardConsequently it is common to estimate ar8VEwith a

deviation of 13 cm. The difference betweBbSandALSIn-  gma)| humber of representative density measurements and a
creased with the distance measured byTth8as clearly vis- high number of snow depth data (e.g. Rovansek et al., 1993;

ible in Fig. 2 (blue colours). This is likely due to a decrease gger gt al., 1998; Jonas et al., 2009). Thus, we calculated
in accuracy of thdLSover long distances as the footprint of g\wEpased on a small number of well selected density mea-
the laser beam increases. Furthermore, small deviations frond rements. Depth-average snow density is often assumed to
the accurate positipn of the scanner’s or.igin have a Iarger ir_‘be controlled by a small number of topographical and me-
fluence at larger distances. Especially in the areas with biggqrgiogical parameters which are total snow depth, eleva-
differences betweeALSandTLS angles of incidence were o solar radiation, climatic region and vegetation patterns
worse for theTLS,which again affects the accuracy of the (e.g. Anderton et al., 2004; Jonas et al., 2009). Because of
scan. The positive deviations (yellow and red areas in thne |imited extent of the investigation area, we only focus on

east of the investigation area) were probably caused by @nqy depth and solar radiation in this study.
marginal movement or settling of the tripod, which caused

a slight disposal of th&LSin comparison to théLSfor that
area. Nevertheless the accuracy of Thé&is still more than
sufficient for the analysis presented here.

To ascertain whether there was a significant dependency
between the snow densitp) and solar radiation, we clas-
sified the investigation area into three sub-areas using total
potential incoming solar radiation for the particular time pe-

) riods between two investigations, as simulated with the phys-

3.1 Data processing ical based modeAlpine3D (Lehning et al., 2006; Helbig et
al., 2009). For each radiation class, we took three manual

TLSmeasures the point distances from the scanner to the suBWEmeasurements at locations with different snow depths

face of the targets (snow surface) with high spatial resolution(HS) (<0.5m, 0.5-1.0 m»1.0 m). The locations of the mea-

and accuracy. To get absolute snow depths, the scans must Barements carried out on 26 April are shown in Fig. 1. Thus

subtracted from a digital elevation mod&EKM). The DEM we could obtain a depth dependent average dengi®,¢),

used in this study was created from a sumifieBsurvey us-  for each radiation classRj and each time step) To test

ing the same technology. A cell-size of 2.5 m was chosen foithe significance of the dependencjg®) and p(¢) we used

the DEM and for the resulting snow depth maps. the Kruskal-Wallis test. The tests showed that there were
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Table 1. Depth-averaged snow density valygs) % for each time
step, standard deviatian(p(¢)) and number of samples).

26 Apr 13May 2Jun 10Jun
o) 342 389 477 501
a(p()) 29 24 65 34
n 9 9 9 9

significant differences for the specific time stepstut no
significant dependency on radiation clas$&¥s). We also
investigated if a direct relationship betwddB8andp(r) was

T. Giinewald et al.: Spatial and temporal variability of snow depth and ablation rates

changes in time, histogram plots for the distribution of snow
depth (Figs. 5a, 6) and the average ablation rates (Fig. 9) be-
tween the individual scans were examined. Furthermore, we
investigated basic statistics such as mea)) standard de-
viation (o) and total snow volume for each time period. For
snow depthw ando always refer to the area of the first survey
(26 April), which is marked as “Scanned area” in Fig. 1. The
histograms refer to the snow covered area of the respective
survey.

For the daily ablation rates we only considered cells which
still were snow covered on the second of two succeeding sur-
veys. The snow covered area was determined with orthopho-
tos, which were taken from a camera, which is an integral
part of theTLS measurement set-up. We then focused on

obvious from the measurements but no general trend coulgossible statistical dependencies of the ablation rate in the

be found. We hence decided to use a sing@ for each
time step which translates snow depttSivVE

SWE=p(t)HS 1)

whereSWEis in mm andHSin m. A summary of the calcu-
latedp(¢) values is given in Table 1.

As a next step, we produced maps with the t&&IEap-
plying Eq. 1 to each of the four snow depth maps. Maps of

the average daily “ablation rate” were created by calculating
daily ablation rates from the change between two consecutive
SWEmaps. The so called ablation rate can include contribu-

tions from snow falls, settling, snow transport, snow subli-
mation and true melting. As tf@WEmaps are the results of

a simple linear relationship as given in Eq. (1), the patterns

of the snow depth maps and tB&VEmaps are identical for

each single time step. Hence we will focus our analysis on

snow depth maps only and give the valuesS@YEin brack-
ets where appropriate. Singeis time dependent, the abla-

tion rate and snow depth change maps did not show exactly —
the same patterns. But as there were no relevant differences

in the characteristic features we focus on the results obtaine
from the daily ablation rates in what follows.

To refine the analysis, we separated two sub-areas from the
investigation area (Fig. 1) based on the visual impression that

investigation area on topographic and meteorological param-
eters. For this purpose, the Pearson’s linear correlation coef-
ficient for the ablation rate as dependent variable was calcu-
lated (Fig. 10). As independent variables we used:

— Topographical parameters derived from DEM: alti-
tude, slope, northing (difference in degrees from north).

— Mean daily sum of incoming solar radiation, simulated
with the physical based modelpine3D(Lehning et al.,
2006; Helbig et al., 2009), for each period of two suc-
ceeding surveys. As input data for the model, we used
data derived from an automatic weather and snow sta-
tion located in the catchment. The model then produced
hourly output for incoming shortwave radiation for each
grid-cell of a 10 m-raster. We then averaged the output
to one mean radiation day for each of the three periods.

SWEat the end of the accumulation seas@WEnax)
derived from thelLSsurvey. The ablation rate as calcu-
lated here contains also the contribution of settling and
we therefore also investigated whether a correlation be-
tween maximum snow depth & VEand ablation rate
exists.

d

two different snow distribution patterns may dominate these

two sub-areas (Fig. 3): The first covers the north-easterly ex
posed slopes of Wannengrat, and will be referred tdam

the following. It is characterized by a highly variable snow
deposition on a rather large scale. The second sub-area co
sists of the southeast-facing slopes of the Vordere Latdch

(SB), which appears to have a rather homogeneous snow dis-

tribution.

3.2 Data analysis

A quantitative analysis of the raster maps allowed a de-

tailed evaluation of the spatial and temporal variability of

snow depth and the average ablation rates. We first visually
interpreted the maps to identify obvious surface structures

and characteristics. To quantify the spatial variability and

The Cryosphere, 4, 21825 2010

— Local windspeed obtained from high resolution flow
fields, simulated with the mesoscale atmospheric model
ARPS(Xue et al., 2000; Mott et al., 2008; Raderschall
et al.,, 2008; Mott and Lehning, 2010). The three-
dimensional windspeed was modelled on a horizontal
grid resolution of 5m. The local flow fields were calcu-
lated for a north-westerlywindspeeg) and a south-
easterly wind Windspeedg) situation, which were ob-
served to be the predominant wind directions for the
three periods between the scans. Note that for the
first period both wind situations occurred but the north-
westerly situation dominated. In contrast, in the sec-
ond period, both prevailing wind directions occurred
with a similar frequency. In the third period only north-
westerly wind situations were observed.

n_
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Fig. 3. Snow depth maps for 26 Aprfk), 13 May (b), 2 Juneg(c) and 10 Junéd). The black arrows mark examples for snow filled ditches

and cornice-like drifts. (base map: Pixelkarte PK25 © 2009 swisstopo (dv033492)).

To account for possible interactions between these paramin the steep rock faces in the south and north-west of the

eters, we combined the variables in multiple linear regres-area. The average snow depth was 2.(BWE696 mm) and
sion models allowing for interaction terms. Only the models maximum snow depth was 9.0 8\WE3120 mm). Those

which performed best will be shown in the following. large snow depths were mainly located at two cornice-like
drifts which had formed on the steep north-easterly slopes of

4 Results and discussion

4.1 Time development of snow depth distribution

the Wannengrat summit due to drifting and blowing snow.
Areas with above average snow depth could also be found
in the steep south facing slopeSH. The flatter areas of

the Chilcher Berg clearly showed average or below average
A map of the spatial snow depth distribution in the investiga- snow depths. Nevertheless, linear features with above aver-
tion area for the end of the accumulation season (26 April) isage snow depth are also clearly visible in that area. From the
shown in Fig. 3a. The corresponding calculaBtfEmapis = DEM and a topographic map we could identify those features
shown in Fig. 4. At that point in time, the entire catchment as ditches, which were packed with snow probably due to
was snow covered, with exception of small snow-free patchesnow transport processes (Lehning et al., 2008).

www.the-cryosphere.net/4/215/2010/
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Fig. 4. SWEmap for 26 April. (base map: Pixelkarte PK25 © 2009
swisstopo (dv033492)).
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Fig. 5. (a)Histograms and statisti¢b) of snow depth (HS) at the

time of each scan. Only cells which were snow covered at the time
of each scan are included to (a). Intervalsize 63. Statistics in (b),
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Fig. 6. Histograms of snow depth for the sub-aré#s(a) andSE
(b). Interval size for (a): 63, interval size for (b): 53.

The following scan, 17 days later, showed predominantly
unchanged spatial patterns (Fig. 3b): The cornice- like drifts
in the NE remained the dominant feature until the end of the
ablation season while snow depth in ®Esuffered stronger
decrease than average (Fig. 3c, d; see also Fig. 6). A sig-
nificant number of snow-free patches emerged especially on
the knolls and ridges where snow depth was lowest in the
beginning of the ablation season. Complete melt out prop-
agated quickly from those first snow-free areas. This may
be because of lower snow depths at the edges of the snow
patches or because of lateral advective transport of heat from
the warmer snow-free surfaces onto the colder snow cover
(Essery and Pomeroy, 2004), which will be discussed in de-
tail below.

Histograms of snow depth at the time of each scan show
that the distribution and the variability changed in the course
of the ablation season (Fig. 5a). The mean snow depth and
the spatial variability, represented by the standard deviation
(o), both continuously decreased hutemained on a high
level (Fig. 5b). More interestingly, the standard deviation
of snow depth still decreased when calculated for the snow
covered area only. In fact, the numerical value was almost
identical to the one based on the total area with deviations
less than 10%.

The snow covered area and the total volum8WfEstored

refer to the scanned area. The black line indicates the mean valud® the area strongly decreased. While 98% of the investi-

and the error-bars the standard deviations.

The Cryosphere, 4, 21825 2010

gation area was covered with snow on 26 April, this area
steadily decreased to 25% on 10 June (13 May = 82%,
2 June = 38%). The snow volume decreased from
3.3x10°m? on 26 April to 1.0<1°m3 on 10 June (13
May = 2.6x10°mq, 2 June = 1.X10° m3).

www.the-cryosphere.net/4/215/2010/
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There were clear differences in snow depth distributionspeede = 0.2) whereasSWEnax gave the best correlation
between the two sub-are®&E and NE (Fig. 6a, b). The withr=-0.4. Inthe final period (2 June-10 June) all corre-
cornice-like drifts (discussed above), which featured the ardations became very weak. This finding with the better cor-
eas maximum snow depth, were located\B. The mean  relations resulting from different parameters in comparison
snow depths with 3.1 mSWE= 1059 mm) were therefore to period one, again suggests that the factors which dominate
larger in theNE than in theSEwith 2.7m SWE=919mm)  melt change in time. The strong decrease of the correlation
at the end of the accumulation season. A higher variabilityis in this context attributed to the rising heterogeneity of the
was also observed in th¢E (o = 1.7 m/569 mm) than in the  surface and of its energy balance which we already described
SE (o0 = 1.0m/355mm). This finding is also obvious from above. The later in the ablation season, the smaller the direct
Fig. 3, where the more homogenous snow depth values iinfluence of the parameters and the more “random” the abla-
the SE are clearly visible. The context of higher variability tion pattern appears. It is important to note that the ablation
and higher mean snow depth in tN& remained during the pattern is not really random but determined by the distribu-

entire ablation season. tion of snow free patches in the vicinity, which is not rep-
resented in local correlations. A further surprising outcome
4.2 Spatio-temporal variability of ablation rates and is the decrease of the correlation coefficientidndspeede
their correlation with simple weather and terrain although a major foehn event occurred in the second period.
parameters Local high windspeeds promote turbulent fluxes and there-

fore affect the local energy balance. But advective effects as

Ablation rates (asSWH are shown in Fig. 7 and the cor- discussed below would not show up in such a local analysis
responding histograms are illustrated in Fig. 9 for all threeand require a more involved analysis, which we plan to carry
investigation periods. For comparison, a map showing dif-out in future.
ferences in snow depth is presented in Fig. 8. For the pe- The weak correlations become even clearer when
riod from 26 April to 13 May the spatial differences in ab- analysing the scatterplots of the ablation rates against the pre-
lation rates with the highest rates in the steep south facingiicting parameters. A scatter plot of ablation rates against
slopes and the lowest rates in the northern exposed slop&gcoming solar radiation is shown in Fig. 11. The large scat-
are clearly visible in Fig. 7a and represent the distribu-tering of the data clearly illustrates that high statistical corre-
tion of potential radiation. The average ablation rate was|ations cannot be expected from these data.
15mm/d ¢ =7 mm/d) for this period, increasing to 16 mm/d  These findings lead to the conclusion that none of the sim-
(0 =7mm/d) for the second and 30 mmid £ 12mm/d) for  ple univariate parameters was adequate to explain spatial ab-
the last period (Fig. 9). This increase can easily be explainedation characteristics to a satisfactory degree. A possible ad-
by the larger amount of energy, in the form of incoming solar ditional factor other than lateral energy transport discussed
radiation, available for melting later in the hydrological sea- below may be that the spatial resolution of 2.5 m may still be
son. It has to be noticed that no distinct change occurredoo coarse. Windspeed was modelled on a spatial resolution
between the first and the second period due to cool and moiggf 5m. A smaller horizontal resolution would strongly in-
weather during the second period. However, otando  fluence the local windspeed distribution (Mott and Lehning,
strongly increased in the last period. While the spatial vari-2010). Patterns which were caused by the micro-relief are
ability of snow depth decreased (Figs. 3 and 5), the spatiahot captured by that resolution. Furthermore, there may be
variability of the ablation rates increased with time (Figs. 7 differences between the modelled meteorological variables
and 9). and the true distribution, e.g. incoming radiation neglects fre-

Similar to the study of Anderton et al. (2004), we could quent convective clouds over mountain tops.
only identify weak correlations between ablation rates and To examine if interactions between the topographical and
relevant topographic and meteorological parameters. Peameteorological parameters might play a role, we built several
son’s linear correlation coefficients are shown in Fig. 10 for multiple linear regression models, for which we tested differ-
all parameters and each time intervalititude, slopg nor-  ent factor combinations. For the construction of the regres-
thing (eachr = 0.4), solar radiation (r = 0.3) andwind-  sjon models, the variables were scaled linearly-ta;fL], to
speede (r = 0.3) provided the best correlations for the first allow a direct comparison of the coefficients. Similar to the
period (26 April-13 May). univariate correlation analysis, different models performed

Note that the high correlation with slope, meaning that flatbest for the individual periods: The best fit for the first pe-
areas are characterised by smaller ablation rates, cannot biad is given in Eq. 2 and resulted in &% of 0.4. Additional
explained by relocation of snow from steep to flat areas dudactors and factor combinations could not significantly im-
to avalanches, as no avalanches occurred during the ablatigsrove the fit.
season.

For the second period (13 May -2 June) all high corre-
lations from the first period decreaseslope r =0.2, al-
titude northing eachr = 0.1, radiation r = —0.1, wind-

www.the-cryosphere.net/4/215/2010/ The Cryosphere, 4,22%2010
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Fig. 7. Daily ablation ratesYWBE averaged for the time periods 26 April-13 M@), 13 May-2 Jungb) and 2 June-10 Jur(e). (base
map: Pixelkarte PK25 © 2009 swisstopo (dv033492)).

serve a decrease in correlation with time and this was con-
firmed by the multiple regressions. Therefore, the influence

ratey =4.2-altitude +7.6-slope+5.6-northing (2)  of topography and meteorology on ablation rates gets con-

+3.8-radiation+12.2

sistently weaker later in the ablation season. Using f-test, all
regressions were found to be highly significapt<0.001)

For the second period ak? of 0.3 was obtained from the  \yhich is not surprising when taking the large size of the sam-
model described in Eq. 3. Most variables which performedpje (N>18 000) into account.

best in linear correlation analysis were also showing up in
the multiple regression models, but in slightly different order.
Slopewas the most important variable in Eq. 2 a8/ Enax
accounted for the highest coefficient in Eq. 3.

It can be concluded that the spatial distribution of the ab-
lation rates appeared to be quite random and only week cor-
relations with local topographic factors could be detected.
The observed temporal change in variability and spatial pat-

rateo =—2.1-altitude —8.8-slope —13.6-SWEmax  (3) terns, in particular for the last period, might be explained

+7.9-windspeedyy + 182

by a shift of the dominating processes which had an impact
on the melting: In the first period, the energy available for

The last period did not give significant correlations. As hasmelting was dominated by shortwave radiation, which is also
already been seen in the univariate correlations, we could obindicated by the relatively strong correlation coefficient for
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13 May - 02 Jun
wmmm=me 02 Jun - 10 Jun
(CV=0.6-2.0), even for the latest time period, where the scat-
Fig. 9. Histograms of daily ablation rat&WH. Interval size: 124.  ter in ablation rates was largest. As can be seen in Fig. 3, as
a consequence, the relatively low variability of the ablation
shortwave radiationr(= 0.3) described above. Later in the rates cannot substantially alter the spatial structure of snow
hydrological season the rapidly increasing fraction of snowdepth andSWE which was determined during the accumula-
free areas leads to changes in the energy balance: The sufen season. As an example, both pronounced accumulation
face albedo of snow free patches is small and causes higheones in sub-arellE remained visible for the whole period
surface temperatures and higher values of lateral sensiblef investigation. Thus, the effects of spatially variable melt-
heat fluxes and longwave radiation, which then lead to in-ing on snow depletion are smaller than the effect of the snow
creased melting of the surrounding snow patches (Essery andistribution at the end of the accumulation season. Snow re-
Pomeroy, 2004) especially at the edges of the patches. Thusjains there, where most snow was accumulated during the
big differences in melting between small and larger snowaccumulation season. This interpretation is consistent with
patches may occur. Nonetheless, a comparison of coeffithe findings of Anderton et al. (2004), who stated that spa-
cient of variation valuesGV=c/u) showed that the spatial tial patterns of snow disappearance were largely determined
variability of the ablation rates wit@V — values of 0.4-0.5 by the distribution ofSWEat the start of the melt season,
was lower than the spatial variability of snow depth &WE  rather than by spatial variability in ablation rates during the
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