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Abstract

When applying conceptual hydrological models using a temperature index approach for
snowmelt to high alpine areas often accumulation of snow during several years can be
observed. Some of the reasons why these “snow towers” do not exist in nature are vertical and
lateral transport processes. While snow transport models have been developed using grid cell
sizes of tens to hundreds of square meters and have been applied in several catchments, no
model exists using coarser cell sizes of one km2, which is a common resolution for meso and
large scale hydrologic modelling (hundreds to thousands of square kilometres). In this paper
we present an approach that uses only gravity and snow density as a proxy for the age of the
snow cover and land-use information to redistribute snow in Alpine basins. The results are
based on the hydrological modelling of the Austrian Inn basin in Tyrol, Austria, more
specifically the Otztaler Ache catchment but the findings hold for other tributaries of the river
Inn. This transport model is implemented in the distributed rainfall-runoff model COSERO.
The results of both model concepts with and without consideration of lateral snow
redistribution are compared against observed discharge and snow covered areas derived from
MODIS satellite images. By means of the snow redistribution concept snow accumulation
over several years can be prevented and the snow depletion curve compared with MODIS
data could be improved, too. In a seven year period the standard model would lead to snow
accumulation of approximately 2900 mm SWE in high elevated regions whereas the updated
version of the model does not show accumulation and does also predict discharge with more
accuracy leading to a Kling-Gupta-Efficiency of 0.93 instead of 0.9. A further improvement
can be shown in the comparison of MODIS snow cover data and the calculated depletion
curve, where the redistribution model increased the efficiency (R*) from 0,70 to 0,78

(calibration) and from 0,66 to 0,74 (validation).
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1 Introduction

Conceptual models are widely used in hydrology. Examples are the HBV model (Bergstrom,
1976), PDM (Moore, 2007), GSM-SOCONT (Schaefli et al., 2005) or VIC (Wood et al.,
1992) just to name a few. Many of these conceptual models use a temperature index approach
to model snow melt and snow accumulation and even in some physically based models as
e. g. versions of the SHE model (Bgggild et al., 1999) this method can be found. This
approach has the advantage of being quite simple since it uses only temperature as input to
determine whether precipitation occurs in the form of snow or rain and whether snow can be
melted or not. A typical example of a temperature index method for snow modelling is the
degree-day approach (see for example Hock 2003). A disadvantage is that snow accumulates
as long as the air temperature does not rise above a certain threshold (often 0 °C) regardless of
any other processes that may lead to snow melt like radiation or turbulent fluxes of latent
energy. In high mountainous areas this may be the case for most days in the year leading to an
intensive computational accumulation of snow in these areas. In the modellers terminology
these artefacts are often called “snow towers”. In nature, however, these accumulations are

barley existent.

The reasons for that are either wind or gravitationally induced lateral snow distribution
processes (Elder et al., 1991; Winstral et al., 2002). Resulting snow depths are not uniformly
distributed in space but vary within large ranges (Helfricht et al., 2014). When changing the
focus from micro (e. g. several square meters) to meso scales (e. g. one to several square
kilometres), variations become less (Melvold and Skaugen, 2013). The intention of the
applied snow redistribution concept was (i) to prevent the artefacts of “snow towers” and (ii)
to develop a concept which considers gravity driven lateral snow transport with reasonable

and plausible process depiction.

1.1 Theoretical background of snow cover variations

During the accumulation period, according to Liston (2004), primarily three mechanisms are
responsible for these variations: (i) snow-canopy interactions in forest covered regions, (ii)
wind induced snow redistribution and (iii) orographic influences on snow fall. These
mechanisms influence snow cover patterns on scales ranging from the micro to the macro

scale. Spatial snow cover variability beneath canopies is mainly affected by different tree
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species (deciduous vs coniferous trees) influencing LAI, height and density of the canopy and

gap sizes (Garvelmann et al., 2013; Liston, 2004; Pomeroy et al., 2002).

Besides the impact of vegetation, wind is the most dominant factor influencing snow patterns
in alpine terrain. Snow is transported from exposed ridges to the lee side of these ridges,
valleys and vegetation covered areas (Essery et al., 1999; Liston and Sturm, 1998; Rutter et
al., 2009; Winstral et al., 2002). One has to be aware that besides of the physical transport of
solid snow wind also stimulates sublimation processes (Liston and Sturm, 1998; Strasser et
al., 2008). Wind influences snow depth distributions on scales of some 100s to 1000 square

metres (Dadic et al., 2010a).

The third mechanism (orographic effect) influences snow patterns on a larger scale of one to
several kilometres (e. g. Barros and Lettenmaier, 1994). Non-uniform snow distributions are
caused by interactions of the atmosphere (air pressure, humidity, atmospheric stability) with

topography (Liston, 2004).

In addition to these processes, avalanches play a role in snow redistribution (Lehning and
Fierz, 2008; Lehning et al., 2002; Sovilla et al., 2010). In steep terrain, avalanches depend
mainly on the slope angle and are capable of transporting large snow masses over distances of

tens to hundreds of metres (Dadic et al., 2010b; Sovilla et al., 2010).

During the ablation period, spatial snow distributions are mainly influenced by differences in
snow melt behaviour. On the northern hemisphere, on south-facing slopes, rates of snow melt
are generally enhanced compared to north-facing slopes due to the inclination of radiation.
Also vegetation influences melting behaviour. Shading reduces snowmelt compared to direct
sunlight. Enhanced emitted long wave radiation due to warm bare rocks or trees increases the

melt rate (Garvelmann et al., 2013; Pohl et al., 2014).

1.2 Modelling approaches

There exist a plenty of model concepts to simulate the snow redistribution in mountainous
areas, ranging from simple conceptual models to complex, physically based ones. The latter
attempt to consider all energy fluxes and therefore show a huge data demand with respect to
meteorological input. Usually this type requires high spatial resolution of the model domain.
Alternatively the conceptual models can also be easily applied for meso and macro scale

basins, where the spatial resolution generally shows coarser grid spacing. This is the case for
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the introduced study where the entire basin of the river Inn was modelled (see Frey et al.,

2014) and selective results of the Otztal are presented.

Generally, there are several ways of coping with intensive snow accumulations in
hydrological models, in particular (i) adapting the meteorological input data, (ii) the
application of physically based models to solve the full energy balance and considering the
wind induced snow drift and (iii) conceptual models using topographic information for lateral
snow transport. In the following some descriptions and references of the respective concepts

are given.

A common approach is editing the meteorological input (Dettinger et al., 2004). For instance,
many models use a constant yet adjustable lapse rate for interpolating temperature with
elevation (Holzmann et al., 2010; Koboltschnig et al., 2008). Besides temperature,
precipitation gradients are often adjusted to fit observed and modelled target variables (e. g.
snow patterns or runoff) (Huss et al., 2009b; Schober et al., 2014). Justification for doing so is
the general lack of gauging stations in the summit regions (Daly et al., 1994, 2008) along with
the high error of precipitation gauges (Rasmussen et al., 2011; Williams et al., 1998). An
approach presented by Jackson (1994) defining a precipitation correction matrix was
successfully applied in several studies (Farinotti et al., 2010; Huss et al., 2009a). Using a
Doppler X-band radar capable of a spatial resolution of 75 m Scipién et al. (2013) identified
significant discrepancies between precipitation patterns in 300 to 600 metres above ground
and the snow accumulation at the end of the winter period in a small area of 1.5 km? in the
vicinity of Davos, Switzerland. They conclude that snowfall variability at the height of some
hundreds of meters above ground is not the driving factor of snow accumulation variabilities
at the scale of the radar’s resolution. Consequently, the variability of the meteorological input

cannot explain the variability of snow cover patterns.

Models trying to deal with snow accumulation and redistribution apart from input corrections
may be classified into two major approaches. One is the consideration of process based snow
distribution patterns. Examples are SNOWPACK (Bartelt and Lehning, 2002) used in
avalanche research or SnowTran3D (Liston et al., 2007; Liston and Sturm, 1998). The other
approach is empirical. Models following the second approach use the fact, that snow patterns
resemble each other every year (Helfricht et al., 2012, 2014). Since our model is following the

empirical approach, too, the presented paper concentrates on that approach.
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Snow accumulation gradients determined by airborne LiDAR measurements (Helfricht et al.
2012) were used by Schober et al. (2014) to improve hydrological modelling using the
distributed energy balance model SES (Asztalos, 2004). LiDAR data, however, are relatively
expensive to obtain. A common way of dealing with snow accumulations without the need for
intensive field campaigns is using wind speed and -direction to model lateral snow transport
(e.g. Bernhardt et al., 2009; 2010; Shulski and Seeley, 2004; Winstral et al., 2002; Liston and
Sturm, 1998). Wind information may be obtained by meteorological stations or by computed
wind fields. Kirchner et al. (2014) concluded from LiDAR measurements in combination with
meteorological stations in a catchment in California, USA that wind measurements from only
one meteorological station are of too poor quality for a useful description of wind fields for
snow transport. Due to the mentioned lack of meteorological stations in high elevations, the
use of computer generated wind fields seems appealing. These information have been
successfully used to model snow redistributions in small scales of 30 metres (Bernhardt et al.,
2009, 2010, 2012). Those models using wind information have in common that they are
computationally intensive as they require data in high spatial resolution (e. g. 100 to 1000s of
square metres). Wind fields may also be generated by regional circulation models (RCM).
However these wind fields have shown to be erroneous (Nikulin et al., 2011) and therefore
are not useful for direct implementation in redistribution models. A combined approach using
gravity and wind induced snow transport was presented by Schober et al. (2014) who used a
distributed energy balance model with a resolution of 50x50 m. The SnowSlide model
(Bernhardt and Schulz, 2010) applied to the Watzmann massif, Germany, even only accounts

for gravitational induced snow transport.

The mentioned model approaches have in common that they operate on spatial scales of 10s
to 100s of metres. However, due to some available databases for vegetation and meteorology
(Haiden et al., 2011; Hiebl and Frei, 2015; Masson et al., 2003; Oubeidillah et al., 2014),
many models operate on cell sizes of 1 km? or more (e. g. Andersen et al., 2001; Henriksen et
al., 2003; Mauser and Bach, 2009; Safeeq et al., 2014). While the main driving physical
processes on the scale of these datasets might differ from the scale of the modelling
approaches described above the difficulties of snow accumulations also occur when models
with grid cell sizes of 1x1 km are applied to mountainous regions. Yet, to our knowledge, no
model for redistributing snow on a 1x1 km grid size exists. In this paper we present a simple
approach to deal with snow in high mountainous regions and its application in the catchment

of Otztaler Ache in Tyrol, Austria. Since the model uses meteorological input from INCA
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(Haiden et al., 2011) that already account for meteorological corrections, we focus on snow
redistribution rather than to edit the input data. As already mentioned the two main objectives
in this respect are to achieve a better model efficiency regarding runoff and to avoid the

existence of snow towers at high altitudes.

2 Model description

2.1 Hydrological Model COSERO

COSERO is a spatially distributed conceptual hydrological model which is similar to the
HBV model (Bergstrom, 1976). In the presented paper it uses 1x1 km grid cells. Originally
developed for modelling discharge of the Austrian rivers Enns and Steyer (Nachtnebel et al.,
1993), it has recently been used for different purposes like climate change studies (e. g. Kling
et al., 2012, 2014b; Stanzel and Nachtnebel, 2010), investigating the role of
evapotranspiration in high alpine regions (Herrnegger et al., 2012) and operational runoff
forecasting (Stanzel et al., 2008). Potential evapotranspiration is calculated using the
Thornthwaite method (Thornthwaite, 1948). Discharge due to rainfall and snow-/ice melt is
estimated using the same non-linear function of soil moisture as the original HBV. In this
study, the model is run using daily time steps. It is, however, capable of using hourly or
monthly time steps. In the latter case, intra-monthly variations are considered for snow and
interception processes as well as for soil moisture (Kling et al., 2014a). A schematic overview
of the model is given by Fig. 1 and a detailed description of the model can be found in Kling
et al. (2014a), where the model was applied to several catchments across Europe, Africa and
Australia. However, in Kling et al. (2014a) snow parameters were not calibrated and therefore
the snow module is not fully explained in detail in their paper. This will be done in the
following. Equations (1) to (7) and (10) were taken from the original model by Stanzel and
Nachtnebel (2010), all other methods were developed in the present study.

Numerous studies have shown that sub-grid variability of snow depths can be described by a
two parameter log-normal distribution (e. g. Donald et al., 1995; Pomeroy et al., 1998).
COSERO uses five snow classes per cell (i.e. the log-normal distribution is subdivided into
five quantiles) to approximate this sub-grid log-normal distribution under accumulation
conditions (see Fig. 2 b)), i. e. snowfall is distributed log-normally into snow classes, where

the sum of the snow water equivalent (SWE) of each classes represent the mean conditions in
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the grid cell. This distribution can be interpreted as a statistical description of snow
distribution processes taking place at the subgrid scale (Pomeroy et al., 1998). This method
has the potential to indirectly consider the influence of curvature, shelter, vegetation or
elevation (Hiemstra et al., 2006). The properties of each class are treated unique as equations
(1) to (13) apply to every snow class separately. Consequently the log-normal distribution
within a grid cell may be disturbed by the processes of melting, sublimation, refreezing and
redistribution to other grid cells. Once fallen, snow redistribution between the snow classes
within a single grid cell is not considered. A scheme of the composition of a snow class is
illustrated in Fig. 2 a). The snow water equivalent (Sswg)) of a given day t per class is
calculated by Eq. (1) where Pr¢ and Ps; are liquid and solid precipitation in mm, respectively,

M; is snow melt and Es; is sublimation of snow. All variables are given in mm SWE.
Sswe, = Sswg,_, T Pr, + Ps, — My — Es, (D

Snow melt is calculated by a temperature index approach (see for example Hock 2003). Eq.
(2) is used:

M, = min(Sswr,; Pr, * € " Tar, + Dy, * Tarr,) @

where M, is snowmelt [mm], € is the ratio of specific heat of water and melting energy, Tair:
is the (mean) daily air temperature [°C] and Dg [mm °C'] is the snow melt factor of a given

day t estimated by Eq. (3):

— .27\ Dy=Dy , Dy=Dr),
by, = (_COS( 365) > T3 ) Mgep, 3)
with
DRED: Sfresh > SCRIT
Mgep, = (1-Mgrep,_,) “4)
" (Mggp,_, + #; Stresh < Scrir

where J is the Julian day of the year [-], Dy and DL are the upper and lower boundaries of D
[mm °C], respectively, and Mggp [-] is a reduction factor to account for the higher albedo
caused by freshly fallen snow calculated by Eq. (4). Scrir [mm] is the critical snow depth of
fresh snow necessary to increase the albedo, whereas Stresh 1 the actual depth of fresh snow
[mm] fallen within one time step. For fresh snow depth larger than Scrir, Mrep is set to a

reduced melting factor Drep [-].
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Whether precipitation occurs in form of snow or rain is controlled by two parameters Tps and
Tpr, defining the temperature range where snow and rain occur simultaneously. At and above
temperature Trp precipitation is pure liquid, at and below Tps precipitation is pure solid. In
between those two boundaries, the proportion of solid to liquid precipitation is estimated

linearly.

For the estimation of snow sublimation, Eq. (5) is used, where Esp [mm] refers to potential
sublimation of snow, Ep [mm] is the potential evapotranspiration and Eg is a correction factor
to reduce Ep. Sublimation is considered only for snow classes actually covered by snow.
Hence, if a grid cell is partly snow free (this can be the case if one subgrid class has no snow
cover due to melting) sublimation is estimated for the snow covered part only. For the

uncovered classes evapotranspiration according to the Thornthwaite method is applied.
Espt = Ep, " Eg %)

The snow cover in COSERO is treated as porous medium and therefore is able to store a
certain amount of liquid water (S; [m3 kg!]) in dependency of the snow pack density (p)

calculated using Eq. (6).

St = (Sswe, = St,_1) - (Stmax — (0 = Pmax) * Sip) (6)

Where Simax [m3kg!] is the maximum water holding capacity at the maximum snow density
of the snow pack pmax [kg m?] and Sip [-] describes the decrease of water holding capacity

with increasing snow density p.

At negative air temperatures, retained melt water has the ability to refreeze in the snow pack.
The potential amount of refrozen water (Sr) is estimated by Eq. (7), where R is the refreezing
factor [mm °C’!]. As long as there is enough liquid water in the snow pack, actual refreezing

will be equal to potential refreezing.
0, Taig, >0

Sg = (7)
R Rf ) (TAIRt ) (—1)): TAIRt <0

Refrozen water is treated in the same way as snow. The amount of water leaving the snow

cover then equals snowmelt minus retained water.

Snow density (pr) of each class is calculated using a sigmoid function shown in Eqgs. (8) and
(9) where pmax and pmin are the respective maximum and minimum values of p, Tarr is the
temperature of the air mass above the snow layer and pscale and Tscale are scaling coefficients

8
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to calculate a transition temperature (Ty) for the estimation of the snow density. Herby, pscate
adjusts the slope of the function, whereas Ticale is responsible for a shift on the x-axis. These
two parameters are set to fixed values of 1.2 and 1, respectively. The solution of Eqs.  (8)

and (9) is illustrated in Fig. 3 for a range of typical air temperatures, where snowfall occurs.
Already fallen snow can reach a higher density (poLp) than fresh snow. Its density is
calculated using a time settling constant (pser, derived from Riley et al., 1973) until the

maximum density is reached (Eq. 10).

Ttr
Pt = (Pmax — Pminy (\/%W + 1) 0.5+ pyin ®)
with
_ Tair,
Ttr - Pscale + Tscale (9)
SSWE; St

PSET'(—+_)

Pop = —Fam— (10)

The COSERO model considers both snow and glacier ice melt processes. Ice melt (Micg) is
computed by means of a degree-day method (see Eq. 11) and uses separate parameter sets.
Here, Dice refers to the ice melt factor [mm °C!]. A prerequisite of ice melt is the full
depletion of the overlying snow cover. Spatial information of glaciers are taken from the

Randolph Glacier Inventory version 3.2 (Arendt et al., 2012).

Mice = Dicg * Tair (11)

2.2 Snow transport model

Several authors reported that the slope angle has an important influence on snow depths
(Bernhardt and Schulz, 2010; Kirchner et al., 2014; Schober et al., 2014). The model
redistributes snow only to grid cells providing the steepest slope (acceptor cell) in the direct
neighbourhood of the raster cell it searches from (donor cell). Only downward transportation
is considered. If more than one cell show the same (largest) difference in elevation, the
amount of donated snow is distributed equally to the number of acceptor cells. The actual
amount of snow being redistributed depends on the steepness of the slope, the age of the snow
cover, considered by the density of snow, the type of land cover of the donor cell and the
snow depth of the donor cell. The drier (less dense) the snow pack the higher the snow rate

available for the redistribution routine (fp, Eq. 13). Thus the defined maximum density of
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snow (450 kg m™) determines the threshold for snow redistribution. The availability of snow
for transport is determined by a vegetation-based threshold value (Hy) for each class of land
cover. This value can also be interpreted as a roughness coefficient for areas where no or
hardly any vegetation is present like in alpine and nival elevations. If the snow depth (S
[mm]) of a snow class of a raster cell exceeds Hy [mm], snow transport from that cell is

activated and redistribution is calculated by solving Egs. (12) and (13).

1
= max(Sp — Hy; 0)'fp'Z—A'C (12)
With
_ [ Comax—pp) . (_ppD ) L
fp = (—PMAX e\ Pmax 5 (13)

Where Sswea) is the amount of snow water equivalent that is redistributed from the donor cell
(D) to the available acceptor cell(s) (A), pp is the density of snow in the donor cell, pmax is
the possible maximum density of snow, o is the angle of the slope between the donor and

acceptor cells in degree and C is a correction coefficient that can be calibrated.

Fig. 4 illustrates the shape of the distribution coefficient f, as a function of different elevation
gradients between the acceptor and donor cells and of the snow density. In acceptor cells
redistributed snow is treated as fresh snow in the sense that it is distributed to the snow

classes according to the log-normal distribution.

The model is organized in form of a loop starting at the highest grid cell (summit region) and
ending at the lowest cell (outlet of the catchment). This ensures that snow cannot be
redistributed into already processed grid cells. Snow will be transported downslope as long as
the slope is steep enough to allow for transportation given that the density of snow is low
enough (see Fig. 4). Consequently less snow remains in the summit region whereas lower,
rather flat grid cells show enhanced accumulation. Although snow depths in the summits are
lower, the amount of snow covered cells stay similar as some residual snow remains in all

cells due to HV parameterization.

The concept of the redistribution model is sketched in Fig. 5. Note that although snow depths
in the highest cell are prevented by the model, the number of snow covered cells remains the

same.

10
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3 Case study in the catchment the Otztaler Ache, Tyrol, Austria

3.1 Catchment description

The catchment of Otztaler Ache at gauge Huben, situated in western Austria close to the
Italian border, covers an area of 511 km? and has an altitudinal range between 1185 m a.s.l at
the gauge at Huben and 3770 m a.s.] at its highest peaks. Due to the use of a 1x1 km gridded
DEM, the highest grid cell has a mean elevation of 3450 m a.s.l, whereas the lowest cell has
an elevation of 1250 m a.s.l. (Fig. 6). About 30 % of its area is covered by vegetation, mainly
pastures and meadows. Glaciers cover about 19 % leading to an annual ice melt contribution
of about 25 % of the total runoff at Huben, while 41 % of the discharge has its origin in

snowmelt (Weber et al., 2010). Table 1 gives an overview of the land cover.

In Fig. 6 the elevations of the Otztal basin are described. Frequency distribution of slope
angles derived from 1x1 km grid are shown (6 a). This frequency distribution exhibits the
highest frequencies in the slope classes between 20 and 25 degrees for higher elevations. In
lower elevated regions slope classes between 0 and 15 degrees dominate. However, also
glacier covered areas at the summits can have flat slopes. Note that the listed slopes are based

on the steepest vertical gradients of the neighbour elements.

3.2 Input data

Gridded meteorological data of precipitation and air temperature are required to run the
model. These data are provided by the INCA dataset (Haiden et al., 2011) with the same grid
spacing like the hydrological model, allowing a direct use in the model without the need for
pre-processing. INCA data are available since 2003. The years 2003 and 2004 have been used
as a warm-up period for the model. In the subsequent years no correction of meteorological
data was done since INCA already accounts for elevation gradients regarding air temperature
and precipitation. Six land use classes were derived from the most recent CORINE data set
(CLC2006 version 17, see EEA, 1995). These classes and their areal fractions in the
catchment of Otztaler Ache are given in Table 1. It should be pointed out, that neither

radiation nor wind speed or wind direction data are necessary to run the model.

11
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3.3 Model calibration

The hydrological model was calibrated for the period from 2005 to 2008 using a
Rosenbrock’s automated optimization routine (Rosenbrock, 1960). Although the model is rich
of parameters, the vast majority of them have been estimated a priori according to literature
(Liston and Sturm, 1998; Prasad et al., 2001) and previous work on the model (Fuchs, 2005;
Kling, 2006; Nachtnebel et al., 2009). In the snow model including snow redistribution only
six parameters have been calibrated: upper and lower boundaries of snow melt factors Dy and
D1, respectively, the threshold values that control the range where liquid and solid
precipitation occur simultaneously (Tpr, Tps), the standard deviation of the log-normal
distribution of snow depth in one grid cell (Nvar) and the calibration parameter for snow
redistribution C (see Eq. 12). The limited number of optimization parameters reduces
equifinality problems. For a more detailed description of equifinality issues see the
supplements of this article. The target of the calibration was a good fit of runoff using the
Kling-Gupta-Model-Efficiency (Gupta et al., 2009; Kling et al., 2012) as objective function.
The model was validated for the years 2009 and 2010. Both calibration and validation have
been done with and without using the snow transport module. In the following model A refers
to the model using snow transport, whereas model B stands for the standard model.
Vegetation threshold values for snow detention were taken from previous studies (Liston and
Sturm, 1998; Prasad et al., 2001). These are given in Table 1. Maximum snow density was
assumed 450 kg m~> which matches long term snow measurements (Jonas et al., 2009;
Schober et al., 2014). Besides discharge in the validation period also snow cover data from
MODIS (8 day maximum snow cover, version 5) satellite images (Hall et al., 2002) were used

to compare the performance of both models.

4 Results

4.1 Discharge

Fig. 7 shows a comparison of total discharge using model A and B at the gauge Huben for the
year 2006. Both models result in similar quality criteria in the calibration as well as in the
validation period (see Table 2). Nevertheless, the model efficiency could be improved by 0.05
in the calibration period and 0.02 in the validation period by accounting for lateral snow

transport. Maximum differences in the mean daily discharges between the two models reach
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up to 2 mm per day (12.1 m3 s™). This equals a relative difference of -9 up to 44 % of model
A in respect to model B. In total, model A generates a surplus of about 300 mm discharge in
five years compared to model B (Fig. 8). About 2/3 of the additional discharge originate in

enhanced snowmelt the rest occurs due to enhanced glacier melt.

4.2 Spatially distributed snow cover data

Fig. 9 compares model A and B with MODIS snow depletion data. Both the accumulation
period in winter and the ablation period in spring and summer are represented well by both
models. Cold snowfall periods in summer generate sharp peaks in the depletion curve, which
could be calculated by both model versions, where Model A computed slightly smaller peaks
during the snowmelt period (May to July). This leads to a moderate increase of the

determination factor R? from 0.70 to 0.78 (calibration) and from 0.66 to 0.74 (validation).

4.3 Inter annual snow accumulation

The main reason for developing a snow transport model was the prevention of “snow towers”.
Fig. 10 presents model behaviour of model A and B with respect to the accumulation of snow
in elevations above 2800 m a.s.l. Below that elevation none of the models indicates snow
accumulation for more than one year and therefore snow accumulation in lower altitudes is no
problem. By the end of seven years of modelling, model B shows snow depths of approx.
2900 mm SWE in elevations above 3400 m a.s.l. whereas model A does hardly show any
accumulation behaviour in these altitudes. Spatially distributed net loss and gain of snow for
all raster cells within the period of one year in the watershed are presented in Fig. 11. It can
be shown that net loss is evident in the zones of ridges and high elevations, where the

maximum net gain is along the valley bottoms.

4.4 Parameter equifinality

Since the model uses several parameters that need calibration it suffers from equifinality
issues. To investigate those issues, Monte Carlo simulations have been carried out varying the
snow relevant parameters that cannot be estimated a priori. Since the aim of this paper is
snow transport, the results of the Monte Carlo simulations can be found in the supplements of

this article.
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5 Discussion

5.1 Discharge

In spring, at the beginning of the melting season, higher runoff is generated by the model
accounting for lateral snow transport (model A) due to a larger amount of snow in lower
altitudes (see Fig. 7). Later in the year enhanced glacier melt is mainly responsible for higher
discharge rates. About 200 mm have their origin in enhanced snowmelt, while the remaining
100 mm originate in amplified melt of glaciers. Since glacier cover about 19.4 % of the
catchment’s area 100 mm of additional mean basin runoff corresponds to an enhanced
negative glacier mass balance of -500 mm. The reason for this is transport of snow in warmer
altitudes and therefore earlier and more snow free glacier surfaces producing higher discharge
due to glacier melt (see Fig. 8) and explains the peak in July and August in runoff difference

(see Fig 7).

One has to be aware that the glacier model is very simple, since it treats glaciers as surfaces
with infinite depths and static properties. However, besides an advanced algorithm that
increases model complexity, a dynamic glacier model would require high spatial resolution
information of both the glaciers surfaces as well as the terrain (Farinotti et al., 2009). Since
the intention of this paper was to develop a model operating at the 1x1 km scale, this is not

feasible.

5.2 Spatially distributed snow cover data

Fig. 9 shows the snow depletion curve of the year 2009 based on MODIS data and the
comparison of model runs A and B. Only little differences between model A and B can be
identified. The reason for this is the vegetation threshold. Even if snow is being transported, a
residual of snow remains in the donor cell resulting in the cell marked as snow covered. Grid
cells covering the summits only donate snow to their respective acceptor cells. However, a
certain amount of snow is held back according to the threshold due to vegetation and
roughness of the surface. As indicated in Fig. 5 grid cells nested in the intermediate slope
regions receive and donate snow at the same time. Thus their snow depth changes little if
comparing model A and model B. In flat valley regions, grid cells only receive snow, where

relatively high air temperature values often allow for melting.
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Satellite based snow cover information by MODIS are binary and so is the model output for
comparing these results. In a binary system, no difference can be distinguished between cells

covered by much or little snow.

5.3 Snow accumulation

While using model B, the higher the elevation the more snow is accumulated. Contrary,
model A shows less pronounced and in some high altitudes even contrary behaviour (see Fig.
10). This is a result of the slope dependency of the distribution model. The amount of snow
distributed to other grid cells is higher with increasing vertical distance to the downward grid
cell (steeper slope). In general and in the Otztal as well mountains are steeper in the summit
regions than at the bottom (see Fig. 6). Consequently in the summit regions snow will be
preferentially eroded while it accumulates at the rather flat valleys where the vertical
distances between the grid cells are less than at the peaks. This does reflect snow
accumulations that can be observed in nature where summits might be nearly snow free in
spring while flatter parts are still covered with snow. While the raster cells covering peak
regions act as donators only those cells located on slopes may receive and distribute snow at
the same time (Fig. 11). Valley regions only receive snow. The resulting net loss and gain

areas shown in Fig. 11 give some indication that the redistribution algorithm is plausible.

Although snow accumulation behaviour of model A is more realistic than model B snow
accumulation can still be observed in the highest elevations zone (see Fig. 10). This is based
on the parameterization of the snow holding capacity Hv, where even bare ground assigns a
value of 200 mm (see Table 1). The influence of the highest elevation class (> 3400 m a.s.l.)
on both the hydrograph and snow covered area however is very small, since this elevation
level is represented by only 0.78 % of the catchment’s area. Consequently the objective
function during calibration using an automated optimization routine like Rosenbook’s routine

does not differ much when underestimating the correction coefficient in these grid cells.

The smaller the portion of high altitude areas in a catchment compared to the total catchment
area the less important is snow redistribution for modelling runoff. The catchment of river
Inn, for instance, covers an area of about 10000 km? yet only 733 km? are located at
elevations where intensive snow accumulations and mobilizations occur (above
2800 m a.s.L.). In the Otztal basin 204 out of 511 km? are located higher than 2800 m a.s.l. If

model B is applied to the catchment of river Inn in five years of modelling about 15 mm SWE
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(with respect to the entire river basin) remain in the catchment due to snow accumulation
processes instead of 300 mm in the Otztal. These findings are based on an applied research
project for the Austrian Verbund AG, where a hydrological model was applied for the
assessment of the hydropower potential of the river Inn (see Frey and Holzmann, 2014; Frey

etal., 2014)

5.4 Transferability to other catchments

The model provides results that have been found by other models and field observations, too.
The largest snow accumulations occur at the elevation range between 2800 and 3000 m a.s.l.
(Fig. 10). This was also found by LiDAR measurements carried out in the same catchment
(Helfricht et al., 2012) as well as in several catchments in Switzerland (Griinewald et al.,
2014). By applying a simple hydrological model that uses elevation bands instead of raster
cells to a variety of other catchments in the Alps, Frey (2015) could identify this elevation
range, too. Given that and the needs of the model (slope angles, snow density) for transporting
snow, it produces valid results as long as a catchment features relatively steep slopes in the
summit regions (which is the case in most catchments in the Alps). Obviously, the model

needs calibration if it is transferred to another catchment.

5.4 Parameter equifinality

Like most hydrological models COSERO requires calibration of some parameters. This
necessarily causes equifinality issues (Beven and Freer, 2001). The more adjustable
parameters a model provides, the more important this problem may become (e. g. Gupta et al.,
2008). On the other hand, some authors pointed out that more complex models may produce
more feasible results if the parameters can be estimated within realistic boundaries (Gharari et
al.,, 2012, 2014; Hrachowitz et al., 2014). Applying COSERO with the presented snow
redistribution routine requires two additional parameters: the vegetation threshold Hy
(estimated a priori) and the calibration parameter C (see Eq. 12). Yet, accounting for snow
redistribution allows the modeller to use Dy values within or close to the range proposed by
Kling et al., (2006), while the standard version of the model leads to the best results if higher

and therefore unrealistic Dy values are used (see supplements of this article).
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5.5 Scaling issues

Notwithstanding, that other geomorphological properties than slope angle influencing snow
patterns are important on scales smaller than the grid size of COSERO (see section 1.1), slope
was selected as driving force for the model. One has to be aware that this is a simplification
and under realistic conditions snow might not necessarily be transported only on the steepest
route (Bernhardt and Schulz, 2010; Winstral et al., 2002). Also the response of glaciers might
change when finer spatial resolutions are applied. In a study at the Blaueisferner, Germany,
Bernhardt et al. (2010) found additional snow getting blown on glacier surfaces when they
used a 30 m resolution. At the coarser resolution of 300 m this result could not be found,
though. However, as indicated in the introduction, the 1x1 km scale is often used when
hydrological models are applied to medium or large catchments of 100s or 1000s of square
kilometres. Not only because of a variety of existing input data sets on that resolution but also
for performance issues. The results of this study show that the model operating on that scale is
able to reproduce the spatial snow distribution patterns in the catchment and prevent the

model from accumulating snow over several years.
6 Conclusions

A model for redistribution of snow on a coarse 1x1 km raster has been developed and tested
in the catchment of Otztaler Ache, Austria. While only little improvement of snow cover
compared to MODIS data could be achieved, appearance of “snow towers” in high altitudes
could be prevented. In terms of discharge at the outlet of the basin, both models show good
results. However, the Kling-Gupta-efficiency of model A could be improved by 0.05 in the
calibration and by 0.02 in the validation period. With respect to the entire watershed area the
model using snow redistribution generates a surplus of about 200 mm runoff originated from
snowmelt in five years than without considering this process. This does not only affect the
water balance of the catchment. Due to longer time periods where the overlaying snow cover
on glacier surfaces is fully depleted, glacier melt is amplified by about 100 mm in five years.
With respect to the glaciated area this means that glaciers lose an additional 500 mm of their
ice during that period. Since glaciers are represented in a very simple way in this model, these
results need to be treated with caution. Nevertheless, glaciers play an important role in the
water balance of Alpine catchments and resond on snow redistribution also on the 1x1 km

scale.
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The integration of a snow transport module promotes the demand, that models work “right for
the right reasons” and is an attempt to integrate more real process understanding into the
model approach. Further work needs to be carried out with respect to validation of spatially
distributed snow patterns. For this purpose, satellite images from Landsat might be of use

providing a higher spatial resolution than MODIS.

Even though the vast majority of parameters were estimated a priori in this work, equifinality
remains an issue. However, redistribution of snow requires only two additional parameters but
allows for more realistic boundaries (see Kling et al., 2006) of the snow melt factors (see
supplements of this article). However, more work needs to be carried out to account for that

issue.
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Table 1. Land use classes used in COSERO (derived from CORINE land cover data, EEA,
1995) and their proportion in the Otztal. Snow holding capacities Hy for each type of land use
are taken from (Liston and Sturm, 1998; Prasad et al., 2001).

Land use class

proportion [%]

Snow holding capacity Hy [mm]

Build-up areas

Pastures and meadows
Coniferous forests
Sparsely vegetated areas
Bare rocks

Glaciers

1.2

20.9

8.1

20.9

29.5

19.4

100

500

2500

300

200

200
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Table 2. Comparison of performances of model A and B with respect to snow cover and
runoff. For snow cover coefficient of determination (R?) was used, whereas Kling-Gupta-
Efficiency (Gupta et al., 2009) was used for runoff.

Calibration Validation
Snow cover Runoff Snow cover Runoff
(R?) (KGE) (R?) (KGE)
MODEL A 0.78 0.93 0.74 0.92
MODEL B 0.70 0.88 0.66 0.90

28



(O8]

4

9}

ETA Precipitation Sublimation
Temperature
A
Interception Snow Cover
Soil storage — Glacier
Surface runoff
+ Grid runoff
Interflow
Base flow _’ Routing

v

Total runoff

Figure 1. Flow chart of the conceptual model COSERO. White parts represent distributed

processes, greyish parts are calculated on a subbasin scale. Snow transport is implemented in

the snow cover module.
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Figure 2. Schematic view of the snow cover in COSERO. a) Composition of one snow class.
Vegetation or surface roughness defines the threshold value (Hv) to hold back an amount of
snow. b) View of one grid cell including five snow classes each of which is composed in the
way shown in a). Snowfall is distributed log-normally throughout the classes (dashed lines in
b)). Note that snow depth S is given in mm while all other parameters regarding snow are

given in mm SWE.
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Figure 3. Estimation of the density of snow using Egs. (8) and (9). Minimum and maximum

densities of fresh snow are 100 and 300 kg m~, respectively.
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Figure 5. Conceptual snow accumulations in mountainous regions without (a) and with (b)

considering lateral snow transport processes. Dotted blocks represent exaggerated snow

accumulations.

33



AN N =~ W

— 3200 oy
% 3000 <
© 2800 S
E o
- b
c ('
0 o
Q -
w L1 &

0 15 30 45
Slope angle [°]

&

~

Elevation |\ |
3450 m asl

1250 m asl

Figure 6. Elevation levels of the Otztal using a 1x1 km grid (b). Frequency distribution of
slope angles derived from 1x1 km grid are shown (a). Slopes in general are steeper in the
summit regions than in the valleys. Note that instead of the average slope of a grid cell only

steepest vertical gradients are plotted.
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Figure 7. Specific runoff at the outlet at Huben is modelled with (model A) and without

(model B) using the snow redistribution routine.
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Error bars refer to uncertainties due to cloud coverage.
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Figure 10. Behaviour of snow accumulation and melt of model A (a) and B (b) in the upper
elevations. Note that model results are shown from 2005 to 2010 without the warm-up period
for clarity reasons. Therefore snow depth does not start at zero in the figure while it does at

the beginning of the modelling.
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Figure 11. Net snow deposition in the catchment during the time period of one year. Negative
values refer to a net loss, positive to a net gain of snow. Note that, since only the net
deposition of snow based on lateral transport is shown, values cannot be linked to snow

depths at the end of the time period.

39



