Manuscript prepared for Hydrol. Earth Syst. Sci. Discuss.
with version 4.0 of the IXTEX class copernicus_discussions.cls.
Date: 5 September 2014

Model simulations of the modulating effect of
the snow cover in a rain on snow event

N. Wever! 2, T. Jonas', C. Fierz!, and M. Lehning'?

'WSL Institute for Snow and Avalanche Research SLF, Fliielastrasse 11, 7260 Davos Dorf,
Switzerland.

2CRYOS, School of Architecture, Civil and Environmental Engineering, EPFL, Lausanne,
Switzerland.

Correspondence to: Nander Wever
(wever@slf.ch)



20

25

Abstract

In October 2011, the Swiss Alps encountered a marked rain on snow event when a large snow-
fall on the 8th and 9th of October was followed by intense rain on the 10th. This resulted in
severe flooding in some parts of Switzerland. Model simulations were carried out for 14 mete-
orological stations in two affected regions of the Swiss Alps using the detailed physics-based
snowpack model SNOWPACK. We also conducted an ensemble sensitivity study, in which re-
peated simulations for a specific station were done with meteorological forcing and rainfall
from other stations. This allowed to quantify the contribution of rainfall, snow melt and liquid
water storage on generating snowpack runoff. In the simulations, the snowpack produced runoff
about 4-6 hours after rainfall started, and total snowpack runoff became higher than total rain-
fall after about 11-13 hours. These values appeared to be strongly dependent on snow depth,
rainfall and melt rates. Deeper snow covers had more storage potential and could absorb all rain
and meltwater in the first hours, whereas the snowpack runoff from shallow snow covers reacts
much quicker. However, the simulated snowpack runoff rates exceeded the rainfall intensities
in both snow depth classes. In addition to snow melt, also the water released due to the reduc-
tion of liquid water storage contributed to excess snowpack runoff. This effect appears to be
stronger for deeper snow covers and likely results from structural changes to the snowpack due
to settling and wet snow metamorphism. These results are specifically valid for the point scale
simulations performed in this study and for rain on snow events on relatively fresh snow.

1 Introduction

For mountain regions, the presence of a snow cover is an important factor in hydrological pro-
cesses. One type of event that is still poorly understood is the behaviour of a snow cover during
rainfall. These rain-on-snow (ROS) events are often accompanied by strong snow melt, due to
high latent heat exchange and incoming longwave radiation that reduces the radiative cooling of
the snowpack (Marks et al., 2001; Mazurkiewicz et al., 2008). These effects increase the water
available for outflow from the snowpack, which hereafter we will refer to as snowpack runoff.
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In this way, heavy precipitation can more easily lead to flooding events in mountainous terrain
due to the additional snow melt (Pradhanang et al., 2013; Sui and Koehler, 2001). Furthermore,
rainfall reduces snowpack stability, resulting in stronger wet snow avalanche activity (Conway
and Raymond, 1993).

This study focusses on the dynamical snowpack behaviour during a ROS event in October
2011 in the Swiss Alps. The event itself is described in detail in Badoux et al. (2013). During
the 8th of October 2011, the passage of a cold front brought significant snowfall amounts on
the north side of the Swiss Alps at altitudes above 800 m, accompanied by a strong drop in air
temperature. During the 9th, the precipitation faded and cold weather remained. In the night
from the 9th to the 10th of October, the passage of a warm front brought new precipitation,
mainly rain, this time accompanied by a strong increase in air temperature. The snowfall limit
finally increased up to 3000 m on the 10th. This ROS event is very suitable for a case study,
because it was occurring on a large scale and is well captured at many measurement sites.
Furthermore, the fact that it caused wide-spread flooding shows that the event was extreme in
nature. One region, where the snow cover was relatively shallow, was more strongly affected
by flooding than a region with a deep snow cover at the onset of rain (Badoux et al., 2013).
An important question that arose from the event is whether there is a difference in snowpack
behaviour for a shallow and a deep snow cover that may explain the difference in hydrological
response in those two areas. The differences in streamflow response (Badoux et al., 2013), in
terms of return period, would suggest that deep snowpacks can better dampen peak outflows
than shallow ones.

Studies modelling rain-on-snow events are mostly analysing the daily to weekly time scales
and successfully reproduced the temporal evolution of snow water equivalent over several days
(Marks et al., 1998, 2001). This suggests that snowpack related processes during rain-on-snow
events are sufficiently understood. Consequently, one can estimate rather precisely how much
water will be available for snowpack runoff (Marks et al., 1998; Mazurkiewicz et al., 2008), but
the temporal dynamics of the release of meltwater on the sub-daily time scales has seldomly
been investigated in detail. This knowledge is essential, however, to estimate the response in
streamflow discharge in catchments and to assess flood risks from ROS events. In Rossler et al.
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(2014), the meteorological circumstances leading to this event has been studied in combination
with a hydrological catchment scale model to simulate streamflow discharge in one of the af-
fected areas. To reproduce the rapid peak discharge in the event, considerable recalibration of
the hydrological model setup was required. Relatively simple single layer snow models that are
often used in hydrological model frameworks, were unable to follow the snow cover dynamics
without significant calibration for this particular situation (Rossler et al., 2014).

The exact behaviour of the snow cover during ROS events is governed by complex interac-
tions between several processes. A cold snow cover can store rain water by capillary suction
and, to a lesser extent, freezing the liquid water. These processes depend on the state of the
snow cover before the onset of rain. As soon as the snow cover becomes wet, strong settling
has been observed (Marshall et al., 1999). This settling, combined with a destruction of the
snow matrix by melt reduces the storage capacity, which may increase snowpack runoff. These
counteracting processes are difficult to assess without the use of a physics-based snow cover
model that include a representation of the above processes. Here, the detailed multi-layer snow
cover model SNOWPACK (Lehning et al., 2002b,a) is used. The SNOWPACK model has been
extended recently with a solver for Richards equation, which provides a demonstrable improve-
ment in modelling liquid water flow through the snow cover, especially on the sub-daily time
scale (Wever et al., 2014). This study aims to simulate the snow cover dynamics at individual
snow stations during this event, to better understand the snowpack behaviour with respect to the
production of snowpack runoff.

2 Methods and data

The results in this study are achieved by simulations with the SNOWPACK model, using mea-
surements from automated meteorological stations in the affected areas. First, the SNOWPACK
model will be discussed, focussing in particular on the treatment of snow melt and liquid water
flow in the model. Then, the available datasets are discussed, followed by how the SNOW-
PACK model was set up to simulate the event using the measured meteorological data. Finally,
we discuss the methods used for carrying out an ensemble sensitivity analysis and subsequent
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regression analysis to better understand the dynamics of snowpacks in this ROS event as simu-
lated by the model.

2.1 SNOWPACK model

The physics-based snowpack model SNOWPACK was used to simulate the development of the
snow cover as a 1D-column, forced with the meteorological conditions as measured by mete-
orological stations. The model simulates snow cover development, e.g. temperature and den-
sity profiles, phase changes, microstructural parameters, liquid water infiltration and snowpack
runoff (Lehning et al., 2002a,b). The simulations were done using SNOWPACK version 3.2.0
in which the solver for Richards equation was introduced (Wever et al., 2014). Furthermore,
improvements were made in the treatment of the boundary conditions for the energy balance
and accompanying phase changes, which may explain some discrepancies with model results
presented in Badoux et al. (2013).

Snow melt is an important source of liquid water in the snowpack. In the SNOWPACK model,
snow melt occurs at a specific depth when the local temperature is 0°C and excess energy is
added at this depth either by heat conduction in the snow matrix, or by a divergent shortwave
radiation flux penetrating the snow. At the top of the snowpack, the model prescribes the energy
flux as a Neumann boundary condition in case of melting conditions in the top snow element or
else as a Dirichlet boundary condition, prescribing the measured snow surface temperature. The
latter ensures a better assessment of the cold content of the snowpack, although it may result
in small discrepancies between changes in internal energy and the diagnosed energy balance.
Prescribing the upper or lower boundary temperature may result in changes in internal energy
between time steps that is not accounted for by the diagnosed top and bottom energy flux from
the preceding time step.

The heat flux that is used to force the model at the top of the snowpack can be expressed as
(Lehning et al., 2002a):

qum = QLWnet + QS + QL + QP (1)
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where Qsum is the prescribed flux (W m~2) for the Neumann boundary condition at the upper
boundary, Qrywyet is the net longwave radiation (W m—2), Qs is the sensible heat (W m~2), Qr,
is the latent heat (W m~2) and Qp is the heat advection by liquid precipitation (W m~2). The net
shortwave radiation absorbed by the snowpack is not incorporated in the Neumann boundary
condition for the temperature equation, as it is modelled as a source term in the top layers of the
snowpack to reflect the penetration of shortwave radiation in the snowpack.

Water transport in snow is governed by capillary suction and gravitational drainage (Marsh,
2006). Two common model approaches for liquid water flow in snow are the so-called bucket
scheme and Richards equation (Wever et al., 2014). In the bucket scheme, downward water
transport is determined by the presence of an excess liquid water content above a defined thresh-
old water content in a specific layer. This excess water is transported downward regardless of
the storage capacity of lower layers. In Richards equation, the balance between gravitation and
capillary suction is explicitly calculated. It yields performance improvement over the bucket
approach on both daily and hourly time scales (Wever et al., 2014). However, solving Richards
equation may be expected to especially improve the simulation of water flow in seasonal snow
covers, where snow stratigraphy can have a marked influence on the water flow. Differences in
grain sizes can lead to capillary barriers and ice lenses may block the water flow, resulting in
ponding (Marsh, 1999; Hirashima et al., 2010). For this ROS event, the snow cover built up in
two days, leading to a very homogeneous stratification.

The hydraulic properties of the snowpack, as used for solving Richards equation, are expected
to have changed as follows due to the wet snow metamorphism of the initially fresh, dry snow:

— Fresh, dry snow has generally a dendritic structure and thereby a high capillary suction.
Old and wet snow on the other hand has coarse, rounded grains accompanied by lower
capillary suction. In the water retention curve proposed by Yamaguchi et al. (2010), den-
dricity is not explicitly taken into account, but the smaller grains the SNOWPACK model
initialises new snow layers with, are associated with higher suction.

— The saturated hydraulic conductivity increases with grain size, but decreases with density.
In wet snow metamorphism, both grain growth and densification are occurring. However,
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in the simulations in this study, saturated hydraulic conductivity following Calonne et al.
(2012) was increasing during the event (not shown).

— Snow melt destroys the ice matrix locally and in wet snow, also settling and densification
occur. When the matrix to store water is decreasing in volume due to snow melt and/or
settling, this leads to a decrease in storage capacity and is expected to cause additional
snowpack runoff.

2.2 Data

The behaviour of the snow cover during this ROS event is studied for two parts of the Swiss
Alps: the Bernese Oberland and Glarner Alpen (Figure 1). These areas were chosen because in
particular the Bernese Oberland and to a lesser extent the Glarner Alpen experienced serious
flooding (Badoux et al., 2013). The studied areas are both about 1000 km?2. Both areas are
located on the north side of the Alps and extend more or less over a similar altitude range, with
glaciated areas in the highest parts. They are about 100 km apart, and, as will be shown, have
experienced different meteorological forcing conditions.

In both areas, several automated weather stations are operated in the IMIS network. The
stations measure meteorological and snow cover conditions at half hour resolution. They are
equipped with wind speed and direction, temperature, relative humidity, surface temperature,
soil temperature, reflected short wave radiation and snow height sensors. The stations are also
equipped with an unheated rain gauge, which makes the precipitation measurements at the sta-
tions unreliable in case of snowfall and mixed precipitation. In both the Bernese Oberland and
Glarner Alpen, 7 stations were selected for this study (14 in total), as shown in Figure 1 and
listed in Table 1. These particular stations were selected, because they represent the altitudi-
nal gradient in the two regions and had limited missing values during the event. The sites are
located in relatively flat terrain. The data has been quality checked manually and missing val-
ues were interpolated from neighbouring stations (Badoux et al., 2013). Most corrections were
needed for wind speed, as the relatively wet snow caused the wind speed sensor to freeze at
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some stations. For interpreting the results, it is important to note that the average altitude of the
analysed stations in the Glarner Alpen is about 270 m lower than in the Bernese Oberland.

For this study, the model was forced to interpret increases in measured snow height at the
IMIS stations as snowfall (following Lehning et al. (1999)), deriving the new snow density
from a parametrised relationship with wind speed, temperature and relative humidity (Schmucki
et al., 2014). The unheated rain gauges at the IMIS stations are not useful during these types
of events, so to estimate rainfall, a different approach was followed. The Swiss Federal Of-
fice of Meteorology and Climatology (MeteoSwiss) is operating weather stations with a heated
rain gauge (SwissMetNet stations). Combined with several totalizers for precipitation, which
are read off once per day, these precipitation measurements are compiled in a gridded dataset
(RhiresD, MeteoSwiss (2013)) at 2 km resolution with daily precipitation sums (6-6 UTC). To
estimate the liquid precipitation input at an IMIS station, the daily sum derived from the 9 grid
points closest to the IMIS station in the RhiresD gridded data was distributed over the day by
using the relative amounts of precipitation registered by the closest SwissMetNet station. The
rainfall started after 18:00 on October 9 and consequently, all precipitation values before this
time are set to zero, as snowfall is determined separately from the snow height measurements.

To validate the model performance for the chosen methods and data preparation procedures,
data from the experimental site Weissfluhjoch (WFJ), located at 2540m altitude in east Switzer-
land near Davos (Figure 1), was also used in this study. The course of the ROS event at this
measurement site was quite similar to the 14 chosen IMIS stations, although both snowfall and
rainfall amounts were smaller. At WFJ, both incoming and outgoing long- and shortwave radia-
tion are available in addition to the default IMIS-type station setup, enabling a full assessment of
the surface energy balance (abbreviated onwards as full EB). Furthermore, the site is equipped
with a heated rain gauge that is part of the SwissMetNet network and a snow lysimeter that
measures snowpack runoff (Wever et al., 2014), enabling the validation of simulated snowpack
runoff.
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2.3 Model Setup

The model was initialized with 10 soil layers of 1 cm each. This allows to prescribe the mea-
sured soil temperature at the lower boundary and thereby achieve an estimate of the soil heat
flux. To allow for a spin-up period, the model simulations were started at September 2, six
weeks before the event. We consider this to be sufficient time for a soil of 10 cm depth. For soil
parameters, typical values for very coarse material were chosen (similar to Wever et al. (2014)).
Furthermore, a free drainage lower boundary condition was used. This combination prevents
liquid water ponding in the soil or snow. We hypothesize that this is generally not happening in
the sloped terrain in the Swiss Alps, where liquid water that cannot directly infiltrate the soil is
expected to leave the snowpack downslope, instead of ponding inside the snowpack.

A temperature threshold of 0.0 °C is used to determine whether precipitation should be con-
sidered rain (from RhiresD) or snow (from the snow height sensors). This threshold is deter-
mined by comparing the ventilated and unventilated temperature sensor at WFJ during this par-
ticular event. It was found that during the onset of rain, the ventilated sensor was close to 1.2 °C
when the unventilated IMIS type sensor was measuring around 0.0 °C. This discrepancy may
have arisen from bad ventilation due to wet snow collected onto the sensor hut, or condensation
from the moist air on the temperature sensor itself. Because the onset of rain was accompanied
by a strong and quick increase in air temperature, the influence of the choice of threshold on
the results is small. In case of snowfall, a snow element is added to the model domain for each
2 cm of new snow. In case of rainfall, the water flux is either added to the top element (bucket
scheme) or applied as a Neumann boundary condition (Richards equation).

For calculating the heat fluxes in Equation 1, a neutral atmospheric stratification was as-
sumed, which is likely an appropriate assumption because of the windy conditions during
the event. The turbulent heat fluxes were calculated following a standard Monin-Obukhov
parametrisation (Lehning et al., 2002b), using a roughness length zy of 0.002 m. The net ra-
diation is approximated by using the measured reflected shortwave radiation and a parametrised
albedo (Schmucki et al., 2014). Because the IMIS stations do not measure incoming longwave
radiation, this was approximated by the Omstedt (1990) parametrisation, using an estimated
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cloud cover. Based on observations of cloudiness at the MeteoSwiss station at Jungfraujoch,
cloudiness was set to 1.0 in the period from October 7 to October 9, 10:00 and from October 9,
17:00 to October 11, when there was either solid or liquid precipitation, and 0.5 (half cloudy)
for all other times.

2.4 Methods

To investigate the factors influencing the response of the snow cover during the ROS event,
we added a sensitivity study by also forcing the SNOWPACK model for each station with the
meteorological conditions from all the other stations. Snow melt is mainly governed by mete-
orological conditions (temperature, relative humidity and wind speed), whereas liquid precipi-
tation causes relatively little melt. Therefore, we consider meteorological conditions and liquid
precipitation as independent forcings during the event and treat them separately. The meteoro-
logical forcing, excluding the liquid precipitation, at the 14 stations represent 14 different melt
scenarios. For liquid precipitation, we also have 14 more or less unique scenarios, although
the temporal distribution over the day is based on 8 SwissMetNet stations only. However, the
scenarios provide differences in rainfall amounts due to the spatial distribution as captured in
the RhiresD dataset by spatial interpolations and climatological lapse rates. So for each of the
14 stations, with its own unique maximum snow height, we performed an ensemble of 2744
simulations (14x14x14) with the SNOWPACK model, with every combination of melt and lig-
uid precipitation scenario for statistical analysis. By replacing time series at a measurement site
with a time series from another site, self-consistent series with real meteorological conditions
that occurred during the event were created to act on the snow cover existing at the site. The
original meteorological measurements at each stations were used to force the model up to the
moment on which the rainfall started on October 9. From this specific time onwards, the mete-
orological and precipitation forcing was replaced by forcings from other stations. The starting
time for these replacement series was taken as the moment on which rainfall started at these
other stations.

To analyse possible different effects on snowpack runoff for shallow and deep snow covers,
the 14 IMIS stations were divided in a shallow and a deep snow cover class, depending on being
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above or below the median of maximum snow height during the event. The stations in Bernese
Oberland are all present in the shallow snow cover class, except for GAN2 and all stations in
Glarner Alpen are in the deep snow cover class, except SCA2. Per class, we determined a best
fit by the linear regression for a given cumulative period using all ensemble simulations in the
respective class:

Qcum = aPeym + BMeum + 0, ()

where Q)cun, 1s the cumulative snowpack runoff sum (mm w.e.), Py, is the cumulative precipi-
tation sum (mm), « is the linear regression coefficient for precipitation, M, is the cumulative
snow melt sum (mm w.e.), § is the linear regression coefficient for snow melt and b is the in-
tercept. In this context, b can be interpreted as the change in liquid water storage in the snow
cover. As a positive value of b describes the snowpack runoff in the absence of any rain or snow
melt, it can be assumed to reflect the recession curve and the effect of a decreasing water hold-
ing capacity, for example due to snow settling, wet snow metamorphism, or changing hydraulic
conductivity.

The dependence of the fit coefficients «, 8 and b over varying cumulative periods can reveal
how the snow cover is modulating precipitation input and snow melt when generating snowpack
runoff. These coefficients will be used on the original simulations to attribute the individual
contributions of snow melt, precipitation and the intercept (change in storage) to the modelled
snowpack runoff. The linear regression was done for cumulative periods of 0 —1 to 0 — 24 hours
with two approaches: (i) taking the onset of rain at the stations as the start of the cumulative
period and (ii) taking the onset of snowpack runoff as the start of the cumulative period. The
latter was determined by both an increase of snowpack runoff by a factor 2 compared to the
snowpack runoff at the onset of rain and a modelled snowpack runoff larger than 0.5 mm in
15 min.
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3 Results
3.1 Verification

Before discussing the simulations for the two study regions, the results for the verification sta-
tion WFJ will be presented. Figure 2 shows the modelled and measured snowpack runoff at the
WEFJ for the ROS event, starting shortly before the onset of rain. The measured snowpack runoff
started shortly after midnight on October 10, although this involved only marginal amounts,
most likely related to snow melt at the snowpack base due to the ground heat flux. The mea-
sured snowpack runoff strongly increased just before 06:00, which we associate with the arrival
of the liquid water added to the snowpack by rainfall and snow melt near the snow surface. This
particular moment is found 1.5 (for RE with IMIS type setup) to 3.5 hours (for Bucket with full
EB type setup) later in the simulations. Here, the neglectance in the model of preferential flow
probably plays a role. There is strong observational evidence for preferential flow paths in snow
that transport liquid water down efficiently (Kattelmann, 1985; Marsh, 2006; Katsushima et al.,
2013), but currently, a modelling concept for this process is not available.

Nevertheless, solving liquid water flow in the snow cover with Richards equation is providing
a closer agreement with observed snowpack runoff than with the bucket scheme concerning the
timing of the start of snowpack runoff. Both models are overestimating the snowpack runoff
rate, as shown by the steeper cumulative curve, although this overestimation is larger with the
bucket scheme. In contrast, the total runoff sum at the end of the day is overestimated more
in simulations with Richards equation than with the bucket scheme. Because of the focus on
snowpack runoff dynamics during the event in this study, we choose to do all further calculations
with Richards equation only. It should be noted however, that several parametrisations are not
yet verified with Richards equation (like metamorphism, snow settling, etc.).

In spite of some differences between the full energy balance station from WFJ and the IMIS-
type setup from WEFJ, it can be seen that the approach of parametrising ILWR and deriving pre-
cipitation from the RhiresD data and the SwissMetNet stations is providing reasonable results.
It shows that the methods used in this study are suitable for analysing the dynamical snow-
pack behaviour at the IMIS stations in the two study areas. It should be noted however, that
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the timing of precipitation for WFJ is very accurate, because a heated SwissMetNet rain gauge
is located at this site, whereas for other stations, the closest SwissMetNet station is generally
several kilometres away.

3.2 Event Description

The event started with snowfall above 800 m altitude on October 7. Figure 3 shows the temporal
development of snow cover height in the two study regions. The snowfall was quite continu-
ous and the maximum snow height averaged over all stations was reached around October 9,
12:00. Table 1 shows that the average maximum snow height at the 7 IMIS stations in Bernese
Oberland was 57 cm, less than the 92 cm in the Glarner Alpen. In Bernese Oberland, snow
fall amounts tended to increase with altitude, whereas interestingly, this trend was absent in the
Glarner Alpen.

After the maximum snow height has been reached, the snow height started decreasing, al-
though rain and surface snow melt had not started yet. This decrease can be attributed mainly to
settling of the snowpack and melt at the snowpack base by the ground heat flux. The following
precipitation event started after 18:00 on October 9, and consisted purely of rainfall (except for
very high altitudes). It was accompanied by a rapid increase of the 0 °C-isotherm to 3000 m
altitude. The rainfall lasted until 15:00 on October 10, with an average rainfall sum of about
65 mm for both areas (Table 1). This gives a higher precipitation rate during the rainfall period
than during the snowfall period.

The rainfall in the first hours was not accompanied by significant snowpack runoff (Figure 3).
This means that liquid water was stored in the snow cover by capillary suction and refreezing
inside the snowpack. Refreezing was especially occurring at high altitude and at stations in
Glarner Alpen, given the high cold content of those snow covers at the onset of rain (Table 1).
Note that for typical snowpack conditions present at the onset of the rainfall, the amount of
rain water needed to warm the snowpack to 0 °C is in the order of 5 mm for the typical cold
contents reported in Table 1. For this event, this is less than 10% of the total rainfall amounts. In
the model, snowpack runoff started approximately 4-6 hours after the onset of rain, depending
on snow depth (Table 1). The amount of snow melt during the rainfall period was rather small
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compared to the rainfall amounts. Table 1 shows that the total amount of snow melt during the
event was almost twice as large in Glarner Alpen than in Bernese Oberland, although this is
partly caused by the lower average altitude of the stations in the Glarner Alpen and the exact
values are strongly dependent on the choice of period. We can see that the average snowpack
runoff curve is getting steeper during the rain episode and eventually becomes steeper than
the rain curve (Figure 3). After the rain stopped, snow melt continues due to the sensible heat
flux provided by the increased air temperature. The snow melt exhibited a clear daily cycle
on October 11 and 12 (Figure 3), with a peak in the afternoon hours, associated with a high
shortwave radiation input and a high air temperature.

To verify the snowpack simulations, the Root Mean Square Error (RMSE) of measured and
modelled snow height was calculated for the period October 9, 18:00 - October 11, 00:00 (Table
1). Although snow water equivalent would be the preferred way to validate the simulations, as it
better reflects the processes of snow melt, rainfall and liquid water flow than snow height, this is
not possible due to the lack of validation data. However, measured snow height is generally con-
sidered an adequate estimate of snow water equivalent in physics-based models (Sturm et al.,
2010). Because the simulations were forced by measured snow height, a high agreement be-
tween measured and modelled snow height is present for the accumulation phase. By focussing
solely on the ROS period itself, the RMSE values are indicative for the melt phase only. Most
stations have a RMSE value below 5 cm, indicating a satisfying agreement between measured
and modelled snow height in the melt phase. The largest discrepancy is found for the highest
station in the study, where the snow height is overestimated with a RMSE value of 18 cm. In-
terestingly, the snow height is generally overestimated in the Bernese Oberland, whereas the
opposite is found for the Glarner Alpen. Main reasons for this discrepancy may be an under- or
overestimation, respectively, of snow melt, or an over- or underestimation, respectively, of new
snow density and thus snow water equivalent.

In Figure 4, the cumulative difference between rainfall and snowpack runoff is shown, start-
ing from the onset of rain at the individual stations. When the curve is increasing, precipitation
amounts exceed snowpack runoff, denoting storage of liquid water in the snowpack. A decreas-
ing curve shows that the snowpack runoff is exceeding precipitation. The model results suggest
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that the snow cover was storing liquid water after the onset of the rainfall at all stations, damp-
ening the effect of rain in the first few hours of the event. The initially dry and cold snow cover
used the latent heat from refreezing rain water to get isothermal and also rain water was stored
additionally in the snow cover by capillary suction. The shallow snow cover at the stations in the
Bernese Oberland could retain less water than the deeper snow cover at the stations in Glarner
Alpen. Furthermore, the tipping point where a net storage of liquid water in the snow cover
changed into a net release of liquid water from the snow cover, was reached earlier in Bernese
Oberland (4 hours) than in Glarner Alpen (7 hours). Table 1 shows the time needed before cu-
mulative snowpack runoff exceeded cumulative rainfall, which is generally shorter in Bernese
Oberland than in Glarner Alpen. However, it still took on average 11-13 hours from the start of
rainfall before the total snowpack runoff exceeded total rainfall. This shows that the dampening
effect of the rainfall by the snow cover was quite strong and persisted for several hours. Figure 4
also shows a wide spread between individual stations, related to variations in rainfall and snow
melt rates. This motivated us to carry out the ensemble simulations that will be discussed later.

3.3 Energy Balance

A net positive energy balance for the surface will first result in a heating of the snowpack
(reducing the cold content), followed by melt. Table 2 shows the individual terms of the energy
balance at the stations, expressed as mm w.e. melt potential as if the energy would be solely used
for snow melt or freezing. The time period denoted as "Event” in Tables 1 and 2 is arbitrarily
chosen to contain at least the complete rainfall, but longer or shorter time periods may have a
significant effect on the relative contribution of the terms. A comparison with the amount of
snow melt provided in Table 1 reveals that at all stations, most energy was used for snow melt.
For stations with a high cold content, the net energy is partly used for heating of the snowpack.
The contribution of net radiative energy, if not negative, and rain energy is fairly small. Most
energy was delivered by heat release due to condensation during the ROS event and sensible
heat. Mazurkiewicz et al. (2008) also found a strong contribution of latent heat to snow melt
during ROS events. This is in contrast with typical clear sky spring snow melt situations, where
both terms often have opposite sign (Mott et al., 2013). Note that small discrepancies between
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total heat and snow melt (with more snow melt occurring than total heat provided) are due to
small errors in the diagnosed energy balance as a result of the Dirichlet boundary condition at
the upper and lower boundary, as described before.

4 Ensemble Simulations

The results of the ensemble sensitivity study will now be discussed. Figure 5 shows the time
lag between the onset of rain and the arrival of meltwater at the bottom of the snowpack as
a function of snow height for the ensemble simulations. A general tendency of an increasing
time lag with deeper snow covers is found, consistent with a longer travel time. However, the
spread, caused by variations in rainfall and snow melt amounts, is very large. In Figure 6, the
snow height is divided by the time lag to get an approximation of the simulated velocity of the
water movement in the snow cover. There is a clear dependency of the sum of rainfall and snow
melt rate on flow velocity. Simulated water flow velocities range from 0.07 m/h for low rainfall
and snow melt rates up to 0.20 — 0.25 m/h for the highest rates. These modelled values and the
correlation with rainfall and snow melt rates match well with earlier published results: Jordan
(1983) reports experimental values of 0.22 m/h, and also shows that earlier studies found values
ranging from 0.04 to 0.6 m/h. The value of 0.22 m/h was determined for spring snow melt con-
ditions, and is at the upper limit of what was simulated in this model study. The lower values
in the simulations are likely associated with the state of the snow cover during this event. The
relatively freshly fallen snow is generally fine grained, associated with a lower hydraulic con-
ductivity than for spring snow. The upward trend with increasing rainfall and snow melt rates is
associated with higher hydraulic conductivities as a result of a higher saturation inside the snow
cover. Furthermore, in the presence of liquid water, wet snow metamorphism is rapid, resulting
in grain growth, rounding, and consequently, an increase in hydraulic conductivity. In Singh
et al. (1997), a very high velocity of 6 m/h was found for very high precipitation rates in a study
with artificially created rainfall. In that study, it was concluded that the formation of efficient
preferential flow paths (not considered in the SNOWPACK model) is likely contributing to this
high average velocity.
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4.1 Regression Analysis

The regression analysis, as described by Equation 2, was carried out to investigate the temporal
evolution of the contribution of the different mechanisms in producing snowpack runoff. Figure
7a shows the regression coefficients of Equation 2 for both the shallow and deep snow cover
class as a function of cumulative period since the start of rain. In the shallow snow cover class,
rain is correlated to snowpack runoff after 2 hours already, whereas in the deep snow cover
class, the first non zero regression coefficient is found after 5 hours. This illustrates that the
retardation between rainfall and snowpack runoff is dependent on snow depth. Furthermore, the
coefficient for snow melt is higher in the shallow snow cover class than in the deep one in the
early hours since the onset of snowpack runoff. The coefficient in the deep snow cover class is
below 1.0 for several hours, denoting that 1.0 mm of additional snow melt would result in less
than 1.0 mm extra snowpack runoff. This is caused by the long travel time needed by the liquid
water arising from snow melt that occurred mostly near the surface. Only the part of the total
snow melt near the base of the snowpack could have contributed to snowpack runoff in the first
hours after the onset of rainfall.

After approximately 15 hour from the start of rain, there is almost no difference in regression
coefficient for snow melt and rain between the shallow and deep snow cover class. Then, the
coefficient for rain is almost equal to 1.0, indicating that 1.0 mm of additional precipitation in
this period would result in 1.0 mm extra snowpack runoff and the dampening effect of the snow
cover has disappeared. Interestingly, the coefficient for snow melt is about 1.1, suggesting that
there was approximately 10% more snowpack runoff from the snow cover than the amount of
snow melt alone. We attribute this to the destruction of the snow matrix by snow melt, which
reduced the storage capacity of the snowpack for liquid water. The intercept term clearly demon-
strates that the deep snow covers had more storage capacity for meltwater, as the minimum is
smaller than in the shallow snow cover class. This results in a longer delay between the onset of
rain and the actual snowpack runoff. The intercept term is still negative after 24 hours, denoting
that the effect of the storage capacity is noticeable over long periods.
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In Figure 7b, the regression coefficients are shown for cumulative periods starting at the onset
of snowpack runoff. Expectedly, the intercept term changes sign: once snowpack runoff started,
there was a contribution from the intercept. The intercept term is larger in the deep snow cover
class than in the shallow one, indicating that in the simulations, deep snow covers produced
more snowpack runoff, independent of snow melt or rainfall. This contribution consists of the
snow melt and precipitation prior to the onset of snowpack runoff. Furthermore, settling may
cause a reduction in storage capacity of the snow cover.

The stations in the shallow snow cover class have a higher coefficient for precipitation and
snow melt in the short cuamulative periods, denoting a stronger correlation of both variables with
snowpack runoff shortly after the onset of runoff. We suggest that this is caused by short travel
times through the snowpack in shallow snow covers. The difference with the deep snow cover
class is decreasing with increasing time. After about 13 hours, the regression coefficients appear
to remain fairly constant. Interestingly, for a deep snow cover, snow melt has a lower regression
coefficient than for a shallow one while this is opposite for rain, for which we cannot offer an
explanation. Another contrasting effect is that the regression coefficients for precipitation and
snow melt show a larger increase with increasing cumulative period in the deep snow cover class
than in the shallow one. This points towards a dynamic effect in the snowpack, likely associated
with changing snowpack microstructure and associated hydraulic properties.

4.2 Attribution

In Figure 8a and 8b, the individual terms (precipitation, snow melt and intercept) and the sum
(snowpack runoff) of the linear regression (Equation 2) are shown, using the coefficients for
both classes and the average rain and snow melt for each of the respective classes. Also drawn is
the average modelled snowpack runoff. The almost perfect match between the modelled snow-
pack runoff and the sum of the linear regression terms shows that the regression analysis per-
forms well. In both classes, the modelled cumulative snowpack runoff curve is steeper than the
cumulative rainfall curve and it is steeper in the deep snow cover class than in the shallow one.
From the individual terms of the regression analysis, it can be derived that this is not only caused
by the contribution of snow melt, but also by the decrease in the (negative) contribution of the
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snow storage, denoted by the intercept term. The results also suggest that the rainfall provided a
stronger contribution in the deep snow cover class than in the shallow one, as expressed by the
steeper curve of the rain term. The intercept term shows that there was a stronger dampening in
the deep snow cover class than in the shallow one, although apparently, it did not compensate
the rainfall and snow melt contributions.

Figures 8a and 8b also show that the time since the start of the rainfall after which the contri-
bution of rainfall flattens out and the increase in snowpack runoff decreases (around 80 mm w.e.)
lies for both snow depth classes around 16 hours after the onset of rain. However, the modelled
onset of snowpack runoff, and thus the onset of the individual terms in the regression analysis
was about three hours later in the deep snow cover class than in the shallow one. This clearly
illustrates that the model simulates a higher snowpack runoff rate in the deep snow cover class
once snowpack runoff starts. To assess the relationship with snow cover depth, Figure 9 shows
the snowpack runoff sums in the first hours after the start of snowpack runoff and the maxi-
mum peak snowpack runoff sum over the first 24 hours after the onset of rain, averaged over all
196 simulations per individual station (associated with a specific snow depth). In the first hours
of modelled snowpack runoff, snowpack runoff rates show a clear increase with snow depth,
whereas the trend is almost absent for the maximum peak snowpack runoff rates. The reason
for the latter is that peak snowpack runoff is likely achieved in a kind of steady state situation
when incoming rainfall and snow melt is in balance with snowpack runoff. The fact that this
value is almost constant with snow depth, is a consequence of the ensemble simulation setup,
where all precipitation and melt scenarios are present for each station.

The simulations suggest that deep snow covers initially produced more snowpack runoff
than shallow snow covers and that this effect is partly caused by hydraulic effects inside the
snowpack and partly by higher snow melt amounts. In Figures 10a and 10b, the percentages of
respectively intercept, snow melt and rainfall contributions to snowpack runoff are shown for
increasing cumulative periods, as determined by the regression analysis. These figures confirm
the earlier conclusions. The contribution of the storage is varying between 15 and 20% and is
higher in the deep snow cover class. The contribution of snow melt is almost doubling from
15 and 20% to 30 and 38% between 1 and 24 hour cumulative periods for the shallow and
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deep snow covers, respectively. The higher amount of snow melt experienced at the stations in
the deeper snow cover class is likely unrelated to the deeper snow cover, whereas the higher
contribution of the intercept term for the deeper snow cover class should be truly connected to
the deeper snow cover.

5 Discussion

The response of the snowpack during a ROS event has been studied here using a physics-based
snow cover model. The results depict how the SNOWPACK model simulates the influence of
rainfall and snow melt on producing snowpack runoff and consequently, the conclusions drawn
here are strongly dependent on a sufficient process representation in the SNOWPACK model.
The comparison with snow lysimeter measurements at WFJ indicated that average velocity
with which liquid water is routed through the snowpack in SNOWPACK was slightly underesti-
mated, most likely due to neglecting preferential flow paths. This would imply that the time lag
between the onset of rainfall and the onset of snowpack runoff is overestimated in the model. A
preferential flow path formulation for physics-based snowpack models is not yet available and,
to our knowledge, preferential flow paths are neglected in most phyiscs-based models. It is dif-
ficult to speculate on the influence of preferential flow on the result presented here, in particular
for contrasts between shallow and deep snow covers. However, the role of preferential flow in
homogeneous layered snowpacks, as was the case in this particular event may be limited. The
snow at the onset of this ROS event had fallen during cold conditions in the three days prior to
the event. We can thus assume that the initial snowpack was rather homogeneous with relatively
small grains. In laboratory experiments, preferential flow was not observed for small grain sizes
(Katsushima et al., 2013). From those experiments, the role of water ponding at strong transi-
tions in snow properties between snow layers for the formation of preferential flow was also
identified. These water accumulations may also trigger significant amounts of lateral flow, for
example over ice layers inside the snowpack. However, it is unlikely that these inhomogeneities
were present in the snow cover in this particular event.
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Other discrepancies were found between measured and modelled snow height, which may
be caused by under- or overestimations of snow settling and/or snow melt. However, typical
RMSE for snow height was less than 5 cm, which is around 2 mm w.e., dependent on snow
density. Using the ensemble and regression analysis, the individual contributions of snow melt,
rainfall and snow storage have been quantified by using melt scenarios from all stations. The
higher snowpack runoff rates found in the simulations for deep snow covers were found not
only to be dependent of snow melt, but also due to the effects of rainfall on deeper snow covers
and the reaction of the snow storage. We therefore conclude that these discrepancies have only
a small influence on the general validity of the results, even though the comparison of measured
and modelled snow height suggested a consistent underestimation of snow melt in the Bernese
Oberland and a consistent overestimation in the Glarner Alpen.

6 Conclusions

Model simulations of a ROS event in October 2011 for 14 meteorological stations in two re-
gions of the Swiss Alps have shown that the snowpack runoff dynamics from the snow cover
is strongly dependent on the snow depth at the onset of the rain. Deeper snow covers had more
storage and absorbed all rain and meltwater in the first hours, whereas the modelled snowpack
runoff from shallow snow covers reacted much quicker to the onset of rainfall. The modelled
time lag between the onset of rain and the onset of snowpack runoff ranged from 2.2 to 10 hours,
depending on snow depth and cold content of the snowpack at the onset of rainfall, with an aver-
age around 4-5 hours. In this event, cumulative modelled snowpack runoff became higher than
cumulative rainfall as a result of additional snow melt after on average 11-13 hours.

An ensemble of simulations was carried out where meteorological and precipitation forcing
conditions were interchanged between stations. It was found that the time lag between the onset
of rainfall and snowpack runoff in the model study depends not only on snow height, but also
on the sum of rainfall and melt rates. Simulated flow rates of liquid water in the snowpack
were smaller than observations in spring snow, which can be attributed to the structure of the
snowpack that consisted of small grains with a high suction and low hydraulic conductivity.
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A regression analysis on the ensemble simulations has shown that deep snow covers gen-
erated more snowpack runoff, in the first hours after snowpack runoff started. The analyses
suggested that this was caused by a higher release of liquid water from the storage in deep snow
covers than in shallow ones. The quicker depletion of the storage in deep snow covers is partly
driven by snowpack settling and partly by recession processes.

Note that these conclusions were derived for a ROS event during which the amount of rainfall
largely exceeded the storage capacity of the snow, generating large amounts of snowpack runoff,
even at locations with a deep snow cover. The effect of initial snow depth may be fundamentally
different for ROS events in which rain falls on spring snow, where most settling has already
occurred and liquid water is already present in the snowpack.

Given that the snow cover was deeper in Glarner Alpen than in Bernese Oberland, these
differences in snowpack behaviour in terms of time lag between the onset of rain and the onset
of snowpack runoff may have contributed to the differences found in streamflow discharge.
In Bernese Oberland, streams reacted quickly on the onset of rain, whereas in Glarner Alpen,
where the snow cover was thicker, flooding occurred mainly in the late afternoon of October 10
after most rainfall occurred (Badoux et al., 2013). On the other hand, the model results in this
study have shown that once the snowpack produces runoff, the modelled snowpack runoff is
higher in the deep snow cover class than in the shallow one. This conclusion relies on a sufficient
representation of liquid water flow in the SNOWPACK model, as snow lysimeter measurements
are lacking to support this result.
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Fig. 1. Map of Switzerland showing the locations of the stations used in this study in Bernese Oberland
(red), Glarner Alpen (black) and the verification station Weissfluhjoch (blue). Reproduced by permission
of swisstopo (JA100118).
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Table 1. List of station abbreviations, station names, station altitudes and statistics for the two study areas
and the verification station. The statistics denoted with Event are determined over the period October 9,
18:00 - October 11, 00:00. The bracketed sign before the Root Mean Square Error (RMSE) of snow
height denotes whether modelled snow height is on average higher (+) or lower (-) than measured snow
height. Time lag is the lag between the start of rain and the start of snowpack runoff and time runoff > rain
denotes the time it took before cumulative snowpack runoff exceeded cumulative rainfall.

stn name altitude | max RMSE rainfall deposition snowmelt snowpack cold time lag time
snow height snow height runoff content runoff > rain
6-14 Oct. Event Event Event Event Event

(m) (cm) (cm) (mm) (mm w.e.) (mm w.e.) (mm w.e.) (kJ/mS) (hours) (hours)
Bernese Oberland
FAE2 Faermel 1970 39 (+) 4.6 63 1.0 29 97 6 1.8 4.8
ELS2 Elsige 2140 44 (+)24 59 13 34 94 33 35 6.2
MUN2 Mund 2210 53 (+)34 34 23 45 78 94 3.0 7.0
SCH2 Schilthorn 2360 70 (-)4.0 88 0.5 14 95 387 4.8 19.5
TRU2 Trubelboden 2480 37 (+)3.7 84 0.8 22 106 68 38 9.8
BEL2 Belalp 2556 51 (+) 6.5 43 0.2 5 44 166 2.8 18.8
GAN2 Gandegg 2717 103 (+) 184 75 0.4 2 63 1265 10.0 -
average all 2348 57 (+) 6.1 64 0.9 21 82 288 42 11.0
Glarner Alpen
GLA2 Glaernisch 1630 99 (+)4.4 72 0.7 36 97 294 7.5 14.5
ORT2 Ortstock 1830 108 ()42 76 3.8 70 142 798 7.5 12.5
SCA2  Schichental 2030 73 (-)64 75 2.5 71 146 330 5.5 9.8
ELM2 Elm 2050 90 ()31 53 1.0 24 67 559 52 13.0
TUM2 Tumpiv 2195 93 (-)2.0 41 0.6 33 67 662 5.0 10.8
SCA3  Schichental 2330 90 )71 81 1.6 23 95 972 52 14.8
MUT2 Muttsee 2474 92 (4.8 63 0.7 10 61 932 7.0 -
average all 2077 92 (-)4.6 66 1.5 38 96 649 6.1 12.5
Verification station
WFJ  Weissfluhjoch 2540 48 (+)2.4 33 1.1 18 47 799 4.8 11.2
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Table 2. Energy balance at the stations for the period October 9, 18:00 - October 11, 00:00. The energy
fluxes are expressed as an equivalent snow melt energy in mm w.e. for understanding the magnitude of
the energy fluxes, although snow melt should not necessarily have occurred.

stn altitude Rnet rain energy latent heat flux sensible heat flux soil heat flux total energy
(m) (mm w.e.) (mm w.e.) (mm w.e.) (mm w.e.) (mm w.e.) (mm w.e.)
Bernese Oberland
FAE2 1970 1 5 8 9 6 28
ELS2 2140 -1 4 10 12 5 30
MUN2 2210 -3 1 17 24 4 44
SCH2 2360 -3 4 4 8 1 14
TRU2 2480 -2 6 6 15 -1 24
BEL2 2556 -5 1 1 3 1 1
GAN2 2717 -6 1 3 6 0 4
average all 2348 -3 3 7 11 2 21
Glarner Alpen
GLA2 1630 2 6 5 8 11 31
ORT2 1830 -0 6 30 37 12 85
SCA2 2030 -1 6 18 38 6 69
ELM2 2050 -1 3 7 7 6 22
TUM2 2195 -0 3 4 13 11 32
SCA3 2330 -4 3 12 13 1 25
MUT2 2474 -6 1 5 8 1 10
average all 2077 -1 4 12 18 7 39
Verification station
WFJ 2540 -6 0 8 14 0 17
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