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ABSTRACT
Rain-on-snow (ROS) events have caused severe floods in mountainous areas in the recent past. Because of the
complex interactions of physical processes, it is still difficult to accurately predict the effect of snow cover on
runoff formation for an upcoming ROS event. In this study, a detailed physics-based energy balance snow cover
model (SNOWPACK) was used to assess snow cover processes during more than 1000 historical ROS events at
116 locations in the Swiss Alps. The simulations of the mass and energy balance, liquid water flow, and the
temporal evolution of structural properties of the snowpack were used to analyze runoff formation characteristics during ROS events. Initial liquid water content and snow depth at the onset of rainfall were found to
influence the temporal dynamics, intensities, and cumulative amount of runoff. The meteorological forcing is
modulated by processes within the snowpack, leading to an attenuation of runoff intensities for intense and short
rain events and an amplifying effect for longer rain events. The timing of runoff generation relative to the rainfall
seems to be strongly dependent on initial liquid water content, snow depth, and rainfall intensities. As these
snowpack and meteorological conditions usually exhibit a strong seasonality, cumulative runoff generation
during ROS also varies seasonally. ROS events with intensified snowpack runoff were found to be most common
during late snowmelt season, with several such events also occurring in late autumn. These results demonstrate
the strong influence of initial snowpack properties on runoff formation during ROS events in the Swiss Alps.

1. Introduction
Rain-on-snow (ROS) events have often been associated with floods all over the world. Many of the largest
floods in the United States could be linked to ROS
events (Kattelmann 1997; Marks et al. 2001; Kroczynski
2004; McCabe et al. 2007; Leathers et al. 1998). In Europe, several studies showed ROS to be responsible for
flood generation, where 21% and 70% of the peak flows
were identified to be associated with ROS in some parts
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of Bavaria (Sui and Koehler 2001) and Austria (Merz
and Blöschl 2003), respectively. Moreover, frequencies
and magnitudes of ROS events were found to be dependent on elevation, where upland basins were identified as most influenced by ROS events with flooding
potential (Freudiger et al. 2014). It has been predicted
that the frequency of ROS is likely to increase in highelevation areas (Surfleet and Tullos 2013) as well as in
high latitudes (Ye et al. 2008) because of climate change.
Additionally, future changes in hydrometeorological
regimes may increase ROS frequencies in Switzerland
(Köplin et al. 2014).
Spatial heterogeneity of the snow cover, uncertainties
in meteorological input variables, and deficits in process
understanding make extreme events very difficult to
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forecast (Rössler et al. 2014; Badoux et al. 2013).
However, most ROS events do not lead to floods. As has
been shown in previous studies, even similar rainfall
events can produce very different snowpack runoff responses, depending on many factors such as initial snow
depth and liquid water content (LWC; Kroczynski 2004;
Badoux et al. 2013). Therefore, for hydrometeorologists
concerned with operational runoff forecasting, it is
particularly important to know a priori if an upcoming
ROS event will lead to more or less intense runoff
generation. Snowpack processes like snowmelt, water
percolation, refreezing of infiltrating water, and snowpack settling transform the rain input into snowpack
runoff that may differ in cumulative amount, in temporal dynamics, and in its intensities (Wever et al. 2014b).
To estimate the streamflow response, information on the
timing of snow cover runoff from contributing areas is
essential. The timing of snow cover runoff was found to
be dependent on snow cover properties like ripeness
(Colbeck 1975; Singh et al. 1997) and depth (Berg et al.
1991; Kohl et al. 2001; Wever et al. 2014b). Accordingly,
Garvelmann et al. (2015) discussed the importance of
the spatial distribution of total retention of liquid water
on temporal dynamics of the meltwater release within a
catchment during ROS. These findings demonstrate
how important it is to consider physical snow cover
processes in detail when assessing runoff formation
during ROS events.
Also, meteorological conditions causing snowmelt
can differ in space and time. Radiation is known to be
an important driver of snowmelt in many regions
worldwide (e.g., Cline 1997; Marks and Dozier 1992).
However, during ROS, the presence of a cloud cover
leads to a reduced incoming shortwave radiative flux,
whereas an increase in incoming longwave radiative
flux may lead to a small positive net longwave radiative
flux, where energy fluxes directed to the snow cover
surface are defined to be positive in this study. While it
is known that heat advected by rain provides little direct energy for snowmelt (Prowse and Owens 1982;
Moore and Owens 1984), the turbulent fluxes of sensible and latent heat (collectively referred to as turbulent heat fluxes) have been shown to account for
high snowmelt intensities during ROS conditions
(Dyer and Mote 2002; Dadic et al. 2013). Consistently,
various studies found that flooding associated with
ROS events featured high wind speeds (Harr 1981;
Berris and Harr 1987). The dominating character of
turbulent heat fluxes during ROS has been reported in
several studies, accounting for 60%–90% of energy
available for snowmelt on open field sites (Garvelmann
et al. 2014; Marks et al. 1998, 2001). Hence, processoriented snow cover models that account for energy
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balance terms individually and resolve water retention
and transport processes within the snowpack are the
preferred choice when analyzing runoff formation
during ROS events.
In this study, we take the perspective of a forecaster by
attempting to estimate the effects of an existing snow
cover on runoff formation based on information about
snow cover and meteorological conditions typically
available prior to an ROS event. This is why, unlike
many previous studies, we include a large range of initial
snowpack conditions and precipitation scenarios that
actually occurred at 116 measuring stations and over the
past 16 years, without excluding events that did not result in snowpack runoff. To allow reliable snowpack
model runs, we selected stations that could provide all
meteorological variables required as model input as well
as snow data to validate model results. Such data were
available for 116 stations across the Swiss Alps,
spreading over an elevational range from 1560 to 2972 m
MSL. With this wide-range approach we enhance the
potential to single out a few important parameters that
can be used to forecast the effect of snow on runoff
formation for upcoming rain events of different magnitudes. Note that no snow lysimeter network exists in the
Alps, which is why observational data alone would not
allow for such a study.
This is the first study to analyze detailed snow cover
processes for more than 1000 naturally occurring ROS
events with a detailed physical snowpack model.
Moreover, we assess those processes from the perspective of a forecaster and discuss both critical and noncritical events without prior restriction to extreme
conditions. In this context, critical refers to events during which snowpack processes lead to increased runoff
generation relative to conditions without snow cover.
The analysis of the simulations aims to answer the following research questions:
d

d

d

What are the main contributing energy balance terms
for different magnitudes of ROS events?
Under what meteorological conditions does the state
of the snow cover have an amplifying, damping, and/or
delaying effect on runoff generation?
What is the influence of the initial snowpack conditions
on the evolution of snow cover runoff generation?

This paper is structured as follows. Input data, the
snow cover model, the model setup, and the event definition are described in section 2. Results of the simulations are shown and discussed in section 3. This
includes a general description of ROS, including spatial
and temporal occurrence (section 3a), driving energy
terms (section 3b), the processes concerning runoff
generation during ROS (section 3c), and the ability to
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FIG. 1. Map of Switzerland with locations of the stations used for the analysis. Reproduced by
permission of the Swiss Federal Office of Topography (swisstopo; JA100118).

predict temporal occurrence of runoff (section 3d).
General conclusions are found in section 4.

2. Methods
All results in this study are derived from simulations
with the one-dimensional physical SNOWPACK model
using measurement data from 116 automated weather
stations operating within the Intercantonal Measurement and Information System (IMIS) network in the
Swiss alpine region (Fig. 1). A comparable model setup
was already used to analyze one major ROS event in
October 2011 in the Swiss Alps (Wever et al. 2014b;
Badoux et al. 2013). In this section, the input data for the
simulations are discussed first, followed by the description of the model and the used model setup. Then,
we come up with an approximation of the available retention capacity (ARC) for further discussion on how to
transfer results from detailed snowpack simulations into
simpler forecasting models. Finally, the definition of
ROS events used in this study is introduced.

a. Input data
The IMIS network stations measure several meteorological values and snow cover conditions such as wind
speed and direction, temperature, relative humidity,
surface temperature, soil temperature, reflected shortwave radiation, and snow depth. The temporal resolution of all input quantities used here is 1 h. The station
network is operationally used with the SNOWPACK

model for avalanche warning purposes (Lehning et al.
1999). The station sites are generally located in locally
flat terrain ranging in elevation from 1560 to 2972 m
MSL. This elevation band represents approximately
35% of the area of Switzerland and is both high enough
to accommodate seasonal snow over several months and
low enough to allow for concurrent liquid precipitation.
Unfortunately, the rain gauges of IMIS stations are
unheated because of limited power supply and therefore
provide no reliable measurements in case of snowfall
and mixed-phase precipitation, which is often observed
during ROS. This is why we used a gridded precipitation
dataset provided by MeteoSwiss (RhiresD; MeteoSwiss
2013), assembled from data of the automated station
network SwissMetNet and of a dense network of totalizer rain gauges. This product is the most elaborate
product for Switzerland available today. Daily precipitation sums of the RhiresD dataset were disaggregated into hourly sums by using the relative
hourly amounts of precipitation registered at the three
SwissMetNet stations that showed the highest correlation with the grid cell closest to the respective IMIS
station.

b. Model description
The physics-based model SNOWPACK simulates
the evolution of the snow cover as a one-dimensional
column. A detailed model description is provided in
Bartelt and Lehning (2002) and Lehning et al. (1999,
2002a,b). Bartelt and Lehning (2002) describe the
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one-dimensional equations governing heat transfer,
water transport, and mechanical deformation. The
model snow microstructure and metamorphism routines are described in Lehning et al. (2002a). Finally,
the characterization of meteorological forcing and
thin layer formation as well as a complete evaluation
for the entire model is found in Lehning et al. (2002b).
Snowmelt occurs in SNOWPACK, when the temperature of a specific simulated layer is 08C and additional
energy is provided. Additional energy is added by either
heat conduction in the snow matrix or by the shortwave
radiative flux penetrating the snow. The net shortwave
radiative flux is presented as a source term in the top
layers of the snowpack to account for the penetration of
shortwave radiation in the snowpack as described by
Lehning et al. (2002a). Observed reflected shortwave
radiation and a parameterized albedo (Schmucki et al.
2014) are used to approximate the net shortwave radiative flux. The heat flux at the top of the snow cover, consisting of the sum of net longwave radiative flux (W m22),
sensible heat flux (W m22), latent heat flux (W m22), and
heat advection flux by liquid precipitation (W m22) is
prescribed as a Neumann boundary condition when the
snow surface is melting (Bartelt and Lehning 2002). For
subfreezing snowpack conditions, measured snow surface temperature is prescribed as a Dirichlet boundary
condition to get an accurate estimate of the snow cover
temperature at the onset of events (Bartelt and Lehning
2002). The turbulent surface heat fluxes are simulated
using a Monin–Obukhov bulk formulation for surface
exchange. Stability correction functions of Stearns and
Weidner (1993), as described in Michlmayr et al. (2008),
are used to consider stable conditions. If no measurements of the incoming longwave radiative flux are
available, it is parameterized (see section 2c).
The vertical liquid water movement within the snow
cover is either simulated by a simple so-called bucket
scheme (Bartelt and Lehning 2002) or by solving the
Richards equation, a recently introduced method for
SNOWPACK (Wever et al. 2014a,b). Wever et al. (2014a)
also describe some recent developments of the model.

c. Model setup
The SNOWPACK model (version 3.2.1, revision 746)
was used to simulate the snow cover development during full hydrological years, starting on 1 October. Simulated snow depth was constrained to observed values,
which means that the model interprets an increase in
observed snow depth at the IMIS stations as snowfall
(Lehning et al. 1999; Wever et al. 2015). A temperature
threshold ranging from 0.78 to 1.78C was used to determine whether precipitation should be considered rain
(from RhiresD) or snow (from the snow depth sensors)
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or in the form of mixed precipitation (proportionally
between 0.78 and 1.78C). Ninety percent of all measured
temperatures during ROS events in the dataset are
above 1.28C. Because snowfall is determined by the
snow depth measurements, no compensation for solid
precipitation undercatch had to be performed.
For simulating the percolation of meltwater and
rainwater, the Richards equation approach was chosen
because it was found to improve the representation of
runoff timing from the snowpack, especially for subdaily
time scales (Wever et al. 2014a,b) as well as several aspects of the representation of the internal snowpack
structure due to liquid water flow processes (Wever et al.
2015). The model was initialized with a soil depth of
3.3 m, with a grid spacing between 5 cm in the upper
layers and 20 cm in the lower layers in order to be able to
accurately describe the heat, and water flux between the
soil and the snowpack. Soil heat flux at the lower
boundary is set to a constant value of 0.06 W m22, which
is an approximation of the geothermal heat flux (Pollack
et al. 1993; Davies and Davies 2010). For soil, typical
values for very coarse material were chosen, such that
there was no ponding inside the snowpack due to soil
saturation. A free drainage boundary condition was
taken as the lower boundary condition for liquid water
flow in the soil. A threshold value of 238C was used to
determine whether a Dirichlet or Neumann boundary
condition should be used. For the roughness length z0, a
value of 0.002 m was used. Incoming longwave radiative
flux was simulated using the parameterization from
Unsworth and Monteith (1975), coupled with a clear sky
emissivity following Dilley and O’Brien (1998), as described in Schmucki et al. (2014).

d. Available retention capacity
A simple estimation of the amount of liquid water that
could be stored in the existing snow cover may enable
predicting the start of snowpack runoff without the necessity of running a complex snowpack model. The ARC
was determined by the liquid water refreezing capacity
inside the snow cover, the capillary holding capacity
(HC), and the liquid water already present in the snow
cover (LWC init). Many studies found the HC to be
within a range of 0%–10% of volume of the snow cover
(Kattelmann 1987; Coleou and Lesaffre 1998). Here, we
assumed the HC to be 3.5% of volume of the snow cover,
expressed in millimeters water equivalent (mm w.e.) as
HC 5 CH HS rW ,

(1)

where CH 5 0.035 is the holding capacity as volume
fraction, rW is the density of water (kg m23), and HS the
snow cover depth (m).
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The liquid water refreezing capacity is directly related
to the cold content (CC) of the snowpack. The CC
represents the energy needed to warm the snow cover to
an isothermal 08C, usually described as the amount of
liquid water from melt or rainfall that must be frozen in a
subfreezing snowpack to release that energy (DeWalle
and Rango 2008). It was calculated according to Eq. (2),
proposed by Wever et al. (2015):
CC 5

cI
r H (T 2 TS ) ,
cF S S M

(2)

where cI is the specific heat of ice (J kg21 K21); cF is the
latent heat of fusion (J kg21); rS is the density of snow
(kg m23); CC is the cold content (mm w.e.); and (TM 2
TS) is the average temperature deficit (K) as the difference between TM, the temperature where snow melts
(K), and TS, the temperature of the snow cover (K).
Therefore, the ARC is described (mm w.e.) as follows:
ARC 5 HC 1 CC 2 LWCinit .

(3)

Note that all variables required to calculate ARC
according to Eq. (3) are usually available in relatively
simple conceptual snowmelt models that are often used
in operational hydrological models.

1805

3 mm of cumulative rainfall; end conditions were fulfilled if less than 3 mm of cumulative rain as well as less
than 6 mm of cumulative runoff occurred within 10 and
5 h, respectively. Defining the end of an ROS event
based on both rain and snowpack runoff made sense
from the perspective of flood forecasting but led to a few
events with extended length because of continued
snowmelt after the rain had stopped.
To ensure accurate model simulations as input for the
analysis, we excluded all event simulations with a rootmean-square error (RMSE) between simulated and
observed snow depth during an event exceeding 20 cm.
This criterion reduced the number of considered ROS
events from 1336 to 1063 with an average RMSE of
6.2 cm. Excluded simulations were possibly affected by
inadequate meteorological forcing data, in particular
the precipitation input.
The term rainfall duration denotes the sum of hours
with rainfall occurring during an event. Rainfall intensity
is the quotient of rainfall amount divided by rainfall duration. This means that periods without rainfall are neglected when calculating rainfall intensities. Maximum
rainfall intensity refers to the highest hourly rainfall value
during an event. Initial observed and simulated snow depths
refer to the initial values at the beginning of an event.

e. Event definition and dependent variables
The definition of what constitutes an ROS event has
an essential effect on the number and spatiotemporal
characteristics of such events and is usually set
depending on the purpose of the study. Certainly a study
that focuses on extreme ROS events only will lead to
results that differ from studies on a broader range of
ROS events. For single case studies, the temporal limits
of the event are often arbitrarily chosen. Other studies
analyzing larger numbers of ROS events often define
ROS to be a day or 24 h with specific rainfall amounts
(Mazurkiewicz et al. 2008) or, additionally, a minimum
decrease in snow cover depth (McCabe et al. 2007).
Here, we attempt to investigate ROS events from the
perspective of a forecaster knowing about the presence
of a snow cover and predicted rainfall, but not about the
expected amount of snowmelt. Therefore, selection
criteria were chosen such that there had to be substantial
rainfall on a substantial snow cover without the need for
melt or a decrease in snow cover depth. Because of
potential refreezing inside the snowpack, snowmelt may
not occur, and in the case of mixed precipitation or a
transition from rain to snow, snow cover can even increase during ROS. Therefore, in this study an ROS
event was considered to be when at least 20 mm of rain
fell within 24 h on a snow cover of at least 25 cm at the
onset of rain. The start of an event was set after the first

3. Results and discussion
a. Spatiotemporal occurrence and general
characteristics of ROS events
Before discussing meteorological and snowpack conditions and their effect on runoff generation during
ROS, we first analyzed the temporal and spatial occurrence of ROS. The event definition given above led
to a total of 1063 individual station events (IE), or
single ROS events occurring at a single station. Synchronous events (SE) are a set of IEs that occur
simultaneously at multiple locations. Over the entire
16-yr period considered in this study (from October
1998 to September 2014) 163 SEs were identified,
accounting for 939 or approximately 90% of IE. This
corresponds to approximately 10 SEs per year with an
average of 5.8 locations involved. Figure 2 presents a
distribution of the number of IEs per event. Events
with one location being involved have the highest frequency. In contrast, events with many locations being
involved are rather rare. For example, synchronous
events involving more than 15 locations occurred approximately once a year. Note that these numbers
represent the spatial extent of ROS events that match
the event definition used here at the given distribution
of IMIS locations in Switzerland. However, they may
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FIG. 2. Number of locations involved in synchronous ROS events.

not be representative of ROS events at elevations below 1500 and above 3000 m MSL (which are not covered by the IMIS station network; Fig. 3).
Figure 3 presents the occurrence of ROS events by
month of year and elevation. The color indicates the
runoff excess, which corresponds to the cumulative difference between snow cover runoff and rain input per
IE. Negative excess values indicate that at least some
fraction of rainwater is retained in the snow cover,
whereas positive values indicate additional snowpack
runoff from snowmelt and from the destruction of the
snow cover matrix, which in turn decreases the retention
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capacity (Wever et al. 2014b). At elevations between 1560
and 2972 m MSL, as expected, most ROS events occurred
during the months of May and June. At this time of the
year a significant snow cover is still present when temperatures become high enough for precipitation to occur
as rain. Further ROS events occurred between October
and April, mostly below 2300 m MSL. Interestingly, many
autumn events could be associated with larger-scale ROS
events and occurred simultaneously at many locations (not
shown). In fact, an ROS event in October 2011 (Wever
et al. 2014b) caused regional floods and was among those
ROS events with the highest overall snowpack runoff.
High positive runoff excess was mostly generated by
events in late spring and early summer, whereas autumn
events typically featured a neutral runoff balance, with
exceptions as mentioned above. Events during winter and
early spring, on the other hand, normally retained runoff.
In contrast to other studies (e.g., Freudiger et al. 2014;
Surfleet and Tullos 2013), we did not exclude ROS events
that did not generate snowpack runoff or ROS events with
only marginal snowmelt contribution. This led to three
typical patterns of the cumulative runoff-to-rain ratio,
which could be identified from the simulations of all IEs
(Fig. 4). The first pattern (Fig. 4a) describes events for
which cumulative runoff never exceeds the cumulative
rainfall, usually accompanied by a delayed initiation of
snowpack runoff. The second pattern (Fig. 4b) is representative of events for which cumulative snowpack runoff
exceeds the rain input from the very beginning. This pattern of event requires melting or at least saturated initial
snowpack conditions. Finally, under the third pattern
(Fig. 4c) fall ROS events that start as in the first pattern but
persist long enough to allow cumulative snowpack runoff
to exceed rainfall in the course of the event. These three

FIG. 3. Occurrence of ROS events by elevation and month. The colors denote the event-specific runoff excess,
which is the cumulative runoff minus cumulative rainfall.
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FIG. 4. Temporal trajectory of the ratio between cumulative snowpack runoff and cumulative
rain input at hourly time steps for three ROS event patterns.

event patterns show that the presence of a snow cover can
have a dampening, amplifying, or delaying effect on the
rainfall–snowpack runoff relationship. The relative occurrence of these patterns over all 1063 IEs analyzed is 17%,
14%, and 69%, respectively. During 4% of all events, no
runoff was generated.
The average length of the studied ROS events was 23 h,
with less than 5% being longer than 48 h. The rainfall
statistics for all analyzed IEs are shown in Table 1. According to the event definition, the minimal amount of
rainfall is 20 mm, whereas the highest amount recorded
was 613 mm. The mean rainfall duration was 18 h, ranging
from 3 to 96 h. With rainfall intensities reaching from
0.8 to 10.9 mm h21 and a mean intensity of 2.4 mm h21,
values exceeded those recorded for ROS events in Sierra
Nevada, California (Osterhuber 1999). Regarding initial
snow depths, minimal values were just above 25 cm, again
because of the threshold of the event definition. The
highest initial snow depth recorded was 430 cm.

b. Energy balance terms during ROS
Excess snowpack runoff, generated during 83% of all
events (second and third patterns), typically requires
snow melting during an ROS event. Figure 5 illustrates
single energy terms and their contribution to the overall
energy input to the snow cover, both in millimeters melt
equivalent (mm m.e.), referring to the energy required
to conduct the phase change of ice to liquid water.

The overall radiation balance strongly depends on the
time of day at which an event occurs (Garvelmann et al.
2014). Often net longwave radiative flux is negative, but
it can become positive during warm and moist ROS
events. During daytime, net shortwave radiative flux can
compensate negative longwave radiative flux. However,
both longwave radiative flux and shortwave radiative
flux typically remain small terms and for 97% of all IEs,
the sum did not contribute more than an equivalent of
20 mm (in total) or 0.6 mm h21 snowmelt. Earlier, latent
and sensible heat fluxes were shown to be the main melt
energy input for individual events (Marks et al. 1998;
Wever et al. 2014a; Garvelmann et al. 2014). Our analysis confirms that those energy terms also show high
correlations with the total energy input for a large range
of ROS events in the Swiss Alps. In contrast, radiative
fluxes are both poorly correlated with total energy input.
If added up (Fig. 5, right), turbulent heat fluxes provide
most of the energy input, particularly for those events that
feature a snowmelt contribution exceeding 50 mm m.e.
Providing less than 1% of total energy input on average,
ground heat flux was found to be of minor importance
(data not shown). Advected heat by rain provided on
average 13% of total energy input. It is therefore a
nonnegligible source for melt energy but can be rather
easily estimated in advance of an event, if estimates of
expected precipitation amount and air temperature are
available.

TABLE 1. Rainfall and snow cover statistics for all ROS events.

Rainfall amount (mm)
Rainfall duration (h)
Rainfall intensity (mm h21)
Max rainfall intensity (mm h21)
Initial snow depth observed (cm)
Initial snow depth simulated (cm)
RMSE snow depth simulated 2 observed (cm)
a

Mean

Min

Max

Std dev

42
18.0
2.4
6.7
116
115
6.2

20
3.0
0.8
1.5
26
25
0.5

613
96.0
10.9
51.7
433
429
20.0a

36
10.5
1.3
4.1
74
73
5.0

Events with an RMSE higher than 20.0 cm were excluded from the analysis.
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FIG. 5. Contribution of single energy balance terms to the total energy input to the snowpack during all ROS
events analyzed: latent heat, sensible heat, net shortwave radiation, net longwave radiation, and turbulent (sensible
plus latent) heat flux (mm m.e.). Ground heat flux and heat advected by rain are not shown.

From a mass balance perspective, snowmelt was on
average responsible for 27% of total runoff, whereas
rain contributed 73% to total runoff. Other studies
found snowmelt contributions ranging from 22% to 70%
on the catchment scale (Garvelmann et al. 2015; Sui and
Koehler 2007; Rössler et al. 2014).

c. Runoff characteristics of simulated ROS events
From the perspective of hydrological forecasting,
both magnitude and timing of snowpack runoff are
relevant. A delay of snowpack runoff relative to the
start of rain may affect the runoff generation at the
catchment scale, in particular if this time lag varies
across a given catchment. As a demonstrative example
of this, Garvelmann et al. (2015) analyzed two subsequent ROS events. For one of the events, river runoff
rates were considerably higher as the whole catchment
generated snowpack runoff simultaneously (within
1 h). In contrast, for the other event, snowpack runoff
generation was delayed up to 12 h at higher elevations, leading to less pronounced river runoff rates
and significantly smaller peak flows. In the following,
we analyze time lag as a function of initial snowpack
conditions.
As a first observation, the simulations of all ROS
events show a correlation between time lag (time between event start and cumulative runoff exceeding
3 mm) and runoff excess (Fig. 6). Events with high excess
runoff are associated with short time lags between the
beginning of rain and the beginning of snowpack runoff. Such events typically occur in late spring or early

summer and feature a high initial LWC. On the other
hand, events that exhibit a time lag above 5 h do not
provide significant excess runoff, if at all. The highest
time lags can be found for events with a net retention of
rainwater (i.e., negative runoff excess) in the snow cover
at the end of the event.
The time lag in terms of the initial snow depth was
further analyzed by separating data into three categories of initial LWC (Fig. 7). The overall correlation

FIG. 6. Time lag between the start of rainfall and the start of
snowpack runoff as it relates to runoff excess. Events without
runoff are excluded from the figure (no time lag).
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FIG. 7. Time lag as a function of initial snow depth for events
with different initial LWCs, indicated by different colors. The
solid lines denote a linear regression fit for the respective initial
LWC class.

of time lag to the initial snow depth is rather poor (r 5
0.13). For low and high initial LWC values, the time lag
was correlated to the initial snow depth at r 5 0.49 and
r 5 0.45, respectively. With intermediate initial LWC
this correlation is less pronounced (r 5 0.27). The results for dry snow conditions are consistent with those
shown in Wever et al. (2014b), who analyzed a specific
ROS event under fresh and dry snow conditions based
on data from 14 stations. Additionally, in experimental
studies under constrained conditions, the effect of snow
depth on time lag has been shown (e.g., Kohl et al.
2001). However, when looking at dependencies in data
from a range of different naturally occurring ROS
events, Berg et al. (1991) came to the conclusion that
there is little correlation between time lag and initial
snow depth, although snow depth became important
for time lag to peak outflow in its interaction with melt
potential. Therefore, snow depth can be considered to
be an important measure for runoff timing, but only if
considering similar initial snow cover conditions, in
particular LWC.
Transferring the above findings to a catchment that
features a variable distribution of snow depth (usually
governed by an elevational gradient), the following two
scenarios arise under the assumption of spatially constant rain input. In the case of low initial LWC, time lag
is correlated with snow depth. Hence, snowpack runoff
will not occur synchronously throughout the catchment.
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FIG. 8. Initial snow depth divided by the time lag (propagation
velocity) over the rate at which liquid water is added to the
snowpack (rain plus snowmelt) for different initial LWCs.

Moreover, areas with higher snow depth (and thus
higher time lags) are associated with limited excess
runoff (Fig. 6). Both mechanisms may reduce the associated flood risk, in particular if the duration of the rain
is shorter than the involved time lags. By contrast, high
initial LWC will typically lead to short time lags, resulting in temporally synchronous snowpack runoff
throughout the catchment, with only a marginal effect of
the spatial variability in snow depth. Moreover, high
excess runoff has only been observed in the case of
events with a short time lag. These considerations
demonstrate that the initial LWC might be a valuable
indicator to assess the flood risk associated with an upcoming ROS event.
As shown above, initial snow cover properties can
provide useful information about the course of an
event. However, the rain–runoff behavior of an ROS
event is not just determined by initial snow cover
properties, but also by the rainwater input signal itself.
To approximate a corresponding signal propagation
velocity, the initial snow depth was divided by the time
lag for IE. For low initial LWC, the above-defined velocities can be regarded as the velocity at which the
wetting front propagates through the snowpack. This
analysis was constrained to IEs with a time lag $2 h, to
avoid including data from IEs with immediate runoff
release that represent the displacement of initial liquid
water content rather than the propagation of rain input.
In Fig. 8 this velocity is displayed against the liquid
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water input generated by melt and rain, both dependent on meteorological variables. Contrary to
Fig. 7, levels of correlations differ much more for different initial LWC values. At low initial LWC the velocity is well correlated with the rate at which new
liquid water is added to the snowpack (r 5 0.9). For
higher LWC values, however, the correlation is much
weaker and velocities are hard to predict (rmid 5 0.03,
rhigh 50.01). The positive relationship between liquid
water input and meltwater front propagation has been
found earlier, and the modeled velocities are comparable with experimental results by Jordan (1983) and
experimental results shown in Colbeck (1972), which
are both studies representing spring melt conditions.
Wetting front propagation velocities may differ
strongly, as results from artificial rain experiments and
naturally occurring ROS events show: most values
found in literature show values ranging from 0.04 to
1.8 m h21 (Gerdel 1954; Conway and Benedict 1994;
Jordan 1983). In the concept of the Richards equation,
the hydraulic conductivity is a function of the liquid
water content of the snow (Wever et al. 2014a). Only in
case of low initial LWC, typical rainfall intensities are
sufficient to rapidly change the already-present LWC
values, directly impacting the hydraulic conductivity
and thereby the propagation velocity. This offers an
explanation for why there is a positive relationship
between water input rate and propagation velocity.
Note that the propagation velocity is limited by refreezing inside the snowpack and low hydraulic conductivity in lower parts of the snowpack. Therefore, the
propagation velocity varies only moderately on rainfall
intensities and snow depth and is shown to be a good
predictor for time lag, as illustrated in Fig. 7. For
moderate or high initial LWC, the hydraulic conductivity is already increased, and the impact of rainfall or
additional snowmelt is comparatively small. The
propagation velocity is more dependent on the initial
state of the snow cover, in particular the vertical distribution of liquid water inside the snowpack.
However, indications also exist that this conceptual
picture may change with further increasing precipitation
intensities. For example, Singh et al. (1997) found a
velocity of 6 m h21 for high precipitation intensities (48–
100 mm h21) during an artificial sprinkling experiment.
These precipitation intensities are outside the range
found in natural conditions in this study in the Swiss
Alps, but also for ROS events in other regions, for example, the western United States (Osterhuber 1999).
We argue that preferential flow paths get increasingly
important, as it was shown that they appear to carry
more water down efficiently with increasing water input
intensities (Katsushima et al. 2013; Hirashima et al.
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FIG. 9. Runoff intensities (averaged over the duration of runoff)
vs rainfall intensities (averaged over the duration of rainfall) for
rainfall events of different length.

2014). When snow gets closer to saturation, as may
happen in those flow channels, flow velocities may increase significantly. Walter et al. (2013) found noticeably higher values for liquid water movement velocities,
reaching up to 36 m h21 on average in experimental
studies with saturated snow samples. Note, however,
that this comparison is not trivial since individual water
‘‘particles’’ as measured by these authors may move
much faster than the ‘‘bulk’’ signal propagation velocity
considered here.
Experimental studies on artificial ROS events often
represent specific rainfall scenarios, whereas results
from this study are based on the full natural variability of
more than 1000 rainfall events on snow. For example,
the events studied here do not only involve homogeneous snowpacks, which are weakly layered, but also
strongly layered or deep snow covers in which water flow
is influenced by the presence of capillary barriers and ice
layers leading to ponding of liquid water inside the snow
cover. For the large range of snowpack and meteorological conditions considered in this study, Fig. 8 displays the importance of rain input intensities for the
temporal runoff response.
During an ROS event, snowpack processes transform
the rain input into snowpack runoff that may differ in
cumulative amount, in temporal dynamics, and in its
intensities. While we have looked at aspects regarding
amounts and timing of snowpack runoff, we will now
analyze the snowpack runoff intensities.
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FIG. 10. Runoff intensities in terms of the initial snow depth for
rainfall events of different lengths.

Figure 9 displays snowpack runoff intensities relative
to rain intensities, where both quantities were averaged
over the period in which runoff and rainfall occurred,
respectively. Our results show distinct dependencies.
First, for intense and short rain events (.4 mm h21
and ,10 h duration), snow cover processes attenuated
rain intensities. On the other hand, longer rain events
(.10 h) typically entailed an amplifying effect with
only a few exceptions. Only low-intensity and short
rainfalls (,4 mm h21 and ,10 h duration) may lead to
either effect.
Furthermore, snow cover properties had an influence
on runoff intensities. Figure 10 displays event-averaged
snowpack runoff intensities in terms of the initial snow
depth. The results show that the highest runoff intensities are associated with shallow snow covers. Conversely, runoff intensities are rather low for the deepest
snow covers, and therefore increased snow depth tended
to moderate snowpack runoff intensities.
Note that our findings represent a general, albeit
weak, trend with a large scatter of data between snow
depth and runoff intensities when looking at a large
range of ROS events. The observed scatter is attributable to the additional dependence of runoff intensities
on other variables, for example, rain intensities (Fig. 9)
or other snow cover properties. Colbeck and Davidson
(1973) found the maximum flow rate to decrease with
snow depth; however, they only investigated rain events
on ripe snow. In contrast, Berg et al. (1991) reported a
low positive correlation of flow intensities with snow

1811

FIG. 11. Runoff excess (runoff minus rain) in terms of total
energy input.

depth during ROS. Also, for a set of ROS events under
similar meteorological forcing, the dependencies might
be different from our findings. Wever et al. (2014b)
noted that during an intensive ROS event (October
2011, European Alps) runoff intensities were slightly
higher for deeper snow covers. The authors explained
this behavior by the additional liquid water release that
comes with settling and the destruction of the snow
matrix inside the snow cover during intensive rain,
which was found to be more pronounced in deep
snow covers.
In an attempt to quantify the influence of this effect as
well as that of snowmelt on snowpack runoff in our
simulations of more than 1000 ROS events, we compared the total energy input to the runoff excess, which
is snowpack runoff minus rain input (Fig. 11). It seems
that for ROS with large runoff excess, there is always
slightly more liquid water released than what can be
explained from rain input plus snowmelt. In those cases,
the destruction of the snow matrix and the affiliated
reduction in the liquid water holding capacity could
contribute roughly up to 20% additional snowpack
runoff (relative to the snowmelt contribution).

d. Available retention capacity of snow covers
experiencing ROS
The available liquid water holding capacity may
provide a key for forecasting the timing of snowpack
runoff for an upcoming ROS event. While the liquid
water holding capacity could be directly derived from
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FIG. 12. Cumulative liquid water input (rain plus snowmelt) from
the beginning of the ROS event until first snowpack runoff is released as a function of the available LWC retention capacity.

the state variables of SNOWPACK (e.g., grain size,
snow density); here we opted for a derivation that is also
accessible if using less complex, conceptual snowmelt
models to ensure a wider applicability. The LWC holding capacity used here was calculated as described in
section 2 [Eq. (3)].
Neglecting preferential flow, the ARC has to be filled
before the snow cover will release runoff. To test the
utility of the ARC, we have compared ARC with cumulative rain input plus total snowmelt over the period
from the start of the ROS event to the moment at which
snowpack runoff started (Fig. 12). The data shown in
Fig. 12 are limited to events with an initial snow water
equivalent of less than 500 mm and a time lag between
water input and snowpack runoff .0. Generally, the
ARC provides reasonably good predictive capabilities of
the liquid water input that the snowpack can take before
snowpack runoff commences (r 2 5 0.79 and RMSE 5
4.5 mm). However, further testing of this concept using
snow lysimeter data would provide additional insights.

4. Conclusions
Based on measured meteorological and snowpack
data from 116 locations and for 16 years, 1063 historical
ROS events in the Swiss Alps could be identified and
evaluated. To assess the relevant snow cover processes
in detail, all events were analyzed using the physically
based snow cover model SNOWPACK. This is the first
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study to investigate snowpack state and meteorological
conditions and their effect on runoff generation for
such a vast number and range of ROS events. Contrary
to many other studies, we also considered smaller events
leading to little or no snowpack runoff to generalize
findings about processes during ROS.
From these results we can make the following main
conclusions: latent and sensible heat provided the main
energy source for individual events and showed the
highest correlations with the total energy input. Typical
patterns, describing a dampening, amplifying, or delaying
effect on the rainfall–snowpack runoff relationship, were
found to be dependent on meteorological and snow cover
conditions. ROS events with high initial liquid water
content were associated with high runoff excess (difference between cumulative snow cover runoff and rain input) and short time lags (time between event start and
occurrence of runoff as defined). Those conditions were
found to be typical for ROS events in late spring and early
summer. In contrast, if initial snowpack conditions did
not permit immediate snowpack runoff excess, then
runoff was typically limited and average time lags were
found to be considerably larger. These characteristics
were typical for midwinter events, where initial snow
cover conditions were mostly cold and dry. During autumn, ROS events were less frequent compared to late
spring and early summer, but those events were often
larger-scale events that occurred simultaneously at many
locations with moderate to high runoff excess values.
From the perspective of hydrological forecasting,
findings of this study are useful because they show the
effects of the existing snow cover on runoff formation
for upcoming ROS events. Relevant factors to consider
include wind velocities, initial snow depth, and liquid
water content. As an example, we showed that under
certain conditions the time lag between the start of rain
and the onset of snowpack runoff was correlated to snow
depth. Under these circumstances, the variability of
snow depths within a given catchment should have a
considerable influence on the peak streamflow, where
uniform conditions entail a greater risk of high peak
flows. For an easier transfer of the results, we were able
to demonstrate the utility of a rather simple estimation
of the available retention capacity, which can be derived
from basic snow cover properties available in many
hydrological models, dealing with snow cover by empirical relationships, for example, a simple degree-day
approach. The available retention capacity could be
used to calculate the expected onset of snowpack runoff
in response to rainfall in good agreement with the results
of the complex snowpack model used in this study.
Despite using an enormous amount of measured data to
run and validate the SNOWPACK runs analyzed above,
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this study relies on an accurate simulation of the liquid
water transport inside the snow cover. Using lysimeter
data, Wever et al. (2014a) have shown that the model is
capable of accurately representing liquid water dynamics for both a high alpine site (Weissfluhjoch, Switzerland) and a low alpine site (Col de Porte, France).
Therefore, we assume that the model is also applicable
to other comparable sites at similar elevations but acknowledge that a direct validation of the simulated results is not possible given the currently available data
(i.e., the lack of snow lysimeter data at other sites in the
Alps, as the two mentioned above). In general, we expect applicability of the results for regions outside the
European Alps, which act as a boundary between
Mediterranean-type, Atlantic, and continental climates
(Beniston 2005). Because a physics-based snow cover
model was chosen, results are expected to be transferrable to any other region and elevation, if they feature similar meteorological and snow cover conditions.
A classification system for seasonal snow covers is described in Sturm et al. (1995) and can be used as a first
estimation on expected snow covers in different regions.
The snowpacks investigated in this study could predominantly be described as a transition between alpine
and maritime snow cover. Finally, results of this study
might differ from previous case studies of singular extreme events, because 1) the relevance of individual
processes during ROS is varying between events and
2) case studies generally represent only a limited range
of boundary conditions.
To improve the utility of studies like this, it would be
desirable to extend this study to lower mountain and
subalpine ranges, which were found to play an important
role in runoff formation (Sui and Koehler 2001;
Freudiger et al. 2014). Further, our results represent
snow cover processes at flat alpine field sites. Incorporating terrain as well as land-use effects will require attention in future research.
Concluding, the main findings can be summarized as
follows:
d

d

d

d

Latent and sensible heat provided the main energy
source for individual ROS events.
The snowpack runoff was found to be dependent on
duration and intensity of rain as well as on initial
snowpack conditions.
ROS events with high initial liquid water content were
associated with high runoff excess and short time lags.
Relevant factors to consider for hydrological forecast
include wind velocities, initial snow depth, and liquid
water content.

All meteorological and snow data used in this study to
run the SNOWPACKs model are available on request.
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