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ABSTRACT: We analyze the temporal and spatial patterns of rain-on-snow (ROS) events during
the last 4 decades in Switzerland and project the future occurrence of ROS events based on atmos-
pheric warming under the A1B greenhouse gas emissions scenario. The results indicate that ROS
events occur mainly during winter months at low elevations, and during summer months at high
elevations. The solid/liquid precipitation ratio and the duration of the snowpack explain the
spatio-temporal characteristics of ROS events. Observations indicate a trend towards a slight
reduction in ROS events during the study period (1972-2012) due to decreasing rainfall, and a
reduction in snowpack duration due to warming temperatures. However, increased warming may
increase the frequency of ROS events in future decades, especially at high elevations (>2000 m)
where the snowpack will still be present during most of the year, but liquid precipitation will

become more frequent.
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1. INTRODUCTION

Snowpack in mountainous regions is a valuable
ecological, hydrological, and socioeconomic resource
(Elsasser & Biirki, 2002, Barnett et al. 2005, Keller et
al. 2005), but can also represent risks for population
and infrastructures, in particular when these are
exposed to snow avalanches (Schweizer et al. 2003).
Mountain snowpack at mid-latitudes is a key source
of water for rivers during snowmelt in the spring
and summer months (Stewart 2009). However, rapid
melting events occurring in specific atmospheric con-
ditions can trigger floods in downstream basins, due
to the aggregation of melt water from mountain trib-
utaries (Sui & Koehler 2001).

Rain-on-snow (ROS) events, in which water from
rainfall and snow melt accumulates dramatically in
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river channels, are particularly important pheno-
mena. Such events can be a source of peak flows in
mountain rivers, and can sometimes trigger floods
and pose risks for population downstream (Floyd &
Weiler 2008). Thus, most previous research of ROS
events has taken a hydrological perspective (Singh et
al. 1997, Sui & Koehler 2001, Floyd & Weiler 2008,
Mazurkiewicz et al. 2008, Pradhanang et al. 2013,
Rossler et al. 2014, Wever et al. 2014). Fortunately,
most ROS events do not have catastrophic conse-
quences, although they remain interesting phenom-
ena in hydro-climatic and geographic terms. There
has been very little focus on the climatic and spatio-
temporal characteristics of ROS events, with the
exception of the work by McCabe et al. (2007), Ye at
al. (2008) and Rennert et al. (2009), who studied tem-
poral and spatial trends of ROS events in the western
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United States, Eurasia, and circumpolar Arctic re-
gions, respectively. However, the observed tempera-
ture increases over the past few decades and the pro-
jected global climate warming may increase the
amount of precipitation that falls as rain (Gobiet et al.
2014, Stoffel et al. 2014) and affect the duration of
the snowpack in mid-latitude mountainous regions
(Beniston et al. 2003, Brown & Mote 2009). As a con-
sequence, future changes in the spatio-temporal pat-
terns of ROS events may have severe impacts on the
hydrology of mountain areas, including the availabil-
ity of water resources or the occurrence of floods.

In Switzerland, the snowpack is a major freshwater
resource, and large areas of its mountains and
uplands are covered by snow during winter months.
Previous studies in Switzerland have shown that cli-
mate warming over recent decades has affected
snowpack duration at low to middle elevations, but
not yet at high elevations (Scherrer et al. 2004, Marty
2008, Beniston 2012, Moran-Tejeda et al. 2013).
However, projected warming in future decades is ex-
pected to increase the altitude of the zero-degree
isotherm during winter months, thereby reducing the
depth and duration of the snowpack at increasingly
higher elevations (Beniston 2012). This projected
temperature increase would lead to changes in the
precipitation phase ratio, with rain becoming more
common and snow less common at increasingly
higher elevations. This may increase the frequency
of ROS events. Due to the steep hilly topography,
floods are a recurrent phenomenon in Switzerland
(Weingartner et al. 2003) as exemplified by episodes
in May 1999, August 2005 (Beniston 2006), October
2011, and May 2015 on the Swiss plateau, in which
rivers overflowed and affected major cities. The
1999, 2011, and 2015 events are classical examples of
ROS-triggered floods that combined intense rainfall
with elevated temperatures and above freezing tem-
peratures at high elevations that lasted for several
days (Schmocker-Fackel & Naef 2010). Although
there is no long-term trend in the frequency of floods
in Switzerland (Schmocker-Fackel & Naef, 2010), a
warmer climate accompanied by increasing ROS
events could lead to more frequent flooding.

In this study, we analyze the spatial and temporal
patterns of variability in ROS events in Switzerland
in relation to the changes in snowpack and climatic
variables that have occurred during recent decades.
We also project the occurrence and magnitude of
future ROS events based on changes in temperature
derived from regional climate models (RCMs) in
future decades. These results serve as a starting
point for further evaluation of the hydrologic impact

of ROS events under conditions of climate change
(CC) in mountainous regions where sustained snow-
pack will continue to exist.

2. DATA AND METHODS
2.1. Climatic data

Climatic data was provided by MeteoSwiss (www.
meteoschweiz.ch) and included daily precipitation
(mm), temperature (°C), and snow height (cm) series
from 42 sites in Switzerland from 1972 to 2012. These
sites range in elevation from 316 m a.s.l. (Basel) to
2690 m a.s.l. (Weissfluhjoch). Data from MeteoSwiss
was carefully checked for errors and inhomo-
geneities, and there were missing values in some
series. Thus, from the 42 original series that con-
tained snow depth data, we used 25 series after qual-
ity control (Table 1). The included series had fewer
than 5% of values missing during the study period.
Data gap filling was performed by linear regression
using the best correlated series (reference series) and

Table 1. Names, locations, and elevations of the 25 meteorological
stations that provided data for the study of recent and projected

rain-on-snow (ROS) events in Switzerland

ID Name Longitude Latitude Elevation
(E) (N) (ma.s.l)
s75 Basel 7.58° 47.54° 316
s51 Neuchatel 6.95° 47° 485
s78 Bern 7.46° 46.99° 553
s27 Chur 9.53° 46.87° 556
s71 Zirich 8.57° 47.38° 556
s11 Meiringen 8.18° 46.73° 595
S7 Ebnat-Kappel 9.11° 47.27° 623
s1l4 Fribourg / Posieux 7.11° 46.77° 634
s17 Langnau 7.81° 46.94° 775
s56 St Gallen 9.4° 47.43° 779
s9  Einsiedeln 8.75° 47.13° 910
s8  Elm 9.18° 46.92° 965
s13 Chateau-d'Oex 7.14° 46.48° 985
s65 La Chaux-de-Fonds 6.8° 47.09° 1018
s28 Poschiavo / Robbia 10.06° 46.35° 1078
s30  Scuol 10.28° 46.79° 1298
s63 Adelboden 7.56° 46.49° 1320
s25 Sta. Maria, Val Miistair 10.42° 46.6° 1390
s10 Andermatt 8.59° 46.63° 1442
s19  Grachen 7.84° 46.2° 1550
s26 Davos 9.84° 46.81° 1590
sl Arosa 9.67° 46.78° 1840
s91 Grimsel Hospiz 8.33° 46.57° 1980
s35 Santis 9.34° 47.25° 2502
s73  Weissfluhjoch 9.81° 46.83° 2690
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the candidate series (series with gaps), with a Pear-
son's R threshold of >0.7. If the candidate and refer-
ence series contained gaps within the same records,
then the next best-correlated reference series was
selected. When Pearson’'s R between the candidate
and the reference series was <0.7, missing values
were not corrected.

2.2. Snowpack and ROS events

ROS events are episodes in which rain falls
onto a consolidated snowpack. McCabe et al. (2007)
defined a ROS event as a 'day when precipitation
occurred and snow depth decreased’. Such a crite-
rion is somewhat ambiguous because this would in-
clude days that record both snowfalls and snowpack
reduction due to melting or sublimation; in addition,
arain event on a tiny snowpack (e.g. 1 cm depth) can
be negligible. For defining ROS, precipitation parti-
tioning or the ‘precipitation phase' (amount of water
in liquid and solid phases) must be considered. To
this end, we used a simple approach to estimate
precipitation partitioning (Feiccabrino et al. 2012,
Marks et al. 2013), based on a linear transition from
snow to rain depending on mean temperature. Thus,
all precipitation was classified as snow if the mean
temperature was <—1°C and as rain if the mean tem-
perature was >+3°C. We defined a linear transition
from snow to rain for temperatures of -1 to +3°C
using the relation:

r=-025xT+0.75 T=1[-1, 3] (1)

where T is the mean temperature (°C) on a given day
and ris the snow:rain ratio (precipitation phase; S:R)
of that day. Values range between 1 (100% snow)
and 0 (100 % rain).

Based on the above considerations, and after com-
putation of the snow:rain ratio for each precipitation
event, we defined a ROS event as a day with snow
depth >5 cm and a rainfall event >5 mm that resulted
in snowpack reduction the following day. The magni-
tude of a ROS event was determined from the above
ratio applied to the amount of rainfall of that day. We
then calculated the number of ROS events, S:R, ROS
magnitude (ROS,,), snow depth (SD), and snowpack
duration (SpD) for every month and year from 1972 to
2012. Table 2 summarizes all indicies and their defi-
nitions.

2.3. Trend analysis

The Mann-Kendall (MK) test was used to deter-
mine temporal trends in ROS events and climate
variables. This non-parametric test has been broadly
used in climatologic studies for detecting trends
because it prevents outliers or non-normal distri-
butions from affecting the probability of rejecting
the null hypothesis (no trend). This test provides 2
parameters that are useful in characterizing trends:
(1) the MK coefficient (tau), which indicates the sign

Table 2. Climatic indices used for statistical analysis and modeling of rain-on-snow (ROS) events in Switzerland

Index Abbreviation Definition Unit
Rain-on-snow event ROS Day with snow depth >5 cm and a precipitation event >5 mm -
that resulted in snowpack reduction the following day
Precipitation phase S:R Ratio of snow:rain resulting from multiplying the result of -
Eq. (1) by the precipitation of a given day
Rain-on-snow magnitude ROS,, Quantity of rain during a ROS event mm
Snow depth SD Depth of the snowpack for a given day cm
Snowpack duration SpD Number of days with snowpack >5 cm No. of d
Beginning of snow season BS First day of the season after 10 consecutive days with Day of the year
snow depth >5 cm from October 1
End of snow season ES Last day of the last spell of the season with Day of the year
10 consecutive days with snow depth >5 cm from October 1
Degree-days DD Cumulative sum of temperature degrees of above-zero °C
days from October 1
Millimeter-days of MDy Cumulative sum of precipitation millimeters of days mm
freezing days with negative temperature from October 1
Millimeter-days of MD,, Cumulative sum of precipitation millimeters of days with mm
above-zero days positive temperature from October 1
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and strength of the trend; and (2) the statistical sig-
nificance level for rejecting the null hypothesis of no
trend, which in this study was set to 0.05 (i.e. the 95%
confidence level). Prior to applying the trend test we
applied a trend-free prewhitening procedure (Yue et
al. 2002) to remove autocorrelation (if present). This
entire procedure was performed using the R ‘zyp’
package (Bronaugh & Werner 2013).

2.4. Modelling the duration of snowpack and the
occurrence of ROS

Given the regional nature of the work, we aimed
at projecting a general picture of plausible future
occurrence of ROS in Switzerland under warming
conditions, based on a simple approach that would
enable extrapolation of our results to other similar
territories. This regional conception, together with
the available data, prevented us from considering the
use of more advanced and complicated methods for
simulating future ROS occurrence, including physi-
cal land surface or energy balance models that are
time consuming and very dependent on the specific
characteristics of the sample site.

Thus our purpose was to create a regional statisti-
cal model that would enable estimation of SpD and
the occurrence of ROS events under conditions of
CC, based on the same independent variables for the
whole Swiss mountain territory. For this procedure,
we selected stations located above 900 m, which had
a sustained snowpack throughout the winter. Lower-
elevation stations such as Basel, Ziirich, and Neucha-
tel have snowfalls and snowpack during winter, but
snowy days and snow cover are intermittent. The
beginning and end of the snow season (BS and ES)
are defined as the first and last days of the season
(counting days of the year from October 1) with snow
depth >5 cm, provided that at least the 10 previous
days had a snowpack >5 cm and there was uninter-
rupted snowpack between those dates. The BS and
ES for each location and each year from 1972 to 2012
were considered as dependent variables for 2 mod-
els. The predictors (independent variables) included
in the models were ‘cumulative degree-days of
above-zero days' (DD), ‘cumulative millimeter-days
of freezing days' (MDy), and 'cumulative millimeter-
days of above-zero days' (MD,,) for different dates
towards the end of autumn and spring (Table 2).
These variables were constructed based on the com-
bination of 2 concepts: the degree-day method for
estimating snow accumulation and melt (Rango &
Martinec 1995, Hock 2003, Braithwaite 2008), which

is based on the assumption that total daily snowmelt
depends on the temperature difference between the
mean daily temperature and a baseline temperature
(generally 0°C); and the growing or cumulative
degree-days used in agronomy, as a measure of heat
accumulation up to a certain date (Rohrer et al. 2013).
Analogously, we considered these cumulative in-
dices (temperature and precipitation of freezing and
non-freezing days since a certain date) as represen-
tative of the accumulation and ablation of snowpack,
and therefore used them as predictors in our statisti-
cal model.

A problem associated with the use of the same
covariates for the whole territory, in terms of statisti-
cal modeling, is that the different meteorological sta-
tions have unique geographical locations, elevations,
and orientations. This can imply a large amount of
variance, commonly known as random effects, which
cannot be accounted for by a simple linear model. An
example of this is that the baseline of the predicted
variables BS and ES will be different for each station.
For example, the mean ES day at Davos is day of the
year 208 (April 25) whereas ES at Chateau-d'Oex is
day of the year 170 (March 18). To apply a general
model for all stations, considering the variance ac-
counted for by random effects, we generated a linear
mixed-effects model (generalized least squares; Win-
ter, 2013). This approach accounts for the variance
explained by random effects, such as those from the
peculiarities of each sample point. In our models the
fixed effects were the independent variables (DD,
MD;and MD,,, see Table 2), and the random effect is
given by the ID of each station. Thus, the models had
the form:

BS(ES) ~ DD + MD;+ MD,, + (1lID) +¢  (2)

where BS and ES are the dependent variables, DD,
MD;and MD,, the independent variables, the term in
parentheses indicates the random effect accounted
for by the station ID, and ¢ is the error term, or resid-
ual variance (other random effects) that we cannot
account for.

After confirming that BS and ES were properly
modeled as a function of climatic variables, we per-
formed future projections by considering tempera-
ture changes for different future time windows.
These were derived from runs of the RCMs from the
ENSEMBLES project (Van der Linden & Mitchell,
2009). ENSEMBLES originally consisted of 22 RCM
simulations until 2050 (15 until 2100) at resolutions of
25 and 50 km, and boundary conditions from 8 differ-
ent Global Climate Models under the A1B green-
house gas scenario. Gobiet et al. (2014) reviewed
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possible changes in the Alps using ENSEMBLES
runs. We selected the 15 RCMs that had simulations
until 2100 and considered the time windows of 1972—
2009 (control), 2010-2039, 2040-2069, and 2070-
2099. We calculated differences (deltas) between the
mean (centered) monthly temperature of each future
time window and the mean monthly temperature of
the control period for each RCM. To summarize the
changes projected by each RCM with consideration
of variability, we computed the intermodel mean,
25th percentile (p25), and 75th percentile (p75) of the
deltas for each time window.

The computed monthly deltas were then applied to
the temperature data to generate 9 CC temperature
scenarios (Table 3). These CC temperature sets were
then used in Eqgs. (1) & (2) to compute snowpack
duration and the occurrence of ROS under conditions
of CC. We decided to not explore future changes in
precipitation in our projections of future ROS occur-
rence. This may seem contradictory to our aims, as
ROS are basically rainfall events and any change in
rainfall patterns (especially in the frequency of rain-
fall events) would lead to changes in ROS occur-
rence. However an exploration of the changes in pre-
cipitation amounts for future time-windows driven by
the ENSEMBLES RCMs showed that the signal of
change was inconsistent season-wise and amongst
RCMs, and comparable to the range of estimations
given by Switzerland's official CC scenarios (Bey et
al. 2011). This is confirmed by the most recent evalu-
ation of precipitation projections for Switzerland (Fis-
cher et al. 2015), also based on the ENSEMBLES pro-
ject. According to this, only summer precipitation

Table 3. Monthly changes in temperature (°C) over Switzerland between the centered

shows a consistent change by the end of the present
century, with a decrease in the frequency of wet days
and in turn, in the mean precipitation amounts. How-
ever, this decrease will not be significant in high ele-
vation regions. The rest of the seasons, either do not
show a significant and consistent change, or show
changes whose signals and magnitudes vary among
the Swiss regions. Considering all possible ranges of
future changes in precipitation, and the aforemen-
tioned differences by season and region, would have
introduced large amounts of uncertainty into our
results. In order to simplify the interpretation of
results only the future occurrence of ROS events as a
result of changing temperatures was evaluated.

3. RESULTS

3.1. Temporal and spatial patterns in snow and
ROS events from observations (1972-2012)

Figs. 1 & 2 show the seasonal patterns of SD, SpD,
S:R, and ROS events as a function of elevation, and
the trends of each indicator during the observation
period 1972 to 2012. SD and SpD had similar seasonal
patterns, indicating the presence of thin snowpack
from November to March on mountain surfaces
<1500 m a.s.l., and a continuous consolidated snow-
pack from October to July at elevations >2000 m a.s.l.
They also had similar temporal trends, with decreases
during spring months for elevations of 1000 to 1400 m
a.s.l., and decreases during May to July for elevations
of 1800 to 2200 m a.s.l. In the case of SD, however,
the trends were not sta-
tistically significant. S:R
showed the same month-

means of 3 time periods (2010-2039, 2040-2069, and 2070-2099) based on the A1B emis-

sions scenario, relative to the control time period (1972-2009). The 25th percentile (p25),
75th percentile (p75), and mean are shown for each scenario

elevation patterns as SD
and SpD. However, we
must emphasize that the

Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SD and SpD values are
derived from direct ob-
2025 servations, whereas the
p25 049 0.83 035 055 063 069 127 089 070 073 0.72 0.40 SR val ]
Mean 095 109 0.83 078 095 091 133 128 1.11 090 0.90 0.95 HJe values were calcu-
p75 125 124 120 1.03 126 117 161 162 144 112 1.04 1.30 lated using Eq. (1) as a
linear function of temper-
2055 ature. Nevertheless, the
p25 190 223 133 129 1.84 1.84 223 250 201 1.72 1.85 2.04 R
Mean 239 242 189 181 219 242 266 295 250 220 224 229 | Stuilarily in the patterns
p75 3.00 256 228 229 231 282 279 299 279 241 258 2.73 in S:R, SD, and SpD indi-
cates that our method is
2085 appropriate for estimation
p25 312 284 202 213 279 351 397 3.76 270 2.60 3.39 3.44 of S:R. Moreover. the S:R
Mean 344 337 286 263 339 374 423 436 378 328 3.65 3.72 lues had a sianificar
p75 3.94 364 345 3.09 3.81 4.03 438 462 448 408 4.18 4.33 values had a significant
negative trend from mid-
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Fig. 1. Seasonal patterns of long-term (1972-2012) (a) snow depth (SD) and (b) snowpack duration (SpD) (left panels) and their

respective trends (Mann-Kendall's tau values) (right panels) as a function of elevation. Smoothed colored surfaces result from

application of a local polynomial interpolation (LOESS) and, in the right-hand panels, black contour lines indicate significant
trends at the 95 % confidence level

February to mid-July along an elevation gradient; this
indicates that increasing temperatures are the main
factor responsible for the negative trends in SD and
SpD during spring and summer. Finally, ROS events
had a bi-modal spatio-temporal pattern. At altitudes
of 700 to 1100 m a.s.l., ROS events occurred mostly
during the winter months and March, with 2 events
mo~! in this period each year. At altitudes of 1200 to
1800 m a.s.l., 1 to 1.5 events mo~' occurred between
December and March each year. By contrast,at high-
elevations (>2000 m a.s.l.), ROS events tended to
occur from April to July, with nearly 3 events mo™!
during this period in each year.

This pattern can be explained by the behavior of
the snowpack and precipitation phase. At low eleva-
tions, the snowpack extended from December to
March and many precipitation events occurred dur-
ing above-freezing days, and these resulted in ROS
events. At middle elevations, most precipitation

events during winter occurred during below-freezing
days, so the number of ROS events was lower. At
high-elevations, the number of ROS events dropped
to zero during winter months, because all precipita-
tion fell as snow (Fig. 2a). During spring and summer,
by contrast, snowpack remained at high altitudes,
and the S:R ratio dropped, thus favoring the occur-
rence of ROS events. Finally, there was a predomi-
nance of negative Kendall values in ROS events,
although there was no significant general trend for
the period under investigation.

Fig. 3 shows the MK coefficients for yearly ROS
events and the hydro-climatic explanatory variables
at the study sites by elevation. Precipitation gener-
ally had negative coefficients, but only 5 stations had
significant negative trends, and there was no appar-
ent influence of elevation on the sign of the coeffi-
cients. Mean temperature had a general and signifi-
cant increase at most stations, regardless of eleva-
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a) Precipitation phase: snow-rain
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Fig. 2. Seasonal patterns of (a) the long-term (1972-2012) precipitation phase, i.e. the snow:rain ratio (S:R) calculated from
Eq. (1), and (b) annual occurrence of rain-on-snow (ROS) events (left panels) and their respective trends (Mann-Kendall's tau
values) (right panels) as a function of elevation. Smoothed colored surfaces result from application of a local polynomial inter-
polation (LOESS) and, in the right-hand panels, black contour line indicates significant trend at the 95% confidence level

tion. SD and SPd generally had negative trends dur-
ing the study period, and these were greater in mag-
nitude at higher elevations. Finally ROS and ROS,,
tended to have negative coefficients, but there were
only significant trends at 4 stations for ROS and 5 sta-
tions for ROS,,. Elevation appeared to play no role in
the sign and magnitude of the trends in ROS and
ROS,, except at the highest sites where positive coef-
ficients occur at 2 of the 3 stations that were at eleva-
tions >1900 m a.s.l.. The correlations between the
MK coefficients for precipitation and ROS events (R?
=0.53) and ROS,, (R? = 0.63) are particularly notable.
This indicates that the observed decrease in ROS
events was related to the decrease in rainfall during
the study period.

Fig. 4 shows the mean yearly number of ROS
events and the mean ROS,, with their coefficients of
variation as a function of hypsometry. This figure
shows the percentage of Switzerland that is likely to

experience ROS events under the current climate.
Nearly 20 % of Switzerland is >2000 m a.s.l., where
an average of 20 ROS events occur per year (yearly
variation ~40%). The magnitude of such events is
about 100 mm yr~!. The altitudinal distribution of
annual ROS events is similar to that in Fig. 2,
whereas the ROS,, shows an almost exponential in-
crease up to 2500 m a.s.l. and a slight decrease at
>2500 m a.s.l.. Although there is no data for eleva-
tions at >2700 m a.s.l., it is likely that the number and
magnitude of ROS events are lower at these eleva-
tions due to the persistence of the zero-degree iso-
therm (and thus the prevalence of snowfall over rain-
fall) throughout the year. Fig. 4 also shows that the
yearly variation in ROS events and overall ROS,, is
inversely proportional to the number and magnitude
of ROS events; in other words, stations at the lowest
(highest) elevations had the greatest (smallest) vari-
ability. Variability peaked at elevations between 400
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Fig. 3. Mann-Kendall tau values for precipitation, temperature, snowpack duration
(SpD) snow depth (SD), rain-on-snow (ROS) events and rain-on-snow magnitude
(ROS,,) at Swiss weather stations (Table 1) grouped according to elevation

and 600 m a.s.l. and between 1200 and 1600 m a.s.l.
The peak at 400 to 600 m a.s.l. can be explained by
the lack of a sustained snowpack during winter; the
peak at 1200 to 1600 m a.s.l. is due to the behavior of
the precipitation phase, because S:R was close to 1
from December to February and close to 0 during the
rest of the year (Fig. 2).

The snowpack <~900 m a.s.l. was somewhat spo-
radic (Fig. 1). Since a continuous variable is needed
for modeling purposes we focus our analysis on loca-
tions above 900 m a.s.l. in the following section.

3.2. Future snowpack and ROS events

We applied the model of Eq. (2) to predict BS and
ES as a function of climatic variables. Independent
variables (fixed effects) were included step-wise, and
models with 1, 2, and 3 fixed effects were compared
by ANOVA. The fitted models were:

BS = a*- b* MDfye. + 0.04DD,,, (3)

ES=a"+ b* DDy, + 0.015MDf,,,, 4)

where * indicates that the coefficient varies according
to the station considered. Thus the main predictors for
BS are the accumulated precipitation during freezing
days as of December 31 (MDfp,.) and the accumulated
degrees during above-zero days as of November 30

9001400 1400-1900 > 1900 <900

90071400 1400-1900 > 1900 tions (the closer to 1, the best fit);
the root mean square error
(RMSE) which represents the
standard deviation of the re-
siduals, and the percent bias
(PBias), which informs of sys-
tematic over- or underestimations of simulations with
respect to observations. Table 4 shows the validation
statistics. In general we observe that the statistics of
agreement between observations and model's esti-
mates are fairly good, although the model for ES is
better than that for BS. It is remarkable that the values
for the test period do not differ largely from the values
for the training period, indicating that the models per-
form similarly well for an independent data sample.
We thus consider the fitted models appropriate for the
purpose of this study.

Fig. 5 shows the simulated duration of the snow-
pack by representing BS and ES under current con-
ditions and under future CC temperature scenarios.
Based on the aforementioned model fits, we simu-
lated BS and ES under different warming scenarios
given by the suite of ENSEMBLES RCMs. The ampli-
tude of the shaded areas indicates that ES is much
more sensitive to climate warming than BS. On aver-
age, considering the multi-model mean, ES would
occur 8 d earlier (standard deviation: +3) than pres-
ent by 2025, 21 d earlier (+8) by 2055 and 34 d earlier
(x13) by 2085. According to the multi-model mean,
BS would be delayed by 4 d (+1.8), 7 d (+2.3), and
10 d (£2.4) by 2025, 2055, and 2085, respectively.

Considering the changes in SpD and S:R (Eq. 1)
under warming conditions, we projected future
changes in ROS events for our different CC tempera-
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Fig. 4. Hypsometry of Switzerland with the corresponding (a) mean annual occurrence of rain-on-snow (ROS) events and (b)
the mean annual rain-on-snow magnitude (ROS,,) (top panels) and their coefficients of variation (bottom panels) during
the study period (1972-2012)

Table 4. Validation statistics for models used to predict the

beginning (BS) and end of the snow season (ES) at selected

Swiss weather stations (Table 1), based on comparison with

observations during the training period 1972-2001 and test

period 2002-2011. Cor: Kendall's correlation; NSE: Nash-

Sutcliff efficiency coefficient; RMSE: root mean square error;
PBias: percent bias

BS model ES model
Training  Test Training  Test
Cor 0.53 0.42 0.73 0.69
NSE 0.51 0.46 0.84 0.83
RMSE 18.4 18.1 19.3 23.3
PBias -2.02 -10.6 0.01 2.2

ture scenarios. Fig. 6 shows changes in the number of
annual ROS events for each station at >900 m a.s.l,,
and indicates that the response at a station depends
on elevation. Thus, for stations at <2000 m a.s.l., the
models predict fewer ROS events by 2025 and 2055,

and values similar to those under current conditions
by 2085. By contrast, for stations above 2000 m a.s.l.,
the models indicate a clear and sharp increase in the
annual number of ROS events, especially under con-
ditions of enhanced atmospheric warming. This in-
crease does not occur under the scenario of least
severe warming (p25 in 2025), and the models even
project a decrease in the number of ROS events
under this scenario.

For a better understanding of this differential be-
havior as a function of elevation, we further exam-
ined the monthly distribution of projected changes in
ROS events (Fig. 7). In general, an increase in the
number of ROS events is projected during winter
months and a decrease during summer months, and
these responses are stronger with more severe
warming. However, this pattern is elevation-
dependent, in that the increase of ROS events during
winter has a longer time span (November to April) at
high elevations, but is shorter at low elevations.
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changes at low to middle elevations be-
cause of the reduced snowpack duration.

4. DISCUSSION AND CONCLUSIONS

ROS events are hydro-climatic phenom-
ena that occur under specific meteoro-
logical and geographical conditions. We
focused on the spatial and temporal pat-
terns of ROS events and the meteorological
variables that explain their occurrence.
ROS events can be triggered by the co-
occurrence of 3 basic conditions: a consoli-
dated snowpack, a rainfall event, and warm
air temperature. Air temperature is the
main variable controlling the precipitation
phase (i.e. the quantity of snow and rain
during a precipitation event). The occur-
rence and seasonal distribution of ROS
events are clearly affected by elevation. At
800 to 1200 m a.s.l., ROS events mostly
occur during winter months, since at these

. 2085 20% 2085 i altitudes both rain and snow can fall in win-
?,f‘;az?? - ter, depending on the elevation of the zero-
Co 5666 /»”' degree isotherm. However, the frequency
15002000 // of ROS events peaks during spring and
—e— 1000-1500 " summer at altitudes >2000 m a.s.l., where
B . i snowpack is more persistent and liquid pre-

-~ __ e = cipitation events tend to exceed solid pre-

cipitation episodes. Based on the observed
increase in temperature, it might be ex-
pected that ROS events have increased in
recent decades. However, our observations
indicated that ROS events have actually
decreased in Switzerland, although most of
the negative coefficients were not statisti-
cally significant. This is because of the de-
crease in rainfall and the shorter duration of
the snowpack countered effects of tempera-
ture increases. Thus, the trends in ROS
events observed by McCabe et al. (2007) in
the western USA from 1949 to 2003, with
decreasing frequency at low elevations and
increasing frequency at high elevations,

Fig. 6. Observed rain-on-snow (ROS) events from 1972 to 2009 and sim-

ulated ROS events for climate change scenarios (A1B emissions sce-

nario projected to 2025, 2055 and 2085) for 15 Swiss meteorological sta-

tions above 900 m a.s.l. (see Table 1), grouped by elevation range, over

different time horizons. ‘p25' and ‘p75' are 25th and 75th percentile
simulated values, respectively

in Switzerland for future decades.

have not occurred in Switzerland. How-
ever, our projections anticipate these trends

We considered the dependence of ROS
events on the presence of snowpack, rain-
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Fig. 7. Estimated changes in monthly occurrence of rain-on-snow (ROS) events for climate change scenarios (A1B emissions
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ence in the top panel). Smoothed colored surfaces are from application of a local polynomial interpolation (LOESS). 'p25" and
'‘p75" are 25th and 75th percentile simulated values, respectively

fall, and temperature as a basis for a simple statistical
approach to predict future spatio-temporal trends of
ROS events. This approach combines the calculation
of S:R with the use of a linear model to estimate SpD.
We want to emphasize that the selection of this pro-
cedure, over the use of a more sophisticated physical
simulation, was based on the regional scale of the
work and on the fact that the 2 drivers of ROS fre-
quency, i.e. SpD and S:R, have been proved to be
strongly dependent on temperature. According to the
projections, SpD will decrease under CC scenarios
because of earlier melting of the snowpack and a
related earlier ES due to increasing temperatures.

This result agrees with the findings of Beniston et al.
(2003), whose numerical simulations showed that ES
is more sensitive to warming than BS. In this context,
and considering no changes in precipitation, the
future occurrence of ROS events will largely depend
on the extent of temperature increase and the eleva-
tion of the site. Assuming a warming scenario pre-
dicted by the 25th multi-model percentile, ROS
events will continue to decrease at all of our stations
until 2025; the same trend will occur at all stations at
<2000 m a.s.l. until 2055 according to all projections.
By contrast, there is likely to be an increase of ROS
events from 2055 to 2085 in locations >2000 m a.s.l..
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Overall, the number of ROS events in a warmer cli-
mate will be greater at high elevations and fewer or
the same at low to middle elevations. The seasonality
of ROS events will also change in the future, with
more events during winter, especially at high eleva-
tions. This is because a warming climate increases
the elevation of the zero-degree isotherm. Our obser-
vations and projections indicate that, regardless of
the amount of rain, changes in the frequency of ROS
events is determined by trade-off between the re-
duced duration of snowpack (i.e. SpD) and the in-
creased amount of precipitation that falls as rain (i.e.
S:R), both of which are highly affected by tempera-

ture. A warmer climate would lead to a shorter snow
season that involves a smaller number of annual ROS
events; however, a warming climate also increases
the elevation of the zero-degree isotherm, so more
precipitation would fall as rain, thereby increasing
the number of ROS events, especially during winter.
Our results therefore agree with Leung et al. (2004),
who observed an increase in the frequency of ROS
events during winter for the Columbia River basin
(western USA), but projected a decrease in ROS
events under future climate conditions mainly be-
cause of shorter duration of snowpack. Based on our
analysis of Switzerland, the shortening of the snow
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season will have a greater effect in such a trade-off
for locations <2000 m a.s.l., where a decrease in ROS
events is expected. At high elevations, the number of
ROS events is more affected by changes in S:R, and
we therefore project more ROS events during winter.

These conclusions are not necessarily definitive,
because future changes in precipitation could have
an effect. In particular, an increase in winter precipi-
tation at low-to-middle elevations would lead to
more ROS events and ROS events of greater magni-
tude. However, according to Fischer et al. (2015),
RCMs do not produce a robust signal of increase for
winter precipitation over Switzerland: in general
terms, the intensity of precipitation is likely to in-
crease in most Swiss territory; however, the fre-
quency of precipitation events during winter will de-
crease, countering, in terms of precipitation sums,
the effect of increasing intensity. Frequency of wet
days is, on the contrary, projected to decrease during
summer, and this would ultimately mean a reduction
in ROS events at high elevations. However, accord-
ing to Fischer et al. (2015), the regions at higher ele-
vations will be less affected by this decrease in wet
days during summer, as convective precipitation will
still be important in the Alpine ridge.

It must be emphasized that our estimates are based
on observations at <2700 m a.s.l., and 8 % of Switzer-
land is above this elevation. The elevation-depen-
dent response of snowpack to climate warming has
been recently confirmed by Schmucki et al. (2015)
through physical simulations in Swiss stations. They
highlight that the warming projected by RCMs for
the end of the present century will largely affect
snow depth at low-to-middle elevations (~80% re-
duction in snow depth), and have little effect at high
elevations (<25 % reduction in snow depth). We did
not extrapolate our estimates to these higher eleva-
tions, but according to Beniston (2012), snow cover
may increase at elevations >3500 m a.s.l. by 2100,
even in the presence of strong carbon emissions such
as the IPCC (2007) A2 scenarios. Our approach also
suggests that the shortening of the snow season
under CC scenarios is mainly due to an earlier snow-
pack melt and depends less on the delayed start of
the snow accumulation. However, recent physical
simulations of snow duration in the eastern Swiss
Alps that used a 3D snowpack model (Bavay et al.
2009, 2013) suggest that BS will be equally affected
by warming, and possibly lead to even shorter snow
seasons than suggested by our results.

This could change the sign or magnitude of our
estimates for future ROS events. A further source
of uncertainty that is not accounted for by our ap-

proach is the so-called ‘elevation-dependent warm-
ing’' (EDW) whereby high-mountain territories expe-
rience more pronounced warming than their lower
elevation environments (Mountain Research Initia-
tive EDW Working Group 2015). The linear mixed-
effects model that we developed accounted, as a ran-
dom effect, for the variance that the location of
stations would introduce in the relationship between
the duration of snowpack and the climate variables
(mainly due to their differing elevations). This ‘ran-
dom effect' is, however, stationary; therefore it will
not be totally valid when applying the model to
future conditions, if any change involving this
effect—such as that induced by the EDW —occurs.
We believe, however, that the magnitude of such
uncertainty for our model is minor, firstly because
most studies for the Alps do not show a clear signal of
EDW (see a review in Rangwala & Miller 2012) and
secondly, because the range of elevations of the sta-
tions used in our model (900 to 2600 m a.s.l.) is not
large enough to make such effect significant.

The probable increase in ROS events during winter
at increasingly higher elevations may increase the
frequency of floods and have other hydrological con-
sequences. Although the percentage coverage of
total area becomes increasingly smaller with increas-
ing altitude, the surfaces located at higher elevations
are still considered to play a crucial role in determin-
ing flood severity. At lower altitudes, although ROS
events will likely become less frequent in the future,
the increase in liquid precipitation and subsequent
reduction of temporal snow storage that buffers
runoff might also aggravate winter floods. These mat-
ters should be considered carefully for future hydro-
logical planning in a country where flooding is a ma-
jor issue (Weingartner et al. 2003, Koplin et al. 2014).
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