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Abstract The intensity and frequency of heavy snowfall events in the Pyrenees
were simulated using data from the HIRHAM regional climate model for a control
period (1960-1990) and two greenhouse emission scenarios (SRES B2 and A2) for
the end of the twenty-first century (2070-2100). Comparisons between future and
control simulations enabled a quantification of the expected change in the intensity
and frequency of these events at elevations of 1,000, 1,500, 2,000 and 2,500 m a.s.L.
The projected changes in heavy snowfall depended largely on the elevation and the
greenhouse gas emission scenario considered. At 1,000 m a.s.l., a marked decrease
in the frequency and intensity of heavy snowfall events was projected with the B2
and A2 scenarios. At 1,500 m a.s.l., a decrease in the frequency and intensity is only
expected under the higher greenhouse gas emission scenario (A2). Above 2,000 m
a.s.l,, no change or heavier snowfalls are expected under both emission scenarios.
Large spatial variability in the impacts of climate change on heavy snowfall events
was found across the study area.

1 Introduction

It is widely recognized that, amongst the components of the earth system, snow and
ice are likely to be the most sensitive to climate variability and change (Wash 1995;
Nesje and Dahl 2000; Carrivick and Brewer 2004). In recent years there has been
marked scientific interest in assessing how the shifts in climate expected in coming
decades will impact on snowpack. Most previous studies have focused on potential
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changes in the accumulated snowpack in cold and mountain regions. This is of
interest because snow controls numerous environmental and ecological processes
(Mellander et al. 2007; Jonas et al. 2008a, b), determines the amount of water avail-
able for urban and agricultural water supply and hydropower production, and affects
the potential development of economic activities such as those related to winter
tourism (Beniston 2003; Barnett et al. 2005; Lasanta et al. 2007; Uhlmann et al. 2009).
However, much less attention has been paid to potential changes in extreme snowfall
events. These can disrupt traffic (Datla and Sharma 2008), cause large economic (e.g.
collapse of infrastructure) and environmental damage as consequence of the heavy
loads of accumulated snow (Strasser 2008), result in injuries and fatalities related
to traffic accidents, and increase the frequency of avalanches (Spreitzhofer 2000;
Changnon and Changnon 2006; Germain et al. 2009; Beniston et al. 2003; Holler
2009). Moreover, heavy snowfall followed by melting can trigger large floods that
constitute an additional major natural hazard (Changnon and Changnon 2006).

The Pyrenees region is subject to heavy snowfall events that affect villages, disrupt
transportation, and trigger snow avalanches that damage villages, infrastructure, ski
resorts and forests; there is an upward trend in the number of injuries and fatalities
that occur each year, as a consequence of an increase in the popularity of outdoor
winter activities (Julian-Andrés et al. 2000; Esteban et al. 2005). Heavy snowfall at
1,000-1,500 m a.s.l. in the Pyrenees region has major implications for traffic planning,
affects the inhabitants of high-elevation villages, causes economic losses through
damage to infrastructure, and can limit access to ski resorts and their operation.
Heavy snowfall at higher elevations (2,000-2,500 m a.s.l.) causes damage to vegeta-
tion and fauna, and can trigger large avalanches reaching inhabited settlements and
areas where infrastructure is located, significantly amplifying their consequences.

Previous studies have predicted an increase in temperature for the region (Lopez-
Moreno et al. 2008a), leading to a decrease in snowpack accumulation and duration
that will be particularly marked at lower elevations (L6pez-Moreno et al. 2009).
Projections also suggest that the region will be subject to an intensification of pre-
cipitation extremes, with a generalized trend of increase in daily intensity, and an
increasing contribution of intense events to total precipitation (Lopez-Moreno and
Beniston 2009). In this context the evolution of snow-related extreme events is highly
uncertain, and is of outstanding scientific and applied interest.

As global temperature is expected to increase in coming decades, most previous
regional studies have highlighted the likelihood of a sharp decrease in accumulated
snowpack, a shortening of the snow-cover season, and a decreased and earlier spring
freshet (Rasmus et al. 2004; Dankers and Christensen 2005; Keller et al. 2005; Merritt
et al. 2006; Hantel and Hirtl-Wielke 2007; Mellander et al. 2007). However, there
are few estimates of the potential changes in heavy snowfall events (HSEs) as a
consequence of projected climate change. The temporal evolution of damaging snow
storms shows that warmer average temperatures do not necessarily reduce heavy
snowfall. Thus, Changnon (2007) reported a lower frequency but higher intensity
of winter storms in the USA during the twentieth century. For the Swiss Alps, the
frequency of HSEs was constant or increased slightly for the period 1933-1999,
despite a marked decrease in snow depth and duration at mid-to-low elevations, as a
consequence of warmer temperatures (Laternser and Scheebeli 2003). In this context
itis not clear what impact a changing climate will have on heavy snowfall, particularly
when precipitation extremes are expected to increase with increasing concentrations
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of greenhouse gases in the atmosphere (Kim 2005; Frei et al. 2006; Gao et al. 2006).
In the present study, we analyze the expected changes in HSEs projected by using the
HIRHAM model for the Pyrenees in the twenty-first century. Snow-depth evolution
was simulated using a Surface Energy Balance Model (GRENBLS) including and
explicit snow module for a control period (1960-1990) and a future (2070-2100)
period under two greenhouse gas emission scenarios (the IPCC SRES B2 and A2
scenarios; Nakicenovic et al. 1998). Simulations were conducted for 20 individual
grid points throughout the Pyrenees at four elevations (1,000, 1,500, 2,000 and
2,500 m a.s.l.), enabling an assessment of the expected changes including horizontal
spatial variability and altitudinal gradients. Snowfall on individual days, the total
snow accumulated during a multi-day snowfall period, and the number of days and
multi-day snowfall events over 30 and 60 cm, respectively, were considered in the
analysis of changes in HSEs.

2 Study area

The study area is the Pyrenean mountain range, bounded by the Mediterranean Sea
to the east and the Atlantic Ocean to the west (Fig. 1). Large areas lie above 1,000 m
a.s.l. and summits may exceed 3,000 m a.s.l.

The Pyrenees are subject to an eastward transition in climate from Atlantic to
Mediterranean conditions. Moreover, the relief causes marked variability in precipi-
tation and temperature distributions. In the Central Ebro Depression the average
annual precipitation is approximately 300 mm and the average annual temperature is
13-15°C. In the mountains, annual precipitation exceeds 600 mm, reaching 2,000 mm
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Fig. 1 Map of the study area. Circles indicate the grid points from the HIRHAM model used for
simulating snowpack evolution. The squares indicate the location of the stations used for validation;
P Panticosa station; G Goriz station
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at the highest elevations (Cuadrat et al. 2007). Most precipitation falls as snow during
winter in the Atlantic areas, and during spring and autumn in the Mediterranean
regions. Summers are generally relatively dry in the Pyrenees, and very dry in the
Ebro Depression. Extreme precipitation events in the Pyrenees can occur at any
time, but they tend to occur most frequently during winter and spring in Atlantic
areas, and during autumn in Mediterranean areas (Begueria et al. 2009).

Temperature is strongly controlled by altitudinal gradients, and is estimated
to vary by 0.63°C per 100 m elevation change (Lopez-Moreno 2006). Between
November and April the 0°C isotherm is approximately 1,600 m a.s.l. (Garcia-
Ruiz et al. 1986), representing the level above which snow accumulates over a long
period. Below, a thin snowpack generally only appears during the coldest winter
months (December to February); at 1,000 m a.s.l. there is no permanent snowpack
but frequent snowfalls may occur. A snowpack of 2—4 m in depth develops above
2,000 m a.s.l. and lasts until the end of May, or June on upper and shaded slopes
(Lépez-Moreno 2005; Lopez-Moreno et al. 2007).

3 Data and methods

The time evolution of a snow cover is well described with land-atmosphere water and
energy exchanges. Such processes, expressed in terms of water and energy budgets,
are computed in a surface energy balance model (SEBM) termed GRENBLS (details
found in Keller et al. 2005; Keller and Goyette 2005; Lépez-Moreno et al. 2008b).
This model is similar to a land surface model formulation of intermediate complexity
such as those in Global and Regional Circulation Models (GCMs and RCMs), but it
differs in the details. Such simple models have shown genuine skill in reproducing the
time duration and depth of a number of seasonal snowpack and compare generally
well with more complex snow schemes, without bearing their computational load
(i.e., Boone and Etchevers 2001; Etchevers et al. 2003). Complex snow model are
mainly used to study the physical properties of snow, to predict avalanches (Brun
et al. 1992) or for hydrological forecasting (Brun et al. 1997). In the present context,
a single-layer snow module included in a SEBM is therefore preferred. GRENBLS
has a tiled surface structure including a distinct snow layer. The model is a physically-
based semi-prognostic model driven by hourly input data of air temperature, T, (K),
dew point temperature, Ty (K), anemometer-level wind magnitude, W, (m s7!),
precipitation, P (mm s~!), and surface pressure, pg. (h Pa). The model computes
the radiative fluxes (although incoming solar radiation, K| (W m~2), is prescribed in
this study), the surface turbulent sensible and latent fluxes, as well as the heat flux
in the ground and in the snowpack. Ground and snow temperatures, soil wetness
and snow mass are prognostic variables. Snow is modelled as an evolving one-layer
pack characterised by a temperature, a mass in terms of the snow water equivalent,
SWE (kg m™2), and a density. The energy change associated with the melting of
frozen soil moisture and snow is taken into account. The water budget at the surface
is also calculated using separately the liquid and solid phases of water. Precipitation
is considered as solid if T, is lesser than that of the triple point of water. Liquid
precipitation on a snowpack induces snowmelt. Melted water goes directly into the
soil as liquid moisture. The surface energy budget is computed at each model time
step over snow cover. If the heat storage is positive and the snow temperature below
the melting point, the excess energy is first used to raise the temperature of the
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pack. Once its temperature reaches the melting point, any additional excess energy
is the used to melt the snow. The temperature of the snow is held below the melting
point until the snow has melted. The melted snow goes directly into the ground as
liquid moisture.

Snow water equivalent and snow depth evolution were simulated for 20 indi-
vidual points throughout the Pyrenees (Fig. 1) with climate inputs provided by the
HIRHAM regional climate model (RCM) on a daily basis and at a spatial resolution
of 0.5° (Christensen et al. 1998) for the control and late twenty-first century periods
under the A2 and B2 scenarios. The RCM outputs are made available daily from
the EU-PRUDENCE project (http://prudence.dmi.dk). The scenarios for 2070-2100
reflect two contrasting hypotheses of the evolution of greenhouse gas emissions
(SRES A2 and B2) related to economic and demographic behavior by 2100. A2 is
characterized by higher emissions than B2 (IPCC 2007; Nakicenovic et al. 1998).

Lopez-Moreno et al. (2008b) demonstrated that simulated change in snow accu-
mulation and melting in a location of the Pyrenees were consistent among nine
different RCMs from the PRUDENCE dataset. For this reason, it was preferred
to present analyses based on a single RCM simulation (HIRHAM model) instead of
a RCMs-ensemble, since this would undoubtedly lead to larger uncertainties (and/or
dispersion) in the pooled results.

Prior to snowpack simulations the climatic series had to be disaggregated from
daily to hourly data, and scaled to the four elevation levels (1,000, 1,500, 2,000 and
2,500 m a.s.l.). Temperature, precipitation, and dew point temperature were scaled by
means of the application of daily elevation adjustment rates. Atmospheric pressure
is adjusted to different altitudinal planes by applying the following barometric
correction (Berberan-Santos et al. 1997):

g
Taoir ) Ray
Psfe pObs(Tair ty Az (1)

where Ty is the observed temperature (K), pobs is the atmospheric pressure (psic)
at the grid point altitude, Az is the altitude difference, y is a mean vertical lapse
rate defined as —6.5 K/km, g is gravitational acceleration (9.81 m s~!), and Ry is the
specific gas constant for dry air (287.04 J kg~! K~!). Given a lack of appropriate
data and absence of clear altitudinal trends in simulated wind speed, we consider
it invariant with altitude. Daily HIRHAM climatic data were disaggregated into
hourly series following different procedures and assumptions. For temperature data,
a cosine function was adjusted to daily maximum and minimum temperature via the
following analytical equation (see Jansson and Karlberg 2001):

t—t
Ta(t) = Tmean — Tamp cOS < ph 271) )
Yeycle

where ¢ represents the time in hour, 7,(¢) is air temperature, 7,4, is the mean daily
temperature, Ty, is the daily amplitude in temperature (Tinax — Tomin), tpn is the
phase shift in air temperature (2,400 when a diurnal cycle is assumed), and y.,c. is the
air temperature cycle (24 h). At each grid point, cloudiness (C), wind speed (W), and
surface pressure (psr.) were assumed to change linearly from one day to the next, in
an hourly fashion. Surface pressure (psi) is then estimated for different iso-altitude
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planes via barometric correction (Eq. 2), using temperature data disaggregated in
hourly series with Eq. 3. Total daily precipitation was divided by 24 and shared
equally throughout the day. Dew point temperature was dissagregated using hourly
temperature obtained from the cosine function (Eq. 2) and psychometric equations
(Perry and Green 1997; Hallcross 1997) that relate temperature with vapor pressure
changes. A full description of the methods, the transformation of the original climate
series, and their further validation can be found in Lépez-Moreno et al. (2009).

The GRENBLS outputs considered in this study were snow depth series at hourly
intervals for the 20 points and the four elevation levels. The snow depth series were
simplified into daily series based on the snow depth valid at noon and, by means
of the daily difference, were converted into daily accumulation or ablation series.
From these series snowfall events were identified as those periods when snow depth
increased at least 5 cm per day. A day without snowfall (or <5 cm) was used to
distinguish snowfall events. Data were extracted on the maximum amount of snowfall
during a single day (maximum snowfall) per snowfall event, and the fresh snow
accumulation during multi-day snowfall events. In addition, we followed an approach
based on partial duration (PD) series, which is commonly used in statistics for
extreme values (Hershfield 1973). Based on a given threshold (xp), the number days
with snowfall exceeding 30 cm (HSE), and multi-day snowfall accumulations over
60 cm (heavy accumulation events; HAE) were considered. A threshold of 30 cm
in 24 h is considered sufficient to trigger avalanches in the Pyrenees (Esteban et al.
2005) and to severely disrupt traffic, whereas an accumulation of 60 cm of fresh snow
leads to a generalized risk of avalanche, and indicates a snow load with the potential
for damaging infrastructure and vegetation (McClung and Schaerer 1993).

As demonstrated by Begueria (2005), the series generated by exceedances over a
threshold (PD series) tend to converge to a generalized Pareto (GP) distribution. In
the form commonly applied to PD series, the GP distribution is described by a shape
parameter « and a scale parameter o, and has the following cumulative distribution
function:

1 k 1/k—1
o =~ [1 — (- e)] , 3)

where x is the maximum daily snowfall exceeding 30 cm or multi-day snowfall accu-
mulation over 60 cm, and ¢ is a location parameter or distribution origin that cor-
responds to the lowest value of the series of x. The parameters of the distribution are
readily estimated from the L-moments of the data series (Hosking 1990):

a=k1<%—l), 4)

Kk=——2, (5)

where Aj, A, are the first two probability-weighted moments and t = A,/A,. Rao and
Hamed (2000) provides further details on the calculation of L-moments.

The L-moment ratio diagrams (see Hosking 1990) confirmed that the series
of snowfall events at the various elevations for the control and future scenarios
closely matched the GP distribution (Fig. 2), as has been widely observed for most
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Fig. 2 L-moments diagram for the series of maximum intensity in a single day snowfall event above
30 cm, and total snow accumulated above 60 cm during a multi-day snowfall event at 1,000 and
2,000 m a.s.l. for the control period and the A2 emission scenario

extreme hydrological variables (Hosking and Wallis 1987; Madsen and Rosbjerg
1997; Begueria 2005).

According to the GP distribution, the maximum expected (or quantile) snowfall
or snowfall accumulation Xt over a period of T years is derived as follows:

a 1\
XT:8+;|:1_(ﬁ> ]:

where A (as distinct from the probability weighted moments, A; and A,) is the average
annual number of events above the threshold (x(). Quantiles for a recurrence of
2-year and 25-year return periods were calculated from the maximum snowfall and
snow accumulated in multi-day snowfall events for each grid point at the various iso-
elevation planes for SRES B2 and A2, and compared to those obtained for control
runs. This procedure enabled quantification of the expected change in HSEs across
the Pyrenees by the end of the twenty-first century.

Assessment of the reliability of indicators related to HSEs from RCM outputs is
difficult. The main difficulties in validation are: (1) the different spatial scales of the
RCM gridded data (at a resolution of 0.5° ~ 50 km at 42°N) and the information
from local meteorological stations, (2) the mismatch between the center of the RCM
and the location of the stations, (4) the marked spatial variability of snowpack over
short distances as a consequence of topography and wind redistribution, and (4) the
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Fig.3 2-year and 25-year quantiles for the intensity of snowfall events (in a single day) for the control
period (average of grid points 6, 10, 14 and 18) and for the stations at Panticosa (a) and Gériz (b),
and the number of simulated and observed HSEs exceeding 30 cm (c)

paucity of long-term records of snowpack in the study area. With respect to the latter,
none cover the full control period as most of the stations were installed during the
last decade. Within the context of these limitations, Fig. 3 compares the 2-year and
25-years quantiles corresponding to snowfall in a single day (Fig. 3a, b, respectively)
and the number of events per year exceeding 30 cm of snow depth (Fig. 3c), obtained
from snowpack data between 1982 and 2000 for two instrumented stations located at
1,630 and 2,200 m a.s.l., and data simulations for the control period obtained from
the HIRHAM model for the same elevations. The simulated data were derived by
averaging the four grid points that bound the stations (grid points 6, 10, 14 and 18
in Fig. 1). Despite some discrepancies between the predicted and observed data that
are always to be expected, the RCMs effectively simulated intense snowfall events.
In general a slight underestimation was observed in the simulated values, except for
HSEs in Goriz, where some overestimation occurred. These results are consistent
with previous findings of the capacity of RCMs to simulate seasonal precipitation
and temperature over the Pyrenees (Lopez-Moreno et al. 2008a), magnitude heavy
precipitation events and their contribution to total precipitation (Lépez-Moreno
and Beniston 2009) and snowpack evolution (Lépez-Moreno et al. 2008b, 2009).
The HIRHAM RCM applied to this study has in the past shown genuine skill in
reproducing extreme events, in particular anomalously warm winter periods in the
Alps (Beniston 2005) and catastrophic rainfall events (Beniston 2006), thereby pro-
viding some measure of confidence in its capacity for simulating changes in means
and extremes in a scenario climate. However, there were some limitations in the
data used, indicating the need for caution in interpretation of the results.

4 Results

Figure 4 shows two box plots for the 2-year and 25-year quantiles of the maximum
snowfall per event, corresponding to the 20 analyzed grid points under the control
and future scenarios at the four elevation levels. Table 1 shows the simulated percent
change under the B2 and A2 scenarios relative to the control period. At 1,000 m
a.s.L, the intensity of HSEs is expected to decrease markedly under the A2 scenario,
with a mean reduction of 51% and 32% for events corresponding to the 2-year and
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25-year quantiles, respectively. Under the B2 scenario, the decrease is 10% and
5%, respectively. At 1,500 m a.s.l., HSEs corresponding to the 2-year and 25-year
quantiles are expected to decrease under scenario A2, with a mean reduction of
22% and 16%, respectively, and to remain stationary under the B2 emission scenario.
Little change is expected at 2,000 m a.s.l., and the most intense snowfall events at this
elevation are likely to increase markedly in the higher areas (22% and 32% under
A2 scenario conditions for the most extreme 25-year quantile events).

The results reflect the mean changes simulated for the entire area, but the spa-
tial differences across the study area are noteworthy. Figure 5 shows the spatial dis-
tribution of the 25-year quantile for the maximum intensity of snowfall for the control
period and the A2 scenario at 1,000 and 2,000 m a.s.l. During the control period
at 1,000 m a.s.l., at least one event is expected with snowfall greater than 40 cm in
25 years in the northern sector of the range, and even more such events are expected
in areas close to the Atlantic Ocean and Mediterranean Sea. In the southern sector of
the range, these events generally range from 20 to 40 cm. Under the A2 scenario, the
maximum 25-year snowfall intensity generally ranges from 20 to 40 cm in northern
parts, whereas in the south it ranges from 10 to 30 cm. Comparison of the control and
A2 scenarios reveals that greater decreases in snowfall intensity are expected in the
most southern sectors of the study area, where snowfall intensity may decline 50%
or more. The expected decrease is less marked in the north, ranging from —5% to
—15%. The projected changes for 2,000 m a.s.l. are quite different, with the maximum
25-year quantile snowfall intensities generally ranging from 50 to 100 cm in a single
day for both the control and the A2 scenario, with a moderate increase in the values
in central areas of the range. A decrease in the maximum 25-year quantile snowfall,
generally not more than —20%, is expected in various sectors, and a near stationary
evolution is also expected for large areas.

Very similar results were obtained for total snow accumulated during multi-
day events. Figure 6 shows that a significant decrease in the maximum expected
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Fig. 5 Spatial distribution of 25-year quantile for the maximum intensity of snowfall for the control
period and the A2 emission scenario at 1,000 and 2,000 m a.s.l. (extrapolated values may contain
uncertainties beyond the 20 HIRHAM points)
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Fig. 6 Box plots for the 2-year and 25-year quantiles of the accumulated snowfall in events at various
elevations for the control period and for the B2 and A2 emission scenarios. The central line indicates
the average of the 20 analyzed grid points. Boxes indicate the 25 and 75 percentiles, whiskers indicate
the 10 and 90 percentiles, and dots indicate the 5 and 95 percentiles
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magnitude of accumulated snow in the 2-year and 25-year quantiles only occurs
below 2,000 m a.s.l., and is generally more evident for the most extreme events
(25-year quantile) and scenario A2. The frequency of extreme snow accumulation
events is likely to remain stationary, but may increase by up to 16% at higher ele-
vations. Figure 7 shows that the maximum accumulated snow during a multi-day
snowfall event will rarely exceed 50 cm in 25 years at 1,000 m under A2 conditions,
in contrast to the control period where this level of accumulation was exceeded
over most of the area. The greatest changes (reductions by as much as 74%) were
simulated in central and eastern areas of the Spanish Pyrenees, whereas an almost
stationary evolution is expected in southwestern and northwestern areas. Under
the A2 scenario, at 2,000 m a.s.l. a large area is expected to accumulate more than
150 cm in a single multi-day snowfall event in a 25-year period relative to the control
period. Major increases (around 15%) are likely to occur in the central part of the
French Pyrenees, whereas accumulation is expected to remain stationary or decrease
in eastern areas.

Figure 8 shows that simulated changes in the frequency of HSEs will follow a
similar pattern to that observed for intensity. Table 2 shows the percentage change

1000 m a.s.l 2000 m a.s.l

Control

Fig. 7 Spatial distribution of the 25-year quantile for the accumulated snow during a multi-day
snowfall event for the control period and the A2 emission scenario at 1,000 and 2,000 m a.s.l.
(extrapolated values may contain uncertainties beyond the 20 HIRHAM points)

@ Springer



502 Climatic Change (2011) 105:489-508
10 25
B 1000 m a.s.l. 1500 m a.s.l.
o8 E20
2 7.2 8
= - R 30.1
L 29.3
§ 6 m 15
5 5.2 z 18.1
3 4 S 10
H ]
I 1.7 E g
=z
04 oA
60 60
2000 m a.s.l. 2500 m a.s.l.
=50 50
£ £
o o
8 8
R40 R40 082
w w -
77.8
25 66.2 646 25 104.25
s 53.1 s
820 . 820
£ £
3 3
Z 10 Z10
04
DJ FMA DJ FMA DJ FMA DJFMA DJ FMA DJFMA
Control B2 A2 Control B2 A2

Fig.8 Frequency of heavy snowfall events (HSE; snowfall >30 cm) in the control period and for the
B2 and A2 emission scenarios. The bars are the average of the 20 grid points, and the whiskers show
one standard deviation

for each month and for the period December-April. At 1,000 m a.s.l., HSEs will
decline from an average of 7.2 days to 5.2 and 1.7 days for the B2 and A2 scenarios,
respectively, which represents a decrease of 75% for the stronger warming scenario
(A2). At this elevation the decrease may exceed 80% under A2 scenario conditions
in January and March. No HSEs are expected in April under either emission
scenario. For 1,500 m a.s.l., 30.1 HSEs were simulated for the control period between
December and April. The number was similar for the B2 scenario (29.3) but only
18.1 (a decrease of 39.8%) for the A2 scenario; April showed the greatest decrease
(27% and 78.8% for the B2 and A2 scenarios, respectively). For 2,000 m a.s.l., the
expected HSEs for the B2 and A2 scenarios (66.2 and 64.6, respectively) exceeded
the simulated number for the control period (53). The greatest increase is expected
for December (76.9 and 47.3 for the B2 and A2 scenarios, respectively). April
continues to exhibit marked decreases of —11.3% and —15% for the B2 and A2
scenarios, respectively. For 2,500 m a.s.l., an average of 77.8, 98.2 and 104.2 HSEs
were simulated for the control period, and the B2 and A2 scenarios, respectively,
translating to an increase of 17.6% and 22.2%, respectively. As for 2,000 m a.s.l.,
December showed the greatest increase (55.4% and 87.3% for the B2 and A2
scenarios, respectively), and April showed a continuing decline in HSEs under future
climatic conditions.

Figure 9 shows that the results for HAEs were practically identical to those
described for HSEs. Below 2,000 m a.s.l. the number of HAEs tend to decrease
under both emission scenarios, with a very marked decrease (—78.4%) at 1000 a.s.1.
for A2 scenario conditions. The number of simulated HAEs is expected to increase
above 2,000 m a.sl. As occurred for HSEs, the maximum increase in HAESs is
expected to occur in December, whereas the greatest decrease was simulated in
April.
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Fig.9 Frequency of heavy accumulation events (HAE; accumulation >60 cm) in the control period
and for the B2 and A2 emission scenarios. The bars are the average of the 20 grid points, and the
whiskers show one standard deviation

5 Discussion

In this study we analyzed the frequency and intensity of projected HSEs by the end of
the twenty-first century in comparison with those projected by simulations available
for the control period (1960-1990) using the GRENBLS snow model driven by
HIRHAM model outputs. Despite the marked decrease in snow accumulation and
snow cover duration projected by different regional climate models for the Pyrenees
(Lépez-Moreno et al. 2009), HSEs will constitute an ongoing risk in many areas.
This finding is consistent with observed climate and snow process evolution in the
Alps and USA, where warming temperatures have generally reduced the amount
of accumulated snow on the ground, but damaging snowstorms have increased in
size and intensity (Laternser and Scheebeli 2003; Changnon 2007). Previous studies
of the impacts of climate change in the Pyrenees project a mean increase in winter
temperature of 1.7-2.6°C for the region (Lopez-Moreno et al. 2008a), which may
lead to an increase in liquid precipitation rather than snowfall (Kim 2005). However,
RCM simulations suggest that precipitation in the Pyrenees will be concentrated in
fewer days but at greater intensity (Lopez-Moreno and Beniston 2009), which may
explain a higher incidence of HSEs. Consequently, Strasser (2008) has suggested
that the predicted variability in climatic extremes may lead to more frequent heavy
snowfall in the Bavarian region.

Assessment of projected changes at different elevations indicated marked altitu-
dinal gradients in the expected intensity and magnitude of future snowfall events.
Thus, the simulation for 1,000 m a.s.l. suggests a marked decrease in the frequency
and intensity of HSEs for both the B2 and A2 scenarios. For 1,500 m a.s.l., a decline
is only expected under the scenario for the greatest greenhouse gas emissions (A2).
At 2,000 m a.s.l. and higher elevations, no change or heavier snowfalls are expected
under the B2 and A2 scenarios. A robust relationship between elevation and the
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sign of change in heavy snowfall has also been observed in the Swiss Alps, where
a marked decrease in heavy snowfall below 650 m a.s.l. has been observed since
1960, and stationary or increasing trends have been detected at higher elevations
(Laternser and Scheebeli 2003; Beniston 2003). The increase in heavy snowfall in
areas of the Pyrenees, accompanied by increasing temperatures, may exacerbate
the risk associated with large accumulations of snow. Thus, warmer temperatures
may increase the humidity of the snowpack, resulting in an increase in total load
(Strasser 2008). Moreover, warm winter periods and rainfall onto snow are expected
to increase in frequency in coming decades (Beniston 2005; Ye et al. 2008); this may
lead to rapid melting of new snow, triggering increased snow avalanches and floods
in mountain rivers (Kim 2005; Germain et al. 2009).

The snowpack model produced indicators of HSEs that were largely consistent
with those for the control period. However, a number of important uncertainties are
associated with climate models, particularly related to precipitation extremes, posing
difficulties for simulation (Frei et al. 2003; Giorgi 2005), and a robust validation
cannot be easily achieved. Probably, a replication of the analysis with others RCMs
dataset will lead to similar results in sign (Lopez-Moreno et al. 2008b), but different
numbers in terms of magnitude of the change. As the main objective of the paper is
not to provide a precise forecast of snow events in the future (an impossible task
with the current uncertainties in climatic simulations), the paper aims to broadly
demonstrate how heavy snow events may change in a “greenhouse climate”. Thus,
the results should be interpreted with caution and revised in the light of further
progress in the understanding of the relationships between climatic variables and
their feedbacks, and with the introduction of new fine-scale parameters in future
climate simulations.

6 Conclusions

In this study, indicators related to HSEs for the end of the twenty-first century have
been computed using an Energy Balance Model (GRENBLS) driven by atmospheric
outputs from a Regional Climate model (HIRHAM). Indicators related to HSEs
from RCM outputs are effective in simulating intense snowfall events when com-
pared with observed snowpack evolution in the study area. However, caution in
interpretation is required as a consequence of several sources of uncertainty. The
observed changes in several variables (intensity of maximum snowfall in a single day,
the accumulation of snow in multi-day snowfall events, and the number of days and
periods of heavy snowfall) were very similar, enabling common conclusions to be
derived. Elevation and the greenhouse gas emission scenario largely determined the
expected changes in heavy snowfall by the end of the twenty-first century. Thus,
for the highest emission scenario (A2), heavy snowfall intensity and frequency is
expected to decrease at 1,000 and 1,500 m a.s.l. The maximum intensity of single
and multi-day events is expected to decline by approximately 60% at the lower ele-
vation, and the frequency may decline more than 80%. At 2,000 and 2,500 m a.s.l., the
maximum intensity of single and multi-day events is expected to remain stationary,
but may increase up to 30% at the higher elevation. The frequency is also expected
to increase 11% and 22%, respectively. For a more moderate emission scenario
(B2), the expected decrease in the maximum intensity at 1,000 m a.s.l. is much
more moderate than under A2 conditions, and never exceeds 10%. The frequency
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is expected to decline by 30% for single day events, and 11% for multi-day events.
At 1500 m and above an upward trend in the maximum intensity and frequency
of snowpack is expected, and the frequency of HSEs may increase 20-30% above
2,000 m.

Despite the relatively small spatial scale of this study, the results indicate substan-
tial spatial variability in the impacts of climatic change on heavy snowfall. At the
lowest elevation considered (1,000 m a.s.l.), a major decrease in snowfall intensity is
expected in central and eastern areas of the Spanish Pyrenees. At 2,000 m a.s.l., the
major increases in intensity are expected in the central Pyrenees, especially in some
areas on the French side of the range.
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