Vol. 36: 203-217, 2008
doi: 10.3354/cr00747

CLIMATE RESEARCH
Clim Res

Published June 24

Sensitivity of the snow energy balance to climatic
changes: prediction of snowpack in the Pyrenees in

the 21st century

J. 1. Lépez-Moreno!'%2*, S. Goyette?, M. Beniston?, B. Alveral

Instituto Pirenaico de Ecologia, CSIC, Campus de Aula Dei, PO Box 202 Zaragoza 50080, Spain

2Climatic Change and Climate Impacts Group, University of Geneva, Batelle/D7, Chemin de Drize, 1227 Carouge (Geneve),

Switzerland

ABSTRACT: The present paper analyses and quantifies the sensitivity of snowpack to climate change,
and assesses implications for snow processes in the central Pyrenees under the climatic conditions
projected by a set of 9 regional climate models (RCMs) for the end of the 21st century, under the IPCC
emission scenario SRES A2. The methodology was based on comparison of the snow series obtained
by simulating the energy balance of a snow surface driven by climatic conditions recorded during the
period from 1996 to 2006, with snow series obtained by simulations for the same period that included
various changes in magnitude for each of the climatic drivers (sensitivity analysis); and the changes
projected by the RCMs to the end of the 21st century. Results showed a marked sensitivity of snow-
pack duration and thickness to shifts in temperature, precipitation and solar radiation. RCMs suggest
that the most significant changes expected in the study area are related to temperature, which is the
main parameter responsible for the predicted changes in future snow processes. A large coherence
was found among the simulations made using the projections of the 9 regional climate models. Com-
parison with respect to current conditions indicated a decrease of 50 to 60 % in maximum snow water
equivalent, the occurrence at least 1 mo earlier of the maximum snow water equivalent, and a
reduction in the duration of the snowpack by around 2 mo. In addition, the 3 snow parameters will
be subject to a marked increase in inter-annual variability compared to the observed conditions.
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1. INTRODUCTION

The presence of a seasonal snow cover is one of the
main features of both mild and cold mountain regions.
The depth and duration of the snowpack control a
large number of hydrological and geomorphological
processes, as well as the phenology of plants and ani-
mals (Lopez-Moreno & Garcia-Ruiz 2004, Mellander et
al. 2005). Many reports support the high dependence
of snowpack evolution on climatic conditions (e.g.
Beniston 1997, Loépez-Moreno & Vicente-Serrano
2007), and significant effort has gone into assessing
and quantifying the effects of projected climate change
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over the next decades on snow accumulation and
melting processes for mountain regions over the world
(Rasmus et al. 2004, Dankers & Christensen 2005,
Keller et al. 2005, Merritt et al. 2006, Hantel & Hirtl-
Wielke 2007, Mellander et al. 2007). A recent publica-
tion (Lopez-Moreno et al. 2008) has highlighted the
important shifts in precipitation and temperature that
will occur in the Pyrenees in the next decades. How-
ever, the impacts on snowpack remain insufficiently
studied despite the potential consequences of such
changes.

The topography and climate of the Pyrenees allows
the development of an extensive and thick snow cover
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from December to April in areas >1500 m above mean
sea level (a.s.l.), with a longer duration of snow cover
at higher altitudes and in shaded areas (Garcia-Ruiz
et al. 1986, Lopez-Moreno & Nogués-Bravo 2005). In
this region, snow controls many ecological processes
and also has important socio-economic implications,
mainly due to (1) the large contribution of snow melt to
the amount and seasonal distribution of runoff in Pyre-
nean river basins, which plays a major role in water
management in the semiarid and highly populated
Ebro valley (Lépez-Moreno & Garcia-Ruiz 2004) and
(2) the significant development of winter tourism in
recent decades, which represents one of the main
sources of revenue for the region. Thus, this area could
be particularly sensitive to the impact of expected cli-
matic change in the 21st century (L6pez-Moreno et al.
2008).

Within this context, the aim of the present study was
to assess the impact of predicted climate change on
snow processes in the Pyrenees. For this purpose, the
snow energy balance (SEB) in the area was simulated
for climatic conditions in the recent past (1996 to 2006)
and for future conditions driven by projections of 9
different regional climate models (RCMs) for the end
of the 21st century. The use of a multi-model approach
enabled an assessment of the coherence amongst the
projections of the different RCMs, and the develop-
ment of a robust expected mean change with different
confidence intervals (Raisanen 2007).

The lack of long-term detailed meteorological
records in the region obligated the analysis to be car-
ried out using the single location where point mea-
surements have been made for longer than a decade
(the Izas Experimental Station). Uncertainties result-
ing from the SEB model used and the RCM projec-
tions, as well as the applicability of results from
an individual location to the whole region, are dis-
cussed.

2. STUDY AREA

The Pyrenees are a mountain range located in the
north-eastern part of the Iberian Peninsula, between
France and Spain. The range is bounded by the
Atlantic Ocean to the west and the Mediterranean
Sea to the east (Fig. 1). Altitudes vary from about 500 to
3500 m a.s.l.,, with a contrasted relief. There is a
marked transition in precipitation and temperature
conditions from the Atlantic to the Mediterranean, as
well as significant changes in macrorelief. Annual pre-
cipitation falls predominantly during winter in areas
adjacent to the Atlantic, and during spring and autumn
in the Mediterranean regions.

The study area (Izas Experimental Station; 42°44' N,
0°25"W) is located at 2056 m a.s.l. and is very close to
the main divide of the Pyrenees in the headwaters of
the Gallego River in Spain. As it is in a transition zone
between the Atlantic and the Mediterranean, it has
mixed climatic influences and conditions. The mean
annual temperature is 3°C, and there are 130 d yr ! on
which the mean temperature is <0°C. Mean annual
precipitation is around 2000 mm, of which more than
half falls as snow (Del Barrio et al. 1997, Anderton et al.
2004). Despite having a mean winter temperature
<0°C, the area is subject to intense winter warm spells,
which trigger melting events and major metamor-
phosis of the snowpack throughout the whole snow
season.

3. DATA AND METHODS
3.1. The surface energy balance model GRENBLS
A number of different numerical modelling

approaches have been taken into account to simulate
snow cover, ranging from simplified degree-day melt
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Fig. 1. Location of the Pyrenees (left) and the study site (right). ©Izas Experimental Station
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models (e.g. Anderson 1973), to single- (e.g. Outcalt et
al. 1975) and multi-layer (e.g. Anderson 1976, Brun et
al. 1989) energy balance models. Snow model evalua-
tions during the Snow Model Intercomparison Project
(SnowMIP) revealed that single layer models were
able to provide realistic representations of snow cover
accumulation, melt and physical properties over a
range of snow cover climates (Etchevers et al. 2004).
The SnowMIP gathered several types of models and
parameterizations, ranging from simplified schemes
such as those used in the global climate model (GCM),
snow melt models used in hydrology and detailed
multi-layer snow models used for avalanche forecasts
or research in snow physics. Single layer energy bal-
ance models (also referred to as surface energy bal-
ance models or SEBM) have been shown to reproduce
the snow water equivalent (SWE) quite realistically
with respect to more complex multi-layer models (e.g.
Brown et al. 2006).

In the present study, a single snow-layer SEBM called
GRENBLS (GRound ENergy BalLance for natural Sur-
faces), driven by a time series of observed atmospheric
data, has proven genuine skill in reproducing many
aspects of the evolution of alpine snowpacks (Keller &
Goyette 2005, Keller et al. 2005). GRENBLS is a physi-
cally based model driven by hourly input data of
screen air-temperature, T, (K); dew point tempera-
ture, Ty (K); anemometer-level wind magnitude, Wj
(m s7Y); precipitation, P (mm s7!); surface pressure, pg.
(hPa); and incident solar radiation (K). This model has
an explicit underlying multi-layer soil of 1 m depth of
‘medium-coarse texture' covered at 70 % with low veg-
etation (snow mask of 3 cm), and a distinct snow layer.
It computes the radiative fluxes (incoming solar radia-
tion may also be prescribed), the surface turbulent sen-
sible and latent fluxes where the bulk heat and mois-
ture transfer coefficients are parameterised according
to the ideas of Benoit (1977) on the basis of the Monin-
Obukov similarity theory, as well as the heat flux in the
ground and in the snowpack. Surface temperature, soil
wetness and snow mass are prognostic variables, the
latter in terms of SWE. Energy budget also considers
the energy change associated with the melting of
frozen soil moisture and snow. The temperature of the
snowpack is computed prognostically through the heat
storage using a force-restore method (e.g. Stull 1988,
Chapter 7, McFarlane et al. 1992). As shown in detail in
Keller & Goyette (2005), the model also computes the
surface water budget in terms of surface moisture
(liquid and frozen) and snow separately, liquid and
solid precipitation rates, the melting rate of snow and
frozen soil, the surface evapotranspiration, the snow
sublimation, and the total runoff partitioned into sur-
face saturation and bottom drainage. Precipitation is
considered as solid if T, is less than the triple point of

water. Liquid precipitation on a snowpack induces
snowmelt. Melted water goes directly into the soil as
liquid moisture. Snow is modelled as an evolving
1-layer pack characterised by a temperature, T,q. (K);
a mass, My, (kg m?); and a density, pgow (kg m™3).
The surface energy budget is computed at each model
timestep over snow cover. The radiative and turbulent
fluxes are first computed. Then, the heat storage in
the snowpack is computed and, if it is positive and
the snow temperature is below the melting point, the
excess energy is first used to raise the temperature of
the pack. Once its temperature reaches the melting
point, any additional excess energy is 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.
The evolution in snow density from metamorphosis
and settling is assumed to follow an exponential time
decay expression using a maximum mean density of a
non-melting snowpack of 300 kg m™3. New falling
snow has a fixed density of 100 kg m™3. In a similar
manner, snow albedo changes accompanying snow
aging are parameterized as a time-decay function from
an initial fresh snow albedo of 0.80. GRENBLS also
incorporates total cloudiness, hereafter referred to as
‘C' as an input parameter. Clouds influence the inten-
sity of the downward solar and infrared radiation at the
surface. At terrestrial temperatures, about 70 % of the
energy in the black body spectrum lies outside the
waveband of the atmospheric window (8 to 14 pm),
whereas the wavebands lying within the atmospheric
window neither absorb nor radiate. At all other wave-
lengths, the atmosphere is considered to behave as a
black body. Hence, 70% of the outgoing longwave
radiation is absorbed by and re-radiated downwards at
wavelengths outside of the window; that is, the atmos-
pheric emissivity €, = Loi/ch;‘ir is 0.7, where LOi is the
cloudless sky flux density and ¢ the Stefan-Boltzmann
constant. This is assumed to be independent of temper-
ature. Paltridge & Platt (1976) state that the downward
energy flux density (1 - 0.7) .6 T% having a mean value
of 60 W m~2 may be used generally where ¢, and T, are
the clouds' emissivity and temperature. Clouds affect
the flux density at the ground by contributing long-
wave radiation within the window such that:

Ll =LY+ (1-0.7e0TiC (1)

where C< 1.

3.2. Data

Most of the important climatic drivers of GRENBLS
have been recorded on an hourly basis since 1996 at
the Izas Station. This represents the longest and most
complete meteorological record for simulating SEB on
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the southern slopes of the Pyrenees. Despite the fact
that the data cover only a decade, the years included in
the series exhibit noticeably contrasting conditions in
climate and snow processes; which is the most impor-
tant requirement to assess the impact of climate
change on snowpack once the series are modified
according to RCM projections. The data that have
been recorded are air temperature (T,;), precipitation
(P), relative humidity (Ry,), dew point temperature (Ty),
wind speed (W), incoming and reflected radiation, and
snow depth. Atmospheric pressure (ps;.) was estimated
from observed values (po,s) at a nearby station (850 m
a.s.l.) accounting for the lower altitude of this station
by applying the barometric correction:

T )Rgdv 2)
T +YAZ
where, T, is the observed temperature (in Kelvin), Az
is the altitude difference, y is a mean vertical lapse
rate defined as —6.5 K km™!, g is the gravitational
acceleration (9.81 m s7'), and Ry is the specific gas
constant for dry air (287.04 J kg~! K™1).

Sensors are of known brands (Vaisala HMP 35 A for
T, and Ry; Qualimetrics 6011 B tipping bucket rain
gauge; anemometer Young 03002; pyranometer Swis-
steco for Kl and KT solar radiation; Campbell SR50
ultrasonic sensor for snow depth). In some cases they
are duplicated (T, R, W, Kl), and the values of both
sensors are continuously compared; they are also
checked on the spot with portable sensors during data
collection visits (T,; and Ry; snow depth). Some data
(e.g. precipitation, snow depth) are compared with
those of nearby meteorological stations. Snow depth is
measured every 5 min with a Campbell SR50 ultra-
sonic sensor, which ensures +1 cm of accuracy. The
larger uncertainty in data comes from measurement of
solid precipitation; this is derived from measured
changes in snow depth (assuming an initial density of
100 kg m™®) and validated with water recorded in a
accumulative rain gauge and density data from a 1.5 x
1.5 m snow pillow installed 3 yr ago.

Multi-layer clouds have been computed diagnosti-
cally using NCEP-NCAR (Kalnay et al. 1996) 6 h tem-
perature and specific humidity on a number of pres-
sure levels over the region and period under study.
First, the relative humidity is computed as a function of
the temperature and the specific humidity at pressure
level p. Then, the cloud fraction, Cl, is computed
according to a cloud onset function producing the fol-
lowing fraction of clouds (Laprise et al. 1998):

psfc = pobs(

Ry, —H

Cl, = ko8 (3)
P 1-H,,

where Ry, , represents the relative humidity at pressure

level p, and H, , is the moisture threshold at the same

level computed on the basis of the fractional probabil-
ity of water phase in the clouds as a function of temper-
ature according to the ideas of Rockel et al. (1991).
Cloud amounts diagnosed at 7 pressure levels (namely
300, 400, 500, 600, 700, 850 and 925 hPa) and fog (esti-
mated at 1000 hPa) are interpolated and used as hourly
input in the model. GRENBLS has an option of using
cloud amount C;, i = 1, 8. The total cloud amount, C,
therefore, cannot exceed 1 (or 8/8). In the pre-process-
ing phase of the cloud computations using atmospheric
relative humidity, we have shifted the clouds cast on
pressure levels upward, i.e. treated pressure level
clouds as sigma level clouds. The effect of clouds is to
scale linearly the background value of downward
infrared radiation with a value of 0 during clear sky to
60 W m~2 for an overcast sky.

3.3. Climatic change scenarios and modification of
observation series

Information on predicted climate change was
obtained from the outputs of simulations of the differ-
ent drivers of snowpack (T, P, Ty, psier Ws and KU) for
9 RCMs developed by different institutions collaborat-
ing in the EU-funded PRUDENCE project. Models
used included HIRHAM: the Danish Meteorological
Institute (DMI), HIRHAM: the Norwegian Meteoro-
logical Institute (METNO), HADRMS3: the Hadley Cen-
ter (HC), RCAO: the Swedish Meteorological and
Hydrological Institute (SMHI), PROMES: Universidad
Complutense de Madrid (UCM), REGCM: the Abdus
Salam International Centre for Theoretical Physics of
Weather and Climate Section (ICTP), CHRM: the Swiss
Federal Institute of Technology (ETH), RACMO: the
Royal Netherlands Meteorological Institute (KNMI)
and REMO: the Max Plank Institute for Meteorology
(MPI). All were driven by the GCM HadAMS3H for the
European continent. The models were previously run
for a control period (1961 to 1990) and under different
future greenhouse emission scenarios defined by the
Intergovernmental Panel for Climate Change (IPCC;
Nakicenovic et al. 1998). In the present study, climate
change assumed a SRES A2 scenario, which predicts
strong increases of atmospheric greenhouse gases
(GHQG) in coming decades and has been commonly
used in climate change studies (Christansen & Chris-
tansen 2003, 2004, Beniston 2006, Beniston et al. 2007,
Mellander et al. 2007, Thodsen 2007). RCM outputs
were made available on a daily basis at a spatial
resolution of roughly 50 km (0.44 to 0.5°). The series
for the grid cell whose centre in each model was clos-
est to the study site was used for climate change calcu-
lations (as done by Rasmus et al. 2004, Keller et al.
2005).
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With regard to the accuracy of RCMs to reproduce
climatic conditions during a control period in the
Pyrenees, Lopez-Moreno et al. (2008) concluded that
high reliability of the RCMs occurred in reproducing
observed temperature, with biases around 1°C. Biases
in simulated precipitation compared to observed pre-
cipitation were within 10 to 20 %. These values are in
line with the errors found for Europe in previous qual-
ity assessments of RCMs over Europe (Giorgi et al.
2004, Dequé et al. 2005). An adequate analysis of accu-
racy of the other outputs provided by RCMs (W, Ry,
Pstc @nd solar radiation) is a difficult task, as the num-
bers of available records are usually low, and their
lengths are shorter than control simulations of RCMs;
this explains the lack of studies in the available litera-
ture devoted to analyse the accuracy of these parame-
ters. However, PRUDENCE model simulation outputs
are used to compute changes, or, in other words,
‘deltas’ (A, differences between control and scenario
runs); this fact reduces the degree of potential uncer-
tainty related to the quality of RCM outputs, as ‘deltas’
are less sensitive to model errors and can thus be used
to perturb the observations in an adequate manner to
produce consistent future climate change conditions
(Lépez-Moreno et al. 2008).

In order to provide GRENBLS with driving variables
representative of future climate conditions, RCM out-
puts were considered for both 1961 to 1990 and 2071 to
2100 periods. The magnitude of climate change was
determined by subtracting the variables of the control
runs (1961 to 1990) from the predicted future climate
(2070 to 2100). We assumed that climate change
will not be constant throughout the year, and will not
equally affect all parts of the distribution of the series.
Consequently, we calculated the magnitude of change
on a monthly basis and for each decile of the series
(each part represents one-tenth of the sample). The
differences were subsequently added to the 10 yr
series recorded at the Izas Station to introduce day-to-
day and inter-annual variability into the climate sce-
narios (largely following Mellander et al. 2007). Modi-
fication of the observed hourly series based on daily
data provided by the RCMs required a number of
assumptions. (1) The hourly temperature series was
created from the daily change in maximum (Tmax) and
minimum (Tmin) values (which varied with the month
and the decile within the observed series). Both values
were allocated to the hours when they occur on aver-
age (beginning of the afternoon and sunrise for Tmax
and Tmin, respectively), and, for the intervening
period, a linear change between consecutive values
was assumed. (2) The daily changes in the other vari-
ables were applied equally to each hour of the day. In
the case of precipitation the change was only applied
to the hours where precipitation occurred in the obser-

vational record; thus, stationary behaviour in the num-
ber of wet days was assumed. Not all RCMs provide
information on mean daily wind speed. In such cases,
the mean inter-model change from the available RCMs
was used in the simulations. When temperature is per-
turbed, Ty is recalculated assuming that the total
content of humidity and specific humidity in the atmo-
sphere remain stationary, but saturated vapour pres-
sure changes.

Snowpack simulations were carried out in 3 ways:
(1) by introducing observed climatic parameters; the
resulting snow series were used to validate the model
by comparing it with the snow depth measured at the
observatory, and used as a reference for comparison
with snow series obtained using modified climatic
parameters and (2) by introducing all of the observed
series of climatic drivers but one, which was varied.
This procedure enabled assessment of the sensitivity
of snowpack to changes in T, P, K|, T; and W;. (3)
Climatic drivers modified according to the projected
climate change were introduced. Simulations were
carried out assuming a change in temperature only, a
change in temperature and precipitation, and a change
in all the climatic drivers (T, P, K|, T4 and W;). Com-
parison of simulated snowpack with that from observa-
tions enabled realistic changes in different snow pro-
cesses to be estimated, and assessment to be made of
the differential importance of each climatic driver in
the future evolution of snowpack under a greenhouse
climate.

Particular attention was devoted to the effects of
potential changes in 3 parameters of the annual
snow pattern: (1) the maximum snow water equivalent
(MSWE, in mm), which is a measure of the amount
of water available during the melt period; (2) the
date of MSWE (DMSWE; day of the hydrologic year,
Day 1 = Sept 1) occurrence, which suggests the be-
ginning of the dominance of the thawing events with
respect to the accumulation events; and (3) the dura-
tion of snowpack (DSP), which encompasses accumu-
lation and melting processes and is critical to many
geomorphological and ecological processes.

4. RESULTS

4.1. RCM-projected changes in climatic drivers of
snow energy balance

Fig. 2 shows monthly (December to April) projected
changes in temperature (°C) and precipitation (%) for
the different deciles to the end of the 21st century.
Table 1 shows the monthly mean changes (inter-model
and inter-decile averages) projected by RCMs for all
the climatic drivers of the SEB.
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Fig. 2. (A,B) Predicted monthly changes in temperature (A: minimum; B: maximum) and (C) precipitation for the different deciles
to the end of the 21st century. The thin lines represent the projection of each regional climate model (RCM). The thick line is the
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Temperature (both Tmax and Tmin) is expected to
increase between 2.5 and 3.9°C during the snow sea-
son. A tendency for more intense warming at the
extremes of the distributions was also found, with
greater increases in the lowest Tmin and the highest
Tmax (see Fig. 2).

Precipitation tends to remain stable, with minor
increases during the snow season. Decreases in pre-
cipitation are expected in March (-8.1%) and May
(-15.2%; Table 1), although the influence of the latter
on snow processes is negligible. Fig. 2 also indicates a

lower agreement among RCMs for precipitation than
for temperature, which, in some cases, may lead to
differences in the sign of the expected changes. This
highlights the uncertainty associated with predicting
change in precipitation, and with the applicability of
this parameter in simulations of snow processes in a
future climate.

For other climatic drivers (Table 1), an increase in air
humidity is indicated (see specific humidity Q and Ty),
while pg., W; and K| remain relatively stable over the
next few decades.

Table 1. Monthly mean changes (inter-model and inter-decile averages) projected for the climatic drivers of snow energy balance
by (SEB) regional climate models (REMs). P: precipitation; pg.: atmospheric pressure; Q: specific humidity; Ty dew point
temperature; Kl: incoming solar radiation; W;: wind speed

Tmin Tmax P Dste Q Ty Kl W,

(°C) (°C) (%) (%) (%) (°C) (%) (%)
Nov 3.5 3.9 -0.9 -0.7 11.2 2.6 -0.7 -4.9
Dec 3.5 3.6 5.9 -0.8 18.6 3.8 -3.7 -3.7
Jan 3.2 3.1 3.3 -0.3 16.4 0.9 -6.2 -1.7
Feb 2.9 2.9 2.8 0.3 14.7 2.0 -5.2 -1.4
Mar 2.5 2.6 -8.1 0.1 13.2 2.9 5.1 0.0
Apr 3 3.6 3.6 0.4 15.2 3.4 1.8 -0.4
May 3.5 3.9 -15.2 -1.7 9.6 2.3 2.1 5.3




Lopez-Moreno et al.: Effects of climate change on snowpack in Pyrenees 209

300
A —— Simulated
~~~~~~~ Observed
250
a
E 200
o
=
g 150
©
2
2
o 1004
50
0- T T T = T . T T T T
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Year
C;) 300 B MAE =25 cm EE3OO C MAE =11.2d 300 D MAE = 10.6 d
— - ® - S —
55250, MBE = 0.4 cm gg 250 MBE = 10.6 d "6‘3’250’ TMBE_STJd
Ec RS 58
Sis 200 5 200 = a 200
cEQ €05 o=
<3 = Q 55
s © 150 O O 150 A 2 1501
= Lc o T T
© Q
100 \ \ QA o 100 \ \ 100 : ‘
Observed Simulated o Observed Simulated Observed Simulated
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4.2. Accuracy of GRENBLS model in simulating
snowpack evolution

Fig. 3A shows a good match between the GRENBLS-
simulated snow depth evolution using climatic records
and the observed snow depth at the same site. Annual
correlation coefficients are always >0.75 and usually (8
of 10 yr) >0.9. Despite some minor disagreements,
GRENBLS generally reproduces essential features,
such as the high inter-annual variability as well as the
main patterns in the annual cycle of the snowpack. Fig.
3B to D shows the annual values for 3 parameters con-
sidered representative of snow evolution. Simulated
snowpack shows only an average absolute bias (MAE)
of 25 cm in depth when maximum accumulation
occurs, and the error is very close to zero when the sign
of the bias is included in the average (MBE). The date
of occurrence of simulated maximum accumulation is
very close to that for observations (a mean difference
of 11 d); a similar accuracy was obtained for simulation
of the duration of snow cover. Box plots show that the
simulated series accurately reproduced the observed
inter-annual variability of the 3 parameters, as indi-

cated by the similar ranges in observed and simulated
distributions. Correlation coefficients between annual
snow parameters are always >0.79. The agreement
index (Willmott's D; Willmott 1981) shows values >0.81
in all cases (Willmott's D varies from 0 to 1, 1 is a per-
fect prediction). This indicates a high agreement
between measured and simulated snowpack. Thus,
despite a few shortcomings in the reproduction of
snowpack, it is considered that overall the simulation
reproduced the observed snow realistically.

4.3. Sensitivity of SEB to changes in climatic drivers

Following assessment of the reliability of the snow
series simulated by GRENBLS, the sensitivity of
snowpack to changing climatic conditions was as-
sessed by varying 1 by 1 the drivers in successive sim-
ulations. Fig. 4 shows the results obtained for the year
2002-2003, and Fig. 5 shows the annual snow para-
meters obtained when each of the climatic drivers was
varied compared to those simulated with the observed
values.
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Fig. 4A shows the large sensitivity of SWE when sim-
ulated with increasing temperatures. Each degree of
warming produced a marked decrease in MSWE,
especially for the first 4 degrees where a mean reduc-
tion of 70 mm °C™! (16 % of the mean MSWE) occurred.
Over the subsequent 5°C increase, a lower sensitivity
was observed, as MSWE only decreased by 20 mm on
average. Moreover, DMSWE was noticeably brought
forward and the duration of snowpack was shortened
by an average of 20 d °C™! (11 % of the mean DSP).

Snowpack was also very sensitive to changes in pre-
cipitation (Figs. 4B & 5B). The most affected snow para-
meter was MSWE, with a mean change of 54 mm (13 %)
for every 10 % of change in precipitation. The duration of
snowpack was also noticeably affected by changes in
precipitation, but less so than by temperature, with a
mean difference close to a month between the 2 most ex-
treme simulations (-30 to +30 %). As expected, DMSWE
was largely unaffected by precipitation changes.

Snow evolution showed a marked sensitivity to
changes in incoming solar radiation. Fig. 5C shows
that the 3 snow parameters were noticeably affected,
in particular the maximum accumulation and the dura-
tion of snowpack (an average decrease of 29 mm and
11 d, respectively, with a 10 % increase in radiation).

Snowpack was also sensitive to changes in Ty and
Ws (Figs. 4D, 5D and 4E, 5E, respectively), but the re-
sponse was much weaker than that observed for T, P,
or Kl. Snowpack behaved practically insensitive to
changes in cloud cover and atmospheric surface pres-
sure (results are not shown).

SWE: snow water equivalent

4.4. Response of snowpack to projected climate
change at the study site

Fig. 6A,B shows the snow evolution simulated using
the observed climatic drivers and the modified climatic
series according to different RCM projections, assum-
ing a change in temperature only (left), temperature
and precipitation (centre), and in all the climatic dri-
vers (right) for the years 2002-2003 (high snow accu-
mulation) and 2005-2006 (low snow accumulation),
respectively. Fig. 6C shows the mean inter-annual
probability magnitude curves (November to May) of
the simulated series for the observed and modified
series, and indicates that according to the expected cli-
matic change in the area, a substantial decrease in
snow accumulation can be expected. Warmer temper-
atures appear to be the main cause of decreasing snow
depth throughout the full snow season. Indeed, the
simulated series, which included shifts in precipitation
(centred plots) and the change in all the climatic
drivers (T, P, Ty, psie: KL, Wy), were practically identical
to those carried out assuming a change only in temper-
ature. This result is a consequence of the expected sta-
ble behaviour of P and Kl in the area for the coming
decades (see Section 4.1), and these 2 wvariables
together with temperature cause a significant response
in the snow pack, as shown in the sensitivity analysis
(Section 4.3). Figures indicate that in future years
characterized by a thick snowpack, as represented by
the modified series corresponding to the 2002-2003
season, accumulation will be less than half of observed
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Fig. 5. Annual snow parameters obtained in the sensitivity analysis of snowpack to climatic change: (A) temperature, (B) precipi-
tation, (C) incoming solar radiation, (D) dew point temperature and (E) wind speed. For explanation of box plots, see Fig. 3.
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current values and will be similar to the accumulation
observed in 2005-2006, a year characterized by low
accumulation. Under future climate conditions, snow-
pack during years with the most adverse conditions for
accumulation (i.e. perturbed 2005-2006) will be negli-
gible in terms of accumulation and duration, as evi-
denced by simulations shown in Fig. 6B. The probabil-

ity magnitude curves shown in Fig. 6C indicate that cli-
mate change will exert strong shifts in the full distribu-
tion of frequencies of the snow series.

Fig. 7 shows the annual snow parameters, extracted
from the simulated series for observed climate, with
modified climatic drivers (T, P, pse, Ta, Ws and Kl).
Mean changes for the 1996 to 2006 period are provided
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Fig. 6. Snow evolution series simulated from observed climate, and modified climatology according to RCM projections. Assumed
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(right panels): (A) snow season 2002-2003, (B) snow season from 2005-2006 and (C) inter-annual average probability magnitude
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in Table 2, assuming shifts in temperature, precipita-
tion and temperature, and all climatic drivers. The
results confirm that snow processes in the Pyrenees
will be subject to dramatic shifts if RCM projections are
accurate. Thus, MSWE is expected to decline an aver-
age of 50.3 to 58.7%. Under a greenhouse climate,
maximum snow accumulation during the most snow-
abundant years will be on the order of 25 to 50% of
present conditions. As shown in Fig. 6B, in future, low-
snowfall years (bottom 10%), accumulation will be
<50 mm, in contrast to the 200 mm reached as a mini-
mum in the 1996 to 2006 series. Maximum accumula-
tion will occur at least 1 mo earlier (Fig. 7B), shifting
from mid-March to mid-February. DSP (Fig. 7C) will
be reduced by >2 mo on average. During the observa-
tion period snow persisted for at least 141 d, but projec-
tions for future years suggest that a thin snowpack will
only persist for 18 to 50 d, depending on the model
used.

In spite of differences in the magnitude, and in some
cases sign, of projected changes in the climatic drivers
of the SEB (see Section 4.1), there is a large degree of
coherence amongst the different climatic change models
with respect to projections for future snowpack. This
is evident in the similar averages and ranges predicted
by the different RCMs for parameters at the end of the
21st century (Fig. 7).

In addition to the large changes predicted for snow-
pack magnitude and duration in the future, coefficients
of variation (CV; mean divided by the standard devia-
tion) for the annual snow parameters point to a marked
increase in inter-annual variability of snow processes in
the region. Thus, annual MSWE values had a CV of 0.38
for the 1996 to 2006 period, whereas the CV of MSWE
from the simulated series oscillates between 0.49 and
0.58 for the end of the 21st century, depending on the
RCM used. Similarly, the CV for DMSWE shifts from 0.16
to 0.19-0.31, and for DSP shifts from 0.13 to 0.31-0.43.
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Fig. 7. Annual snow parameters obtained from simulated series with observed climate, and with modified climatology (all climatic
drivers) according to RCM projections: (A) maximum snow water equivalent (MSWE), (B) date of MSWE (DMSWE) and (C) duration
of snowpack (DSP). Numbers above box plots are the coefficients of variation (CV). For definitions of RCMs, see Section 3.3

5. DISCUSSION AND CONCLUSIONS

Simulation of the SEB under observed and modified
climatic conditions enabled detection of the main vari-
ables that affect the temporal evolution of a snowpack
in the Pyrenees, as well as quantification of changes in
snow processes expected under future climate scenar-
ios in the area (2070 to 2100; IPCC Scenario A2) pro-
jected by 9 RCMs. The methodology used should be
applicable to other mountain areas with a reasonably
long and complete record of variables that control SEB.
The main findings are:

1. Snowpack is highly sensitive to potential changes
in temperature, precipitation and solar radiation;
response is less sensitive to shifts in air dew point
temperature and wind speed.

RCMs predict a sharp increase in temperature (2.5
to 3.6°C) by the end of the 21st century, a moderate
increase in air humidity, and nearly stable condi-
tions for the rest of the driving variables of SEB.
Simulations based on future climatic conditions pro-
jected by 9 different RCMs produced consistent
results, all pointing to changes similar in sign and
magnitude.

. The main changes in snow processes detected in this
study using a warming scenario were a marked de-
crease of MSWE (50 to 59 %), an earlier occurrence of
DMSWE (32 to 35 d), and a reduction in snow cover of
67 to 74 d. In addition, there was a noticeable increase
in inter-annual variability in snow processes.

For an appropriate interpretation of the results from
the sensitivity analysis, it is of paramount importance to
take into account that variations of individual meteoro-
logical parameters alone are not responsible for varia-
tions in energy fluxes because of the non-linear rela-
tions linking them to the heat. In spite of this
consideration, results seem robust in indicating temper-

ature, precipitation and solar radiation as major factors
in snow accumulation and melting processes (e.g.
Keller et al. 2005, Pohl et al. 2006). In the present study,
temperature was the parameter with the greatest effect
on snowpack, which is in agreement with the results
obtained in other mountain ranges, including the Alps
and the Himalayas. For example, Singh & Bengtsson
(2003) showed accelerated depletion of the snow-cov-
ered area in the north of India (20, 31 and 40 d for T°C +
1, T°C + 2 and T°C + 3 scenarios, respectively). In the
Austrian Alps, Hantel & Hirtl-Wielke et al. (2007)
showed a 4 to 6 wk shortening of the snow season with
a warming of 1°C. Rasmus et al. (2004) linked the pro-
jected warmer climate to a decrease in snow-cover
thickness and duration. In addition, they expected no-
table changes in snow quality: denser and closer to the
melting point even in winter, larger grain sizes, a
smaller fraction of depth hoar in the snowpack and a
larger fraction of icy or wet snow in the snow cover. The
magnitude of listed changes will be largely subjected to
the location of the meteorological observatories used
for the analysis. Similarly, Beniston et al. (2003a,b)
showed large reductions in snow volume with in-
creased temperature in the Swiss Alps, but the effect
had a strong vertical gradient, with the changes being

Table 2. Expected mean changes in snow parameters accord-

ing to regional climate model projections. MSWE: maximum

snow water equivalent, DMSWE: date of MSWE, DSP:
duration of snowpack

Change MSWE DMSWE DSP
(mm) (%) (4 (%) (A (%)

Temperature -245 -58.7 -34 -21.8 -74 -41.8

Temperature and -211 -50.3 -35 -22.6 -64 -36.6

precipitation

All variables -225 -53.8 -32 -20.5 -69 -374
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more intense at lower altitudes where T is close to 0°C.
Similarly, for the Pyrenees, Fig. 8 shows simulations of
snowpack under current and future conditions at 1500,
2000, 2500 and 3000 m a.s.l. (assuming a temperature
lapse rate of 0.65°C 100 m™!, and neglecting potential
vertical gradients in precipitation). They also reveal a
larger impact of the climate change for different
altitudinal bands. The magnitude of shifts indicates a
marked non-linear relationship between altitude and
snowpack, with the largest changes below 2000 m a.s.l.
For this reason, results shown here are directly applica-
ble to the sub-alpine areas of the Pyrenees as well as
the belt where the Izas Station is located. Further re-
search will be required to determine in detail the spa-
tial and vertical variability of the climate change im-
pacts on snowpack. However, this task will require new
assumptions to downscale the data and to disaggregate
into hourly data the daily outputs provided by RCMs.
Modelling has indicated that changes in precipita-
tion have less effect than variations in temperature, but
can significantly modify the evolution of snowpack
(Lapp et al. 2005, Singh et al. 2006). The weak influ-
ence of atmospheric humidity on snowpack found in
this study agrees with the findings of a sensitivity
analysis carried out in the southern Canadian Rockies
(Lapp et al. 2005). The same study showed a greater
influence of wind speed on sublimation and, hence, on
total snow volume than that found in our analysis.

The maintenance of stable precipitation and radia-
tion over the next decades in the studied area led, in
simulations, to a dominant effect of temperature on
future changes in snowpack; the inclusion of precipita-
tion or other climatic drivers as changing variables
barely modified the predicted snow series for the end
of the 21st century.

According to previous studies that analysed uncer-
tainties in RCM outputs (Raisanen 2007 and references
therein), similarities in the expected shifts under dif-
ferent climate models, as obtained here, indicate the
robustness of the projections. These changes, even
under lower greenhouse gas emission scenarios, indi-
cate the magnitude of the consequences of climate
change on natural processes and socio-economic activ-
ities related to snow. With respect to hydrology, the
decrease in snow volume could lead to a marked shift
in the seasonal distribution of river flows. Such a
change has already become noticeable in the Pyrenees
as a consequence of a negative trend in snow accumu-
lation during the second half of the 20th century
(Lépez-Moreno & Garcia-Ruiz 2004). Expected changes
for the mid-term future far exceed those observed in
recent decades (Lépez-Moreno 2005). Thus, increased
winter flows but decreased spring flows are expected,
requiring major changes in reservoir management
strategies. The scenarios for snow accumulation and
duration make the economic future uncertain for ski
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resorts in the Pyrenees, which have already experi-
enced economic difficulties during seasons with little
snow. Together with the reduced snow volume and
duration of cover, the expected increase in inter-
annual variability will enhance the year-to-year uncer-
tainty of activities linked to snowpack.

Results shown in this study are subject to a number
of uncertainties related primarily to the accuracy of the
climatic series provided by the RCMs. Much effort has
been devoted to quantifying the confidence that can be
placed in the climatic change projections. Typically,
this increases for an area where the models are able to
reproduce the observed climate in comparisons of con-
trol runs with observational records that cover the
same period (1960 to 1990 in this case), and where the
changes predicted by most of the RCMs coincide in
sign and magnitude (Giorgi et al. 2004, Dequé et al.
2005, Raisdanen 2007). A previous study in the Pyrenees
(Lopez-Moreno et al. 2008) concluded that the ob-
served temperature during the control period was well
reproduced by the RCMs, with biases around 1°C and
a high degree of agreement amongst the compared
models. However, biases in simulated precipitation
compared to observed precipitation were up to 25 %,

and the heterogeneity amongst the different RCMs
was rather high. In this study, expected changes in
precipitation projected by the RCMs for the study site
also showed marked differences in magnitude and, in
some cases, sign. In addition to uncertainty regarding
the magnitude of future change, precipitation in the
Pyrenees is likely to be subject to large spatial variabil-
ity, with an increase expected in the west and a
decrease in the east. This pattern contrasts with the
relatively homogeneous spatial distribution of change
expected for temperature (Lépez-Moreno et al. 2008).
The variability in precipitation trends makes applica-
tion of the results obtained at the Izas Station to the
rest of the mountain range unreliable. However, when
snowpack is simulated with the expected changes in
temperature (considered quite robust), but assuming a
30 % increase in precipitation (an extremely optimistic
projection for the Pyrenees), the main changes in snow
processes described above were maintained. Thus,
Fig. 9 shows that, although the changes in snow pro-
cesses were moderate, large shifts were still predicted,
including an average decrease in MSWE of 37%, a
DSWE occurring 32 d earlier, and a reduction of 54 d in
the DSP. This highlights the exposure to expected cli-
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mate change of ecological processes and economic
activities that depend on snow in the Pyrenees, even
under more optimistic emission scenarios.

Finally, one goal would be to simulate the spatial
variability of snow cover melting on the runoff genera-
tion at a catchment scale. The distributed energy bal-
ance of snowmelt coupled with hydrologic modelling is
thus required (e.g. Kirnbauer et al. 1994, Marks et al.
1999, Garen & Marks 2005). Such an approach has an
advantage of resolving topographical features of the
snow cover at a resolution not yet resolved by high-
resolution RCMs. On the other hand, the validation is
hampered by the lack of a continuous and dense net-
work of observations to drive and to validate this
modelling system. Consequently, for the time being,
reliance is on hybrid approaches using available
observations, model outputs, as well on a number of
assumptions to drive the energy balance model with
respect to specific points.
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