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Snowfall is a crucial climate variable in mountainous regions: it influences hydrological and ecosystem dynamics
and has a major impact on socioeconomic activities. This study examines the future changes (2024 to 2100) in
winter (December, January and February, included) snowfall and extreme snow events in the Pyrenees, using a
high-resolution dataset (2.5 km) derived from multiple CMIP5 General Circulation Models (GCMs) under RCP4.5
and RCP8.5 greenhouse gas scenarios, forced with the SAFRAN model. Winter snowfall shifts are examined
considering accumulated snowfall (SF), extreme snowfall (Percentile >95th; SF95) per season, and return period
levels (RPs) based on fitting Generalized Extreme Value to annually maximum SF. The data indicate an overall
decline in SF across the entire mountain range and at all elevations. Trend analysis reveals a statistically sig-
nificant negative evolution of SF (Tau Mann-Kendall >0.3; p-value <0.05) for most of the mountain range under
RCP8.5. Projections for the end of the 21st century (2080-2100 period) anticipate reductions ranging from —9 %
(RCP4.5; 2500-3000 m) to —29 % (RCP8.5; 1000-1500 m) compared to the historical climate (1960-2006
period). SF95 projections range from +2 % (RCP4.5; 2500-3000 m) to —25 % (RCP8.5; 2500-3000 m) for the
same periods. Annual maximum extreme snowfall RPs indicate decreases over the historical period, regardless of
the scenario and elevation range. These changes are attributed to warming and declining precipitation (P), with
maximum P reductions reaching reduction of —24 % for RCP8.5 (2080-2100 period). Differences among GCMs
contribute to a variability of +20 % around the average multi-model mean. These results anticipate major
terrestrial ecosystem changes in the Pyrenees, including significant spatiotemporal changes in hydrological re-
sources potentially affecting millions of people living in large lowland cities.

1. Introduction essential for anticipating forthcoming alterations.

At hemispheric-scale, snowfall evolution projections indicate an

Snowfall is a relevant climatic variable in many mountain environ-
ments and affects the Earth energy balance (Thackeray et al., 2019),
water resources and hydropower generation (Donnelly et al., 2017),
tourism industry (Francois et al., 2023) or ecosystem dynamics, drought
patterns, biodiversity, and agricultural timing (IPCC, 2022). Heavy
snowfall events can trigger major impacts, including large-scale floods
(Ionita et al., 2020), disruptions in transport systems (Faranda et al.,
2022), avalanche risks (Peitzsch et al., 2021) as well as damages to
forests, equipments and infrastructures (Bebi et al., 2009). A thorough
understanding of spatial and temporal patterns of snowfall, including
extreme events, is thus needed to maximize snowfall as a resource and
mitigate its potential associated risks. Moreover, within the current
warming trend, an evaluation of the future evolution of snowfall is
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overall reduction in the Northern Hemisphere by the mid to end of the
21st century (De Vries et al., 2014; Raisanen, 2016; [PCC, 2022). In
European mountains, snowfall and snow-climate-related indicators are
projected to decrease, with more significant reductions at lower eleva-
tions (Lopez-Moreno et al., 2013; Piazza et al., 2014; Frei et al., 2018;
Marty et al., 2017; IPCC, 2022; Kotlarski et al., 2023). In the Pyrenees,
where this research focuses, snow is highly sensitive to warming, with
reductions of 30 % per 1 °C of warming at around 1500 m (Bonsoms
et al., 2023). However, predicting the future evolution of snowfall re-
mains challenging, as winter precipitation trends are highly uncertain
(Lopez-Moreno et al., 2011) due to varying climate model projections in
mid-latitude and Mediterranean regions (Pena-Angulo et al., 2020;
Vicente-Serrano et al., 2022). In this context, past (ca. 1980-2010)
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Fig. 1. Location map of the Pyrenees (a) within the Iberian Peninsula (b).

winter snow accumulation trends in the Pyrenees have exhibited sig-
nificant decadal and interannual variability, governed by precipitation
fluctuations. Non-statistical changes were observed in mid- and short-
term periods (Bonsoms et al., 2021), while statistically significant re-
ductions occurred over long-term periods (i.e., 1960-2015), linked to
climate warming (Lopez-Moreno et al., 2020; Bonsoms et al., 2022). For
the future, although warming is expected to decrease snowfall, extreme
snowfall events are not likely to diminish to the same extent (O’ Gorman,
2015). Yet, extreme snowfall events are anticipated to decrease at low
elevations but exhibit minimal changes and increases in cold and high-
elevated sectors (Quante et al., 2021), as projected for the western
United States (Lute and Abatzoglou, 2014), Italy (Derrico et al., 2022),
Japan (Sasai et al., 2019), and the European Alps (Piazza et al., 2014; Le
Roux et al., 2023). Extreme snowfall events in the Pyrenees are pro-
jected to decrease at low elevations (< 1500 m), but increases are ex-
pected at elevations >2000 m on central and eastern southern slopes
(Lopez-Moreno et al., 2011).

The snowfall patterns in the Pyrenees exhibit significant variability
due to differences in the exposure of the massifs to air masses and
elevation (Lopez-Moreno et al., 2020; Bonsoms et al., 2022; Bonsoms
et al., 2023). However, studies analyzing the future evolution of snow-
fall, extreme events, and return levels at high resolution remain scarce.
This study aims to address this objective by analyzing data from a high-
resolution (2 km) model and an ensemble of CMIP5 General Circulation
Models (GCMs). The specific objectives are as follows:

a) Quantify the projected frequency and intensity of snowfall, extreme
snowfall, and extreme snowfall return levels across the range.

b) Analyze spatial and temporal differences based on emission sce-
narios and elevation.

c) Determine uncertainties in snowfall among climate models.

2. Study area

The Pyrenees is a mountain range located in SW Europe that spans
ca. 450 km between the Atlantic Ocean (West) and the Mediterranean
Sea (East) (Fig. 1). The highest mountain peaks exceed 3000 m a.s.l
(Aneto, 3404 m) in the central part of the range and decrease towards

the margins. The prevailing climate during the winter season is influ-
enced by the westward advection of cold jet streams, with snowfall
events related with negative North Atlantic Oscillation (NAO) phases in
the southern slopes of the range (Lopez-Moreno, 2005). Precipitation is
on average around 1000 mm/year although there are large spatial dif-
ferences and maximum levels exceed 2500 mm/year in the northern and
western slopes mountain summits (Lemus-Canovas et al., 2019).
Extreme precipitation events are generally recorded during autumn in
the Eastern Pyrenees (Mediterranean-climate influence) and winter and
spring in the Western Pyrenees (Atlantic-climate influence) (Begueria
et al., 2009). The average annual temperature is around 8 °C, with and
elevation lapse rate of around 0.4 °C/100 m (Bonsoms and Ninyerola,
2023).

The snow season typically starts around November (October) and
extends until the beginning of March (June) at approximately 1500 m
(2500 m) (Bonsoms et al., 2022). Snow drives large runoff variability (>
40 %) of spring streamflow (Lopez-Moreno and Garcia-Ruiz, 2004),
controls alpine plant phenology (Revuelto et al., 2022) and influences
winter tourism activities (Pons et al., 2015). Indeed, with dozens of ski
resorts distributed across the northern and southern slopes of the Pyr-
enees, snow activities play a key role in the regional socio-economic
activities within the same range as well as far beyond it.

3. Data and methodology
3.1. Atmospheric model

We analyzed past and future snowfall (SF) and precipitation (P)
datasets modeled using the Systeme d’Analyze Fournissant des
Renseignements Atmosphériques a la Neige (SAFRAN atmospheric
model), and available in Quintana-Segui et al. (2022). A detailed
description of SAFRAN can be found in Durand et al. (1993, 1998), with
the specific version used in this work described in Quintana-Segui et al.
(2008, 2017).

SAFRAN uses an optimal interpolation algorithm to combine obser-
vational data from Spanish and French meteorological agencies (AEMET
and Météo-France, respectively) with model outputs forced with ERA5,
creating a gridded dataset of meteorological variables. The model
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Table 1
Name and acronyms of the downscaled and bias-corrected CMIP5 GCMs
included in this work.

Name Acronym

Beijing Climate Center Climate System Model bee esm1

Centre National de Recherches Météorologiques Coupled Global CNRM-CM5
Climate Model, version 5

Institute of Numerical Mathematics Climate Model Version 4 INMCM4

Model for Interdisciplinary Research on Climate Institute — Earth MIROC-
System Model ESM

Max Planck Institute Earth System Model, medium resolution MPI-ESM-

MR

divides the Pyrenees into climatically homogeneous zones, typically
smaller than 1000 km?, where weather variables, particularly P, are
relatively uniform. For each zone, vertical profiles of variables are
estimated at 300 m intervals, and these values are interpolated spatially
according to elevation. P is defined as SF when the air temperature is
below 0.5 °C.

Future SF and P projections were modeled using downscaled and
bias-corrected CMIP5 General Circulation Models (GCMs) (see Section
3.2). The dataset has a daily temporal resolution and a spatial resolution
of 2.5 km (ETRS89 datum 30 N; EPSG: 25830). SAFRAN has been pre-
viously validated (Quintana-Segui et al., 2022, and references therein)
and implemented in France (Quintana-Segui et al., 2008), Spain
(Quintana-Segui et al., 2017) or Tunisia (Tramblay et al., 2019),
including mountain terrain such as the Pyrenees (Lopez-Moreno et al.,
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2020; Vernay et al., 2022).

3.2. CMIP5 GCMs models

The future SF and P evolution is evaluated based on the downscaled
CMIP5 GCMs (Table 1) bias-corrected with the analog method described
at Quintana-Segui et al. (2017). We analyzed two greenhouse gases
emissions scenarios, corresponding to a medium (RCP4.5), and high
(RCP8.5) greenhouse gases emission scenario. RCP4.5 estimates actual
levels of CO2 emissions until 2050 and a subsequent decrease by 2100.
RCP8.5 suggest business as usual greenhouse gases emissions and an
increase of CO5 by 2075.

3.3. Indicators

We analyzed SF and extreme snowfall (SF95) accumulated snowfall
for per season. We further analyzed if SF and SF95 evolution is associ-
ated with changes in frequency or related to changes in snow accumu-
lation per event. SFdays and SF95days correspond to the number of SF
and SF95 days per season, respectively. SF95 are considered when daily
values exceed >95th percentile over the 1960-2006 period. Data was
examined at grid scale, for winter months (December, January and
February, included) between 1960 and 2100. We also analyzed the
accumulated precipitation (P) to interpret if SF changes are linked to P
variability in combination with the projected increase in temperature
(Amblar-Francés et al., 2020).

(a) SF (b) SF95
o o
w4 [ea]
- P=0.121 P=0.232
= P <0.001 P <0.001
Eg 1
2 2
w
3 &
g w7
g
8 & o
© - <7
w
(]
=2 @1
2020 2040 2060 2080 200¢ 2020 2040 2060 2080 200¢
Time (year) Time (year)
(c) SFdays ~(d) SF95days
P=0.474 @] P=0122 —_
p=0147 P=0.003 el
. = RCP85
= o
™’
(4 (7o)
e —
o
(V—\
-
o
2020 2040 2060 2080 209 2020 2040 2060 2080  209¢
Time (year) Time (year)

Fig. 2. Average accumulated snowfall (SF) per season (a), average accumulated extreme snowfall (Percentile >95th) (SF95) per season (b), average snowfall days
(SFdays) per season (c) and average seasonal extreme snowfall days (SF95days) per season (d). Data are shown for RCP4.5 (blue color) and RCP8.5 (red color)
scenarios. The temporal period spans from 2006 to 2100. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. Average accumulated precipitation per season (P) anomalies with
respect to the historical climate period (1960-2006). Data is grouped by
elevation (colors), indicator (rows) and RCP4.5 and RCP8.5 scenarios (col-
umns). Anomalies are determined by computing the difference between future
projections for different temporal periods, CMIP5 GCMs and scenarios, and
their corresponding historical climate periods. The obtained data are subse-
quently divided by the respective historical climate periods and multiplied
by 100.

3.4. Return periods (RPs) estimation

To estimate the return levels, we first calculated the maximum daily
SF per year following the block maxima approach. The GEV distribution
is then fitted to this set of maximum yearly values, providing a proba-
bilistic representation of extreme SF occurrences for a given RP. Such an
approach allowed us to understand the statistical properties of future
extreme SF events, providing an estimation of return levels from 2 to
200-year return period (RP). The shape, scale, and location parameters
of the GEV distribution play crucial roles in capturing the characteristics
of extreme events. The cumulative distribution function (CDF) is the
result of the Frechet, Gumbel, and Weibull families in a CDF:

e —eo{ -1 ()] )

The &,u and o correspond to the shape, location and scale of the GEV
distribution, respectively. These parameters were estimated by fitting
the GEV distribution to the annual maxima extracted through the block
maxima approach, using L-moments as the estimation method. The tail
distribution depends on the ¢ value, that can be as follows:

& > 0 giving the heavy-tailed Fréchet case;

¢ = 0 giving the light-tailed Gumbel case;

£ < 0 giving the short-tailed negative-Weibull case.

The GEV distribution was fitted separately for each CMIP5 model
and for each experiment (historical, RCP4.5, and RCP8.5), allowing us to
account for differences in the representation of extreme SF events across
models and emission scenarios.

3.5. Tendency analysis

Future snowfall evolution is analyzed by subtracting anomalies be-
tween the historical period (1960-2006) and future periods for each
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model, scenario, and temporal periods, corresponding to 2040-2060,
2060-2080 and 2080-2100. We also analyzed SF and SF95 frequency
and intensity trends with the modified non-parametric Mann-Kendall
trend test (Mann, 1955; Kendall, 1948) and the Sen’s slope (Sen, 1968).
To avoid false positive trends, data was detrended with the Sen’s slope
and the lag-1 autocorrelation coefficient (Hamed and Rao, 1998).
Trends are considered statistically significant when the p-value is <0.05.

4. Results
4.1. Future winter snowfall and precipitation evolution

The future evolution of SF and SFdays indicates a negative trend
across all elevation ranges (Fig. 2). Declines are particularly pronounced
at elevations below 2000 m (Figs. 2 to 4). Under the RCP4.5 scenario, SF
reductions are more stable over time compared to RCP8.5. During the
2040-2060 period, SF under RCP4.5 decreases on average by 28 %
(1000-1500 m) to 7 % (2500-3000 m) (Fig. 4). Similarly, for the
2080-2100 period, SF reductions under RCP4.5 range from 24 %
(1000-1500 m) to 9 % (2500-3000 m). In contrast, the RCP8.5 scenario
exhibits a sharper decline in SF, especially after 2050 (Figs. 2 and 4). For
the 2080-2100 period, SF reductions under RCP8.5 range from 29 %
(1000-1500 m) to 23 % (2500-3000 m). Furthermore, trends in SF
under RCP8.5 towards 2100 are statistically significant at the 0.05 level
across most of the Pyrenees, while for RCP4.5, they are significant only
on the southern slopes (Fig. S1).

P exhibits a negative trend under both RCP4.5 and RCP8.5 scenarios.
Under RCP4.5, P decreases remain relatively constant throughout 2100,
ranging from 8 % (1000-1500 m) to 6 % (2500-3000 m) (Fig. 3). Under
RCP8.5, P shows largest decline after 2050. During the 2040-2060
period, P reductions under RCP8.5 range from 13 % (1000-1500 m) to
12 % (2500-3000 m). By the 2080-2100 period, P reductions under
RCP8.5 reach up to 23 % across all elevation bands. The largest re-
ductions are projected for the northern slopes, where P under RCP8.5
decreases by up to 30 % by the 2080-2100 period (Fig. 4).

4.2. Future extreme snow events

SF95 exhibits greater spatial variability than SF and P but smaller
overall decreases (Fig. 4). Under RCP4.5, SF95 decreases remain rela-
tively stable throughout the future period, with a reduction from 14 %
(1000-1500 m) to 2 % (2500-3000 m). Under RCP8.5, SF95 decreases
between 2040 and 2060 an average of 10 % across all elevation bands.
By 2080-2100, reductions are projected to range from 18 %
(1000-1500 m) to 25 % (2500-3000 m). For both scenarios, SF95 de-
creases across the range, with slight increases observed in the central
and eastern Pyrenees (Fig. 4).

SF95 and SF95days decrease align with the results from RP levels.
The evolution of maximum daily SF RPs for historical and future sce-
narios across different elevation bands is shown in Fig. 5. Below 2500 m,
maximum daily SF RPs are projected to decrease significantly compared
to the historical scenario, especially under RCP8.5. While a clear
decrease in maximum daily SF RPs is expected for future scenarios, it is
important to note that at 2500-3000 m, maximum daily SF RPs may still
occur, similar to those in historical periods.

4.3. CMIP5 GCMs variability

There is general agreement on a long-term decrease in all indicators
across CMIP5 GCMs and future scenarios for the entire mountain range
(Figs. 2, S1 to S3). However, discrepancies exist in the magnitude and
direction of anomalies between CMIP5 GCMs, based on elevation bands
(Figs. 8 and 9) and spatial zones (Figs. S4 to S7). Differences in CMIP5
GCM s analyzed in this study are shown in Figs. 6 to 9. For SF, the largest
inter-model difference is observed for the CNRM model, which presents
SF anomalies of up to +20 % compared to the multi-model average at



J. Bonsoms et al.

@P

Atmospheric Research 315 (2025) 107912

2040-2060

2080-2100

43.01:

4251

42.01

%

S'rdOy

Latitude

4151
43.01

4251

42.01

4151 T T T T T T T

5’840y

2 -1 0 1 2 2 -1 0

Longitude

(b) SF

1

2040-2060

2060-2080

43.01:

4251

42.01

154

%

S'rdOy

Latitude
- -

3.0

4251

42.01

415 - : : - - ; -

58408
&

2 -1 0 1 2 -2 -1 0

Longitude

(c) SF95

1

2040-2060

2060-2080

43.01
425+
42.04

151

%

l .
25

S'rdOy

Latitude

3.09

4251

42.01

5840
E
&

4151 T T T T T T T
-2 -1 0 1 2 -2 -1 0

Longitude

1

Fig. 4. Spatial anomalies with respect to the historical climate period (1960-2006) for average accumulated precipitation per season (P), average accumulated
snowfall per season (SF) and average accumulated extreme snowfall (percentile >95th) (SF95) per season. Anomalies are determined by computing the difference
between future projections for different temporal periods, CMIP5 GCMs, and scenarios, and their corresponding values from the historical climate period. The
obtained data are subsequently divided by the respective historical climate period and multiplied by 100.

1000-1500 m under RCP4.5 (Fig. 7). In contrast, the MIROC ESM model
consistently underestimates SF relative to the multi-model ensemble
average, with anomalies ranging from —23 % (SF; 1000-1500 m,
RCP4.5) to —4 % (SFdays; 2500-3000 m, RCP4.5) (Fig. 6). Similarly, the
INMCM4 model underestimates all indicators, with SF and SFdays
anomalies of —5 %, and SF95 and SF95days anomalies of +5 %. The MPI
ESM-MR model tends to overestimate all indicators by +5 %, while the
bce esm1 model closely follows the multi-model average.

There is greater consensus among CMIP5 GCMs for SF than for SF95.
Specifically, for SFO5 under RCP4.5, the bcc csm1l and MPI ESM-MR
models suggest increases at 2500-3000 m, while other CMIP5 GCMs
project decreases, with variations depending on the time window

(Fig. 9). For SF95 under RCP8.5, most models project decreases, but
with differing magnitudes of anomalies (Fig. 9). INMCM4 and bcc csm1
show the smallest SFO5 reductions, while MIROC ESM projects the
largest reductions across all elevations and time periods.

5. Discussion
5.1. Past and future evolution of winter snowfall and precipitation
Results consistently anticipate reductions of SF, SFdays, SF95, and

SF95days independently of the elevation range, scenario and GCM
model. These results contrast with recent trends for winter snow depth
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for both historical and future scenarios (RCP4.5 and RCP8.5).
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and snow days showing a positive tendency in the southern (ca.
1980-2010) (Buisan et al., 2015) and eastern Pyrenees (2000-2018
period) (Bonsoms et al., 2021), which was attributed to the high-decadal
and interannual variability of mid-latitude precipitation as well as lower
warming trends during the cold season (OPCC-CTP, 2018). Long-term
(1960-2018) snow days and snow cover trends, however, indicate a
negative trend associated with warming conditions in winter and early
spring (Lopez-Moreno et al., 2020).

The projected reductions in SF and SF95 in the Pyrenees align with
the anticipated warming trends for the mid to late 21st century (Amblar-
Franceés et al., 2020). The P decreases reported in this work, up to — 23 %
for RCP8.5 (2080-2100) with respect to the historical period (Fig. 3),
are larger than previous results in the mountain range that projected a
small (+ — 10 %) variability of winter P for both RCP4.5 and RCP8.5
(Amblar-Francés et al., 2020). Multi-model ensemble means anomalies
project a decrease of SF and SF95 that is consistent with Tau MK trends
(Fig. S1). Results indicate that the decrease in SF is less pronounced for
RCP8.5 than for RCP4.5 until the period 2060-2070 even at lower ele-
vations (< 2000 m) (Fig. S1). This is attributed to decreases in P RCP8.5
for 2050 onwards. Climate variability, however, is likely to result in
some periods of similar than historical averages for SF95 (Fig. 4c). In
addition, future extreme SF RPs at 2500-3000 m could reach similar
values than historical periods (Fig. 5). The higher-than-average decrease
in P observed in the northern slopes of the Pyrenees (Fig. 4a) could be
attributed to the future variability of the Western Mediterranean
Oscillation (WeMO), which plays a crucial role in controlling snow
accumulation during winter (r > 0.5) in these northern slopes (Bonsoms
et al., 2021). Nevertheless, additional research is necessary to compre-
hensively understand the interplay among atmospheric circulation
patterns and their role in controlling future winter SF.

These results are in line with the projected decreases in SF across the
European continent (De Vries et al., 2014; Raisanen, 2016). However,

the results are not in line with increases in P anticipated for other
mountain zones, such as the European Alps. Here, winter P in the NW
sector has shown statistically significant increases of 20 to 40 % per
century (1903-2010 period), with recent decades showing accelerated
trends (Ménégoz et al., 2020). However, recent winter snow accumu-
lation trends (ca. 1970-2020) have exhibited high interannual vari-
ability (Matiu et al., 2021). For the future, P is projected to rise for the
period 2070-2099 compared to the 1981-2010 period (Rajczak and
Schar, 2017). Seasonal mean P will increase by approximately +10 %
(RCP4.5) to +15 % (RCP8.5) (Kotlarski et al., 2023), in contrast to the
reductions of P reported in our work. The small SF and SF95 changes
reported at high-elevations in the Pyrenees (i.e., —5 % at 2500-3000 m)
are consistent with previous results found in the Alps, where no differ-
ences and slight increases in SF are projected in winter for high eleva-
tions (>>2000 m) in both RCP4.5 and RCP8.5 scenarios towards mid-end
21st (Frei et al., 2018).

5.2. Past and future evolution of extreme events

Long-term extreme precipitation temporal trends show a general
decrease in intensity and magnitude in peninsular Spain (Lopez-Moreno
et al., 2010; Serrano-Notivoli et al., 2018), except in NW Iberia, the
Guadalquivir River Valley, and the Mediterranean coastal fringe (ca.
1950 to 2020 period) (Begueria et al., 2023). This contrasts with trends
in other southern European mountain ranges, such as the
Mediterranean-influenced southern Alps, where positive extreme P
trends were found (1958-2017) (Blanchet and Creutin, 2022). Addi-
tionally, in the French Alps (1959-2019), extreme SF RPs increased by
23 % at 2000 m but decreased by 10 % at 500 m (Le Roux et al., 2021a).

Previous projections of extreme SF in the Pyrenees indicated nega-
tive trends for the 25-year return level at elevations below 1500 m and
positive trends at elevations above 2500 m (Lopez-Moreno et al., 2011).
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Fig. 8. Accumulated winter snowfall (SF) anomalies with respect to the historical period (1960-2006). Data is grouped by RCP4.5 (upper box) and RCP8.5 (bottom
box), elevation range (y-axis) and CMIP5 GCMs (x-axis). Anomalies are determined by computing the difference between future projections for different temporal
periods, models, and scenarios, and their corresponding values from the historical climate period. The obtained data are subsequently divided by the respective

historical climate period and multiplied by 100.

However, our results show a general reduction in SF95 and SF95days,
with only small changes observed at 2500-3000 m. Similarly, extreme
SF increases have been also documented in other mountain regions, such
as in Japan (Kawase et al., 2016) and the Alps (Le Roux et al., 2021b).
The increase of extreme SF RPs projected to high elevated alpine regions
(Piazza et al., 2014; Frei et al., 2018; Le Roux et al., 2023), was attrib-
uted to greater atmospheric moisture-holding capacity within a warmer
climate, which is estimated to result in approximately a 7 % increase in
precipitation per °C (O’Gorman, 2015). In the Mediterranean region,
increases in extreme SF events was attributed to higher temperatures,
more moisture availability, convective events, and more favorable
synoptic conditions for extreme events (Derrico et al., 2022; Faranda,
2020).

5.3. Snowfall and precipitation projection uncertainties

We analyzed a high-resolution downscaled (2.5 km) dataset, which
reduces uncertainties associated with GCMs in mountainous regions due
to their complex topography (Mudryk et al., 2020). The SAFRAN model
integrates meteorological data and in-situ observations through an
optimal interpolation algorithm (Quintana-Segui et al., 2017). Its per-
formance has been evaluated against Météo-France’s observational
network, yielding root-mean-square errors of 1.5 °C for temperature and
2.4 mm/day for precipitation (Quintana-Seguf et al., 2008). These dis-
crepancies are attributed to the spatial heterogeneity of precipitation
within large analysis zones (1000 km?), the limited representativity of
the observational stations used for validation, the interpolation
scheme’s inability to fully capture the annual temperature cycle, and the
model’s limitations in accurately reproducing extreme precipitation
events (Quintana-Segui et al., 2008, 2017). In mountainous regions,

additional uncertainties arise from the sparse availability of climate
records and changes in the locations of meteorological stations (Vernay
et al., 2022). SAFRAN is operated by Météo-France for diverse appli-
cations and is frequently coupled with other land-surface models (e.g.,
Quintana-Segui et al., 2017; Vernay et al., 2022). The model has been
validated and implemented in various geographical contexts, including
continental France (Quintana-Segui et al., 2008), Spain (Quintana-Segufi
et al.,, 2017), and Tunisia (Tramblay et al., 2019). SAFRAN has been
employed to analyze long-term trends in snow depth and cover (Lopez-
Moreno et al., 2020), extreme snowfall events (Le Roux et al., 2021a),
and future snow projections in the Alps (Verfaillie et al., 2018),
demonstrating reliability in these applications. The gridded version of
SAFRAN utilized in the present study (Quintana-Segui et al., 2022) has
been validated and applied in the study area for evapotranspiration
modeling (Dari et al., 2022), assessments of long-term flood trends
(Llasat et al., 2024), and hydrological modeling, including validations
against in-situ records (Clavera-Gispert et al., 2023).

There is general agreement on a reduction in SF and SF95. However,
the CMIP5 GCMs analyzed here show differences inf SF projections, with
anomalies up to +20 % over the multi-model ensemble (Fig. 7). This
highlights the challenges in accurately projecting future SF and SF95 in
the mountain range. In addition, some CMIP5 GCMs project stable or
increasing SF95 under RCP4.5, while others projected the opposite
(Figs. 8 and 9), emphasizing the importance of analyzing multiple
GCMs. These differences among GCMs suggest uncertainties in snow-
pack projections based on single GCMs and multi-model ensembles, with
direct implications for future water resource assessments and their
related impacts.

The high interannual variability of SF aligns with projections for
mid-latitude winter P (Coppola et al., 2021) a factor strongly influencing
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Fig. 9. Accumulated winter extreme snowfall (SF95) anomalies with respect to the historical period (1960-2006). Data is grouped by RCP4.5 (upper box) and
RCP8.5 (bottom box), elevation range (y-axis) and CMIP5 GCMs (x-axis). Anomalies are determined by computing the difference between future projections for
different temporal periods, models, and scenarios, and their corresponding values from the historical climate period. The obtained data are subsequently divided by

the respective historical climate period and multiplied by 100.

hydroclimate trends in southwestern Europe (Hannaford et al., 2013;
Pena-Angulo et al., 2020). Differences in mid-latitude precipitation
among climate models have been linked to the influence of mid-latitude
annular modes of internal variability (Deser et al., 2012). CMIP5 and
CMIP6 models have shown biases in spatial patterns and precipitation
magnitudes (Vicente-Serrano et al., 2022). Comparisons of winter pre-
cipitation in southwestern Europe, using in-situ records, reanalysis data,
and climate model projections (CMIP3, CMIP5, and CMIP6), reveal
discrepancies between observed and modeled precipitation, which also
extend to trends (Pena-Angulo et al., 2020). This work analyzed CMIP5
projections, and future works should compare the results presented here
with CMIP6 bias-corrected and downscaled projections to assess po-
tential differences.

6. Conclusions

We conducted an analysis of future SF and SF95 patterns in the
Pyrenees using a multi-model approach with CMIP5 GCMs and two
greenhouse gas concentration pathways. Data consistently indicates an
overall reduction in SF, SF95, SFdays and SF95days. The results reveal
non-linear declines in all indicators, with more pronounced losses at
lower elevation sectors. Specifically, projections for the end of the 21st
century (2080-2100 period) under SF RCP4.5 anticipate reductions
ranging from —24 % (1000-1500 m) to —9 % (2500-3000 m), while SF
RCP8.5 ranges from —29 % (1000-1500 m) to —23 % (2500-3000 m).
Statistically significant decreases at the 0.05 significance level are
observed for most of the mountain range under SF RCP8.5.

The long-term evolution is attributed to warming and precipitation
decreases, with maximum P reductions (2080-2100 period) under
RCP8.5, reaching — 30 % on the northern slopes of the Pyrenees. SF95
exhibits a negative evolution, with SF95 RCP4.5 at 1000-1500 m
decreasing by —12 % (2080-2100 period) compared to the historical

period. However, at 2500-3000 m, SF95 RCP4.5 multi-model averages
show small (2 %) increases for the same temporal period. SF95 RCP8.5,
on the other hand, indicates larger decreases of —18 % (1000-1500 m)
and — 25 % (2500-3000 m) during the 2080-2100 period. Extreme SF
RPs also show decreases across all scenarios and most of the elevation
ranges considered. Significant inter-model differences are observed in
terms of magnitude across all indicators, with certain CMIP5 GCMs
overestimating (CNRM) or underestimating (MIROC ESM) inter-model
averages. The disparities among these models lead to varying trends in
magnitude depending on the elevation band. This variability introduces
uncertainties in projecting the evolution of the snowpack based on
snowfall climate projections. The study offers insights into future
snowfall patterns in the Pyrenees, indicating a reduction in available
hydrological resources with significant implications for mountain eco-
systems and nearby cities reliant on water availability.
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