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Mid-latitude mountain snowpacks are highly vulnerable to climate warming. Past and future hydroclimate
changes require a thorougout knowledge of snow ablation physical processes and the associate climate drivers. In
this work we provide the first spatio-temporal characteritzation of the energy available for snow ablation (Qy,) in
the Pyrenees for the period 1959-2020, during the main ablation season (March to June) for low (1200 m), mid
(1800 m) and high (2400 m) elevations. We analyze the role of the the main Circulation Weather Types (CTs) in
the Qn, components for the entire mountain range. Finally, we train and tune a machine learning algorithm, the
Random Forest, with atmospheric data (Surface Level Pressure and 500 hPa Geopotential Height) as an inde-
pendent variable and Qp, as the dependent one, in order to determine how much of the observed changes in Qp,
can be related with atmospheric circulation variability. The largest contribution of Qp, is Net Radiation (Rn),
increasing with elevation. Qn, has shown a statistically significant increase since the 1980s. The comparison
between the period 1959-1980 and the 2000-2020 revealed that positive Qy, fluxes have been anticipated 22
and 12 days at mid and high elevations, respectively, showing evidence of an advance in the timing of the
ablation season and faster snow ablation in high-elevation areas of the Pyrenees. The Qy, is principally driven by
Rn during the prevailing antyciclonic situations, characterized by the extension of high-pressure systems, low-
barometric gradients and the SE advection of hot and dry air masses. The positive frequency of these anticy-
clonic CTs explains the majority (75%) of the Qm variability, the upward Qm trends and the earlier snow
ablation onset since the 1980s.

1. Introduction

Mid-latitude mountain ranges have been exposed to major environ-
mental changes over the last decades (Hock et al., 2019). In the Pyr-
enees, the climate warming recorded since the end of the Little Ice Age
(ca. 1850 CE) has critically affected the cryosphere (Oliva et al., 2018).
The remaining glaciers in this mountain range have undergone a sig-
nificant recession in recent years and are expected to disappear by the
mid of the 21st century (Lopez-Moreno et al., 2016; Rico et al., 2017;
Vidaller et al., 2021). In addition, a negative trend in snow depth (HS)
and duration was found for the entire range from 1958 to 2017 (Lopez-
Moreno et al., 2020a, 2020b). Changes in the snow regime and timing
have significant impacts on mountain ecosystems; including, but not
limited to, modifications of the geoecological, hydrological (e.g., Garcia-
Ruiz et al., 2011) and biological cycles (e.g., Vorkauf et al., 2021). Snow
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scarcity has also major socioeconomic implications, such as determining
a decrease of the hydropower production (e.g., Gascoin et al., 2015) or a
shortening of the snow tourism season (Gilaberte-Biirdalo et al., 2017),
among others.

Climate projections anticipate significant warming over mid-latitude
mountain ranges in the forthcoming decades (IPCC, 2021), with higher
temperature increases in Mediterranean mountains than in other mid-
latitude ranges (Nogués-Bravo et al., 2008). In the Pyrenees, high
emission climate scenarios, project an increase of the intensity and
frequency (ca. + 20%) of high snowfall events at high elevation areas (>
2500 m), although a significant reduction of the intensity (— 60%) and
frequency (— 80%) is expected to occur between 1000 and 1500 m
(Lopez-Moreno et al., 2011). The duration of the snow season is ex-
pected to decrease by ca. 20-30 days per °C (Lopez-Moreno et al., 2013).
Under a climate warming of >2 °C the snow season would reduce by ca.
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38% (15%) in the lowest (highest) elevation areas with south (north)
orientation of the eastern (western) Pyrenees (Pons et al., 2015).

The projected climate changes require a better understanding of the
hydro-climatological patterns prevailing nowadays in the Pyrenees. In
this sense, identifying to which extent the observed changes in snow-
pack magnitude and timing are mostly related to a decline in snow
accumulation or to an increase in the melt rates or a combination of
both, would help to better anticipate the consequences of climate pro-
jections for the snowpack and the spatio-temporal dynamics of hydro-
logical processes in the headwaters of the valleys. In this study, we focus
on the melting period, and aim to quantify changes in the snow Surface
Energy Balance (SEB) that could be driving changes in the amount of
energy available for snow ablation (Qp). From a climatological
perspective, it remains unknown whether the Qp, evolution over the past
60 years has been mainly driven by anomalies on the prevailing Circu-
lation Weather types (CTs) or by superimposed long-term climate trends
that could be associated to anthropogenic climate change. In recent
years, several studies have analyzed the influence of the CTs on the
snowfall in the high lands of the central (Esteban et al., 2005), western
and central Pyrenees (Lopez-Moreno and Serrano-Vicente, 2006; Nav-
arro-Serrano and Lopez-Moreno, 2017). Changes in the frequency of the
CTs have been associated with the snow trends at low-mid elevations
(Buisan et al., 2014) as well as at high elevations of this mountain range
(Bonsoms et al., 2021a). To date, only a few studies in other regions have
explored the links between the CTs and the snowpack Q, components,
such as in the Great Plains (Grundstein and Leathers, 1999) and the
Great Lakes of North America (Suriano and Leathers, 2018), in the
Tokachi region of Japan (Hayashi et al., 2005) or in the Australian Alps
(Schwartz et al., 2020). However, the Qy, energy portioning is still un-
known in the Pyrenees. The objective of this paper is to shed light on
these issues responding the following questions:

(i) What changes occurred on the Qy, during the snow ablation phase
(March to June) between 1959 and 2020 by elevation and
geographical areas of the Pyrenees?

(i) Which was the impact of the CTs on the Qp by elevation and
sectors of the Pyrenees?

(iii) How much Qp, can be related with atmospheric circulation
changes, instead of other physical processes?

For the first objective, we analyzed the contribution of the Qp
components together with the spatiotemporal evolution of the Qy, trends
at low (1200 m), mid (1800 m) and high (2400 m) specific elevation
ranges of the Pyrenees. In order to provide a better characterization of
the climate drivers of the snow ablation events, we performed a CT
classification and quantified the impact of each synoptic situation on the
Qm. Finally, we quantified how much of the average seasonal Qy, can be
linked to changes in atmospheric circulation rather than other physical
processes (i.e., land-atmosphere feedbacks) by means of a Random
Forest (RF) regression modeled with atmospheric data.

2. Geographical and climatic setting

The Pyrenees is a long (ca. 450 km) mountain range located in
Southern Europe (42°N-43°N to 2°W-3°E) that extends between the
Atlantic Ocean (W) and the Mediterranean Sea (E). The elevation in-
creases towards the center of the mountain range, where the highest
peaks are found (Aneto, 3404 m asl), and decreases towards the edges.
The climate of the Pyrenees is ruled by the southward displacement of
the jet stream during winter, and anticyclonic conditions during summer
(Bonsoms et al., 2021b; and references therein). The Pyrenees present a
wide range of climate regimes due to the different exposure of the
massifs to the main air masses and the rough orography of the region.
Temperature is primarily governed by elevation, being the elevation
gradient of ca. 0.6 °C per 100 m and the annual 0 °C isotherm at ca.
2750-2950 m (Lopez Moreno and Garcia Ruiz, 2004; and references
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therein). Thermal-inversions between mountain summits and valleys
(most of them N-S oriented) are frequent during stable weather condi-
tions, particularly in winter (Pages et al., 2017).

The combination of cold temperatures during the cold season of the
year and relatively abundant precipitation favours the occurrence of
snow cover in most of the Pyrenean massifs for several months of the
year. Snowfall patterns in the western and central areas of the southern
slopes of the range are mainly controlled by NAO phases (Lopez-Mor-
eno, 2005). However, no significant link with NAO is found in the
northern slopes during the winter months (Alonso-Gonzalez et al.,
2020a, 2020b). W, NW, N and NE advections control the snow accu-
mulation on the northern slopes of the central-eastern zone, whereas
precipitation shadow effects decrease the Atlantic low-pressures system
influence in the eastern area (Bonsoms et al., 2021a), as well as in the
valley bottoms (Gonzalez et al., 2021). In addition, the climate becomes
gradually more continental towards the southern slopes of the eastern
range, where the snow regime shows a marked interannual variability
(Bonsoms et al.,, 2021b). The above-mentioned climatic contrasts
eventually drive the snow climatology on the mountain range. Snow
accumulation increases (decreases) to the west (east), being >600 cm (<
400 cm) at ca. 1800 m (Navarro-Serrano and Lopez-Moreno, 2017).
Similarly, snow accumulation recorded on the northern slopes of the
central and eastern sectors almost doubles (500 ¢cm) the amount recor-
ded on the southern massifs at the same elevations (Bonsoms et al.,
2021a). Snow plays a key role as water reservoir for the dry season
(summer), and the meltwater of the range constitutes >40% of the
southern slope rivers discharge (Lopez-Moreno et al., 2008).

3. Data and methodology
3.1. SAFRAN system and SURFEX/ISBA-Crocus — MEPRA model

The long-term analysis (> 50 years) covering the entire range per-
formed in this study can only be done with reanalysis datasets. This is
because snow studies in the Pyrenees are constrained by temporal and
spatial availability of in-situ climate and snow data. In some sectors of
the mountain range, such as in the high elevation areas of the southern
slopes of the Pre-Pyrenees, instrumental records started in the early
2000s (e.g., Bonsoms et al., 2021b). This makes challenging comparing
data in different areas. Ground-based meteorological measurements
include different temporal periods and have a sparse spatial distribution
(Alonso-Gonzalez et al., 2020a, 2020b) with lack of records at high
elevation areas (Batalla et al., 2016). In this regard, this study used the
recently published reanalysis dataset of Vernay et al. (2021), consisting
of modeled values from the SAFRAN meteorological analysis (Durand
et al., 1999) and the SURFEX/ISBA-Crocus — MEPRA snow cover model
(S2M) for each massif of the Pyrenees (Fig. 1) at hourly resolution.
SAFRAN was forced with numerical weather prediction models (ERA-40
reanalysis data from 1958 to 2002 and ARPEGE from 2002 to 2020)
assimilated with ground-based observations (Vernay et al., 2021) and
data was gap-filled and calibrated with homogenized in-situ meteoro-
logical observations. A detailed description of SAFRAN can be found in
Durand et al. (1999) with further technical details in Vernay et al.
(2021). The physical bases of the S2M heat fluxes modelling can be
found in Vionnet et al. (2012); whereas an accurate description of the
turbulent heat fluxes calculation, based on the ISBA-ES snow scheme, is
provided in Boone and Etchevers (2001). The temporal set defined in
this study includes all the days since 1959 to 2020, between March and
June according to the snow ablation dates defined by Bonsoms et al.
(2021a).

3.2. The amount of energy available for snow ablation (Qy,)

The amount of energy available for snow ablation (W m2) was
calculated as follow:
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Fig. 1. Spatial distribution of mountain sectors analyzed in the Pyrenees. The PCs distribution of each massif by elevation can be consulted at Table SP1. Data of the
digital elevation model was downloaded from the European Environmental Agency (https://www.eea.europa.eu/data-and-maps/data/eu-dem).

Q,=Rn+H+LE+G+P (D]

where R,, is the net radiation — the difference between shortwave (SW)
and longwave (LW) radiation. H is the sensible heat flux, LE is the latent
heat flux, G is the ground heat flux and P is the advection of energy by
precipitation. G and P can be neglected in alpine snowpacks (e.g.,
Etchevers et al., 2004), specially during the snow ablation phase (e.g.,
Musselman et al., 2017; Lopez-Moreno et al., 2017), simplifying the
equation as follows:

Q, =Rn+H-+LE )

3.3. Spatial regionalization of the Pyrenees according to the Qpn,
components

The SAFRAN system provides data by homogeneous meteorological
mountain massifs every 300 m from 0 to 3600 m (Durand et al., 1999;
Vernay et al., 2021). In order to retain the main Qp, variance for each
mountain massif and elevation, we applied a Principal Component
Analysis (PCA) on the Qp, components (SW and LW up and down, H and
LE). PCA is a broadly used statistical technique for multifactorial anal-
ysis in hydro-climatological and snow-related studies (e.g., Lopez-Mor-
eno et al.,, 2020a, 2020b; Matiu et al., 2020). The PCA has been
performed for each massif and for each specific low, mid and high
elevation. The PC loadings for each massif and elevation can be con-
sulted in the supplementary material (Table SP1).

3.4. Circulation weather types (CTs)

We performed a synoptic classification based on the extreme score’s
methodology, defined at Esteban et al. (2005), included in the COST733
project (Philipp et al., 2014) and implemented with the SynoptReg R
package (Lemus-Canovas et al., 2019). This method performs a S-mode
matrix with varimax rotation over a set of retained PC components. In
this case, we retained 4 PCs (explaining 70.4% of the variance) based on
the slope change of the Scree Test (Cattell, 1966). The explained vari-
ance of each component can be consulted in the supplementary material
(Table SP2). Following the method, the 4 PCs derive in 8 CTs, since the
days are classified using a K-Means clustering algorithm depending on
the maximum positive and negative correlation values. Data used were
daily Surface Level Pressure (SLP) and 500 hPa Geopotential Height

(Z500) from the NCEP/NCAR Reanalysis 2 (Kalnay et al., 1996). We also
added the Temperature at 850 hPa (T850) and the Relative Humidity at
850 hPa (RH850) in order to discuss the results and provide a better
analysis of each CT. Data for the 30°N-60°N and 30°W-10°E domain
were used at 2.5° resolution, from 1959 to 2020 during the ablations
season (March to June).

3.5. Trend analysis

Trends were calculated using the non-parametric Mann-Kendall
trend test (Tau MK; Mann, 1955; Kendall, 1955) and the Sen’s slope
(Sen, 1968). The Tau MK is a broadly used trend analysis method.
However, it does not detect autocorrelation in the data, which can lead
to false positive trends (Hamed and Rao, 1998). For this reason, the data
time series were detrended with the Sen’s slope and the lag-1 autocor-
relation coefficient, applied with the Modifiedmk R package (Pataka-
muri et al., 2017). Trends were considered statistically significant when
the p-value is < 0.05.

3.6. Contribution of the atmospheric circulation changes in the Q,

We quantified the contribution of the atmospheric circulation
changes on the Qp, following the regression method proposed by Ceppi
et al. (2012) and Jansa et al. (2017), among other works. Here, we
performed a Random Forest (RF) regression. The RF is a non-parametric
algorithm based on ensembles trees and bootstrap aggregation, which
capture the non-linearities of the data and is robust to outliers (Breiman,
2001). In the RF regression, a group of trees is developed using multiple
decision trees, trained from random subsets of the data. The predicted
values of the RF were the result of the arithmetic average of all the tree
predictions (M). The M trees {M;(X), M;(X), ..., Mg(X)}, where X = {x1,
x2, ..., Xp}, is a p-dimensional input vector that creates a forest. The
ensembles generate P values that correspond to the tree Y, (p =1, 2, ...,
P). The regression RF can be calculated as follows:

S = > M) ®)

The independent variables were the pressure data (SLP and Z500) PC
loads of the CT days related with snow ablation (Fig. 2), whereas the
dependent variable was the Q. The SLP and Z500 model was trained
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Fig. 2. Flow diagram to build the SLP and Z500 model using the RF algorithm.

with a random selection of the 70% of the dataset. The two hyper-values
of the RF, the amount of the predictors evaluated in each node (mtry)
and the number of trees (ntree) of a random sample, were tunned based
on a grid-search with a 10-fold cross validation. The mtry ranged from 1
to 10 in steps of 1 and the different ntree values tested were 50, 100, 200,
400 and 800. The accuracy metrics of the parameter tunning can be
consulted in the supplementary material (Table SP2). We evaluated the
accuracy and performance of the SLP and Z500 model against the Qp,
values of the entire dataset using four statistical metrics: residual (Eq.
(4)), mean absolute error (MAE; Eq. (5)), root mean square error (RMSE;
Eq. (6)) and coefficient of determination (RZ; Eq. (7)). Residual, MAE,
RMSE and R? are expressed as:

Residual = E; — O; 4

N
MAE = N"' Y |E; - 0} (5)

i=1

RMSE = (6)

5°(0; — 0) Y.(E; ~ E)
RZ — i=1 i=1
¢IWFOY¢2WFEV

where N is the number of the samples, O; is the Qy, value and E; is the
predicted Q, by the SLP and Z500 model. O is the average Qp, and E is
the average Q, predicted by the PC loadings of SLP and Z500 model.
Low residual, MAE and RMSE values are inversely related with higher
model accuracy. On the contrary, high R? values are related with higher
performance. The RF algorithm application was carried out with the
randomForest package (Liaw and Wiener, 2012), whilst the algorithm
tunning was performed with the Caret package (Kuhn, 2014) both from
R Studio (R Core Team, 2018).

M=

@)

4. Results and discussion

We present a characterization of the Qp, components during the snow
ablation phase in the Pyrenees, and subsequently we compare the results

with the heat fluxes observed in other mountain ranges. Then, we
analyze the spatiotemporal trends of the Qp, for the period 1959-2020.
We also quantify the impact of the CTs on the Q, components. Finally,
we determine if the Qp, trend can be linked with changes of the main
synoptic patterns associate with snow ablation. To this end, we per-
formed a regression, where the pressure data (SLP and Z500 model) is
the independent variable and the Qy, is the dependent one.

4.1. Characterization of the Qy, heat fluxes

The main driver of Qp, is Rn (59%, over the total Qy,), followed by LE
(35%) and H (6%; Table 1). Turbulent heat fluxes slightly decrease to the
west area), corresponding mainly with PC1 (Fig. 3). The massifs asso-
ciated to PC1 correspond mostly to the western Pyrenees and show less
exposure to radiation and sublimation. Changes in the percentage of
contribution of each Qp component are observed depending on the
elevation range. The ratio of Rn over the Qy, increases with elevation
(Table 1 and Fig. 4). The reduction of H and LE with elevation is
explained by the vertical lapse rates of air temperature and vapor
pressure (e.g., Hock, 2005).

In accordance with our results, in-situ meteorological observations
revealed that Rn is the most important energy flux of the snowpack at
2400 m in the central Pyrenees, decreasing towards the southern slopes
in the western fringe of the range (Lopez-Moreno et al., 2017). In the
semiarid Sierra Nevada (2500 m; South Iberia) evaposublimation con-
stitutes a 24-33% of the seasonal snow ablation (Herrero and Polo,

Table 1

Average daily heat fluxes (W/m?) grouped by PC and elevation. The numbers in
parentheses are the percentages of each heat flux over the total Qp,. Percentages
are calculated by dividing the heat fluxes for the total Q, and multiplying by
100.

PC1 PC2

Low Mid High Low Mid High
Rn 66.8 56.7 31.5 73.0 63.5 38.8

(54%) (60%) (49%) (53%) (56%) (58%)
H 15.2 5.7 (7%) —-16.0 18.7 14.6 -5.9

(12%) (25%) (14%) (13%) (9%)
LE 42.6 31.3 17.0 46.4 35.5 22.7

(34%) (33%) (26%) (34%) (31%) (34%)
Qm 1245 93.7 325 138.1 113.6 55.6
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Fig. 3. Spatial distribution of the average (a) Rn, (b) H, (c) LE and (d) Qy, heat fluxes.

2016). Similar percentages have been measured in the Atlas Mountains
at 2300 m, where the H and LE accounts for 10% and 30%, respectively,
of the seasonal snow ablation (Boudhar et al., 2016). In the western
United-States and in the Australian Alps, Rn was found to be also the
main driver of snow ablation (Musselman et al., 2017; Bilish et al.,
2018). The latter have demonstrated that LW radiation is the main
component of Rn for snow ablation (from 75 to 86% over the total snow
ablation); with net SW radiation accounting for 8-14%. In the same
study area, Schwartz et al. (2020) showed different Qy, contributions on
the winter snowpack depending on the CTs. In their study, they found
that the dominant energy source for ablation is Rn, contributing a
53-73% of the mean daily energy flux; followed by H that contributed a
16-44% during warm and dry synoptic configurations. By contrast, in
Tascadero 3500 m (central Chilean Andes) sublimation constitutes 39%
of the seasonal snow ablation loss (L.opez-Moreno et al., 2017).

4.2. Spatiotemporal trends of the Qp

The daily average Qp, for both PCs between 1959 and 2020 shows an
increasing trend. The spatial distribution of the trends shows a different
pattern along the Pyrenees (Fig. 5). The highest Tau MK and statistically
significant values are observed in the massifs that conform PC1 (Tau MK
= 0.25, Sen’s Slope = 0.08, p-value < 0.05), decreasing towards the
eastern massifs that conform PC2 (Tau MK = 0.16, Sen’s Slope = 0.23, p-
value >0.05).

The temporal evolution of the average daily Qn, during the 60 years
shows three 20-years length periods with contrasted trends (Fig. 6). The
first period from 1959 to 1980 recorded lower-than-the-average daily
Qm values and a statistically significant negative trend of the average
daily Qp PC1 (Tau MK = —0.55, Sen’s Slope = —2.08, p-value < 0.01)

and PC2 (MK = 0.59, Sen’s Slope = —2.31, p-value < 0.01). This trend
was probably caused by the solar dimming period (Wild, 2009) that
triggered a negative trend in all Q components (except for LW down at
low and mid elevations; Fig. 7).

The following two decades (1980-2000) showed a progressive in-
crease of the seasonal average of daily mean Qp, for both PCs. An abrupt
increase of the daily average Q, was observed between 1980 and 2000
(Fig. 6). The upward trend is statistically significant for PC1 (Tau MK =
0.39, Sen’s Slope = 1.54, p-value < 0.05) and PC2 (Tau MK = 0.42, Sen’s
Slope = 1.70, p-value < 0.01). The Qp, trends concurred with the sudden
climate warming recorded in the Northern Hemisphere (Sippel et al.,
2020) during the so-called regime shift period (1980 — 1995s; Marty,
2008; Reid et al., 2016). Those years were characterized by a global
brightening phase (Wild, 2009) combined with positive anomalies in the
large-scale low-atmospheric climate modes, such as the NAO and the
Pacific Decadal Oscillation (e.g., Yasunaka and Hanawa, 2002). The
compounding effects of natural climate factors (i.e., the recovery after El
Chichén volcanic eruption) and increasing anthropogenic greenhouse
gases emissions caused a cascade of parallel changes in the entire global
ecosystem (Reid et al., 2016). In the Iberian Peninsula, the increase of
atmospheric aerosols and the reduction of the cloudiness triggered an
upward trend of SW (+ 3.8 Wm 2 decade™!; Sanchez-Lorenzo et al.,
2013). The regime shift impacted in the snow season of the Pyrenees,
and during the 1980s the minimum HS records were reached (mean
value of 1930-1990; Vilar-Bonet and Salvador-Franch, 1996). The
recurrent positive phases of the NAO translated into negative snowfall
anomalies and snow-scarce seasons (L.opez-Moreno, 2005). The above-
average Qn, (Fig. 6) are in accordance with statistically significant
rates of warming in NE Iberia during the spring months (+ 0.66 °C
decade ™!, 1920-2006; Fl Kenawy et al., 2012). The evolution observed
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in the Pyrenees was also detected in other European mountain ranges,
such as the Alps (e.g., Scherrer and Appenzeller, 2006; Marty, 2008;
Durand et al., 2009; Valt and Cianfarra, 2010; Klein et al., 2016; Mar-
colini et al., 2017; Schoner et al., 2018; Matiu et al., 2020; Vorkauf et al.,
2021). Here, the sudden increase of temperature observed since the
1980s (Begert et al., 2005; Ceppi et al., 2012), accentuated during spring
(+ 0.84 °C decade™!, 1975-2004; Rebetez and Reinhard, 2008) led a
reduction of 20-60% of the snow days at <1800 m (mean value of
1947-2007; Marty, 2008). The period 1980-1995 recorded the highest
negative HS anomalies of the 20th century; this pattern was observed in

the Swiss (e.g., Scherrer and Appenzeller, 2006; Klein et al., 2016;
Vorkauf et al., 2021), Austrian (Schoner et al., 2018), Italian (Valt and
Cianfarra, 2010) and French Alps (Durand et al., 2009). Therefore, the
similar evolution for the period 1980-2000 between the Alps and the
Pyrenees probably suggests the existence of a relatively synchronous
regional-scale pattern in western Europe (Marty, 2008).

Unlike the two previous periods, Qn, trends for the period 2000-2020
have drawn a tendency towards stabilization (Fig. 6). Moderate Sen’s
slopes in combination with non-statistically significant changes are
observed for both PCs. A positive average daily Qp, trend was found for
PC1 (Tau MK = 0.07, Sen’s Slope = 0.30, p-value >0.05), whereas a
slightly negative one was observed for PC2 (Tau MK = —0.02, Sen’s
Slope = —0.14, p-value >0.05). The higher rates of change are related to
the negative SW trend, which is consistent with the negative all-sky
downward surface solar radiation trend during spring in eastern Iberia
(1994-2010) due to cloud radiative effects (Sanchez-Lorenzo et al.,
2017). In the Pyrenees, the regime shift was followed by two decades
with positive anomalies of W advections during the winter months that
triggered an absence of winter temperature trends (OPCC-CTP, 2018).
An upward trend in snow days at ca. 1000 m (Buisan et al., 2014) as well
as positive HN trends in the elevated areas of the eastern sector of the
range (Bonsoms et al., 2021a) were also observed. Similar climate pat-
terns have been found in the Alps, where the increase of the cyclonic CTs
during winter (Ceppi et al., 2012) have caused a decrease of the seasonal
temperature (—0.37 °C/decade’1, 1989-2016; Saffioti et al., 2016) and
winter HS values have recovered since the late 1990s up to 2020 (Matiu
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etal., 2020). Hence, changes in atmospheric circulation have potentially
masked higher rates of change, and no clear trends in snow melt dates
were found since the end of the regime shift (Vorkauf et al., 2021).

The increase in Qy, and the consequent shortening of the snow season
since the 1980s is more pronounced at mid to high elevations, with no
significant changes observed at low elevations (Fig. 8). Comparison
between the period 1959-1980 and the 2000-2020 reveals that the first
positive Qn, day was on average 22 (12) days earlier at mid (high)
elevation. The daily mean Qp, follows the same increasing pattern by
elevation. The average daily Qn for the period 2000-2020 at high
elevation was almost the double than the recorded for the period
1959-1980 (57.8 W m~2 vs 30.8 W m2, respectively; Fig. 8 and
Table 2). Increasing trends in Qp, since the 1960s are in accordance with
the statistically significant increase in temperature at spring, as opposed
to the non-statistically significant negative temperature trends observed
during winter (El Kenawy et al., 2012; OPCC-CTP, 2018; Lopez-Moreno
et al., 2020a, 2020b). The lack of Qy, change in low elevation areas are
explained by the fact that snow melt starts in the last weeks of winter,
and the snowpack is inexistent or ephemeral at spring (Bonsoms et al.,
2021a). Therefore, the Qp, trends for low elevation areas presented in
this work provide more evidence of slower snowmelt rates in shallower
snowpacks (Musselman et al., 2017). Given that Qp, at high elevations is
governed by Rn, the upward (downward) trend observed for LW (al-
bedo) have probably implied a chain of positive snow-albedo feedbacks,
that have potentially elevated the 0 °C isotherm to higher elevations.
Snow-albedo feedbacks, mainly observed in spring (e.g., Giorgi et al.,
1997), have been attributed to increasing rates of climate warming
found during the spring months (ca. 1500 m; Ceppi et al., 2012).

One of the consequences associated with Qn, trends is the glacier
recession recorded in the Pyrenees in recent decades. Glacier ablation
followed a rate of 21.0 hm? loss year ™! between 1984 and 2008; how-
ever, the slowdown in the Qp, rate observed reported here since the
2000s has potentially decreased the rate, resulting in 8.1 hm? loss year !
between 2008 and 2016 (Rico et al., 2017). The increase in LE, and the
consequent offset of H at low elevations (Fig. 7), is in agreement with the
upward rate of evapotranspiration (Lopez-Moreno et al., 2008). Snow
evaporation increases implies meltwater decreases, and therefore less
runoff. In this sense, a decrease in the Pyrenean rivers streamflow have

been observed since the end of the century for both the Northern and
Southern slopes of the Pyrenees (Renard et al., 2008). This trend has
been attributed to the earlier snowmelt onset (Lopez-Moreno et al.,
2008; Moran-Tejeda et al., 2014), the denser forest cover in the river’s
headwaters (Begueria et al., 2003; Lopez-Moreno et al., 2006; Gallart
et al., 2011) and the decrease in winter snowfall during the second half
of the 20th century (Lopez-Moreno, 2005; Lopez-Moreno et al., 2008).
The increasing Qp, trends and the earlier positive Qy, dates pointed out in
this work suggest an increase (decrease) of the winter (spring) season
streamflow (Lopez-Moreno et al., 2008). Changes in the snow melting
timing have already been linked with the earlier peak flow observed in
Iberian rivers during the second half of 20th century (Moran-Tejeda
et al., 2014). These hydrological changes imply a decrease in the energy
available for hydropower, but also a decrease of land-irrigated sources
and socioeconomic uses in the downstream areas. Given that tempera-
ture, instead of the accumulated winter precipitation, is the key
parameter that determines the snow duration and SWE peak in the
Pyrenees (Alonso-Gonzalez et al., 2020a, 2020b), projected climate
warming for the mid 21th century in this mountain range (> 1 °C;
Amblar-Franceés et al., 2020) will likely amplify the Qp, trends observed,
as well as the cascade of effects discussed here.

4.3. The impact of atmospheric circulation changes on the snow ablation
phase

The CTs types that rule the atmospheric circulation variability over
the study area are presented in Fig. 9. From March to June, the majority
of the days are clustered with CT 1 (22.3%), followed by CT 4 (14.9%)
and CT 6 (12.9%; Table 3).

In all of the CTs, the largest contribution of Qp, is Rn. CT 3, 6 and 8
represent the advection of Atlantic low-pressure systems over the
mountain range. Cold conditions and lower than average RH850
generate low rates of Qp, and negative H fluxes at high elevation. Fig. 9
(b) shows the spatial concentration of wet air masses in the western
Iberian Peninsula during those events, becoming dry towards the east
due to orographic effects. CT 3 represents a W flow over the Pyrenees
and CT 6 is a deep-low cyclonic system established over NW Iberia, with
SW a mild flow over the Pyrenees. Finally, CT 8 brings polar air masses
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with NW flow and the coldest temperatures over the study area. Those
CTs often produces precipitation, instead of positive Qp and snow
ablation conditions. CT 3 and 6 are associated with high amounts of
snow over the southern slopes of the western and central Pyrenees (e.g.,
Lopez-Moreno and Serrano-Vicente, 2006), whereas CT 6 contribute to
positive HN and torrential rainfall in the southern slopes of the eastern
Pyrenees (Bonsoms et al., 2021b; and references therein). CT 8 brings
the highest contribution of snowfall on the northern slopes of the high
elevation areas of the western and central (Navarro-Serrano and Lopez-
Moreno, 2017), central-eastern (Esteban et al., 2005) and eastern Pyr-
enees (Bonsoms et al., 2021a).

The synoptic configurations of CT 2, 5 and 7 represent the extension
of an Atlantic (CT 2 and 5) and continental (CT 7) anticyclone systems

providing cold and stable snowpack conditions. CT 2 represents a cluster
of synoptic configurations determined by the displacement of huge an-
ticyclonic system placed over the British Isles. There is a N flow over the
Pyrenees with colder than average T850. CT 5 is a similar configuration,
with the high-pressure area desplaced to the S and bringing dry air
masses. Finally, CT 7 events show the extension of a high-pressure sys-
tem over the whole continental Europe providing the driest air masses
over the study area. The lowest daily average Qp, in the Pyrenees is
observed during these synoptic configurations, which in turn trigger
negative H fluxes at high elevations (H = —24 W/m?and — 31 W/m?, for
CT 2 and 5, respectively).

CT 1 and 4 synoptic events are characterized by a low-barometric
gradient over the Iberian Peninsula. Very stable weather conditions
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Table 2
Average values of the daily Qn (W m™2) grouped by temporal period and
elevation.

Daily average Qn, Low Mid High
1959-1980 127.6 94.0 30.8
1980-2000 134.5 105.7 44.2
2000-2020 128.0 113.3 57.7

prevail, in combination with by the advection of hot and dry SE air
masses. The CT 1 brings the highest T850 of the catalogue of CTs, and
presents also the highest values of Qp, for all the elevation ranges. During
both configurations (CT 1 and CT 4), the average daily Qy, is fourfold the
average (Fig. 10). Those synoptic configurations represent the majority
(> 50%) of the days with positive Qp,. The relative contribution of CT 1
and CT 4 over the snow ablation days increases with elevation, without
significant differences between PC1 and PC2 (not figure shown). The
anticyclonic conditions over the Pyrenees guarantees plenty of solar
radiation and clear sky conditions (Rn = 58%) with a high sublimation
rate (LE = 30%) together with significant water losses due to evapora-
tion (H = 12%).

In the Pyrenees, HS is affected by significant decadal and internal

climate variability (e.g., Lopez-Moreno et al., 2020a, 2020b). Conse-
quently, quantifying the role of the atmospheric changes over the sea-
sonal Qp, is crucial in order to separate the atmospheric circulation
changes from other physical processes affecting the Qp, trends. Fig. 11
show the time series of the predicted Qy, values by the SLP and Z500
model and the Q,, values. Accurate results were found between the SLP
and Z500 model and the Qn, values during the days with higher and
positive ablation rates (CT 1 and 4; MAE = 12.0 W/m?, RMSE = 15.0 W/
m?). The data suggest that atmospheric circulation changes can explain
most of the variability (R? = 75%) of the seasonal Qp during the days
with higher rates of Qp, flux (CT1 and CT4).

Therefore, the positive Qp, trends (Fig. 11; Figure SP1) have been
driven by the statistically significant positive trend in the frequency of
CT 1 (Tau MK = 0.32, Sen’s slope = 0.18, p-value <0.01; Table 3), the
non-variation in the frequency of CT 4 and the non-statistically reduc-
tion of the Atlantic low-pressure systems (CT 3, 6 and 8). The positive
frequency of the anticyclonic events has been reinforced by the warmer
(> 0.5 °C T850) and drier (<3% RH850) conditions for the period
2000-2020 (Fig. 12). At the same time, our results suggest that the
negative Qp, found for PC2 between 2000 and 2020 (Tau MK = —0.02,
Sen’s Slope = —0.14, p-value >0.05; Fig. 5) has been partly determined
by the negative anomaly frequency of the CT 1 during the same temporal
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Table 3
Frequency of days with each CT and trends during the ablation season (MAMJ).
CTs 1 2 3 4 5 6 7 8
Frequency (% days) 22.28 9.96 10.83 14.91 8.54 12.94 10.58 9.96
Tau MK 0.32%** —0.20%* —0.09 0.00 —0.03 —0.07 0.19 —0.10
Sen’s Slope 0.18 —0.10 —0.04 0.00 0.00 —0.03 0.09 —0.05
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period (Fig. 12, b). The negative oscillation for the period 2000-2020 is

potentially linked with the slowdown mean temperature trends for the
Iberian Peninsula since the end of the 1990s (Vicente-Serrano et al.,
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2017). The results presented in this work are in accordance with posi-
tives oscillations of the East Atlantic (EA) low-frequency climate mode,
which reproduces the spatial pattern of CT 1, and rules the temperature
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during spring in the NE Iberian Peninsula (r = 0.4, p-value < 0.05; El
Kenawy et al., 2012). Atmospheric changes have been also associated
with the climate warming recorded during spring (1973-2012) in Mal-
lorca (eastern Iberian Peninsula), caused by the widening effects of the
Hadley cell (Jansa et al., 2017). The increasing anticyclonic conditions
observed in our work are consistent with the northern expansion of the
tropical belt (ca. 4.25°) observed since the 1980s (Seidel and Randel,
2007). This shift has leaded a mid-latitude tropospheric warming and a
poleward displacement of the subtropical dry zone (Hu and Fu, 2007),
provoking the so-called subtropicalitzation of the Iberian Peninsula
climate (De Luis et al., 2010). Future climate scenarios project an
enhanced tropical belt expansion, which implies the northward
displacement of the mid-latitude storms mainly during spring (Giorgi
and Lionello, 2008). The related changes suggest positive Qp, trends, and
an increase of the aridity conditions over the study area. The largest
positive differences between the model based on atmospheric data and
the Qy, values are observed since the 1980s. This suggests a decoupling
of the model based on atmospheric data, due to external factors non-
related with the atmospheric circulation. The attribution of other
physical processes that rule the increasing Qp, (i.e., greenhouse gases
emissions) is out of the scope of this article, but should be the base of
forthcoming works.

5. Conclusions

Many hydrological studies in the Pyrenees have focused on the water
supply side (snowfall), but less attention has been made to the energy
demand fluxes (i.e., snow condensation and sublimation). In a warming
atmosphere, a better understanding of the energy fluxes partitioning is
crucial in order to anticipate future changes on the snow regime timing
and magnitude. To this purpose, the spatiotemporal patterns of Qp
components in the Pyrenees have been examined at low, mid and high
elevations and for the period 1959-2020.

The highest rate of contribution of Qp, is Rn (increasing with eleva-
tion) and LE (increasing from west to east). The Qp, temporal evolution
revealed a significant decadal and internal climate variability affecting
the energy fluxes. In comparison with the period 1960-2020, the period
1959-1980 was characterized by negative Qp, anomalies, followed by
the 1980-2000 period, when an abrupt increase in the Q,, was found.
The last period of 2000-2020 shows small and non-statistical trends,
ruled by negative anticyclonic situations. The highest rates of Qn are
related with two synoptic configurations, characterized by stable
weather conditions and the advection of dry and hot SE air masses.
Given that regression analysis has shown that atmospheric circulation
changes explain the majority of the Qp, temporal evolution, the increase
in the frequency of the anticyclonic events has triggered an increase in
all the Qp, fluxes. No significant Qp, changes have been observed at low
elevation areas, confirming slow snow melts in shallow snowpacks. In
comparison with the period 1959-1980, in mid and high elevation areas
the snow ablation onset has advanced around one month for the period
2000-2020. At high elevations, the snowpack has been also exposed to a
faster snow ablation daily rate, and almost the double of the Qp, per day
was recorded for the same temporal period (1959-1980 vs 2000-2020).

Significant research gaps are still related with the cascading impacts
in the mountain ecosystem of the hydro-climatological trends presented
here. This includes, but not limits to, phenological shifts, colder surfaces
under more snow-free areas or meltwater infiltration in frozen and un-
frozen soils. The upward trend of snow evaporation and melting pre-
sented in this study, together with the drying conditions projected for
the oncoming decades suggests a dwindling of water resources in the
downstream areas. Emerging evidence has been provided for further
water management strategies.
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