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Abstract

The temporal concentration of snowfalls has direct implications on the man-
agement of water resources as well as on the economic activity of mountain
areas, conditioning, for example, the seasonal performance of ski resorts. This
work uses the daily concentration index (CI) for analysing the frequency
concentration of snowfalls in the Iberian Peninsula Mountain ranges. First, we
provide a spatiotemporal analysis of the CI patterns and trends for the
1980-2014 period. Subsequently, we determine the atmospheric circulation
patterns that control the CI variability. In addition, we determine the geo-
graphical and low-frequency climate modes that control the CI for this
mid-latitude area. In addition, we have estimated the partial dependence rela-
tionship between the CI and several geographical factors by fitting a multiple
linear regression. The results from these analyses show that elevation as well
as the distance from the Atlantic are the main geographical pattern that
controls the CI in the Iberian Peninsula Mountain ranges. These geographical
factors also reflect the role of the main atmospheric circulation patterns in the
Iberian Peninsula in controlling the spatial dynamics of the CI. The Cantab-
rian, Iberian, and northern slopes of the Pyrenees show the lowest CI due to
their exposition to northern and Atlantic circulation weather types. On the
contrary, the highest CI values are found in the southern and eastern slopes of
the Pyrenees, eastern slopes of Sierra Nevada, and southern slopes of the Cen-
tral system. Trend analysis shows a slight increase of CI in the Central system
and in the western Sierra Nevada. However, eastern Sierra Nevada, Cantab-
rian, Central, and Iberian show a downward CI trend. CI is principally driven
by the East-Atlantic/Western Russia pattern and the North Atlantic Oscillation
(NAO) in the Cantabrian, Iberian, and northern slopes of the Central range.
The CI values in the Pyrenees show a different relationship with the Western
Mediterranean Oscillation (WeMO) depending on whether it is the southern
or the northern slope. In addition, the positive phase of the NAO oscillation
controls the higher values of CI for the whole Pyrenees, especially in the
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1 | INTRODUCTION

The mountainous snowpack is an important factor in
alpine zones, controlling the hydrology and the dynamic
of alpine ecosystems (Wipf & Rixen, 2010). It governs the
greening onset of alpine vegetation (Chen et al., 2015;
Revuelto et al, 2022), geo-ecological dynamics
(Kreyling & Henry, 2011), and serve as a thermal insula-
tor, protecting the soil from freezing (Liebezeit
et al., 2014) and freeze-thaw cycles (Wang et al., 2020).
Additionally, snowpack also influences biochemical pro-
cesses (Segura et al., 2019) and becomes a crucial fresh-
water resource for lowland areas (Adam et al., 2009).

Iberian mountain ranges, are key zones for runoff gen-
eration (Moran-Tejeda et al., 2014), supplying an impor-
tant portion of the water used by agricultural, industrial,
and touristic sectors (e.g., Lorenzo-Lacruz et al., 2010). As
in other Mediterranean regions, Iberian snowpacks are
characterized by a high intra- and inter-annual variability
(Fayad et al., 2017) due to significant year-to-year precipi-
tation variability (Vicente-Serrano & Trigo, 2011) and a
relevant decadal climatic oscillation (Lionello et al., 2014).
Winter temperature and precipitation are primarily con-
trolled by atmospheric circulation variability (Lemus-
Canovas, 2022; Saffioti et al., 2016) governed by low-
frequency climate mode oscillations (e.g., Trigo et al., 200).
In the western and central zones of Iberia, the North
Atlantic Oscillation (NAO), East-Atlantic (EA), and the
Scandinavian (SCAND) pattern control precipitation
(e.g., Comas-Bru & McDermott, 2014; Trigo et al., 2006).
Due to the abrupt topography and Mediterranean Sea cli-
mate influences, the westerlies influence decreases
towards eastern Iberia (Martin-Vidle & Lopez-
Bustins, 2006). The elevation and different mountain expo-
sition to the main air masses translate into varying snow
timing and magnitudes (Bonsoms, Salvador-Franch, &
Oliva, 2021). Consequently, in the Iberian Mountain
ranges, snowpacks decrease following a North-South gra-
dient for the same elevation ranges (Alonso-Gonzdlez,
Loépez-Moreno, Navarro-Serrano, & Revuelto, 2020;
Alonso-Gonzalez, Lépez-Moreno, Navarro-Serrano,
Sanmiguel-Vallelado, et al., 2020).

Several studies have analysed the spatiotemporal
distribution of precipitation in Iberia (e.g, De Luis

mid-south part. Finally, in Sierra Nevada the CI dynamics are controlled
mostly by the WeMO.

concentration index, Iberian Peninsula, low-frequency climate modes, snowfall, synoptic

et al., 2010; Martin-Vide, 1986; Rodriguez-Puebla, Encinas,
Nieto & Garmendia, 1998; Trigo et al., 2004) as well as the
atmospheric circulation and teleconnection influences (e.g.,
Gonzdlez-Hidalgo et al., 2009; Martinez-Artigas et al., 2021;
Vicente-Serrano & Trigo, 2011). However, the interannual
and intra-annual variability of snow accumulation in the
Iberian Peninsula Mountain ranges and their climatic con-
trols remain poorly understood. Alonso-Gonzalez, Lopez-
Moreno, Navarro-Serrano, and Revuelto (2020) and Alonso-
Gonzdlez, Lopez-Moreno, Navarro-Serrano, Sanmiguel-
Vallelado, et al. (2020)) analysed the snowpack variability
due to NAO for the Iberian ranges, finding a high correla-
tion between snow accumulation and NAO in the southern
exposed Iberian Mountain ranges. In the southern slopes of
the Pyrenees, NAO negative phases control snow accumula-
tion (LOopez-Moreno, 2005; Ldépez-Moreno & Vicente-
Serrano, 2007); however, the NAO influence decreases
towards the northern and eastern areas (Bonsoms,
Salvador-Franch, & Oliva, 2021). In the Pyrenees, the atmo-
spheric circulation variability has been linked to winter pre-
cipitation (Lemus-Canovas et al., 2018), snow depth, snow
accumulation, and snow days trends in the western and
central (Lépez-Moreno, 2005; Lépez-Moreno & Vicente-Ser-
rano, 2007), low elevation southern slopes (Buisan
et al., 2015, 2016), eastern (Bonsoms, Salvador-Franch, &
Oliva, 2021) and the entire range (LOpez-Moreno
et al.,, 2020). Since 1980s, the positive trend in anticyclonic
weather types frequency in spring has been related with the
increase of the energy available for snow ablation (Bonsoms
et al., 2022).

Long-term snow climatological studies within Iberian
Peninsula mountains reveal snow depth decreases attrib-
uted to climate warming (Lopez-Moreno et al., 2020) in
accordance with Northern Hemisphere snowpack magni-
tude and snow cover trends (Notarnicola, 2022; Sospedra-
Alfonso and Merryfield, 2017). The anticipated increase
of temperature is expected to critically affect the future
snowpack evolution (Bonsoms et al., 2023; Lépez-Moreno
et al., 2011, 2017). Climate projections suggest changes in
the frequency distribution of snowfall (L6pez-Moreno
et al., 2011) due to thermodynamic (O'Gorman, 2014)
and dynamic changes (Faranda, 2019).

However, the frequency concentration of snowfall
events in the Iberian Peninsula Mountain ranges during
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(I) Spatial distribution of the Iberian Mountain ranges analysed in this work. (II) Location map of the Iberian Peninsula

within the European continent. [Colour figure can be viewed at wileyonlinelibrary.com]

the winter season remains poorly understood. For this
reason, in this work, we introduce the concentration
index (CI; Martin-Vide, 2004) for analysing the intra-
seasonal variability of snowfalls in the Iberian Mountain
ranges during the 1980-2015 period. The CI takes into
consideration the distribution of events throughout the
season, displaying high (low) CI values if snow accumu-
lation season is characterized by few (many) accumula-
tion or snowfall events. The CI can be particularly
interesting for analysing snowfall data for several rea-
sons: (1) by calculating the CI for snowfall events, we can
better understand the seasonal variability of snowfall
within a region. This can help identify patterns and
trends in snowfall distribution, such as whether snowfall
occurs predominantly in a few heavy events or is more
evenly distributed throughout the season; (2) analysing
the CI for snowfall can help assess the impacts of climate
change on snowfall patterns. Changes in the CI over time
may indicate shifts in the distribution of snowfall events,
which could have implications for water resource man-
agement, flood risks, and ecosystem health; (3) Under-
standing the distribution of snowfall events using the CI
can help inform water resource management strategies,
particularly in regions where snowmelt is an essential
source of water supply.

In this sense, the objectives of this work are:

1. Analyse the spatiotemporal patterns and trends of
snowfall temporal concentration in the Iberian Penin-
sula Mountain ranges.

2. Determine the main geographical and climate drivers
of the intra- and inter-annual variability of temporal
concentration of snowfalls.

2 | STUDY AREA

The Iberian Peninsula is constituted by an extended pla-
teau (ca. 600 m) located in the middle zone, where the
Central system is found (Figure 1). The Iberia Plateau is
surrounded by external mountain ranges; including the
five mountain ranges analysed in this work, which are,
from North to South: the Pyrenees, Cantabrian, Central,
Iberian and Baetic system (Sierra Nevada). Maximum ele-
vations are found in Sierra Nevada (Mulhacén, 3478 m a.
s.l) and the Pyrenees (Aneto, 3404 m a.s.l), followed by
Cantabrian (Torrecerredo, 2648 m a.s.l), Central (2592 m
a.s.l, Almanzor Peak), and Iberian range (Moncayo,
2314 m a.s.l). The mean annual average temperature at
sea level ranges from 14°C (Cantabrian coastline) to 18°C
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(Guadalquivir valley), following a latitudinal gradient
approximately of 1°C/200 km (1971-2000 period; De Cas-
tro et al., 2005). The abrupt topography decreases the
Atlantic influence towards the eastern Iberia, where pre-
cipitation is influenced by the Mediterranean climate,
showing lower annual amounts and higher annual vari-
ability than the western area (Martin-Vide &
Olcina, 2001; Martin-Vide and Lopez-Bustins, 2006),
reaching an average annual precipitation of >1000 mm
and a CI of 0.71 (<250 mm, CI = 0.55) in the North-West
(South-East) Iberia (De Castro et al., 2005). The average
max SWE at 1900 m is 471 mm (Cantabrian), 347 mm
(Pyrenees), 150 mm (Iberian), 120 mm (Central), and
8.3 mm (Sierra Nevada); whereas the maximum SWE is
found during the last weeks of January (Sierra Nevada),
February (Central and Iberian) and first week of March
(Cantabrian and Pyrenees; 1980-2014 period; Alonso-
Gonzalez et al., 2018).

3 | DATA AND METHODS

3.1 | Snowpack data

In this work, we used the Iberian Peninsula snowpack
database generated by Alonso-Gonzalez et al. (2018). The
database provides daily snow depth and Snow Water
Equivalent (SWE) estimates for flat surfaces at elevations
from 500 to 2900 m (by 100 m intervals) with 0.088°
(~10 km) of spatial resolution. The temporal period
covers from 1980 to 2014. Snow data were simulated by
forcing the physically based Flexible Snow Model (FSM2;
Essery, 2015) with ERA-Interim data, dynamically down-
scaled using the mesoscale atmospheric model Weather
Research and Forecasting. The database was validated
using ground-truth snow depth data and remotely sensed
imagery, and has been used to analyse the dynamics of
the snowpack in previous studies (Alonso-Gonzalez,
Lopez-Moreno, Navarro-Serrano, & Revuelto, 2020;
Alonso-Gonzalez,  Ldpez-Moreno,  Navarro-Serrano,
Sanmiguel-Vallelado, et al., 2020). Further details of the
methodology followed for the developing of the database
and its validation are available at Alonso-Gonzélez
et al. (2018).

3.2 | CI on daily snowfall

The seasonal concentration or irregularity of snowfalls—
or snow accumulation—is quantified through the CI
index. The CI, introduced by Martin-Vide (2004), is a sta-
tistical measure specifically designed to analyse the

distribution and concentration of precipitation events
within a given time period for example, winter season.
The CI provides a way to quantify the distribution of pre-
cipitation events with higher values indicating a more
uneven or concentrated distribution, and lower values
suggesting a more even distribution of events across the
period selected.

The CI calculates the Lorenz curve (Figure 2, curves
A and B) which is a graphical representation of the dis-
tribution of snowfall events, plotting the cumulative
percentage of number of days (X;) against the cumula-
tive percentage of snowfall (Y;), with perfect equality
represented by a diagonal line, illustrating the concen-
tration of snowfall events within the given time frame.
(Figure 2). The resulting frequency distribution clearly
shows a negative exponential shape (Martin-
Vide, 2004).

It is noted that the area between the equidistribution
line and the concentration curves (S) can provide a mea-
sure for precipitation irregularity (Martin-Vide, 2004).
The Gini index is used to quantify it:

Gini' s Index=25/10.000 (1)

However, the Gini index can be refined by replacing
Lorenz or polygonal curves with better fitting exponential
curves (Joliffe & Hope, 1996). Studies by and Martin-Vide
(2004) and Riehl (1949) introduced the following calcula-
tion procedure for adjustment:

Y =aXe™ (2)

The constants a and b in Equation (2) can be deter-
mined by the least squares method. Once the two con-
stants (a, b) have been determined, the defined integral
of the exponential curve between 0 and 100 shows the
area between the curve, the x-axis and the y-axis at
¥y = 100, which is equivalent to the following:

T

As our interest lies in evaluating the irregularity or
daily snowfall concentration, that is, the separation with
respect to the equidistribution line, we subtracted 5000
(area of the triangle under the equidistribution line) and
the value obtained in Equation (3), in order to find the
area between the curve, the equidistribution line and
the ordinate Y = 100 (S'):
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FIGURE 2
between the relative cumulative
snowfall depth and the relative

cumulative number of days with

Comparative CI curve 100

snowfall. Curve A represents a time

~
[9)]
f

series distribution for a grid point in
Eastern Sierra Nevada, whereas B is a
time series corresponding for a grid
point in northern Pyrenees. The area S’
is that delimited by the diagonal
equidistribution line and the
concentration curve, while the area S is
the remaining area below the
equidistribution line. [Colour figure can

Relative cumulative snowfall depth Y;
N n
(9] o

be viewed at wileyonlinelibrary.com]

25 50 75 100

Relative cumulative number of days with snowfall X;

S'=5000-S (4)
With this area, the CI can be defined as follows:
CI=S'/5000 (5)

Therefore, the value of the CI is the fraction of S’ with
respect to the lower triangle delimited by the equidistri-
bution line (Martin-Vide, 2004).

3.3 | Circulation weather types

We performed a principal component analysis (PCA) syn-
optic classification based on the proposed method by Este-
ban et al. (2005). This procedure was applied by means of
the SynoptReg R package (Lemus-Canovas, Lopez-Bustins,
Martin-Vide, & Royé, 2019a). The sea level pressure (SLP)
data were obtained from the ERA-5 database (Hersbach
et al., 2020) from November to April (included), according
to the snow accumulation season. In addition, SLP data
were originally hourly and were converted to daily to apply
the classification approach. This method was previously
applied to the circulation type (CT) classification of precipi-
tation events (e.g., Lemus-Canovas et al., 2018; 2019b) or
snow accumulation (e.g., Bonsoms, Salvador-Franch, &
Oliva, 2021), among other works. After running the PCA,
we selected five PC components explaining most of the var-
iance of the original data (87.5%) by conducting a Scree
Test (Cattell, 1966). These PCs were subsequently rotated
by means of a varimax rotation (Esteban et al., 2006). With
the rotated components, we used the scores to apply the

extreme scores method (Esteban et al., 2005). The scores
show the degree of representativeness associated with the
variation modes of each principal component, that is,
the classification of each day to its more representative cen-
troid. Thus, the extreme scores method uses the scores >2
and <-2, establishing a positive and negative phase for
each principal component. The extreme scores procedure
establishes the number of groups and their centroids for
the K-means method (Esteban et al., 2006). K-means is
applied without iterations because the centroids are well
established by the method of extreme scores. This proce-
dure culminates in a 10 CT classification. The CT classifica-
tion was performed between 30° N-60° N and 30° W-
20° E, with a 0.25° grid resolution.

3.4 | Low-frequency climate modes

We performed a person's correlation between the annual
CI value and the different low-frequency climate modes
that rule the atmospheric variability in Iberia. The tele-
connection patterns included in this work are the NAO
(Hurrell, 1995), the EA pattern (Wallace &
Gutzler, 1981), East-Atlantic/Western Russia pattern
(EAWR; Barnston & Livezey, 1987), the SCAND
pattern (Barnston & Livezey, 1987), the Mediterranean
Oscillation (MO; Conte et al., 1989), and the WeMO
(Martin-Vide & Lopez-Bustins, 2006). The NAO is calcu-
lated by the difference of SLP in Reykjavik (Iceland) and
Ponta Delgada (Azores). The EA pattern is based on a
north-south dipole over the North Atlantic Ocean, with
the centres of action in a southern position than the
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NAO. The EAWR positive phases represent negative SLP
anomalies in the North Caspian and positive anomalies
in Eurasia. The SCAND oscillation is constituted by a
negative centre of action over western Europe and posi-
tive SLP anomalies over Scandinavia. The MO is defined
as the normalized 500 hPa geopotential heights differ-
ence between Algiers (Algeria) and Cairo (Egypt) quanti-
fying a dipolar behaviour of the atmosphere between the
Western and Eastern Mediterranean. WeMO negative
phases represent negative SLP anomalies over the west-
ern Mediterranean Sea. The NAO, MO, and WeMO
indexes were downloaded at the Climate Research Unit,
University of East Anglia data portal (https://crudata.
uea.ac.uk/cru/data/pci.htm, 1 May 2023). The EA,
EAWR, and SCAND data are provided by the National
Center for Atmospheric Research (NCAR; https://www.
cpc.ncep.noaa.gov/data/teledoc/teleintros.html).

3.5 | Temporal tendency

Here, we analysed the temporal trends computing a lin-
ear regression, which constitutes one of the most used
approaches for hydroclimatological purposes. Trends
were considered statistically significant when the p-value
was <0.1.

3.6 | Geographical dependence analysis
The Partial Dependence (Greenwell, 2017) analysis was exe-
cuted using an linear regression to investigate the depen-
dence on the following geographical factors (predictors):
elevation, longitude, latitude, Euclidean distance from the
Atlantic and Mediterranean coastline, and continentality.
For this latest predictor, continentality was calculated as a
function of Euclidean distances from the sea to each target
raster cell. Partial dependence plots are low-dimensional
graphical renderings of the prediction function so that the
relationship between the outcome and predictors of interest
can be more easily understood (Greenwell, 2017). Each pre-
dictor's contribution to the model is quantified by its coeffi-
cient, and the significance of these coefficients is evaluated
using the #-statistic. The -statistic gives us a measure of con-
fidence that each predictor variable has a statistically signif-
icant impact on the dependent variable.

4 | RESULTS AND DISCUSSION

We introduce the CI for the spatiotemporal analysis of
interannual snowfall variability and related trends in the
Iberian Peninsula mountain ranges (1980-2015 period).

Additionally, we identify the geographical and low-
frequency modes that control the CI by performing a par-
tial dependence analysis based on a multiple linear
regression. Finally, we investigate the atmospheric circu-
lation governing the snow CI variability.

41 |
trends

CI spatiotemporal patterns and

The CI shows clear differences depending on the Iberian
range analysed and also when different sectors of each
mountain range are compared (Figure 3). Snow accumu-
lation is regularly distributed (lower CI values) through
the season in the Iberian, Cantabrian, western Sierra
Nevada, northern and western slopes of the Central Sys-
tem and Pyrenean ranges. On the contrary, CI markedly
increases eastward in the Pyrenees and Sierra Nevada,
zones clearly influenced by Mediterranean climate.

An elevation dependence can also be visually deter-
mined in the CI values. The higher the elevation, the
lower the CI. A more extended review about geographical
factors determining CI spatial patterns is exposed in
Section 4.3.

4.2 | Synoptic circulation drivers and
temporal trends of CI

The CT classification conducted in this work identifies
10 synoptic configurations that govern atmospheric pat-
terns from November to April (Figure 4). Based on
Figure 5, CT 1 (698 days), CT 5 (631), CT 7 (488), and CT
10 (587) are Atlantic low-pressure systems. During
CT 1, a high-pressure system is located in the subtropical
area, near the Azores, while a westward advection of
maritime and polar air masses brings cold and wet condi-
tions over the Iberian Peninsula. CT 1 is the most recur-
rent CT in November (Figure 5). CT5 is mainly
characterized by a deep low-pressure system placed in
the North Atlantic sector, advecting western and south-
western maritime wet air masses specially to the north-
western part of the Iberian Peninsula. Additionally,
under this CT5, the southern and eastern part of the Ibe-
rian Peninsula are more affected by the subtropical ridge
arising from the south, therefore restricting the above-
mentioned wet conditions to the western and northwest-
ern mountain ranges of the study area. During CT
7 events, a deep low-pressure system is located just north-
west of the Iberian Peninsula. This synoptic pattern is the
most frequent in April (24% of the days) and is character-
ized by southwestward advection of maritime, mild, and
wet flows, providing substantial precipitation episodes.
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FIGURE 3 Spatial distribution of the concentration index through the Iberian Peninsula Mountain ranges. [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 Daily relative frequency of each
circulation type (CT) grouped by month of the
snow season. The right-hand side shows the
acronyms related to each weather type. “A” and
“C” refers to anticyclonic and cyclonic types,
respectively. [Colour figure can be viewed at
wileyonlinelibrary.com]

CTs

Finally, CT 10 brings a polar advection of cold northwest
air masses.

CT 2 (601), CT 3 (601), CT 6 (578), and CT 8 (562)
form a second cluster of atmospheric configurations char-
acterized by Mediterranean wet air mass advections ori-
gin. During CT 2, an anticyclonic system is extended in
the north of the Iberian Peninsula. In contrast, during CT
8, the high-pressure area is located just southwest of the
Iberian Peninsula. In both CTs, weak western

Daily Relative
Frequency 0.1 0.2 0.3

ANW

AE

AN

CSwW

D J F M A

Mediterranean advection of northeast and north wet air
flows may bring precipitation. Similarly, CT 3 is defined
by a weakened anticyclone in the southwest Iberian Pen-
insula and a low placed in northern Italy, triggering
north and northeast advection of wet Mediterranean air
flow, being highly frequent during the last month of the
season when it is recorded for the majority of the days
(35%). Finally, CT 6 is characterized by a high-pressure
system displaced towards Western Europe, providing
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FIGURE 5 Spatial map of the average concentration index (CI) for each circulation types (CTs), grouped by mountain ranges. The
average sea level pressure pressure (in hPa) during each CTs is shown in the left column. [Colour figure can be viewed at
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stable weather—undefined situation in the circulation—
in combination with mild conditions over the Iberian
mountains.

The synoptic configurations comprised of CT 4 (702),
CT 8, and CT 9 (775) bring high-pressure systems and
stable weather over the Iberian Peninsula. CT 4 rarely
triggers snow accumulation events, being highly frequent
during January (28% of the days). During CT 8, the exten-
sion of an anticyclone system in the west and southwest

Iberian Peninsula provides very stable weather in the
western sector. However, eastern Iberia is under the
influence of Mediterranean cyclogenesis, which could
trigger snowfall events in the highlands. Finally, CT 9 is
a stationary-cold continental high-pressure system estab-
lished over central Europe that brings dry conditions over
the Iberian Peninsula.

The Cantabrian range presents moderate CI values
and a relatively constant CI, independent of the CT
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group. This mountain range is exposed to polar and mari-
time Atlantic cold low-pressure systems (CT 1 and CT 5),
allowing a regular distribution of snow accumulation
events during the snow season. The northern and south-
ern Pyrenees show a contrasting CI pattern. The northern
slopes are exposed to low CI values. This is explained
because the majority of CTs (except anticyclonic, CT4)
could trigger snow accumulation events due to the high
exposure of the mountain range to the Atlantic but also
Mediterranean low-pressure systems (north and north-
east advections). The maximum CI values are precisely
related to CT 4 events, which bring stable conditions and
snow ablation. CT 3 (cyclonic north advection) triggers
high rainfall episodes (Esteban et al., 2009; Lemus-
Canovas, Lopez-Bustins, Trapero, & Martin-Vide, 2019b)
and large snow accumulation events in the windward

1980 4
1984 4
1988 4
1992 4
1996 4
2000+
2004 4
2008 4
20124

Temporal evolution of the circulation types daily frequency per snow season. [Colour figure can be viewed at

and northern Pyrenees (Bonsoms, Salvador-Franch, &
Oliva, 2021), decreasing towards the leeward and south-
ern slopes of the range, where greater values are reached
(CI =0.7 and 0.8).

The Central range presents CI values around 0.5. The
greatest values (CI = 0.7) are found in the eastern sector
under CT 2 (anticyclonic northeast advection) and in the
western, Atlantic-influenced area under CT 7 (cyclonic
southwest advection). The Iberian range presents CI
values around 0.6 and does not show significant differ-
ences under the different synoptic types. In Sierra Nevada,
however, there are large differences depending on the syn-
optic episode. Data reveal that the western area rain-
shadows the eastern sector under CT 1, CT 5, and CT
7 (westerly advections). In the eastern (western) zone, the
maximum (minimum) CI values are observed during the
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latter synoptic configurations, whereas the minimum
values are observed during Mediterranean low-pressure
systems (CT 3 and CT 8). Those results are consistent with
the contrasted rain patterns found between the western
and eastern areas of the range (Pereira et al., 2016).

The synoptic evolution during the temporal period
analysed shows no significant change in the daily fre-
quency for CT 2, CT 7, and CT 8 (Figure 6). There is a
general decrease of anticyclonic CTs (CT 9, CT 4, and CT
10), and an increase of low-pressure systems. In detail,
there is a statistically significant increase in the daily fre-
quency of CT 1 and CT 3 (0.16/year, p-value <0.1). The
upward trend found for these synoptic events seems to
explain the general decrease of CI found in the eastern
exposed Iberian Peninsula ranges (Figure 7). In addition
to the orientation, there is also a partial altitudinal gradi-
ent in the increase of the CI for Sierra Nevada (Figure 7),
which could be related to a lower number of snowfall
days, due to the global temperature increase and the
phase change that this implies in precipitation (Pérez-
Palazon, Pimentel & Polo, 2018). In the other hand, sta-
ble situations as CT 4 and CT 9 that rarely triggers snow
accumulation events showed a non-statistically signifi-
cant decreasing trend (slope = —0.16/year and —0.21,
respectively, p-value >0.1; Figure 6), but favouring less
snowfall events and promoting and increase of CI values,
especially in those areas where the CI was historically
lower as the northern part of the Pyrenees. Conversely,
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Spatial concentration index trends for the Iberian Mountain ranges are included in this work. [Colour figure can be viewed

the south and southwestern parts of the Pyrenees observe
a statistically significant trend towards the reduction of
the CI, probably triggered by a statistically significant
increase in the frequency of CT 1, as it provides moisture
from westerly flows to this area, resulting in more regular
snowfalls.

4.3 | Geographical and low-frequency
climate modes driving spatial behaviour
of CI

The contribution of each independent variable is evalu-
ated through the t-statistic. The most relevant predictor
for the CI estimation is elevation (t = 42; Figure 8a) fol-
lowed by the Atlantic distance (¢t = 30; Figure 8a). Inter-
estingly, in Figure 9a elevation shows an inverse
relationship with CI—the greater the elevation, the lower
the CI—whereas the Atlantic distance shows a positive
relationship, being those areas close to the Atlantic those
with a less snowfall concentrations—lower CI. In this
sense, Figure 8b summarize the abovementioned: higher
elevations in the mountain systems close to the Atlantic
are those with a lesser CI, while the low elevations of the
mountain systems further away from the Atlantic are
those with the highest CI.

The Atlantic distance is the driver of CI since it indi-
rectly expresses the mountain exposure to the main
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of the CI with respect to these two variables. [Colour figure can be viewed at wileyonlinelibrary.com]

circulation weather types that trigger snow accumulation
during the cold half of the year (N, NW, W advections).
The latter synoptic configurations are linked to snow
accumulation events in the northern Iberian Peninsula,
such as the Cantabrian and Pyrenees Mountain ranges
(Esteban et al., 2005). The relationship of CI with eleva-
tion is consistent with high values of the coefficient of
variation (CV) detected at low-elevation sectors in con-
trast to highlands of the Iberian Peninsula mountain
ranges Alonso-Gonzdlez, Ldopez-Moreno, Navarro-Ser-
rano, & Revuelto, 2020; Alonso-Gonzalez, Lopez-Moreno,
Navarro-Serrano, Sanmiguel-Vallelado, et al., 2020). This
greater variability at lower elevations could also be
related to a lower number of snowfalls due to the temper-
ature gradient. Few snowfalls represent the total snow
accumulation of the whole season. Furthermore, the link
between CI and the distance to the Atlantic Ocean is con-
sistent with Iberian Peninsula rainfall patterns. Rainfall
interannual variability decreases (increases) towards the
North and West (South and East) sectors of the Iberian
Peninsula (Martin-Vide et al., 2022).

The CI spatial behaviour in the Iberian Peninsula
allows us to relate the different geographical factors dis-
tinguished above with the main teleconnections that
drive precipitations in the study area. However, the links
of each teleconnection pattern and CI show different cor-
relations depending on each sector of the mountain range
(Figure 9). The exposure of the mountain range to the
dominant airflow in each phase of each teleconnection is
a very relevant factor in explaining the spatial distribu-
tion of the correlation between the annual CI and each
teleconnection index. NAO and EAWR act with similar
patterns in the Cantabrian, Pyrenees, and Iberian moun-
tains, showing a positive relationship between the

circulation indices and the CI. The highest correlation
values are related to their southern or southwestern parts
due to the influence of Atlantic air masses. These indices
tend to increase the CI values during their dry phases
when snowfall events are temporally discontinuous. On
the contrary, during their negative phases, these indices
tend to promote more regular precipitation from the
Atlantic with W and SW surface flows, triggering more
temporally distributed snowfalls in the aforementioned
mountain regions, especially in their western and south-
western slopes. The largest correlations found in these
ranges are potentially explained by the west-to-east dispo-
sition of most of the Iberian range. Mountain orographic
barriers and rain shadow effects explain the differences
observed between the northern-southern slopes of the
Pyrenees and western-eastern Sierra Nevada (Figure 3).
For the Pyrenees, CI values are consistent with the
different snow accumulation and timing patterns found
in the range (Bonsoms, Gonzalez, et al., 2021; Buisan
et al., 2016; Lopez-Moreno & Vicente-Serrano, 2007;
Navarro-Serrano and Lopez-Moreno, 2017). Positive (neg-
ative) WeMO phases are linked with low (high) CI values
in the northern Pyrenees. WeMO positive phases are
related to N, NW, and WNW wet and cold advections
(Martin-Vide and Lépez-Bustins, 2006). In the western
and central areas of the southern slopes of the Pyrenees,
negative (positive) NAO phases show a low (high) link
with CI. Negative NAO values drive a SW wet and mild
airflow over the Iberian Peninsula, whereas positive
NAO values are linked with warm air masses and anticy-
clonic, stable conditions (e.g., Trigo et al., 2006). Snow-
falls in the western and central southern slopes of the
range are linked with negative NAO oscillations, which
is consistent with snow accumulation patterns found in
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the range (r = —0.6; Lopez-Moreno, 2005; 2011). There is
no unique teleconnection pattern that explains the CI
variability in the eastern Pyrenees. The highest CI corre-
lations are found with positive SCAND phases in specific
massifs of the central area. Positive SCAND phases are
linked with Atlantic NW, W, and SW advections
(Vicente-Serrano et al., 2006) due to positive high-
pressure systems on the Scandinavian Peninsula. Moving
southward, there is a slight increase in the NAO and MO
correlation, which is in accordance with the low influ-
ence of snow accumulation of NAO towards the northern
massifs of the Pyrenees (Alonso-Gonzalez, Lodpez-
Moreno, Navarro-Serrano, & Revuelto, 2020; Alonso-
Gonzalez, Lopez-Moreno, Navarro-Serrano, Sanmiguel-

Vallelado, et al., 2020). This is because the southern mas-
sifs of the range are mainly exposed to W and SW air-
flows. The same results are observed in the southern
massifs of the Cantabrian and Iberian ranges, as well as
in the Southwest Mountain range, Sierra Nevada.
Circulation dynamics control the spatial variability
found in the Central system, which is also observed for
the teleconnection patterns. Several teleconnection pat-
terns rule the CI variability over the entire Central sys-
tem, which is consistent with the different synoptic
control (Figure 5). The northern slopes of the eastern sec-
tor are controlled by positive NAO and EAWR patterns,
whereas the western area shows a clear North-South dif-
ference, and no single low-frequency climate mode
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dominates the CI variability. Sierra Nevada is primarily
controlled by positive WeMO, MO, and NAO phases,
which is consistent with winter precipitation being
mainly related to these three teleconnections in SE Anda-
lusia (Halifa-Marin et al., 2021).

5 | CONCLUSIONS

In this study, we employed the CI to assess the spatiotem-
poral patterns of intra-annual daily snow accumulation
and its interannual variability during the 1980-2014
period in the Iberian Peninsula mountain ranges. Our
findings allowed us to quantify which areas of the moun-
tain systems have their seasonal snowpack built up by a
few irregular snowfalls, or whether it is constituted by
several snowfalls, more regularly spread over the winter
season. The influence of geographical factors and atmo-
spheric circulation patterns on CI variability and pro-
vided evidence of the contrasted interannual variability
of snow accumulation within Iberian mountain ranges.
The main conclusions of this study are:

1. The elevation and the Atlantic ocean distance are the
most influential geographical factors of the spatial var-
iability of snowfall concentration during a winter sea-
son. The lowest CI values are detected in the northern
mountain sectors exposed to Atlantic and Mediterra-
nean northern advections, linked to more regular
snowfalls during the snow season. Minimum CI
values are found in the northern slopes of the Pyre-
nees (CI =0.5) followed by Cantabrian and Iberian
range (CI =0.56). On the other hand, rain-shadow
effects and a lower number of events explain the
increase of CI towards eastern, Mediterranean-
exposed mountain ranges. Here, the maximum CI
values are found in the eastern Pyrenees (CI = 0.77)
and Sierra Nevada (CI = 81), where snow accumula-
tion is majorly concentrated due to a few episodes
during the snow season.

2. Different CI timing and patterns are translated into
distinct trends. The CI temporal evolution (1980-2014
period) revealed non-statistically significant increases
in CI for the northern slopes of the Pyrenees and
decreases in CI for most of the Iberian mountain
ranges, especially for Central system and Cantabrian
ranges. These trends are in line with the decrease of
anticyclonic CTs and the increase of low-pressure sys-
tems during the analysed period. In the southernmost
mountain range, Sierra Nevada, an increase of CI was
observed in low-lands of the range, probably related
to an increase of liquid precipitation against a reduc-
tion of solid events.

of Climatology

3. CI wvariability in the Iberian Peninsula mountain
ranges is highly controlled by NAO, and EAWR
phases, as well as Western Mediterranean Oscillation
(WeMO) oscillations in driving the Pyrenees and
Sierra Nevada snowfalls concentration. Positive (nega-
tive) phases of NAO and EAWR implied dry (wet) and
more discontinuous (continuous) snowfalls in the
western/southwestern oriented mountain ranges of
the mid-north of the Iberian Peninsula, promoting an
increase (decrease) of the CI. Mediterranean oscilla-
tions as MO and WeMO controlled north/south pat-
terns in the Pyrenees, negative WeMO and MO values
promote greater values of CI for the northern part,
and vice versa for the southern part.

In view of the presented results, it is necessary to con-
tinue investigating the concentration of these snowfalls,
especially in relation to the climate change scenarios pro-
jected for the coming decades, which may alter the occur-
rence of such snowfalls and therefore compromise the
final management of the hydrological resources provided
for the Iberian mountain systems.
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