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Abstract: This paper analyses and characterizes snowfall events in one of the hottest, 
most arid areas in continental Europe. Our information was taken from a snowfall 
database that was partly our own, covering a period of over 100 years. The FLEXTRA 
model of air-mass back-trajectories was applied together with our own subjective 
synoptic classification. Data from the ECMWF Reanalysis of the 20th Century (ERA-
20C) were used for the calculation and clustering of the back-trajectories and the 
establishment of synoptic weather types.  The snowfall events were classified into 8 
synoptic types and 4 first-level and 8 second-level back-trajectories. The meteorological 
scenario for these extreme events was marked by mixed structures at altitude with a main 
NE/SW axis and dipoles on the surface dominated by powerful North Atlantic anti-
cyclones and back-trajectories from the NE at the three levels analysed (500, 1500 and 
5000 m.a.s.l.).

Keywords: extreme meteorological events; snowfalls; SE coast of the Iberian Peninsula; 
back-trajectories; FLEXTRA model; subjective synoptic patterns.

1. Introduction

The weather in Europe is marked by abnormally hot and cold periods (Falarz, 2007) that 
can last for several consecutive days or sometimes even weeks (Bednorz, 2013). During 
the cold spells, there may be strong snowfalls (Frei and Robinson, 1999). Despite this, 
little research has been done on snow in Europe. Studies on this question tend to focus 
on: 1) the Alps (Satyawali et al., 2009; Valt et al., 2008; Soncini and Bocchiola, 2011; 
Scherrer et al., 2013); 2) areas with cold winters in Central Europe (Bednorz, 2004; 
Falarz, M., 2007; Bulygina et al., 2009; Bednorz, 2013; Szwed et al., 2017); and 3) 
Northern Europe (Bednorz, 2004; Bulygina et al., 2009; Bednorz, 2013). Analyses 
covering Europe as a whole (Henderson and Leathers, 2010; Croce P et al., 2021) or its 
Mediterranean area (Núñez-Mora et al., 2016) are much rarer and there are very few 
studies of mountain (Dafis S et al., 2016) or coastal regions of the Mediterranean 
(Houssos et al. 2007).

In Spain, snow has generally been considered a minor risk (Calvo, 2000). Research on 
this question has been far from prolific (Martínez-Ibarra, et al., 2019) and has focused 
above all on northern Spain (e.g. Ruíz, 1998; Pons et al., 2010; Merino et al., 2014; 
Núñez-Mora et al., 2016; de Pablo F et al., 2021) and mountainous areas (e.g. Herrero et 
al., 2009; Buisan et al., 2015; Buisan et al., 2016; Pérez-Palazón et al., 2018). On rare 
occasions, papers about the Mediterranean region have been published (e.g. Salamanca-
Salamanca 2012; Núñez-Mora et al., 2016), concentrating on either its inland (e.g. Olcina 
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& Moltó, 1999; Moltó, 2000) or coastal areas (e.g. Tomás-Quevedo, 1976; Martínez-
Ibarra, et al. 2019). Snowfalls only affect the Mediterranean coast itself during extreme 
weather events. Research into such events includes studies of the SE of the Iberian 
Peninsula (Martínez-Ibarra, 2019), the city of Barcelona (Tomás-Quevedo, 1976), the 
coast of the island of Mallorca (Salamanca-Salamanca 2012), southeast France 
(Dauphiné, 1972), the coast of the Italian peninsula (Enzi et al., 2014) or the Greek 
capital, Athens (Houssos et al. 2007).

One of the best ways of understanding meteorological episodes of this kind is by studying 
air-mass trajectories (García, et al., 2005; Bednorz, 2013; Pérez et al., 2015). With this in 
mind, in this paper we will be studying snowfalls on the coast of SE Iberia by analysing 
the back-trajectories of the air masses involved.

Air-mass trajectories are often investigated using satellite images and more often 
mathematical models, which are versatile and easy to apply (Pérez et al., 2015). The most 
commonly used models include: 1) HYSPLIT (Hybrid Single-Particle Lagrangian 
Integrated Trajectories), described in Draxler (1992) and Draxler et al. (2003); 2) The 
FLEXTRA model, described by Stohl et al. (1995) and Stohl (1999); and the more recent 
METEX (Meteorological Data Explorer) model, described by Zeng et al. (2010). These 
models are used to identify trajectory sectors (Li et al., 2012) and conduct cluster analyses 
on the basis of various different techniques (Kassomenos et al., 2010). 

The study of air-mass trajectories has proved particularly useful in the analysis of aerosols 
(Osada et al., 2003; Wilson et al., 2011; Esteve et al., 2012 Korgo et al., 2013) and 
atmospheric pollution (Osada et al., 2003; Levy et al., 2008; Seagram et al., 2013; Walna 
et al., 2013; Hernández-Ceballos and De Felice, 2019), especially in the study of long-
range transport (Asaf et al., 2008; Kaiser, 2009; Datta et al., 2010; Hien et l., 2011; 
MacDonald et al., 2011; Westgate et al., 2013). Within meteorology, work tends to centre 
on its synoptic branch and the study of extreme events such as: 1) deep cyclogenesis 
(Innes et al., 2009); 2) MEDICANES (Fita et al., 2009); 3) episodes of intense rainfall 
(Tosic and M. Unkasevic, 2013; Trapero et al., 2013); 4) severe storms (Banacos and 
Ekster, 2010) with intense hailstorms (Banacos and Ekster, 2010) and tornados (Banacos 
and Ekster, 2010; Knox et al., 2013). It is also related with temperature analysis (Harpaz 
et al., 2014), cold advections (Soltani et al., 2014) and the study of generalized frost 
(Müller and Ambrizzi, 2010). Other issues that researchers have worked on include: 1) 
major forest fires (Pollina et al., 2013); 2) land-atmosphere moisture exchanges (Roberge 
et al., 2009; Knippertz and H.Wernli, 2010; Chubb et al., 2011; Drumond et al., 2011; 
Pfahl & Niedermann; 2011; Chen et al., 2012; Hernández-Ceballos et al., Hernández-
Ceballos et al., 2013; Knippertz et al., 2013) and 3) cloud cover (Feingold et al., 2003; 
Mauger and Norris, 2010; Shi et al., 2010; Engel et al., 2013).
In recent years, in Spain there has been something of a proliferation of air-mass back-
trajectory studies (Table 1). The questions explored in these papers centre above all on 
atmospheric pollution, especially of CO2 and CH4 (Pérez et al., 2018a; Pérez et al., 2018b; 
Pérez et al., 2019; Fernández-Duque et al., 2020) and O3 (San José, et al., 2005; García 
et al., 2005; Adame et al., 2012a; Saavedra et al., 2012; Notario et al., 2014; Domínguez-
López, et al., 2015). They have also analysed other pollutants such as NO2 (Adame et al., 
2012a; Adame et al., 2012b; Notario et al., 2014), SO2 (Adame et al., 2012b; Notario et 
al., 2014), CO (Adame et al., 2012b), PM10 (Escudero et al., 2006; Stein et al, 2011; 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4878877

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



Adame et al., 2012b; Notario et al., 2014) and even the radioactivity associated with 
aerosols (Dueñas et al., 2011; Valenzuela et al., 2012). 

In the Iberian Peninsula, other more strictly meteorological issues have been analysed as 
either the main theme or as a complementary part of the study. We could cite for example: 
1) cluster analysis of trajectories (Jorba et al., 2004; Pérez et al., 2015); 2) analysis of 
synoptic patterns (Saavedra et al., 2012); 3) the study of dust intrusions (Escudero et al., 
2006; Stein et al, 2011; Valenzuela et al., 2012; 4) aerosol turbidity (Obregón et al., 2012); 
5) precipitations (Izquierdo, Alarcón & Ávila, 2013); or 6), heatwaves (Hernández-
Ceballos, Brattich & Cinelli, 2016). Studies have also been conducted into the aerosols 
produced by volcanic eruptions (Revuelta et al., 2012) forest fires (Ortiz-Amezcua et al., 
2014), air masses as a vector for viral disease (García-Lastra et al., 2012) or olive pollen 
(Hernandez-Ceballos, et al., 2014; Fernández-Rodríguez et al., 2014). 

Table 1. Studies of air-mass back-trajectories for the Iberian Peninsula 

Subject/area of study Back-trajectory 
technique, 

trajectory length 
and atmospheric 

levels studied

Trajectory 
analysis

Complementary 
analyses applied

Source

Air-mass trajectories 
/NE Iberian Peninsula 
(one observatory, 
Barcelona city)

HYSPLIT model, 
96-h at 1500, 
3000 and 5000 
m.a.s.l.

Objective back-
trajectory clusters 
(clusters-mean 
trajectories based 
on speed and 
direction of the 
trajectory)

Jorba et al. 
(2004)

Atmospheric pollution 
(Tropospheric ozone)/ 
northern plateau of the 
Iberian Peninsula (one 
observatory: Low 
Atmosphere Research 
Centre, CIBA)

HYSPLIT model, 
72-h 1500 m.a.s.l 
(850 hPa)

Subjective back-
trajectory clusters

Subjective 500-
hPa synoptic 
weather patterns 

García et al. 
(2005)

Atmospheric pollution 
(surface ozone)/ 
southern plateau of the 
Iberian Peninsula 
(various observatories 
Madrid city)

FLEXTRA model, 
168-h 

Atmospheric 
soundings

Surface synoptic 
weather charts

San José et 
al. (2005)

Aerosols (dust from 
North Africa, 
concentrations from 
PM10)/ southern plateau 
of the Iberian Peninsula 
(one observatory, Risco 
Llano, Toledo province) 

HYSPLIT model, 
120-h at 500, 
1500, and 2500 
m.a.g.l.

Vertical profile HYSPLIT dust 
concentration 
maps

850-hPa synoptic 
weather charts 

Escudero et 
al (2006)

Aerosols (dust from 
North Africa, from 
PM10) / Andalusia

HYSPLIT model, 
120-h at 500, 
1500, and 2500 
m.a.s.l.

HYSPLIT dust 
concentration 
maps

Satellite images

Stein et al. 
(2011)
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Aerosols (radionuclide 
activities :7Be and 
210Pb)/ South Iberian 
Peninsula (one 
observatory, Malaga 
city)

HYSPLIT model, 
96-h at 500, 1500 
and 3000 m.a.s.l.

Objective back-
trajectory clusters 
(origin and 
displacement 
velocity)

Synoptic patterns 
(700, 850 and 
1000 hPa
geopotential 
height for the 
days assigned to 
each of the
identified 
clusters)

Dueñas et 
al. (2011)

Atmospheric pollution 
(NO2 and SO2)/ 
southern plateau of the 
Iberian Peninsula (one 
observatory, DOAS 
System, Puertollano, 
Ciudad Real province)

HYSPLIT model, 
48-h, at 100 
m.a.g.l.

Vertical profile Adame et al. 
(2012a)

Atmospheric pollution 
(as a result of 
“medium”-range 
transport of air masses 
from wildfires: surface 
ozone, NO2, CO and 
PM10)/ southwestern 
Iberian Peninsula 
(western Andalusia)

HYSPLIT model, 
72-h at 500 
m.a.g.l.

Vertical profile Satellite images, 
synoptic chart at 
surface (pressure) 
and 850 hPa 
(geopotential and 
temperature)

Wind and 
specific humidity 
fields obtained 
using the WRF 
model in the finer 
domain

Adame et al. 
(2012b)

Virus/ Northern Iberian 
Peninsula (Basque
Country)

HYSPLIT model, 
72-h t 10, 500 and 
1000 m a.g.l. 

Vertical profile Winds at surface García-
Lastra et al. 
(2012) 

Aerosols (based on 
columnar properties of 
aerosols)/ Southwest 
Iberian Peninsula

HYSPLIT model, 
120-h at 500, 
1500 and 3000 
m.a.g.l.

Subjective back-
trajectory clusters 
(according to 
trajectory route: 
maritime and 
overland)

Obregón et 
al. (2012)

Atmospheric pollution 
(CO2)/ northern plateau 
of the Iberian Peninsula 
(one observatory: Low 
Atmosphere Research 
Centre, CIBA)

Nonparametric
Trajectory 
analysis, 9.5-h, 

Objective back-
trajectory clusters 
(average linkage
method (Cape et 
al., 2000)

Pérez et al. 
(2012)

Aerosols (volcanic 
plume) / southern 
plateau of the Iberian 
Peninsula (CIEMAT 
site, Madrid city)

FLEXTRA model, 
168-h at 1500, 
3000 and 5000 
m.a.g.l.

Lidar remote 
sensing 

Revuelta et 
al. (2012)

Atmospheric pollution 
(surface ozone)/ 
northwestern Iberia 
(Galicia)

HYSPLIT model, 
72-h at 500 and 
1500 m a.g.l. 

Subjective back-
trajectory clusters 
(according to 
trajectory route: 
a) 
Mediterranean–
Peninsular, b) and 
c) South 
Atlantic–
Portuguese, d) 
regional/internal, 

Synoptic patterns 
using a 
subjective 
classification 
(developed for 
the Iberian 
Peninsula
by Font-Tullot, 
1983) 

Saavedra et 
al. (2012)
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e) French–
Cantabrian, and f) 
British.)

Vertical profile

850-hPa synoptic 
weather charts

Aerosols (dust from 
North Africa, based on 
aerosol radiative 
properties)/southeastern 
Spain (Granada city)

HYSPLIT model, 
120-h at 500, 
1500, and 3000 
m.a.g.l.

Objective back-
trajectory clusters 
(clusters-mean 
trajectories based 
on speed and 
direction of the 
trajectory)

Vertical profile

850-hPa synoptic 
weather charts 
(Subjective 
weather patterns= 
charts main 
synoptic 
scenarios)

Satellite images

Valenzuela 
et al. (2012)

Chemical composition 
of precipitation /NE 

Iberian Peninsula (one 
observatory from 

Catalan Pre-coastal 
Range)

HYSPLIT model, 
96-h at 1500 

m.a.s.l.

Objective back-
trajectory clusters 
(implemented in 
the HYSPLIT 
model)

WeMO index 
(WeMOi)

Izquierdo, 
Alarcón and 
Ávila (2013)

Chemical composition 
of precipitation 
(dissolved organic 
matter)/ Southwest 
Iberian Peninsula (only 
one observatory, 
Aveiro, Portugal)

HYSPLIT model, 
48-h at 10 and 500 
m.a.s.l.

Vertical profile Santos et al. 
(2013)

Aerosols (olive pollen)/ 
Southwest Iberian 
Peninsula

HYSPLIT model, 
48-h at 200 and 
500 m.a.s.l.

Raster image 
about fraction 
olive grove 
coverage

Fernández-
Rodríguez et 
al. (2014)

Aerosols (olive pollen)/ 
South Iberian Peninsula 
(one observatory, 
Cordoba city)

HYSPLIT model, 
28-h at 100,
300, 500, 700 and 
1000 m.a.g.l.

Vertical profile Synoptic chart at 
surface (pressure)

Hernández-
Ceballos et 
al. (2014)

Atmospheric pollution 
(NO, NO 2, O 3, SO 2 
and PM10)/ southern 
plateau of the Iberian 
Peninsula

HYSPLIT model, 
48-h, at 100 
m.a.g.l.

Objective back-
trajectory clusters 
(implemented in 
the HYSPLIT 
model)

Notario et 
al. (2014)

Aerosols (particles from 
forest 
fires)/southeastern 
Spain (Granada city)

HYSPLIT model, 
240-h at 1000, 
2000, 3000, 4000, 
5000 and 6000 
m.a.s.l.

Vertical profile

Lidar remote 
sensing

Ortiz-
Amezcua et 
al. (2014)

Atmospheric pollution 
(Tropospheric ozone)/ 
Southwest Iberian 
Peninsula (western 
Andalusia)

HYSPLIT model, 
72-h at 500 
m.a.g.l.

Surface synoptic 
weather charts

Domínguez-
López 
(2015)

Air-mass trajectories/ 
northern plateau of the 
Iberian Peninsula (one 
observatory: Low 

METEX model, 
48-h 

Objective back-
trajectory clusters 
(directions and 
distances 
covered)

Pérez et al. 
(2015)
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Atmosphere Research 
Centre, CIBA)
Heat waves and aerosols 
(radionuclide activities, 
7Be 
concentrations)/Spain 
(cities of Seville, 
Madrid and Bilbao)

HYSPLIT model, 
120-h, at 500, 
1500, and 3000 
m.a.g.l.

Objective back-
trajectory clusters 
(implemented in 
the HYSPLIT 
model)

Vertical profile

Hernández-
Ceballos, 
Brattich and 
Cinelli 
(2016)

Atmospheric pollution 
(CO2 and CH4)/ 

northern plateau of the 
Iberian Peninsula (one 

observatory: Low 
Atmosphere Research 

Centre, CIBA)

METEX model, 
48-h at 0 m.a.g.l.

Subjective back-
trajectory clusters 
(This study 
follows Toledano 
et al. (2009)
-They analyse 
temperatures, 
distances and 
average speed

Pérez et al. 
(2018a)

Atmospheric pollution 
(CO2 and CH4)/ 
northern plateau of the 
Iberian Peninsula (one 
observatory: Low 
Atmosphere Research 
Centre, CIBA)

METEX model, 
96-h at 500 
m.a.g.l.

Objective back-
trajectory clusters 
(Distribution of 
the regions linked 
to the groups of 
trajectory 
centroids formed 
from the minima 
of the density 
function)

Normalized
Difference 
Vegetation Index 
(NDVI) and 
population
densities

Pérez et al. 
(2018b)

Atmospheric pollution 
(CO2 and CH4)/ 
northern plateau of the 
Iberian Peninsula (one 
observatory: Low 
Atmosphere Research 
Centre, CIBA)

METEX model, 
24-h 

Normalized 
Difference 
Vegetation Index 
(NDVI); 
boundary layer 
height

Pérez et al. 
(2019)

Atmospheric pollution 
(urban plume: CO2 and 
CH4)/ northern plateau 
of the Iberian Peninsula 
(one observatory: Low 
Atmosphere Research 
Centre, CIBA)

METEX model, 
96-h at 500 
m.a.g.l.

Fernández-
Duque et al. 
(2020)

The study of back-trajectories in snowfall events on the SE coast of the Iberian Peninsula 
is of interest due to: 1) the difficulty of measuring this hydrometeor in automatic stations  
(Buisán et al., 2022); 2) gaps for this hydrometeor in meteorological databases (Enzi et 
al. 2014) and the lack of previous research studies (Pons et al. 2010, Vicente-Serrano et 
al. 2017); 3) the exceptional nature of these events in the study area (Capel Molina, 2000a; 
Martínez-Ibarra et al., 2019), which is one of the warmest and driest regions in continental 
Europe (Steinhauser, 1970); 4) the use of a database that is partially our own (Martínez-
Ibarra et al., 2019); and 5) the fact that very few studies have analysed the back-
trajectories of air masses for snowfall events. We have found just two articles: Perry et 
al. (2007) and Bednorz (2013).

2. Study area
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The Iberian Peninsula’s location between two continents (Europe and Africa) and two 
water bodies with opposing characteristics (the Atlantic Ocean and the Mediterranean 
Sea) produces a large variety of air masses (Pérez et al., 2015). In addition, the complex 
distribution of its relief implies, among other aspects, a rich variety of climate types, with 
complex wind patterns, different precipitation regimes and variations in temperature 
(Capel-Molina, 2000b)

The study area is identified in Figure 1. It is located in the SE of the Iberian Peninsula, 
to be precise in the coastal area of the natural region of SE Iberia, stretching from 
Benidorm (Alicante) to Adra (Almería) (Gil-Olcina, 2004). The period chosen for our 
study was 1900-2005. This was because the ECMWF Reanalysis of the 20th Century 
(ERA-20C) offers data for the period 1900-2010 and the last snowfall event within this 
period was in 2005. For the purposes of our research into snowfall events over this period, 
we selected 3 cities considered to be representative of this study area (Alicante, Cartagena 
and Almería), which have newspaper coverage for the entire period analysed.

Figure 1. Study area.

According to the normal climate values issued by the Spanish Meteorological Office 
(AEMET) for the period 1981-2010, average annual temperatures oscillate between 17.6-
18.3ºC, with average winter temperatures (December-February) ranging between 10.8-
13.8ºC, and average minimums in the coldest month (January) of between 5.5-8.3ºC. 
Together with the coast of Andalusia, it is the warmest part of mainland Spain. 

Average annual rainfall is very low at between 200 and 313 mm. It is the driest part of 
mainland Spain and one of the most arid in continental Europe (Steinhauser, 1970). Snow 
only fell 25 times in the region in the 118 year-period (1900-2017) for which we reviewed 
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news reports about snowfalls in the local press (Martínez-Ibarra et al., 2019), i.e. about 
once every five years on average. As regards snowfall events in which an area is actually 
covered in snow, these happen approximately once every eight years. In the southernmost 
area (Almeria), this happens approximately once every 24 years. The period in which 
there is a risk of snowfall runs from 17th December to 1st April, and the month with most 
events is January (12 events out of a total of 25).

3. Sources and methodology

The snowfall database used in this research is partially our own. It is explained in detail 
in Martínez-Ibarra et al. (2019).

The back-trajectories were calculated using the FLEXTRA model. This is a Lagrangian 
model used to calculate 3D trajectories. It requires the input of high-density 
meteorological data, where the user can opt for various types of trajectories and change 
the initial settings (Stohl et al., 1995; Stohl and Seibert, 1998; San José et al., 2005). This 
model has been used among others by Stohl (1996), Forster et al. (2001), Traub et al. 
(2003), Gros et al. (2004), Kaiser et al. (2007), Schelfinger and Kaiser (2007), Real et al. 
(2008), Solberg et al. (2008), Kuhn et al. (2010), Salvador et al. (2010) or Revuelta et al. 
(2012). The original software is available on this website:    
https://git.nilu.no/flexpart/flexpart.

The input data for the model comes from the ECMWF Reanalysis of the 20th Century 
(ERA-20C). Data are available for the period 1900-2010, with analysis every 3 h 
(although the FLEXTRA model exports this data every 30 minutes) and a spatial 
resolution of 1.25º (The database was available as free access until June 2023 from the 
following link: https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-20th-
century). Other authors normally used a spatial resolution of between 0.5º and 2.5º (0.5º 
e.g. Fernández-Duque et al., 2020; and 2.5 e.g. Li & Xiao, 2020 or Tosic & Unkasevic, 
2013). 

3D back-trajectories were considered for just one point in the arrival area, namely, 
Cartagena, due to its position in the middle of the three points under consideration 
(Alicante, Cartagena and Almería). 

3 levels are usually selected for analysis of the back-trajectories: the first is at the 
Planetary Boundary Layer (PBL), between 300-500 m.a.s.l.; the second at 850 hPa (1500-
2000 m.a.s.l.); and the third from the middle layers at 700-500 hpa (3000-5.000 m.a.s.l.) 
(Bednorz, 2013; Tosic and Unkasevic, 2013; Hernández-Ceballos et al. 2016; Li & Xiao, 
2020; Kleshtanova et al., 2023). With these indications from previous research in mind, 
we selected 3 levels: 500, 1500 and 5000 m.a.s.l. 500 m.a.s.l. was chosen because various 
authors considered this the best height from which to track the behaviour of the air masses 
that circulate under the PBL (Hernández-Ceballos et al. 2016; Domínguez-López et al. 
2015; Lozano et al. 2012; Fernández-Duque et al., 2020).

The back-trajectories had a duration of 96 hours (4 days). This is because: 1) 96-hour 
back-trajectories do not substantially increase the uncertainty associated with their 
calculation (Ghasemifard et al. 2019; Domínguez-López et al. 2015; Lozano et al. 2012); 
2) back-trajectories of shorter duration might not pick up important air-mass sources and 
routes (Fernández-Duque et al., 2020); 3) 96-hour back-trajectories are sufficient for 
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analysing the movement of air masses in the Iberian Peninsula and its surrounding area 
and represent air flows at a synoptic scale (Fernández-Duque et al., 2020);  and 4), the 
calculation of the 96-hour period makes it easier to find out if the air masses have linear 
trajectories or if they recirculate, which could indicate changes in their initial 
characteristics and, in short, an increase in their water content (Fernández-Duque et al., 
2020) and in moisture sources (Tosic & Unkasevic, 2013). The 96-hour resolution has 
been used extensively by authors such as: Jorba et al. (2004); Dueñas et al. (2011); 
Banacos et al. (2010); Izquierdo, Alarcón & Ávila (2013); Tosic & Unkasevic (2013); 
Pérez et al. (2018b); Fernández-Duque et al. (2020).
Although the trajectories can be grouped into clusters using a numerical calculation 
method (Jorba et al., 2004; Dueñas et al., 2011; Valenzuela et al., 2012; Baker, 2010; 
Kassomenos et al., 2010; Izquierdo, Alarcón and Ávila, 2013; Notaro et al., 2013; Notario 
et al., 2014; Hernández-Ceballos, Brattich and Cinelli, 2016), in this case we used a 
subjective method. The subjective procedure for trajectory clustering was used, among 
others, by García et al. (2005), Toledano et al. (2009), Obregón et al. (2012), Saavedra et 
al. (2012), Tosic and Unkasevic (2013), Pérez et al. (2015), Pérez et al. (2018a) and 
Kleshtanova et al. (2023). 

The first stage was to classify the trajectories according to their direction from their point 
of origin to their arrival point (N, NE, E, SE, S, SW, W and NW), according to Tosic and 
Unkasevic (2013). This criterion was not followed in the case of: 

1) Short trajectories, in the immediate Iberian Peninsula area. In this case, the back-
trajectory was defined as local (L). Proposal inspired by Toledano et al. (2009) and 
followed by Hernández-Ceballos et al. (2016) and Pérez et al. (2018a).

 2) We also considered the type of surface covered by the trajectory, as in Li et al. (2011), 
Yan and Kim (2012), Avery et al. (2013), Kleshtanova et al. (2023) or Räty et al. (2023). 
In our research, in line with Trapero et al. (2013) or Pérez et al. (2018a), we were 
interested in the sea route across the Mediterranean as a possible source of energy and 
moisture. This is why we differentiated the back-trajectories that covered a mainly 
Mediterranean route. The decision as to what was their “main route” was taken in part on 
the basis of the proposal presented by Kleshtanova et al (2023). In our case it was less 
strict (less than half of its total trajectory), given that our trajectories were longer. Those 
back-trajectories that followed a mainly Mediterranean route were identified with the 
abbreviation “MED”, in line with the proposals of Toledano et al. (2009) and Pérez et al. 
(2018a).

3) When the trajectory varied between the different levels, it was referred to as hybrid, in 
accordance with Tosic and Unkasevic (2013). In those cases, we have specified in 
brackets the altitude level of the trajectory (or trajectories) in the low Troposphere that 
diverged from the trajectory at the highest altitude. 

Various complementary (secondary) aspects have also been considered:

1) Mediterranean maritime routes at the end of the trajectory: “med” for short trajectories 
and “meda” for longer ones. Trajectories with a Mediterranean route of at least 25% of 
the total (≥ 23 hours) were considered long trajectories. We indicate, in brackets, the 
level(s) that display this characteristic and the length of this route in hours. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4878877

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



2) We also considered the anticyclonic nature of the trajectories, in line with contributions 
by Banacos et al. (2010). Here, we are referring to whether the back-trajectories border 
on the Atlantic ridge that is usually present at altitude to the west of western Europe. In 
these cases, the following code has been added: bar (borders the Atlantic ridge).

 3) We also identified back-trajectories with a return (r) component, a consideration 
inspired by Fernández-Duque et al. (2020).

4) Lastly, we observed whether the trajectory crossed the Strait of Gibraltar, without 
return (StG) or with return (StGr). 

Some additional characteristics have also been considered: 

1) The temperatures at the start and finish of the trajectory (t, ºC). A variable considered 
by Perry et al. (2007) and Pérez et al. (2018a).

 2) The altitude at the start and finish of the trajectory, and for 500 m.a.s.l. the evolution 
of the trajectory over the final stages (a few hundred kilometres before reaching the 
destination point, to find out whether it was subsiding –sub- or ascending –asc-). This last 
variable was considered by Perry et al. (2007), Banacos et al. (2010), Tosic and Unkasevic 
(2013), Trapero et al. (2013) or Tan et al. (2018).

3) The specific humidity at the start and finish (q, gKg-1). The moisture content has often 
been studied in trajectories analysis to analyse the source or origin of precipitations (Tan 
et al., 2018), and snowfalls (Perry et al., 2007). In line with Trapero et al. (2013), we also 
considered this parameter so as to assess the possible role of the Mediterranean as a 
regional or local source of moisture. 

4) The geographic origin of the trajectories was also considered (e.g. Greenland, the North 
Sea, Slovenia, etc.), as in Pérez et al. (2015), in this case for the three levels being studied. 

Our analysis of the trajectories was completed with a synoptic classification as in Banacos 
et al. (2010), Kirk & Schmidlin (2018) and Pérez et al. (2018a). This was established on 
the basis of the geopotential altitude in 500 hPa and the pressure on the surface at 12 
UTC, as used in various papers on snowfalls in the Iberian Peninsula (Núñez-Mora et al., 
2016; De-Pablo-Dávila et al., 2020). These data also came from the ERA-20C. A 
subjective classification was conducted (expert opinion), a method also applied in other 
studies of trajectories (e.g. Núñez-Mora et al., 2016). The proposed classification is our 
own and has never been published. This was performed during the last day of the 
trajectory, in line with Kirk and Schmidlin (2018), except in exceptional cases, in which 
during the penultimate day of the trajectory there were Mediterranean maritime flows that 
were well-defined on the surface. The first stage was to carry out a classification of the 
map at 500 hPa. Two models or typical situations were found, namely Omega situations 
and dipoles. Omega situations were grouped according to the direction of the principal 
axis of the mixed structure: N-S or NE-SW axes. A numerical code was associated with 
the 500 hPa situations: 1 (Mixed structure N-S), 2 (Mixed structure NE-SW) and 3 
(Dipole). We differentiated between ascending and descending branches (asc and des), 
and their direction (e.g. NW, SW, NE, etc.).
On the surface, two synoptic structures were identified, i.e. dipoles or an isobaric centre 
that defined the synoptic scenario by itself. 3 situations were displayed: 1) dipole with a 
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deep anticyclone, situated between the Azores and the Scandinavian Peninsula, and a 
shallow low situated in the Western Mediterranean. The dipoles were classified on the 
basis of the position of their main axis, in NE-SW and E-W. The different types were 
expressed with a numerical code: 1 (Dipole N-S axis); 2 (Dipole NE-SW axis); 3 (Dipole 
E-W axis); 4 (powerful anticyclone from the Azores); and 5 (a deep low in the Western 
Mediterranean). We also added a complement reflecting whether or not the wind-flow 
has a clearly Mediterranean component and if so, whether it has a short (med) or long 
trajectory (meda). When defining trajectory length, the map of the surface for the day 
before was also taken into consideration. 

These 2 digits were then combined to create the weather types classification (Table 2), 
to which the altitude (type of branch and direction thereof) and surface (if it follows a 
Mediterranean route) complements were added.

Table 2. Synthesis of the different weather types identified  

Synoptic 
type

Characterization at altitude Characterization on the surface

1/1 Mixed structure (ridge-trough) 
main axis N→S

Dipole (anticyclone North Atlantic and 
low Western Mediterranean) main axis 
N→S

1/2 Mixed structure (ridge-trough) 
main axis N→S

Dipole (anticyclone North Atlantic and 
low Western Mediterranean) main axis 
NE→SW

1/3 Mixed structure (ridge-trough) 
main axis N→S

Dipole (anticyclone North Atlantic and 
low Western Mediterranean) main axis 
E→W

1/5 Mixed structure (ridge-trough) 
main axis N→S

Deep Low Western Mediterranean 

2/2 Mixed structure (ridge-trough) 
main axis NE→SW

Dipole (anticyclone North Atlantic and 
low Western Mediterranean) main axis 
NE→SW

2/3 Mixed structure (ridge-trough) 
main axis NE→SW

Dipole (anticyclone North Atlantic and 
low Western Mediterranean) main axis 
E→W

2/4 Mixed structure (ridge-trough) 
main axis NE→SW

Anticyclone of the Azores

3/3 Dipole Dipole (anticyclone North Atlantic and 
low Western Mediterranean) main axis 
E→W

4. Results
4.1 Synoptic analysis

In order to understand the back-trajectories, we began by analysing the synoptic 
framework. These were categorized as mixed structures at altitude (ridge/trough) with a 
main NE/SW axis (75% of cases) and dipoles on the surface (91.7% of cases), with 
anticyclones in the area around the British Isles and weak lows over the Western 
Mediterranean. There were slightly more ascending branches than descending ones (13 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4878877

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



compared to 11). The ascending branches always came from the SW. The descending 
ones came mainly from the W (NW=7 and W=2), as compared to just two with an eastern 
component (NE=2). 

The dominant synoptic type was 2/2 (12 cases, 50%). The main axis of the structure at 
altitude maintained a NE/SW orientation, and the mass of cold air was normally expelled 
over Central Europe. The dipole on the surface also had a main NE/SW axis, and was 
marked by the presence of a deep Atlantic anticyclone, normally situated around the 
British Isles, accompanied by weak low pressure over the Western Mediterranean, 
normally situated between the Balearic Islands and the Italian Peninsula (Figure 2).

Figure 2. Centroids of the weather types identified and their frequency of 
occurrence in %.

Legend: In each map, the geopotential height at the 500 hPa level is shaded in colour and the isohypse for the standard atmosphere is 
drawn in black. The isobars for the reduced pressure at sea level are drawn in white.

The second most frequent type was 2/3, with 5 cases (20.8%). It also has a mixed structure 
with a main NE-SW axis, while on the surface it shows a dipole with a main E-W axis 
(Figure 2). In those cases in which this axis is situated over the Mediterranean Basin, as 
in 1926, 1971 and 1980, long sea tracks are favoured.  

The third most frequent type was 1/2 (2 cases). It is characterized by a mixed structure at 
altitude with a main N-S axis and a dipole on the surface with a main NE-SW axis (Figure 
2). The other options (3/3, 2/4 and 1/5) appeared just once. These 3 cases were the result 
of an evolution or earlier presence of the most frequent situations described above.

4.2 Analysis of the geographic origin of the trajectories 

The trajectories at 5000 m.a.s.l. are longer and of more diverse origin (Figure 3). Those 
at 1500 and 500 m.a.s.l. normally have similar area of origin. There was just one episode 
with a trajectory of local origin (1960 snowfall event) and this occurred exclusively at 
1500 and 500 m.a.s.l.

Figure 3. Origin of the trajectories by levels. 
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Legend: The blue circles, orange triangles and red stars correspond respectively with the origins of the trajectories at 500, 1500 and 
5000 m.a.s.l. The black square over the SE of the Iberian Peninsula marks the location of the end point of all the trajectories we 
calculated.

In thirteen cases (54.2%) the trajectories at 5000 m.a.s.l. covered very long distances, 
originating on the eastern coasts of Greenland, the island of Greenland itself, the Labrador 
Sea, eastern Canada or the north-east coast of the United States. At this level, the general 
circulation from the west leaves the greatest mark and the need to border the Atlantic 
ridge that is normally present at altitude to the west of Western Europe. Even in those 
cases when the trajectories at 5000 m.a.s.l. do not border this anti-cyclonic structure, they 
may also be associated with long tracks. For example, on two occasions the trajectories 
originated in the north of the Scandinavian Peninsula and once even in the Barents Sea. 
The trajectories for 1500 and 500 m.a.s.l did not reach such northerly latitudes over the 
continent of Europe.

At 1500 m.a.s.l. a greater role is played by the trajectories originating in inland Eastern 
European countries situated further south (Ukraine and its surrounding area) and the 
Mediterranean countries from the north of the Adriatic (with 6 cases in total, 25%). Those 
originating from the Baltic Sea and its surrounding countries (20.8%), the Norwegian 
Sea-Greenland Sea (16.7%) and the Scandinavian Peninsula (12.5%) also stand out. 

The trajectories at 500 m.a.s.l. come especially from the Scandinavian Peninsula (29.2%), 
and the Norwegian-Greenland Sea (20.8%), as well as from the North Sea and its coastal 
countries (16.7%) and inland Central European countries (12.5%).  

4.3 Classification of trajectories

The trajectories have been grouped into four types: N, NE, NW and hybrids. There were 
no cases of MED (i.e. in which a main Mediterranean trajectory was observed at all three 
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levels) (Figure 4). Most of the cases showed NE trajectories (58.3% of the cases). These 
were followed by hybrids (25%). The N trajectories appeared much more sporadically 
(12.5%), while the NW trajectories were very rare with just one event. At altitude (5000 
m.a.s.l.), the trajectories always displayed a northern component (from NW to NE).

Figure 4. Trajectories by types and their frequency of occurrence in %.

In the hybrid trajectories (n=6), the trajectories were never the same at all three levels: 
NW/N; NE/MED; N/NW_MED (first NW and then MED in the lower layers); NW/NE; 
NE/Local; N/MED. Both the Mediterranean and the local trajectories only appeared in 
the low levels of the troposphere (500 and 1500 m.a.s.l.). There was only one case of a 
trajectory of local origin.

4.4 Characterization of the trajectories 

The average temperatures at the destination point were +2.9ºC (500 m.a.s.l.), -4.4ºC 
(1.500 m.a.s.l.) and -25.4ºC (5000 m.a.s.l.). Between the start and finish of the trajectory, 
the temperature increased on average by +12.6º at 500 m.a.s.l., ≈+6º at 1500 m.a.s.l. and 
5000 m.a.s.l. (Tables 3, 4 and 5). For the specific cases, the most striking increases, of 
over 20ºC, also occurred more frequently at 500 m.a.s.l. (5 cases at 500 m.a.s.l. and just 
one case at 1500 m.a.s.l. and at 5000 m.a.s.l.). The five cases at 500 m.a.s.l. share a 
common trajectory that crosses the Iberian Peninsula and its cordilleras: in most cases the 
Cantabrian Mountains-Pyrenees and later the Sistema Ibérico; and failing that the 
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Alicante-Murcia branch of the Betic Cordillera. They also share the fact that they subside 
in the last part of their journey, normally from the Iberian System onwards.          

At 500 m.a.s.l. there was only one case in which the temperature fell between the start 
and finish of the trajectory (∆ -1.13 on 9th January 1945). This event coincided with one 
of the two trajectories that did not begin with a cold front. The trajectory originated over 
the North Atlantic to the west of the southern part of the British Isles.  

Falls in temperature were more common at 5000 m.a.s.l. and 1500 m.a.s.l.: 5 cases at 
5000 m.a.s.l. and 6 cases at 1500 m.a.s.l. The average values, filtering the increases and 
decreases separately, were: ∆ -3.7 at 1500 m.a.s.l. and ∆ -2.8 at 5000 m.a.s.l.; and ∆ + 9.4 
at 1500 m.a.s.l. and ∆ + 8.3 at 5000 m.a.s.l.          

The specific humidity values (q) at the end of the trajectories were very similar at 500 
m.a.s.l. and 1500 m.a.s.l.: 𝑞=2.7 gKg-1 [1-5,4 gKg-1] at 500 m.a.s.l.; and 𝑞=2.1 gKg-1 [1-
4 gKg-1] at 1500 m.a.s.l. At 5000 m.a.s.l. they were much lower: 𝑞=0.3 gKg-1 [0.028 to 
1.2 gKg-1]. The values at 500 m.a.s.l. and 1500 m.a.s.l. were normally quite similar except 
in the 1960 event. If we do not take this episode into consideration, the R2 between the 
two levels was 0.8404 (n=23). The dissimilar event from 1960 was also the only event 
with a trajectory of local origin at 500 m and 1500 m.

Table 3. Characterization of the trajectories at 500 m.a.s.l.  

Date z0 z1 ∆z ∆z final stage t0 t1 ∆T q0 q1

19020131 500 253.9 246.1 Subsidence 3.7 -8.2 11.9 2.5 1.1
19100401 500 1034.5 -534.5 Subsidence 3.5 -3.4 7.0 3.3 2.3
19140101 500 605.1 -105.1 Subsidence 0.8 -19.1 19.9 1.9 0.57
19170324 500 259 241.0 Subsidence 6.4 4.1 2.3 2.9 4.5
19190124 500 1107.4 -607.4 Subsidence 7.2 -5.9 13.1 4.2 2.2
19261225 500 401.5 98.5 Subsidence 4.1 -15.9 20.1 1.8 0.98
19331217 500 276.6 223.4 Subsidence 2.5 -8.3 10.8 2 1.1
19340202 500 723.3 -223.3 Subsidence 2.3 -23.5 25.9 2.5 0.36
19350131 500 493.7 6.3 Subsidence 2.7 -11.3 14.1 2.7 0.98
19350209 500 846.8 -346.8 Subsidence 1.7 -10.4 12.1 3.1 1.6
19390319 500 362.4 137.6 Subsidence 2.3 -2.3 4.6 2.3 1.6
19450109 500 268.7 231.3 Subsidence 4.5 5.6 -1.1 2.8 3.7
19460117 500 338.6 161.4 Ascendance 3.1 -16.2 19.4 3.5 0.85
19540203 500 335.3 164.7 Subsidence 2.6 -23.4 25.9 2.5 0.45
19560211 500 430 70.0 Subsidence -2.9 -26.4 23.5 1.1 0.34
19570116 500 358 142.0 Subsidence 2.1 -8.0 10.2 2.4 1.8
19600111 500 914.5 -414.5 Subsidence 10.7 8.5 2.2 5.4 5
19621225 500 388.2 111.8 Subsidence 2.1 -20.7 22.8 1.8 0.6
19710308 500 277.6 222.4 Subsidence 4.2 -9.7 13.9 3.7 0.86
19800113 500 679.3 -179.3 Subsidence 3.2 -5.0 8.2 4 2.4
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19830212 500 294.5 205.5 Ascendance 1.0 -1.9 2.9 3.6 2.3
19850115 500 306 194.0 Subsidence -3.5 -18.8 15.3 1.3 0.73
20040301 500 257 243.0 Subsidence 5.3 -7.4 12.7 2.6 0.87
20050127 500 262.1 237.9 Subsidence -0.8 -5.7 4.9 1.6 1.7
 Averages 478.1 21.9  2.9 -9.7 12.6 2.7 1.6

Table 4. Characterization of the trajectories at 1500 m.a.s.l.

Date z0 z1 ∆z t0 t1 ∆T q0 q1

19020131 1500 1195.4 304.6 -3.1 -22.0 18.9 1.6 0.45
19100401 1500 1418.1 81.9 -4.9 -7.3 2.4 2.9 2.5
19140101 1500 1233.7 266.3 -6.5 -16.7 10.2 1.1 0.64
19170324 1500 1948.4 -448.4 -3.5 -2.8 -0.7 2.6 1.6
19190124 1500 1675 -175.0 -0.2 -6.3 6.1 3.3 2.6
19261225 1500 1420 80.0 -4.3 -10.1 5.8 1.5 1.9
19331217 1500 1434.6 65.4 -5.2 -19.9 14.8 1.3 0.55
19340202 1500 1145.5 354.5 -5.0 -26.2 21.2 2.2 0.25
19350131 1500 1259 241.0 -4.5 -12.7 8.2 2.6 1.3
19350209 1500 1392.3 107.7 -5.0 -3.7 -1.3 2.8 2.9
19390319 1500 1309.2 190.8 -6.9 -1.2 -5.7 1.9 4
19450109 1500 1242.5 257.5 -3.6 -10.7 7.1 1.5 1.1
19460117 1500 1243 257.0 -3.7 -14.8 11.1 2.8 1
19540203 1500 1415.1 84.9 -1.6 -18.5 16.9 2.2 0.56
19560211 1500 1299.7 200.3 -8.3 -12.5 4.2 0.84 1.4
19570116 1500 1473.9 26.1 -4.0 -4.1 0.1 1.8 2.6
19600111 1500 1323.4 176.6 4.1 10.3 -6.2 1.4 2
19621225 1500 1376.6 123.4 -5.2 -11.1 6.0 1.5 0.95
19710308 1500 1469.5 30.5 -3.1 -20.7 17.5 3.3 0.71
19800113 1500 1548.9 -48.9 -2.6 -8.5 5.9 3.6 1.8
19830212 1500 1320.7 179.3 -5.7 2.1 -7.8 2.5 4
19850115 1500 1387.6 112.4 -11.0 -10.3 -0.7 0.77 1.6
20040301 1500 1215.8 284.2 -4.4 -17.7 13.2 2.5 0.86
20050127 1500 1299.6 200.4 -8.7 -9.0 0.3 1.7 1.8
 Averages 1377.0 123.0 -4.4 -10.6 6.2 2.1 1.6

Table 5. Characterization of the trajectories at 5000 m.a.s.l.

Date z0 z1 ∆z t0 t1 ∆T q0 q1

19020131 5000 4813.9 186.1 -19.7 -30.3 10.6 0.100 0.440
19100401 5000 4883.2 116.8 -20.0 -18.2 -1.8 0.580 1.400
19140101 5000 4664.6 335.4 -28.0 -36.1 8.1 0.140 0.081
19170324 5000 4584.8 415.2 -21.7 -33.6 11.9 0.230 0.130
19190124 5000 4816.8 183.2 -19.8 -21.2 1.3 0.087 1.000
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19261225 5000 4935.1 64.9 -30.0 -34.7 4.8 0.370 0.280
19331217 5000 4608.9 391.1 -24.2 -30.9 6.7 0.140 0.190
19340202 5000 4520.7 479.3 -32.6 -41.2 8.7 0.260 0.066
19350131 5000 6066.8 -1066.8 -22.6 -46.5 23.9 0.140 0.070
19350209 5000 4707 293.0 -31.7 -32.3 0.5 0.210 0.220
19390319 5000 4760.3 239.7 -25.6 -30.1 4.5 0.087 0.410
19450109 5000 4876.8 123.2 -24.9 -23.7 -1.1 0.072 0.790
19460117 5000 4557.7 442.3 -19.2 -38.1 18.9 0.033 0.110
19540203 5000 4932.7 67.3 -20.5 -24.9 4.4 1.200 0.610
19560211 5000 5088.9 -88.9 -22.1 -25.2 3.1 0.028 0.470
19570116 5000 4906.1 93.9 -27.7 -21.7 -6.0 0.390 0.730
19600111 5000 4762.5 237.5 -25.3 -29.0 3.7 0.100 0.380
19621225 5000 4707.5 292.5 -25.8 -37.0 11.2 0.390 0.200
19710308 5000 4752.6 247.4 -26.6 -24.3 -2.3 0.520 0.160
19800113 5000 4753.3 246.7 -25.6 -34.1 8.5 0.580 0.120
19830212 5000 4812.2 187.8 -30.3 -36.2 5.9 0.320 0.230
19850115 5000 4926.8 73.2 -32.8 -30.0 -2.7 0.079 0.230
20040301 5000 4520 480.0 -20.9 -36.8 15.9 0.130 0.100
20050127 5000 4963 37.0 -32.6 -37.6 5.0 0.320 0.140

Averages 4830.1 169.9 -25.4 -31.4 6.0 0.271 0.357

At 500 m.a.s.l. we analysed the situations with the greatest moisture content (90th 
percentile) in the study area. There were 3 events with higher levels of specific humidity 
ranging between 4 and 5.4 gKg-1 (q[4-5.4 gKg-1]): 2 of these events also coincided with 
the 90th percentile at 1500 m.a.s.l.; and in one situation with a 90th percentile at 5000 
m.a.s.l.. Situations of this kind are normally related with hybrid trajectories with long sea 
tracks in the lower layers, from the Adriatic Sea, coinciding with synoptic structures on 
the surface that also enable wind flows with long Mediterranean tracks.  

We also studied the changes in altitude at the start and finish of the trajectories and at the 
end of the episode. On average, the difference between the start and finish altitudes was 
positive: at 1500 m.a.s.l. the end point was 120 m higher than the start point while at 5000 
m.a.s.l. the difference was 170 m. At 500 m.a.s.l. the difference was much smaller (22 
m). Of the 6 most pronounced ascents at 500 m.a.s.l. (in the region of or above the 90th 
percentile), 4 also showed significant increases at 1500 m.a.s.l. and 3 at 5000 m.a.s.l.  

In the 2004 event, there were ascents in excess of the 90th percentile at all three levels. 
This event coincided with a trajectory from the North, with a long track, from the Arctic 
Ocean at 5000 m.a.s.l. and from the Greenland Sea at 500 and 1500 m.a.s.l., with the most 
common weather type, 2/2. 

There were only two descents in altitude at 5000 m.a.s.l. (although one of these was very 
pronounced: ∆-1067 m) and 3 at 1500 m.a.s.l. (one of which was pronounced: ∆-448 m). 
At 500 m.a.s.l. they were more frequent, with a total of 7 (29% of cases); three of these 
were less than -400 m. There were just two occasions on which descents between the start 
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and finish of the trajectory were recorded at different levels. On both occasions, this was 
at 500 and 1500 m.a.s.l.   

The most important descent in the trajectories was on 31st January 1935, on which there 
was a descent of -1067 m at 5000 m.a.s.l. This coincided with the greatest increase in 
temperature at 5000 m.a.s.l. (∆+23.9ºC). This was related with the fact that this trajectory, 
which originated on the Greenland Ice Sheet, had the highest initial altitude (6067 
m.a.s.l.). 

The most important descent in altitude at 500 m.a.s.l. (∆ -607.4 m) took place in January 
1919. It coincided with the second most significant descent at 1500 m.a.s.l. (∆ -175). It 
was related with a high start of trajectory, the highest at 500 m.a.s.l. (1107 m, when the 
average was just 478 m); and the second highest at 1500 m.a.s.l.  (1675 m.a.s.l., compared 
to an average of 1377); both these trajectories (for 500 and 1500 m.a.s.l.) originated in a 
country in the Alpine arc, namely Switzerland and Slovenia respectively.  

During the final stage of the trajectory at 500 m.a.s.l. the altitude curve was characterized 
by subsidence (92% of cases, 22 out of 24 occasions), mostly from the Iberian System 
onwards (19 cases).  The two cases in which there was ascent at the end of the trajectories 
at 500 m.a.s.l. were linked with final tracks across the Mediterranean (23 and 25.5 hours 
of the trajectory), and ascents of about 200 m, with winds on the surface with a long 
Mediterranean track and absolute humidity values that were close to the 90th percentile 
at 500 m.a.s.l. These also coincided with ascending branches at altitude (500 hPa) with 
an SW component.     

4.5 Relationship between trajectories and weather types 

The relationship between the type of trajectory and the synoptic situations was affected 
by the dominance of NE trajectories and the high frequency of 2/2 weather types. 50% of 
the NE trajectories (n=14) were identified with the 2/2 weather type, and 85.7% were 
identified with a type 2 at altitude. The hybrid trajectories (n=6) were also identified with 
2/2 weather types (50%), although the identification with a type 2 at altitude was not so 
high as for the NE trajectories (66.7%). Weather type 2/2 was even important in the N 
trajectories (n=3) (2 out of 3 cases). The only NW trajectory analysed was not related 
with the dominant weather type (2/2), but with situation 1/1.

5.  Discussion

As in the article by Kirk & Schmidlin (2018), the analysis of the synoptic classification 
during the last day of the trajectory was useful for identifying air-mass corridors, in 
particular in the back-trajectories at 5000 m.a.s.l. Furthermore, the number of synoptic 
patterns identified (8) for this type of event (snowfall) was similar to those identified in 
other parts of the Iberian Peninsula (e.g. Núñez-Mora et al., 2016; or De-Pablo-Dávila et 
al., 2020), and in particular to those identified by Esteban et al. (2005) and Ortega & 
Morales (2022).

It is also important to highlight the clear similarity between the synoptic patterns 
identified here and those proposed in other studies. In the Valencia region of Spain, 
Núñez-Mora et al. (2016), proposed 3 similar types to ours: their group 1 coincided with 
our type 1/5; their group 2 with our 2/4; and their group 4 with our 1/1. In a study of the 
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most intense snowfalls in the coastal provinces of the Cantabrian Sea by De-Pablo-Dávila 
et al. (2020), their most frequent synoptic pattern is similar to our most common scenario, 
2/2. Similarly, in research by Ortega & Morales (2022) on snowfalls in inland northern 
areas of the Iberian Peninsula (Castilla y León; 1979-2021), 3 of the weather types they 
proposed were similar to ours: the “mA trough” to the East is similar to our 1/1; the “cP 
shear line” is similar to 2/2; while the “cP cold centered” is similar to 2/3. Even, for a part 
of the Peninsula with a very different climate from our study area (Andorra, Pyrenees), 
the Cluster 2 proposed by Esteban et al., (2005) for events with strong snowfalls is 
identical to our most frequent weather type (2/2).

The number of back-trajectory patterns identified and their characteristics are similar to 
those reported in previous research. For example, we have obtained a group of trajectories 
similar to those obtained by Perry et al. (2007) in a study of snowfalls in the SE of the 
Appalachian Mountains (United States) (n=191; back-trajectories of 72h). These authors 
established 5 groups of trajectories at a more general level of classification and 7 more 
detailed second-level groups; while we identified 4 groups at the first general level and 8 
at the second level. By contrast, they are slightly lower than those established for extreme 
snowfall events in Belgrade (Serbia) by Tosik & Unkasevic (2013): 8 at the first level and 
13 at the second. Our first-level classification could therefore be regarded as a lower-
intermediate classification (Pérez et al., 2015), sufficient for analysing air-mass 
penetration paths i.e. the origin and the path followed by the trajectories at a synoptic 
scale (Pérez et al., 2015), especially when the second-level distinction is permitted in 
complex (hybrid) situations. It is also important to highlight the similarity between one 
of the trajectories that caused the intense snowfall events in Bremen (NE Germany) 
(Bednorz, 2013) with those that we identified. In particular, those that come from the 
North with a geographic origin in the Greenland Sea.

The temperatures associated with snowfalls in our study area are related with powerful 
influxes of cold air at 850 hPa. Temperatures are normally around -5 ºC or slightly lower. 
This situation was also noted for example in the island of Mallorca (Spain) (Salamanca-
Salamanca et al. 2012); Athens (Houssos et al. 2007); the Côte d’Azur and the island of 
Corsica (Goulet 2017); in the most common scenario for snowfalls in the coastal 
provinces of the northern part of the Iberian Peninsula (De-Pablo-Dávila et al., 2020); 
even in the north and centre of Europe (Bednorz, 2013).

The humidity conditions associated with these events are similar to those obtained by 
Perry et al (2007) in a study of the Appalachian Mountains. These authors obtained 
similar mixing ratio thresholds (which can be approximated by the specific humidity) 
[1.72-2.66] to those observed in our study ( 𝑞=2.1 gKg-1 [1-4 gKg-1]).

Lastly, we should emphasize the importance of the Mediterranean Sea as a source of 
humidity, even in areas a long way from its basin. This was demonstrated for example by 
Bednorz (2013) in a study of the back-trajectories (-48h) in most of the intense snowfalls 
in Smolensk (in Eastern Russia near the border with Belarus). The Mediterranean has also  
been shown to have played an important role in snowfalls in Budapest (Bednorz, 2013) 
and in general, in extreme precipitation events in the south and east of Europe (Tosik & 
Unkasevic, 2013). In our case, in general, the trajectories with the longest Mediterranean 
tracks have been related with noteworthy events. For example: 1) the snowfall event of 
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1946, which covered the ground in Cartagena (Murcia) and El Campello (Alicante), with 
a long trajectory across the Mediterranean of 25.5 hours at z=500 m.a.s.l.; 2) the episode 
of 1957, with a 26.5-h trajectory across the Mediterranean at z=5000 m.a.s.l. On that 
occasion, the snow settled in the city of Alicante; or 3) the 1971 episode, with a 34-h 
trajectory across the Mediterranean at z=1500 m.a.s.l. and 29 h at z=500 m.a.s.l. On that 
occasion the snow settled in La Manga del Mar Menor in Murcia. 

6. Conclusions

This subjective synoptic study and analysis of back-trajectories has enabled us to advance 
in the atmospheric characterization of snowfall events on the southeast coast of the Iberian 
Peninsula.

Most of these episodes were related with the presence of mixed structures at altitude 
(ridge/trough), with a main NE-SW axis, and dipoles on the surface with a main NE-SW 
axis characterized by the presence of powerful North Atlantic anticyclones situated in the 
area around the British Isles and lows in the western Mediterranean, in this case quite 
shallow. These scenarios have coincided in most cases with trajectories from the NE at 
the three levels analyzed (500, 1500 and 5000 m.a.s.l.).

As regards the geographic origin of the trajectories, there were differences between the 
5000 m.a.s.l. level and the two levels from the low troposphere (500 and 1500 m.a.s.l.). 
The trajectories at 5000 m.a.s.l. had a more distant source. They often crossed the entire 
North Atlantic Ocean, bordering the anticyclonic ridge situated to the west of Western 
Europe. By contrast, those at 500 and 1500 m.a.s.l. had quite similar. Most originated in 
Central and Eastern Europe, Scandinavian countries or the Norwegian Sea. On one 
occasion, they both showed local origin.

As was expected, over the course of the trajectory, the particles undergo a process of 
denaturalization, especially at the level that is most influenced by the Earth’s surface 
(z=500 m.a.s.l.). This process was characterized above all by an increase in temperature 
of over 12ºC (on average) at this level. However, the increase in the moisture content was 
relatively insignificant even at 500 m.a.s.l.  (+1.11 g/Kg). This means that neither the long 
Mediterranean tracks nor the local trajectories in the low troposphere managed to increase 
their specific humidity values at 500 m.a.s.l. above the maximum of 5.4 g/Kg. 

Although between the start and finish points of the trajectories, the particles at all three 
levels normally ascended in altitude, the situation in the low troposphere (z=500 m.a.s.l.)  
was characterized by subsidence in the final stage of the trajectory, once it had passed the 
reliefs in the northern half of the Iberian Peninsula. Ascents and higher humidity values 
than normal at the end of the trajectory were only recorded in some of the trans-
Mediterranean tracks with meteorological situations on the surface dominated by 
Mediterranean winds with a long sea track.
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