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A B S T R A C T

This study presents a simpler procedure for grouping air parcel back trajectories than others previously applied.
Two-day air parcel back trajectories reaching an unpolluted site in the centre of the northern plateau of the
Iberian Peninsula were calculated over a three-year period using the METEX model. A procedure based on the
kernel density calculation was applied to the direction of each trajectory centroid to determine groups of tra-
jectories. This method is much faster than the cluster procedure when it comes to retaining the directional details
of groups. Seasonal analysis of six groups of trajectories revealed that the Atlantic origin prevailed against
displacement from northern Europe. Moreover, Mediterranean and particularly African trajectories were infre-
quent, probably due to the rough peninsular orography in these directions. The location of air trajectories
reaching the study site was described using a surface classification below the air parcels with improved spatial
resolution compared to previous analyses. Local contribution was very marked, particularly in summer. Mean
trajectories were calculated for each group together with meteorological features and CO2 and CH4 concentra-
tions. Groups may be identified by their mean temperature, wind speed, elevation and distance values. However,
only two groups should be considered when analysing the two trace gases, one for trajectories from the Atlantic
Ocean and the second for trajectories from the continent. Contrasts of about 4 ppm for CO2 in summer and
0.023 ppm for CH4 in winter were observed, revealing that air trajectories from the Atlantic Ocean were cleaner
than those arriving from the continent. These differences were attributed to higher air stagnation over land.
1. Introduction

The goal of this study is to propose a procedure for grouping air parcel
trajectories that can overcome the drawbacks associated to previous
methods. Research focusing exclusively on air parcel trajectories is not
common, since analysing them normally involves other elements, water
vapour, chemicals or microorganisms, which is the aim of the present
research. This study prioritizes trajectory analysis and uses CO2 and CH4,
both trace gases at unpolluted sites, to investigate the relationship among
air parcel trajectories and their concentrations.

When a high number of air parcel trajectories is considered, one
problem is how to manage them. Statistical processing is necessary in
order to ascertain the underlying behaviour. Several methods, such as
potential source contribution function or trajectory sector analysis (Li
et al., 2012), have been described in previous studies. Cluster analysis is a
procedure used to separate data into groups that are not known a priori
(Wilks, 2011), and is frequently employed in atmospheric research to
replace the vast amount of data handled by a small number of groups
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whose features may easily be described. However, although this tool is
widely used, certain disadvantages are unavoidable. Cape et al. (2000)
presented an agglomerative and hierarchical algorithm that may be used
with a low number of air parcel trajectories to guarantee a reasonable
calculation time. However, a seed is required to begin the iterative pro-
cedure when the number of trajectories increases, as explained in Dorling
et al. (1992). In this case, obtaining the final number of clusters remains
slow when the number of trajectories is high.

Groups formed by the clustering method consider similar trajectories.
Moreover, this is a mathematical, objective, procedure. The Euclidean
metric, given by the square root of the addition of square distances be-
tween pairs of points corresponding at the same time in two trajectories,
is frequently used (Coury and Dillner, 2007) although this metric does
not distinguish distances between trajectories with different latitudes,
but with similar longitudes. Moreover, since the final number of clusters
must be low if it is to prove useful and interpretable, each group must
perforce include trajectories with varied shapes and distances, such that
forming groups with trajectories displaying similar features is
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Fig. 1. NASA image where the site (white dot) and the main orographic features of the
region are shown.
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extremely difficult.
A further drawback of the clustering technique concerns the rule

determining the suitable number of clusters. Although numerical pro-
cedures have frequently been suggested (Kassomenos et al., 2010; Notaro
et al., 2013), practical considerations, such as the explanation of the
results, are imposed.

These disadvantages suggest the need to find an alternative procedure
for grouping air parcel trajectories so as to shorten calculation time
whilst retaining a substantial amount of information. This study is
divided into two parts. The first presents and applies such a procedure. A
seasonal study is conducted to show the yearly evolution. The second
part of this research addresses the relationship between air parcel tra-
jectory groups and CO2 and CH4, a subject under examination. Fang et al.
(2016a) explored the influence of transport on both trace gases in con-
centrations recorded at the Shangdianzi regional background station,
China, and highlighted two contrasting regions. Similarly, transport was
considered at the Shangri-La station, in the remote southwest of China,
which is influenced by northern Africa and south-western Asia (Fang
et al., 2016b). Another example is presented by Buchholz et al. (2016),
who studied source and meteorological influences on air quality in the
city of Wollongong, Australia. Ozone production was associated with
anticyclones on the east coast. However, ozone depletion was associated
with continental transport or fast trajectories from southern latitudes.
Tiwari et al. (2014) examined the role of monsoons on atmospheric CO2
at two sites in western India and considered the influence of orography
on air parcels. This study, therefore, investigates the influence of mete-
orology on concentrations of the two trace gases, whose behaviour has
previously been described at the same site (P�erez et al., 2013, 2014).

2. Materials and methods

2.1. Experimental description

Measurements were obtained at the LowAtmosphere Research Centre
(CIBA) (41� 480 50.2500 N, 4� 550 58.5600 W, 850 m a.s.l.), located in the
centre of the northern plateau of the Iberian Peninsula, Fig. 1. Grass is the
main vegetation at the site, which is surrounded by non-irrigated crops.
The northern plateau covers just over 94,000 km2 and is bounded by
three mountain ranges with peaks exceeding 2000 m a.s.l. The Canta-
brian Range lies to the north, and stretches nearly 500 km in length and
100 km in width, extending latitudinally. The Central System to the south
stretches some 600 km in length and 30 km in width from west to east in
its first part, then turning northeast in the rest. The plateau is also
bounded to the east by the Iberian System, which extends northwest to
southeast, with a length of about 500 km and a width of around 100 km.
Only the west part of the plateau is not bounded by mountain ranges and
open to airflow.

The campaign extended over three years and commenced on October
15, 2010. CO2 and CH4 dry concentrations were obtained at 8.3 m from
soil surface using a Picarro G1301 analyser. Mahesh et al. (2015) high-
light the calibrations in order to have precise and accurate measure-
ments. These calibrations were performed every two weeks with using
NOAA standards: 452.56, 399.27 and 348.55 ppm for CO2 and 1.9904,
1.8420 and 1.6310 ppm for CH4, which are values above, similar to, and
below ambient concentrations, respectively. Calibration injection lasted
five minutes for each gas. Graphical representation of concentration vs.
time showed three plateaus, where periods of stable measurements were
selected for comparison with the corresponding standard. Differences
between averages of measured values and standards against these stan-
dards are around �0.30% for CO2 and between �0.05 and 0.07% for
CH4. The following linear equations were based on the comparison be-
tween NOAA standards and measurements provided by the device in
calibrations, and used to slightly correct the semi-hourly averages of the
values recorded:

CO2 C ¼ 1:00369 CO2 � 0:22882; (1)
59
CH4 C ¼ 0:99321 CH4 þ 0:01206; (2)

where the corrected value is marked by the subscript C.
Air parcel trajectory data, together with meteorological variables

from two days prior to arrival at the study site, were obtained from the
METEX model (Zeng et al., 2010). In this study, trajectories were
calculated every hour and lasted 48 h. Moreover, the kinematic model
where the trajectory is obtained with the horizontal wind components
and the vertical pressure velocity was selected. Back trajectories were
used to examine the airflow reaching the study site at 858 m a.s.l., which
was the measurement height of trace gases. The results of the model are
the date, coordinates and height above sea level of each trajectory point,
boundary layer height, wind velocity components, temperature, poten-
tial temperature and pressure.

Since trajectories were provided every hour and comprised 49 points
(one point each hour), concentrations were averaged every hour so as to
make all of the data compatible.

2.2. Grouping trajectories

First, each trajectory provided by the METEX model was replaced by
its corresponding centroid, which was calculated by averaging the
longitude and latitude coordinates of the points that made up the tra-
jectory. The centroid direction θi, Fig. 2(a), was then calculated with the
aid of the arrival point A (longitude λ0 and latitude ϕ0) and the trajectory
centroid B (longitude λ and latitude ϕ). Distance c between A and B may
be obtained using the Sinnott equation (Snyder, 1987).

sinðc=2Þ ¼ �
sin2½ðϕ� ϕ0Þ=2� þ cos ϕ0 cos ϕ sin2½ðλ� λ0Þ=2�

�1 =

2 (3)

The centroid direction was obtained with an expression deduced from
the law of cosines

cosð90� ϕÞ ¼ cosð90� ϕ0Þcos cþ sinð90� ϕ0Þsin c cos θi; (4)

where the argument of the trigonometric functions is expressed in
degrees. When all of the centroid directions are calculated, the kernel
method is used to estimate density, f, by

f ðθÞ ¼ ðnhÞ�1
Xn

i¼1

K½ðθ � θiÞ=h� (5)



Fig. 2. Scheme showing (a) the trajectory points (black dots), arrival point (A), trajectory
centroid (B), and its direction (θi) and (b) centroids for different directions (white points)
together with their density function (black line).

Fig. 3. Classification of air trajectories following their geographical position. Black point
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where n is the number of trajectories, h is a window width that controls
the amount of smoothing and θ is the direction where the density is
calculated. This study used the quartic kernel function considered by
Fisher (1993).

KðxÞ ¼ 0:9375
�
1� x2

�2 � 1 � x � 1: (6)

Fig. 2(b) presents centroids with different directions together with
their corresponding density, which is calculated using Eq. (5).

Once this density was calculated, minima of this function were
determined and these formed the boundaries for the trajectory groups.
The number of minima that should appear in the density function de-
pends on each case and different values for hmust be considered in order
to select a number of groups that is small enough to allow a simple
representation of all of the trajectories, yet large enough to retain a
sufficient amount of information. Consequently, the procedure presented
emphasises direction, which is the first variable investigated in spatial
analyses, and does not include the distance from the study site, assuming
that it is extremely unlikely that different groups of air trajectories would
be found in exactly the same direction.

2.3. Classification of air trajectories

This study follows Toledano et al. (2009), whose classification con-
siders seven regions:
60
1) MP, maritime polar, corresponds to the Atlantic Ocean above 40� N,
2) MT, maritime tropical, for the Atlantic Ocean below 40� N,
3) A, maritime Arctic, for oceans above 60� N and land above the Arctic

Circle,
4) C, continental, mainly Europe,
5) CT, continental tropical, for Africa,
6) Me, Mediterranean, for the Mediterranean Sea, and
7) L, local, for trajectory points within 2� of the study site.

The region considered in this study, located between 55� W-25� E and
20�-75� N, was represented by an image of 678 � 467 pixels, coloured in
Fig. 3, following the classification previously described. With the aid of
this representation, every point of each trajectory may be labelled with
the corresponding sector of this figure.

3. Results

3.1. Air trajectories affecting the northern Iberian Peninsula

Different window widths have been considered following the pro-
cedure described in Section 2.2 to calculate the probability density
function of the transport direction to the study site with a resolution of
1�. The cumulative value of the probability density function was equal to
one for the full angular range. A window width of 20� was finally
selected, which gave the six sectors shown in Fig. 4. This procedure is
simpler and faster than the cluster method previously used at this site
(P�erez et al., 2015).

Both angular widths and densities differed enormously for the sectors.
However, narrow sectors were retained since they corresponded to
prominent directions. Density values around or above 0.005 were
observed for NNE-NE and NW in winter, W in spring and WNW-NW in
summer, due to the extremely low values observed in other directions.
However, autumn densities were lower, since the contrast between di-
rections was smaller, although NNE and WNW showed maxima, and
sector 2 extended from around S to around W.

Fig. 4 presents the directions of the groups formed. However, the
spatial extent of trajectories belonging to each group may only be
observed with a spaghetti plot, such as the one shown in Fig. 5 where
seasonal frequencies were also indicated.

Themain result of this representation is that zonal transport was more
frequent than the meridional flow, with the westerly flow being more
accentuated than the easterly flow, such as in group 5 in winter or group
4 in autumn (whose frequencies were 37.9 and 21.9% respectively). Air
parcels from the north originated from greater distances compared to air
corresponds to the study site.



Fig. 4. Seasonal evolution of the angular density of centroid directions. Density minima
are represented by black lines, and numbers in circles are labels for the angular sec-
tors considered.
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parcels from the south, and occasionally reached high latitudes, above
60�, such as groups 1 and 6 in winter or groups 5 and 6 in autumn.

A detailed description of the air features of these groups may be ob-
tained by combining the coordinates of the trajectory points with the
information presented in Fig. 3. The arrival point was not considered in
this case so as not to overestimate local flow. Fig. 6 presents the result of
this analysis. Local flow was frequent, particularly in summer (above
40% in most of the groups), although it was lower for groups 5 and 6 in
winter and spring. Continental flow was also frequent (reaching 40% in
some groups) and was attributed to the site location, in the centre on the
northern plateau of the Iberian Peninsula. This flow was relatively low in
autumn due to the long distances of its trajectories, since the maritime
polar region featured prominently in this season (reaching around 60% in
groups 4 and 5). Moreover, frequency of flow from this region was above
40% in groups 5 and 6 in the rest of the seasons. The remaining regions
hardly appeared. This was the case of the maritime tropical region in
group 4, which was noticeable in winter, and in groups 2 and 3 in autumn
(between 20% and 35%). This was followed by the Mediterranean re-
gion, which appeared in some of the groups in all of the seasons. The
Arctic region was present in one group in winter and in two groups in
autumn, although with very low frequency. Finally, the continental
tropical region was absent in spring and summer.
3.2. Influence of air trajectory on CO2 and CH4 concentrations

The availability of concentrations ranged from around 85% in sum-
mer to nearly 99% in spring. Mean seasonal values were calculated and
presented in Table 1.

The means of CO2 and CH4 as chemical properties were calculated for
each trajectory group, whose means of coordinates are presented in
Fig. 7, together with some physical properties, mean temperature, wind
speed, elevation above sea level and distance travelled.

Groups may be described by the mean values of temperature, wind
speed, elevation and distance. Fisher's procedure of least significant
differences was used to investigate whether groups may be considered
separate and successfully formed when differences of pairs of mean
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values for every variable are statistically significant at a certain confi-
dence level. A total of 15 differences were formed for the six groups in
each season for every variable, giving 60 differences in the four seasons.
All of the differences of mean temperature values were statistically sig-
nificant at a 95% confidence level. Only one out of 15 differences was not
significant in summer for wind speed. In the four seasons, three out of 60
differences were not significant for elevation, and six out of 60 differ-
ences for distances. Consequently, the groups formed were satisfactorily
defined by the mean variables (temperature, wind speed, elevation and
distance) provided by the trajectories.

Analysing each group's mean distance from the study site allowed
intervals to be established so as to classify them according to their range
(Markou and Kassomenos, 2010; Dimitriou and Kassomenos, 2013). The
following intervals were proposed:

Short-range, 0 < distance <600 (km)
Medium-range, 600 < distance < 1 200 (km)
Long-range, 1 200 < distance < 1800 (km)
Very long-range, 1 800 < distance (km)

Groups within all of these ranges were present in winter, whereas
ranges of groups in summer were mainly from short or medium distances.
This latter range prevailed in spring groups, and groups were equally
divided between medium and long range in autumn.

Quite different behaviour was observed for CO2 and CH4. When dif-
ferences between average concentrations for each group and seasonal
averages are calculated, greater values are only observed in infrequent
directions. Positive differences for CO2 are found for continental air
trajectories in winter, although these differences are found for the
southern direction in the remaining seasons together with the eastern
direction in summer. For CH4, positive differences are obtained in spring
for the northern and southern directions, whereas such differences are
found mainly for continental air trajectories in the remaining seasons.

Concentrations seemed to be linked with the type of surface, whether
continental or maritime, from which the air approximately comes.
Therefore, some groups were merged in order to obtain statistically
significant mean differences following Fisher's least significant difference
method. The results of this analysis are presented in Table 2. Concen-
tration differences of merged groups with the average concentration in
each season are not similar since observations are right-skewed. Con-
centrations of air trajectories from the ocean were lower than those for
air trajectories linked to the continent. This behaviour is explained since
air trajectories from the ocean were normally longer, and had a higher
wind speed than continental air trajectories.

The greatest contrast for CO2 between both groups of merged tra-
jectories, 4.1 ppm, was observed in summer, a period when the lowest
concentration for this gas was reached. Contrasting distances travelled by
the air parcels justify this result. In this season, continental trajectories
are limited to the Iberian Peninsula, revealing stagnation conditions,
whereas oceanic trajectories are much longer. When separated groups
are considered, this difference increased by up to nearly 7 ppm between
group 2, with marked recirculation, and group 6, which travels mainly on
the sea surface. No CH4 contrast is observed in this period since con-
centrations linked to mean trajectories presented in Fig. 7 are similar,
indicating that CH4 concentration is independent of wind direction in
summer. In fact, from Table 2 only the CH4 concentration difference is
not statistically significant in summer, revealing that the contrast be-
tween merged groups is given by other variables, such as direction or
distance. The greatest contrast between the CH4 concentrations of
merged trajectories was observed in winter, 0.0230 ppm, when the mean
concentration is the highest. This difference reaches 0.0388 ppm with
separated groups 2 and 6. The trajectory for group 2 lies mainly on the
ground with low wind speed, 4.1 m s�1. However, for group 6, the air
parcel travels mostly on the sea with high wind speed, 10.3 m s�1.

This procedure thus revealed that oceanic air trajectories were
cleaner than continental air trajectories, since stagnant conditionsmainly



Fig. 5. Spaghetti plot of trajectories by season following the direction groups formed with the density of centroid directions. Each number corresponds to the seasonal frequency.
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linked with continental air trajectories led to greater concentrations.

4. Discussion

4.1. Airflow description

The frequent zonal transport presented in Fig. 5 may be a conse-
quence of the prevailing wind at this latitude and also of the geographical
features. The western direction is free from orographic barriers, while the
eastern direction presents a more complex topography and irregular land
and sea surface distribution. Moreover, the link between the Icelandic
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Low and the North Atlantic Subtropical High conditioned the Atlantic
flows. During the period analysed in this study, the North Atlantic
Oscillation index was mainly negative, especially in summer, followed by
autumn (NOAA, 2017), favouring westerly flows. An important conse-
quence of this westerly transport was reported by Lozano et al. (2011) by
means of the high activity concentrations of man-made radionuclides
detected in the southwest Iberian Peninsula between March 28th and
April 7th, 2011 due to the Fukushima nuclear power plant accident.
Due~nas et al. (2011) also highlighted the influence of this kind of
transport with similar plots when investigating the origin of air masses
affecting the south of the peninsula and how these influence radionuclide



Fig. 6. Seasonal frequencies of the types of regions affecting the groups of trajectories.

Table 1
Mean seasonal concentration and standard deviation of CO2 and CH4 at the study site.

Season CO2 (ppm) CH4 (ppm)

Concentr. Stand. dev. Concentr. Stand. dev.

Winter 401.5 5.3 1.9174 0.0823
Spring 402.2 12.1 1.8951 0.0413
Summer 393.6 7.8 1.8789 0.0353
Autumn 399.5 8.0 1.9074 0.0837
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activities.
The Mediterranean origin of air trajectories was less frequent than the

Atlantic origin and might have been influenced by the negative phase of
the Western Mediterranean Oscillation, which is associated with air
masses from the Mediterranean Sea entering the Iberian Peninsula
(Izquierdo et al., 2014).

Meridional transport is also affected by the distribution of pressure
systems, since Roberge et al. (2009) reported significant precipitation
along the west coast of North America due to transport from the tropical
or subtropical Pacific Ocean. Trajectories from the south were very
63
unusual. They have been observed in the south of the peninsula, where
they led to desert dust intrusions (Negral et al., 2012; Valenzuela et al.,
2012). However, these processes were infrequent in the north of the
peninsula where high PM10 concentrations (Cabello et al., 2012; S�anchez
et al., 2007) or even red dust rain events were sometimes observed
(White et al., 2012).

The features of the trajectory groups presented in Fig. 7 may be
roughly classified using two possible procedures. One is the type of
surface on which the air parcel is moving, and the second is the latitude
of the departure site. Land surface is rougher than ocean surface,
resulting in low speed and high altitude of air trajectories. Land surface is
colder in winter than ocean surface and hotter in summer. Temperatures
are lower for air trajectories from high latitudes than for air trajectories
from low latitudes. Moreover, meteorological forcing and variations in
the strength of the climatological pressure gradient exert a
major influence.

In order to compare the resulting groups with previous analyses,
cluster analyses of air parcel trajectories in the southern plateau gave
similar mean trajectories, although the influence of the Mediterranean
region was higher than that presented in this study, probably due to
different orographic conditions in the two plateaus (Adame et al., 2012;
Notario et al., 2013, 2014). These studies consider between three and
five clusters, where the greatest contribution corresponded to the
Atlantic Ocean, the northern direction origin being small, and the
southern direction not appearing clearly. P�erez et al. (2015) analysed the
airflow at the study site by five clusters where the highest extent was also
reached in winter and the lowest in summer. Moreover, cluster distri-
bution in autumn differed from the remaining seasons, in agreement with
the pattern presented in Fig. 7.

4.2. Influence of airflow on concentrations

The concentrations presented in Table 1 are mainly controlled by soil
and plant activities and also by atmospheric evolution. High CO2 in
spring, 402.2 ppm, was attributed to the decomposition of material from
the previous autumn and winter together with intensive vegetation
growth. These high CO2 values are noticeable during the night, when
stability prevails. However, the low value in summer, 393.6 ppm, was
linked with the death of grass and crop harvest in this season (García
et al., 2012). The CH4 cycle reached its highest value in winter,
1.9174 ppm, and its lowest in summer, 1.8789 ppm, due to the photo-
chemical reaction with OH radical in this period when solar radiation is
intense and plant activity weakens (García et al., 2016; S�anchez et al.,
2014). Moreover, the lowest boundary layer value was observed in
winter, when stability is reinforced, and the highest in summer, when
thermal turbulence is intensified since wind speed is low (P�erez et al.,
2016). Consequently, dispersion and lower concentrations are favoured
in summer.

Sreenivas et al. (2016) indicated that the marked negative correlation
between wind speed and greenhouse gases was attributed to local sour-
ces, whereas poor correlation was linked to regional/local transport.
These results were also observed at the study site, since short trajectories
were obtained with low wind speeds and were associated with high
concentrations. The absolute values of correlation coefficients calculated
between distances travelled by average trajectories and concentrations
shown in Fig. 7 were high, above 0.9 in autumn, confirming the strong
influence of local sources in this season. These coefficients were inter-
mediate, around 0.7, in winter and for CO2 in summer, when local source
influence is still important. Coefficients were low, below 0.5, in spring
and for CH4 in summer, when transport may also play a major role.

Another factor whose impact on the concentrations recorded should
not be ignored involves nearby anthropogenic sources. This is the case of
the city of Valladolid (around 300,000 people), located 24 km SE of the
study site, and whose plume has been detected for high concentrations
(P�erez et al., 2009). Moreover, CH4 is affected not only by this city but
also by a landfill located nearly 20 km from the study site in the same



Fig. 7. Mean trajectories of the groups formed with their mean temperatures, wind speeds, heights above sea level, distances and CO2 and CH4 concentrations.

Table 2
Seasonal mean concentrations of merged groups, differences with mean seasonal value, and
corresponding frequencies.

Season Groups Freq.
(%)

CO2

(ppm)
CO2 dif.
(ppm)

CH4

(ppm)
CH4 dif.
(ppm)

Winter 1,2,3 35.9 402.8 1.3 1.9321 0.0147
4,5,6 64.1 400.8 �0.7 1.9091 �0.0083

Spring 1,2,3,4 35.9 402.6 0.4 1.9020 0.0069
5,6 64.1 401.9 �0.3 1.8913 �0.0038

Summer 2,3,4 18.8 396.9 3.3 1.8804a 0.0015
1,5,6 81.2 392.8 �0.8 1.8786a �0.0003

Autumn 1,6 38.7 399.8 0.3 1.9127 0.0053
2,3,4,5 61.3 399.3 �0.2 1.9040 �0.0034

a The difference between these values is not statistically significant at a 95% confidence
level.
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direction as Valladolid (S�anchez et al., 2014). Consequently, air parcels
from this direction might receive injections from both sources that may
increase concentrations, although due to their proximity to the study site,
the influence of these sources on each trajectory group may prove hard
to establish.

This contrast between air trajectories of a different origin was
observed at coastal sites on the peninsula where maritime transport
scenarios are frequent, such as Lisbon with anthropogenic aerosols
(Almeida et al., 2013). Another example can be found in Aveiro, with the
organic compounds in rainwater (Santos et al., 2013). Lozano et al.
(2012) used 7Be and 210Pb activities and observed differences between
maritime and continental air trajectories reaching the south-western
Iberian Peninsula to conclude that both radionuclides can be used as
atmospheric transport markers. According to the results of the current
64
analysis, CO2 and CH4 also mark the contrast between maritime and
continental air trajectories within the peninsula. However, due to their
close link with the ecosystem of the site, which determines their yearly
evolution, their use as atmospheric transport markers requires
further analysis.

5. Conclusions

A procedure to classify air parcel trajectories based on kernel density
was proposed to obtain six groups of trajectories with marked directions,
NNE-NE in winter, W in spring and WNW-NW in summer and autumn.

Inspection of trajectories revealed that zonal transport was more
frequent than meridional transport. Moreover, air motion from the
Atlantic Ocean was more frequent than trajectories from the Mediterra-
nean Sea, and African trajectories were extremely infrequent compared
to northern trajectories.

Geographical analysis of surface types below the air trajectories
highlighted the influence of local features, particularly in summer.
Atlantic influence was noticeable in autumn and the influence of mixed
regions was observed in winter and spring.

Varied ranges were obtained in groups of winter trajectories, whereas
ranges for summer trajectories were the shortest. The highest equilibrium
between groups of maritime and continental air trajectories is observed
in winter. This was lower in summer and both groups were not balanced
in spring and autumn.

Stagnant conditions were responsible for higher concentrations of
CO2 and CH4 than those observed for air trajectories from the
Atlantic Ocean.

Finally, the procedure proposed in this study successfully classified
air parcel trajectories more quickly than other firmly established
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methods and may be a promising candidate for future analyses of this
kind. Although density was calculated in this paper as a function of di-
rection, the inclusion of additional variables, such as distance, in the
study site may help to enhance our understanding and to provide fresh
insights into air parcel trajectories, and is a line of research that merits
further analysis. Moreover, future inquiry should also seek to offer a
description of every group where the similarity of trajectories should
be explored.
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