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Abstract. A k-means cluster analysis of 96 hour trajectories arriving in Southeast (SE) Spain at 3000, 1500

and 500 m for the 7-year period 2000–2006 has been performed to identify and describe the main flows arriving

at the study area. The dependence of the aerosol size distribution on the air mass origin has been studied by

using non-parametric statistics. There are statistically significant differences on aerosol size distribution and

meteorological variables at surface level according to the identified clusters.

1 Introduction

Backward trajectory analysis is a commonly used method to

identify synoptic-scale atmospheric transport patterns and/or

determine the air pollutants origin (e.g., Dorling et al., 1992;

Brankov et al., 1998; Cape et al., 2000; Stohl et al., 2002;

Jorba et al., 2004; Salvador et al., 2004). The errors associa-

ted to trajectory calculation are on the order of 15–20% of

the distance travelled but the accuracy of the trajectory analy-

sis increases when a set of large number of trajectories with

similar characteristics is considered (Stohl, 1998), so back-

trajectory cluster analysis is a suitable technique to classify

air masses arriving at a study site.

In this study, the number particle size distribution is re-

lated to different long range and regional/local contributions

according to the identified air flows.

Cluster analysis is a multivariate statistical technique de-

signed to classify a large data set into non-predefined domi-

nant groups called clusters. However, clustering involves

some subjective non-trivial decisions: the number of clusters

to use, the selection of centroids in the initialization stage,

etc. To determine the appropriate number of clusters and

handle the sensitivity of the method to the initial centroids

selection we have followed the procedures described by Dor-

ling et al. (1992) and Mattis (2001) and considered some

modifications to them in order to get smaller (better) values

of the total Root Mean Square Deviation (RMSD), the clus-

tering figure of merit.
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2 Methodology

96-h backward air trajectories arriving at 12:00 UTC at the

study site for the period 2000–2006 were computed using

the HYbrid Single Particle Lagrangian Integrated Trajectory

(HYSPLIT) model v.4 with the FNL meteorological data,

from the final run in the series of NCEP operational model

runs, available at the NOAA ARL (Draxler and Rolph, 2003).

Hourly latitude and longitude were used as input variables in

the clustering procedures.

The trajectory classification has been performed by a k-

means cluster analysis. We have followed the procedure des-

cribed by Dorling et al. (1992) to reduce the subjectivity in

the selection of the appropriate number of clusters: the algo-

rithm was run for a range of cluster numbers k between 30

and 2, and the percentage change in the total RMSD (i.e. the

sum of the RMSD of each cluster) when the number of clus-

ters is reduced from k to k−1 was used to find out the proper

number of clusters. Unlike Dorling et al. (1992), we define

it as the smallest number of clusters for which the smallest

total RMSD change is found.

Different approaches have been considered a) for the re-

duction from k to k−1 clusters, and b) to deal with the depen-

dence of the final cluster solution on the initial centroids. The

details of the clustering methodology we have followed and

its comparison with the procedures of Dorling et al. (1992)

and Mattis (2001) will be published elsewhere. Here we note

that these authors reduce the number of clusters from k to

k−1 by merging the two closest clusters, while we compute

100 000 k-means analysis for each k and then retain the so-

lution with the smallest total RMSD. Calculations for the k

clusters solution do not depend on the k+1 cluster solution

as the initial centroids are taken from randomly chosen real
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trajectories. This approach can provide smaller total RMSDs

and hence better clustering solutions than the obtained using

the Dorling and Mattis procedures.

Aerosol size distributions were measured on the roof of

a building of the municipality of Agost, Spain (38.44◦ N,

0.64◦W), a village of 4000 inhabitants located 18 km from

the Mediterranean coast. The main activities in Agost are re-

lated to extractive operations, brick manufacturing and grape

cultivation. Measurements were taken every ten minutes

from January to May 2006 with a GRIMM 190 aerosol spec-

trometer. Measured size distributions range from 0.25 to

greater-than-32 µm diameter in 31 size channels.

A varimax rotated principal components analysis (PCA)

has been applied to the normalized aerosol size channels

to reduce the 31 intercorrelated variables to a smaller set

of independent factors that accounted for most of the ob-

served variance. Each factor is a linear combination of the

original variables and the coefficients of the linear combi-

nations (factor loadings) represent the degree of correlation

between the variables and the factor. This method allows

detection of the modes of the size distribution; moreover it

decomposes the distribution into size intervals that behave in

a similar way (show significant correlations) upon changes

in aerosol sources and meteorological conditions (Chan and

Mozurkewich, 2007; Pugatshova et al., 2007).

To detect statistically significant differences in aerosol size

distribution and meteorological variables at surface level ac-

cording to the identified clusters (Brankov et al., 1998), the

Kruskal-Wallis test and the pairwise Mann-Whitney test have

been used. We conservatively adjusted p-values αt=0.05 in

the latter using the Dunn-Sidák correction for multiple com-

parisons to α=1−(1−αt)
1/n, where n is the number of pair-

wise comparisons done between k categories.

A number of information sources were utilized to es-

timate when African dust outbreaks (ADOs) occur: the

study of the backtrajectory pathways, the evaluation of

daily maps of surface and column-integrated aerosol con-

centration from the DREAM, NAAPS and SKIRON aerosol

dispersion models: DREAM (http://www.bsc.es/projects/

earthscience/DREAM), NAAPS (http://www.nrlmry.navy.

mil/aerosol/) and SKIRON (http://forecast.uoa.gr), as well as

the inspection of the NASA SeaWiFS project satellite images

(http://seawifs.gsfc.nasa.gov/SEAWIFS.html).

3 Results and discussion

Trajectories arriving at 3000 and 500 m are found to be clus-

tered into 6 groups, while for 1500 m the number of clusters

is 5 (Fig. 1). Most of the 3000 m trajectories correspond to

westerly flows, identified as northwesterlies (NW) of differ-

ent length, southwesterlies (SW) and zonal (W) flows. At

1500 and 500 m there is an elevated occurrence of slow flows.

Although computed trajectories cannot resolve mesoscale

phenomena, clusters composed of short trajectories are asso-

ciated to the absence of marked advective components due to

low pressure gradient situations that last several days. Such

weak synoptic forcing leads to situations where sea-breeze

regime develops and it is intensified by the topography and

the Iberian thermal low, thus inducing mesoscale recircula-

tions as reported in (Millan et al., 1997). Stagnant situa-

tions are also associated to the slow flows. The correspond-

ing flows include mainly regional Mediterranean recircula-

tions (MedR), and slow westerlies (WR) and short trajecto-

ries coming from the North (N-Eu), respectively.

A short description of the identified air masses and flows

is given in the following:

NWfast: Advection of polar maritime fast air masses start-

ing in Canada and/or northern USA. This cluster is identified

only for trajectories arriving at 3000 m. It is the smallest

cluster in number of trajectories (7%). Almost 50% of the

cases occur in wintertime.

NWmod: Advection of polar maritime air masses entering

in the western Iberian Peninsula or coming from other coun-

tries in Western Europe (UK, France). It accounts for 13% of

the trajectories arriving at 3000 m, 11.6% for 1500 and 9.5%

at 500 m. More than 40% of them occur in wintertime.

NWslow: Slow NW advections or slow flows from West-

ern Europe. 15% of the back-trajectories at 3000 and 1500 m,

and 7% at 500 m fall in this cluster.

W: Advection of Atlantic tropical maritime air masses

(around 17%). Cluster not identified at 500 m.

SW: Air masses composed by moderately short W-SW tra-

jectories, many of them passing over the western coast of

Morocco and the Straits of Gibraltar. 52% of its trajectories

are associated with African dust intrusions. This cluster is

identified only for trajectories arriving at 3000 m, being the

major cluster in number of trajectories (30%), most of them

occur in summertime.

N-EU: Composed by continental slow NE/N flows from

Western Europe, and several Arctic and polar maritime air

masses. This cluster is identified only for trajectories arriving

at 500 m (19%).

MedR: Composed by trajectories recirculating over the

Mediterranean Sea, and by slow advections from western Eu-

rope and northern Africa (3000 and 1500 m). These flows are

associated with African dust intrusions (27% of its trajecto-

ries at 3000 m, 33% at 1500 m, 41% at 500 m). It is the major

cluster at 500 m (29%).

WR: Western recirculations composed by aged air masses

coming from the western Iberian Peninsula or from north of

Morocco. This cluster is not identified for trajectories arri-

ving at 3000 m. Most of these trajectories are associated to

days with African dust outbreaks (51% at 500 m and 39% at

1500 m).

Med: Mixed Mediterranean and continental European

flows. This cluster is identified only at 500 m (11%).

The study of the influence of the air mass on the aerosol

size distribution was simplified by a PCA that reduced the

31 size channels to four factors, accounting for 93.8% of the
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Figure 1. Clusters identified for 3000 m (left), 1500 m (center) and 500 m (right) for the 7-year study period. The representative centroid of

each cluster is drawn as bold line while the single backtrajectories appear in grey.
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Figure 2. Factor loadings from the varimax rotated PCA analy-

sis. Four representative size channels (0.3–0.35 µm, 0.8–1 µm, 6.5–

7.5 µm and >30 µm) are selected. The ratio between the mean par-

ticle concentration on ADOs and NADOs for each size channel is

shown in red; a ratio equal to one is drawn as a dashed line.

total variance. The factor loadings (Fig. 2) indicate that these

factors correspond to four particulate size intervals, so the

size channel with the highest loading in each factor is re-

garded as its representative size. Then the 0.3–0.35 µm, 0.8–

1 µm, 6.5–7.5 µm, and >30 µm channels have been related to

the results of the clustering analysis.

The autocorrelation function of the selected representative

size channels shows stronger one-week periodicity (anthro-

pogenic) the smaller the particle size; no periodicity is found

for the >30 µm size.

The variation of the particle concentration on these size

channels according to the different clusters is significant as

shown by the Kruskal-Wallis test. After detection of pairwise

significant differences by the corrected Mann-Whitney test

air flows were grouped and labeled with a superscript number

by increasing particle concentration. In each row in Table 1

(i.e. for each representative particle size), mean values not

sharing the same superscript denote significant differences

between particle concentration by air flow.

NW fast (3000 m) and moderate (1500, 500 m) advections

are associated to the renovation of the air masses at the study

site due to the entrance of clean air flows, thus the fine frac-

tion (0.3 and 0.8 µm factors) shows low concentration levels.

These situations correspond to the highest surface winds that

promote local suspension of soil dust with the highest levels

in the coarse fraction (6.5 and >30 µm factors).

Slow flows and regional recirculations, however, are re-

lated to smaller concentrations of the coarse fraction, while

they show the highest fine fraction levels. There is an ele-

vated number of days with such slow flows (54% of the days

for trajectories arriving at 1500 m and 72% at 500 m), that re-

sult in the accumulation of aerosols either at a regional level

(by mesoscale recirculations occurring mainly in the March–

October term) or at a local level (in stagnant conditions that

occur mainly in the November–February term) (Rodrı́guez et

al., 2003). We note that in coastal SE Spain the mean number

of sea-breeze days is found to be between 15 and 20 a month

in the study period: January–April and some days in May, as

shown in (Azorı́n-Molina and Martı́n–Vide, 2007).

African dust is transported to the Western Mediterranean

basin in layers at altitudes between 1500 and 5000 m

(Rodrı́guez et al., 2001). SW flows arriving at 3000 m are

closely related to ADOs. At lower altitude (500 m), a high

percentage of the MedR flows corresponds also to days with

African outbreaks, but in these cases trajectories do not pass

over Africa. In this respect we note that on days with ADO

there is also accumulation of aerosols due to the absence of

advection at low altitude.

The contribution of African dust events is observed in the

range 0.65–2 µm in diameter as shown in Fig. 2, where the ra-

tio between the mean particle concentrations for ADOs and

that for non African dust outbreaks (NADO) for each size

channel is plot. From the daily contribution of each factor

(not shown) it is obtained that Factor 3 (0.8 µm) is the only

one that contributes positively to days with ADOs and nega-

tively to NADOs. African dust intrusions are therefore re-

lated to the factor labeled as 0.8 µm. Lyamani et al. (2005)

found a mode centered at a radius of 0.6 µm in the num-

ber size distribution under two ADOs in Granada, southern

Spain, with a sun photometer. We note that most of the SW

trajectories arriving in our study site at 3000 m have passed

previously over Granada, which is 300 km away from the

study area. Blanco et al. (2003), from size and shape mea-

surements made by scanning electron microscopy, found a

mode in 2 µm in diameter for two ADOs in Lecce, southern

Italy. We believe that the contribution of ADOs to larger par-

ticle sizes in the study area might be hampered by the high

crustal dust load due to the brick industry.

4 Conclusions

We have identified the main flows arriving at SE Spain at

3000, 1500 and 500 m by means of cluster analysis of back-

trajectories for a 7-year period. In spite of the relative sim-

plicity of the single-particle Lagrangian model utilized, that

is based on the mean flow field and that considers neither de-

position nor growth nor chemical processes on the aerosol

particles, significant differences in particle size distribution

have been found according to the main flows. Such differ-

ences indicate that flows of distinct origin, arriving at dif-

ferent heights at the study site, contribute differently to the

aerosol load at surface level.

While the arrival of loaded air masses contribute to an

increase of PM according to its typical particulate size, the
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Table 1. Mean particle number concentrations (particles cm−3) corresponding to the different air flows identified at each height. Mean values

within a row with unlike superscript numbers are significantly different as stated from the corrected Mann-Whitney test.

3000 m

NWfast NWmod NWslow W SW MedR

0.3 µm 86243.851 205914.964 273800.906 168876.072 203013.883 209414.945

0.8 µm 2771.473,4 2570.292 2901.533 3160.314 2982.272,3 2159.221

6.5 µm 211.885 121.594 112.133 90.903,4 54.611 80.222

30 µm 0.173 0.052 0.162 0.031 0.041 0.062

1500 m

NWmod NWslow W WR MedR

0.3 µm 135421.371 233612.944 141975.402 257998.505 224371.053

0.8 µm 2964.423 2835.412 3027.133 2797.012 2569.041

6.5 µm 223.854 161.033 96.872 56.331 77.402

30 µm 0.133 0.263 0.041 0.041 0.052

500 m

N-EU NWmod NWslow WR MedR Med

0.3 µm 283912.305 113064.721 111092.291 146540.792 253657.664 203168.323

0.8 µm 3007.333,4 2810.182,3 2191.581 2896.074 2705.332 2774.193,4

6.5 µm 97.102 182.714 167.464 113.243 67.951 74.792

30 µm 0.142 0.133 0.163 0.041 0.051 0.031

arrival of clean air masses (NWs) is related in the study area

to moderately high surface wind speeds that increase the con-

centration of the coarse particles (those are entrained by the

wind) and dilute the finest ones. Slow flows produced under

weak synoptic forcing and stable conditions are associated

to mesoscale recirculations and stagnant situations, respec-

tively, that lead to an increase in the smallest particles while

the concentration of the coarse ones decreases.
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