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Abstract

The aim of this study is to interpret the variation of precipitation chemistry during the last 25 years in
Montseny (NE Spain) by taking into account the main air mass transport routes and emission sources. To
this end, trajectory cluster analysis and source-receptor models were applied to an early monitoring period
(1984-1993) and compared to a more recent one (1998-2009). A decrease of Atlantic advections and
increase of African and European air flows was found. Cluster analysis and source-receptor approaches
showed that this region is under the influence of natural and anthropogenic sources from the local and
long-range scale. Sulphate and H* source areas extended over a vast stretch of central Europe in the early
period, but were drastically reduced in the recent period, showing the effectiveness of pollution abatement
measures for S. On the other hand, NO; sources areas from central Europe strikingly increased. Ship
emissions and industrialisation in Eastern Europe and North Africa seem to be acquiring a greater role in

the recent period.

Key words: Mediterranean, long-range transport, precipitation, back-trajectories, cluster analysis, source-
receptor model
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1. Introduction

The atmospheric dynamics in the West Mediterranean Basin (WMB) is conditioned by complex interactions
of climatic and topographic effects that include the Azores high-pressure system, continental thermal lows
over the lberian Peninsula (IP thereafter) and the Sahara, orographic effects of the coastal ranges
surrounding the Mediterranean coast, marked seasonal variations in temperature, humidity and rainfall and
the arrival of frequent African dust intrusions (Millan et al. 1997; Rodriguez et al. 2003). Linked to climate
change, modifications in wind circulation and precipitation patterns have been predicted for the
Mediterranean region (Giorgi and Lionello, 2008), as well as an increase of African air masses (Moulin et al.
1997).

A systematic investigation on the emission sources and the rainwater chemical composition is necessary to
understand the consequences of pollution on ecosystems (Arsene et al. 2007). In Europe, the Convention
on Long Range Transboundary Air Pollution (CLRTAP) launched several protocols to reduce sulphur and
nitrogen emissions to the atmosphere in the 1970s. As a result, sulphur deposition steadily decreased
throughout Europe in the last 30 years (Stoddard et al. 1999; Skjelkvale et al. 2005), but success has been
more limited for nitrogen compounds (Gundersen et al. 2006).

Meteorological classification refers to the identification of distinct patterns that influence climate/weather-
related variables (Riccio et al. 2007). Over the last several decades, Trajectory Statistical analysis Methods
(TSMs) have been used to examine transport patterns and dynamical processes of air masses (Stohl, 1996,
1998). Cluster analysis has been widely used to categorize back trajectories (Dorling and Davies, 1995;
Jorba et al. 2004) and to identify synoptic weather regimes and long-range transport patterns that affect air
pollution (Cape et al. 2000; Salvador et al. 2007). Cluster analysis is used to classify the air mass origin
arriving at a site, but it does not provide further information on the geographical location of potential source
regions (Salvador et al. 2010). This is frequently resolved with TSMs which are helpful for estimating the
spatial distribution of emissions based on measurements at a receptor site (Stohl, 1996; Begum et al.
2005). For the interpretation of source areas, the potential source contribution function (PSCF), Seibert’s
concentration field methodology (Seibert et al. 1994) and Stohl’s redistributed model (Stohl, 1996) have
been profusely used (Charron et al. 1998; Polissar et al. 2001; Hoh and Hites, 2004; Salvador et al. 2004).

The aim of this study is to characterize the synoptic climatology and long-range transport of air pollutants
arriving in Montseny (NE Spain) in order to interpret the variation of precipitation chemistry during the last
25 years. To this end, we have used back-trajectories, cluster analysis and source-receptor models for an
early monitoring period (1984-1993) which are compared to a more recent one (1998-2009).

2. Material and Methods
2.1. Study site

La Castanya station (LC, 41°46’N, 2°21’E, 700 m) is located in the Montseny mountains of the Pre-litoral
Catalan Range. Long-term biogeochemical studies have been undertaken since the 1970s in a forest plot

close to the atmospheric sampling site (Roda et al. 1999). The site is amidst extensive holm-oak (Quercus

3
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ilex L.) forests in the Montseny Natural Park, 40 km to the N-NE from Barcelona and 25 km from the
Mediterranean coast (Fig.1). The climate in Montseny is meso-Mediterranean sub-humid, with high
interannual precipitation variability (range: 503-1638 mm y*, mean: 840 mm y* at LC, from 1983-2009).
Summer droughts are common and snow is sporadic. Mean air temperature was 9°C during the period
1983-2000 at LC.

2.2. Sampling and chemical analysis

Precipitation was collected weekly at LC from August 1983 to July 2010 (no data from September 2000 to
March 2002). Precipitation was collected with 2 open bulk-deposition collectors from January 1984-
September 2000 and March 2007-July 2010, and with wet/dry collectors (ESM Andersen instruments, G78-
1001) from April 2002-July 2004, February 2005-March 2007, and February 2009-July 2010. In the last
period, bulk and wet-only deposition were sampled in parallel (only wet data reported here). Any detectable

contamination (e.g. bird droppings) was annotated and the sample, discarded.

Samples were taken to CREAF where they were processed according to previously described protocols
(Avila, 1996; Avila and Roda, 2002). Conductivity, alkalinity and pH were measured in unfiltered samples
within 48h of sampling. Samples were filtered through 0.45um membrane filters and stored at -20°C. lon
chromatography was used to determine the concentrations of Na*, K*, Mg®*, Ca**, NH,", CI', NO5 and
S0,”. Data quality was evaluated by: (1) control solutions within analytical runs, and (2) an ionic ratio

(cation sum/anion sum) by accepting a 20% variation about the central value (= 1.00).

Regression analysis was performed between wet-only and bulk-deposition data during the parallel
sampling for each chemical compound and good correlations were obtained (R>0.8, p<0.001). Then,
regressions between wet and bulk concentrations were used for each analyte to obtain a complete bulk-
deposition database from 1984 to 2009. Years 2001, 2004 (for base cations) and 2005 were not included

due to fragmentary sampling.
2.3. Cluster analysis

A daily meteorological analysis was undertaken based on 96-h isosigma back-trajectories at 12:00h UTC
and 1500m asl by using the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) 4.0
dispersion model from the Air Resources Laboratory (ARL, available at

http://www.arl.noaa.gov/ready/hysplit4.html, Draxler and Rolph, 2003). This height can be taken as

representative of the mean transport wind at a synoptic scale within the upper boundary layer. The
meteorological input was obtained from the ARL (Air Resources Laboratory) reanalysis database for the
early 10-year monitoring period (1984-1993), and from FNL (1998-2004) and GDAS (Global Data
Assimilation System) (2005-2009) from the NCEP (National Center for Environmental Prediction) for the
most recent period (1998-2009).

Cluster analysis statistically aggregate observations into clusters such that each of them is as

homogeneous as possible with respect to the clustering variables (Sharma, 1996). To compose each
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cluster, HYSPLIT has a grouping module based on variations in the Total Spatial Variance (TSV) between
different clusters which is compared to the spatial variance (SPVAR) within each cluster component. The
final number of clusters is determined by a change in TSV as clusters are iteratively paired (Draxler et al.
2009). This clustering methodology was applied to the daily trajectories obtained for an early (1984-1993)
and recent (1998-2009) period at Montseny.

Our rain chemistry database consisted of weekly observations; however, trajectories were obtained daily.
We estimated a daily chemical concentration for the days with precipitation by proportionally correcting
weekly chemical concentrations by the precipitation contribution of the rainy days to the weekly amount.
The rainy days within each week and their precipitation amount were obtained from records at LC, and
from the AEMET stations (Spanish Meteorological Service) of Turé de 'Home and Tagamanent which are
7 and 8 Km distant from LC, respectively. Precipitation events of <3 mm were not included, and only the

days with rainfall amount of >0.02 mm were considered for the determination of rain days within a week.

The interpretation of the back trajectories was complemented with meteorological synoptic maps and the

DREAM dust forecast model (http://www.bsc.es/projects/earthscience/DREAM).

2.4. Source-receptor model

Source-receptor methodologies establish relationships between a receptor point and the probable source
areas by associating each chemical concentration value with its corresponding back-trajectory. Daily
00:00h and 12:00h UTC 72-h back-trajectories at 1500 m asl were computed for rainy days in both study
periods. A grid with 2601 cells of 1° x 1° latitude and longitude was superimposed on the integration

trajectory field to map contributing areas.

Here, the Seibert methodology (Seibert et al. 1994), whereby a logarithmic mean chemical concentration is

computed for each grid cell based on the residence time of the trajectories in the cells, was used:

where Cij is the concentration in the cell (i,j), | is the index of the trajectory, ny is the number of time steps
of the trajectory | in the cell (i,j), and C, is the chemical concentration measured at the receptor point
corresponding to the trajectory I. To reduce the cell’s local variability (random noise), a smoothing was
applied and the value of each cell was replaced by the average between the cell and its eight neighbouring
cells. A final filter excluded cells with less than five end points, thus producing a more interpretable image.
The obtained field map reflects each cell contribution to the chemical rain concentration at the receptor

point.

Seibert’'s and PSCF methods were both computed and a sensitivity analysis to different factors was applied.
Although the models were sensitive to all factors and they pointed to similar source areas, for simplicity

only results from the Seibert's model will be here retained.
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To quantitatively compare the obtained source-receptor maps with European emissions, NO, and SO,
EMEP emission inventory data were gridded at 1°x1° cell resolution. Then, cell by cell Spearman’s rank

correlations were calculated between the emission data and model concentrations.

3. Results

3.1. General air flow transport patterns

Cluster analysis established 8 trajectory groups for both study periods (Fig 2; Table 1) which represented
the general air flow pathways arriving at LC in terms of direction and wind speed at 1500m asl.
Predominant transport regimes were similar in both study periods, and were classified as Northern flows
(cluster 1), North-Western (cluster 2), Western (clusters 3, 4), South-Western (cluster 5), South-Eastern
(cluster 6) and Regional recirculation (cluster 7). Exceptions were the fast-moving NW trajectories in 1984-

1993 (cluster 8a) and north-eastern flows from central Europe in 1998-2009 (cluster 8b).

From Fig. 2 it can be seen that fast W flows contributed 7% in both periods, slow W flows decreased from
16% to 7%, whereas fast and moderate NW flows were roughly similar in the two study periods (16%-17%).
The sum of Atlantic flows accounted for 39% and 31% of data in the early and recent period, respectively.
North African transport increased slightly, due to the increase of SW flows (from 9% to 13%). European
flows increased from 13% to 18%, this being related to a central Europe contribution (12% of data) which

was absent in the earlier period. Regional recirculation contributed between 25-27% (Fig. 2).

Cluster occurrence by season is detailed in Table 1. The 8 back-trajectory clusters were grouped in four
main geographic provenances: Atlantic (NW plus W air flows), European (N and NE), North African (SW
and SE) and Regional-local. The Atlantic provenance dominated in all seasons (30-45%) except in summer
when Regional circulations predominated (Table 1). The seasonal patterns for Atlantic and Regional
provenances were similar for the two study periods but the Atlantic contribution decreased in the recent
period. European flows increased in winter-spring (21-25%) and autumn (18%), and North African flows in
spring-summer (22-35%, Table 1).

3.2. Air flow transport pathways for rainy days

Cluster analysis was applied to the subset of only rainy days, which produced 7 clusters (Fig. 3). Transport
regimes for rainy days were: Northern (cluster 1), North-Western (clusters 2 and 3), Western (cluster 4),
South-Western (cluster 5), South-Eastern (cluster 6) and Western Recirculation (WR, cluster 7), with a
similar grouping for both study periods. Recirculation transport was the most frequent situation for rainy
days, but it decreased from 27% to 21% between periods (Fig. 3). Westerns,s; and south-eastern flows
slightly decreased between periods (13 to 10% and 15 to 12%, respectively). Northern, North-western.
and South-western flows increased from 14 to 17%, 4 to 9% and 16 to 19%, respectively and NW yogerate

remained constant about 10% (Fig. 3).

Seasonal patterns for rain-day clusters are shown in Table 3, where grouping for broad geographical areas

as in the previous section has been applied. In agreement with the precipitation seasonal regime in the
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Mediterranean area rainy days were more frequent in spring and autumn, not changing between periods.
Winter and spring precipitation originated predominantly from the Atlantic (30-36%), summer precipitation
originated mostly from Europe (23-26%) and Regional recirculation (27-33%), and autumn precipitation
was dominated by North African flows (38-49%).

3.3. Association of rain chemical composition with transport pathways

The rain chemical composition that characterised each cluster in the two periods is presented in Table 3.
Precipitation (arithmetic mean) decreased from 14.8 mm in 1984-1993 to 10.0 mm in 1998-2009. Chemical
concentrations were weighted by the precipitation amount (volume weighted means VWM, Table 3). The
comparison of grand total VWMs for both study periods shows an increase of NO3 (22 to 31 peqL™), NH,"
(23 to 29 pegL™) and Ca®* (60 to 65 peqL™), and a decrease of SO, (47 to 33 peqL™), H" (15 to 4.6 peqL™)
and Mg (10 to 8.6 peqL™) while Na* and CI' remained constant about 23 and 29 peqL™ respectively. In
1984-1993, northern and WR flows presented the highest H* (~20 ueqL'l) while NW oderate; the lowest (9.8
pegL™). Notice that in the recent period cluster maximum H* concentrations (SE, 7.9 peqL™) were lower
than the lowest H* concentrations in the early period (NWmogerates 9.7 ueqL'l). Ammonium and nitrate”
showed maximum values in N-NW provenances for both periods. In the recent period concentrations from
the SW were of similar magnitude. Sulphate also showed maximum concentrations for Northern flows and
Regional recirculations in the early period, but both decreased steeply (from 63 to 36, and 52 to 30 peqL'l
respectively) in the late period. Marine ions (Na', CI, partly Mg®") presented high concentrations in
southern and western flows, coming from the Mediterranean and Atlantic Ocean. Calcium, unexpectedly,
presented high values in NWq,g; (thus the Atlantic) in both periods. A closer look at those data showed that,
in some occasions, NW clusters were influenced by African mineral dust even if air flows were coming from
the North Atlantic. For example, for the rain episode from 31th October to 2nd November (total rain amount
of 157mm) Ca”* concentration was 176 ueqL'l. Back-trajectories were from NW and W but also crossed
over Morocco and the southern IP (Fig. 4a). The associated synoptic meteorology (Fig.4b) shows a low-
pressure system over the IP and a high-pressure system over the eastern Mediterranean that triggers air
masses from North Africa to south-eastern Spain and the Mediterranean, as also shown by the DREAM
dust model (Fig. 4b). If Ca” mean concentrations are recalculated for NW flows excluding the episodes
with an African influence (indicated as ‘pure-Atlantic’ in Table 3), their values are about halved and become

closer to Ca®* concentration reported at Montseny in pure Atlantic flows (Avila and Alarcén,1999).
3.4. Long term trends in chemical composition of precipitation and source receptor model results

Mann-Kendall time trend test of annual precipitation and ion VWM concentrations at LC from 1983 to 2009
showed significant decreasing trends for H" and S0~ (p<0.0001) and an increasing trend for NO3™ (p<0.01;
Table 4), consistent with the comparison between periods outlined before. The rest of the analyzed ions did

not show significant temporal trends.

A source receptor model was applied to ions with significant trends (SO,”, H and NO5). This model
indicated that SO, and H" in the initial period mostly originated in a broad area in central Europe (NE

France, Benelux, west Germany and the North Sea; Fig. 5) although for H*, an extension to western
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Poland, Switzerland and northern Italy was identified. Spearman’s correlations between SO, emissions and
S0, model concentrations (as well as NO, emissions and NO;3; concentrations) indicate a close

correspondence, as correlations were all significant at p < 0.005 (Table 5).

The reduction of SO, and H* concentrations in precipitation at LC for the last two decades was matched
with a dramatic reduction of these European source areas (Fig. 5). Conversely, increasing NOs
concentrations in precipitation at Montseny were associated with an increase of source areas in central
Europe which increased in extension and contribution to concentrations to the North Sea, northern France,

eastern Germany, southern Poland, Austria and northern Italy (Fig. 5c).

Sulphate, in addition to its European origin, also presented an African source located in Western North
Africa and central Algeria in the early period and only in central Algeria in the recent one (Fig. 5a). An

African source area of NO3 only appeared in the recent period and was situated in central Algeria (Fig. 5c¢).
4. Discussion
4.1. Atmospheric regimes and seasonal patterns

Trajectories from the N, NW and W were more frequent in winter when the Azores high usually weakened
and situated well to the west of its usual position (south of Azores), thus favouring the entry of Atlantic air
masses to the Western Mediterranean. But in winter the Azores high can also stay for long periods close to
the IP producing the stagnation of air masses over the Peninsula (Millan et al. 1997). This may account for

the 17% occurrence of Regional recirculation in winter observed in this study.

In summer, the Azores high undergoes its highest intensity and is located to the east and north of its usual
position, whereas thermal lows are developed over the IP and the Sahara (Millan et al. 1997). This
accounts for the observed short trajectories with recirculation in the study region and for African fluxes. Our
results matched similar trajectory cluster analysis for aerosol transport in the IP (Jorba et al. 2004; Borge et
al. 2007; Salvador et al. 2008) and more specifically for aerosol data at LC (Pérez et al. 2008, Pey et al.
2009).

The seasonal analysis for rainy days indicated that precipitation in winter and spring originated mostly from
the Atlantic, in autumn from North Africa and in summer, from Europe and the Regional recirculation (Table
2). This was similar to previous classifications at LC based on meteorological synoptic maps and trajectory

analysis (Avila and Alarcon, 1999).

4.2. Decadal trends, air mass transport and potential source areas of precipitation chemical compounds

Spearman’s correlation coefficients between modelled concentrations and EMEP emission data were

highly significant (Table 5), supporting the validity of the source-receptor model to indicate pollutant
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contributing areas. Concentration maps from the source-receptor model in the period 1984-1993 pointed to
north-eastern France, Benelux, Germany and the North Sea (Fig.5a) as source areas for SO,> and NO5’
and acidity. A similar geographic source area for these components was obtained with PSCF, Seibert’s and
Stohl's (1996) methodologies at a site in central France considering the period 1992-1995 (Charron et al.
1998) which can be compared with our early period. In the recent period, a drastic reduction of the
transported acidity was observed, which indicates that sulphate was the main contributor to acidity. For

acidity source areas shifted and main contributing areas are now located in eastern Europe.

The simultaneous decline of SO,” and H* rain concentrations observed from 1983 to 2009 at LC (Table 3)
can be related with localised SO, emission decrease (SO,* in regional fluxes decreasing from 52 to 30
ueqL'l) and to general declines throughout Europe as indicated by a S0,” decrease from 63 to 36 peqL'l
in the N cluster (Table 3). The reduction of high concentration source areas in central Europe (Fig. 5a)
confirms this observation. On the other hand, the observed increasing NO3 trend is consistent with that
observed at other sites in Catalonia (Avila et al. 2010). Cluster classification in this study showed that NO3’
increased in all clusters, but the increase was more prominent for NW and SW fluxes, roughly doubling in
the recent period (Table 3). Nitrate sources in Europe were extended over larger areas and their

contribution to concentrations was intensified (Fig. 5c).

European S (and sometimes N) emissions on land are being successfully abated; however, recent studies
indicate the increasing role of maritime emissions (Endresen et al. 2003; Collins et al. 2008). The
commercial shipping contribution has been estimated at 5-8% of global anthropogenic SO, emissions and
15-30% of global fossil fuel NO, emissions (Eyring et al. 2005). In the North Sea, intense ship traffic to
Rotterdam and Hamburg is responsible for an increase in 8042', NO; and NH," aerosol concentrations by
50% in summer around this area (Matthias et al. 2010). The implementation of a sulphur emission control
area (SECA) in the North Sea in 2007 was found to reduce SO, and 8042' aerosol concentrations, though
NOs concentrations slightly increased (Matthias et al. 2010). In our study, the high S0,” and NOj
concentrations from N and NW qq4erate ClUsters and the modelled source area over the North Sea (Fig. 5a,c)

may be related with these increasing maritime pollutant emissions.

On the other hand, large recent SO, emission reductions in Europe have played an important role in
modifying nitrate aerosol concentrations. Since atmospheric ammonia is first used to neutralize sulphate to
form ammonium sulphate aerosols, particulate nitrate can only be formed if excess ammonia is available.
With declining SO, in the atmosphere, nitrate aerosol concentrations have been found to be 25% higher
than expected if SO, emissions were not reduced. This effect has been especially large in Central and East
Europe (Fagerli and Aas, 2008) and may have contributed to the increase of NO3™ rain concentration at LC
observed in N and NW clusters. Ammonium aerosols resulting from NH3; combination with sulphuric and
nitric acids can be transported over several thousand kilometres (Hov and Hjollo, 1994; Charron et al 1998).
Ammonium nitrate aerosols are thermically unstable at >20°C and this might not be properly represented in
current source-receptor methodologies, such as the Seibert's method here used. To our knowledge
trajectory models have not yet incorporated modules considering chemical transformations during transport,

nor wet deposition processes.
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Trajectories from North Africa are highly enriched in NOs in the recent period and their SO,
concentrations were similar to those of northern air fluxes (Table 3). Furthermore, source receptor maps
showed high SO,* in southern Morocco and Central Algeria (Fig.5a). Recent studies of African aerosols
have shown that SO,” in dust particles can be attributed to the dissolution of dolomite (CaMgCO3) and
calcium sulphate derived from gypsum soils and salt-lakes in specific areas of North Africa (Rodriguez et al.
2011), but these authors provide also detailed evidence of the influence of industrial activities being
developed in North Africa (involving crude oil refineries, phosphate fertilizer industry, and power plants) that
have an influence on NO3, NH,* and at least 60% of SO,> of <10 um content in particles transported in

the Saharan Air Layer (Rodriguez et al., 2011).

Conclusions

Back-trajectory clustering showed a decrease of Atlantic advections and an increase of African and
European air flows. Precipitation in winter and spring predominantly originated from the Atlantic, in autumn

from North Africa, and in summer, European and Regional recirculation flows contributed similarly.

A significant decrease of S0,” and H" and an increase of NO; was found in bulk deposition in Montseny.
Cluster analysis and a source-receptor model indicated that NE Spain is under the influence of natural and
anthropogenic sources from the local scale and long-range transport. The reduction of S0,” and H*
concentrations in precipitation at LC for the last two decades was matched with a dramatic reduction of
source areas in central Europe. For NOg/, initial small source areas in central Europe expanded towards
the North Sea, northern France, eastern Germany, southern Poland, Austria and northern Italy. Ship
emissions and the growing industrialisation in Eastern Europe and North Africa probably explains the

location of the pollutants’ main source areas in the recent period.
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Tables

Table 1. Seasonality of atmospheric transport regimes for early 10-years monitoring period (1984-1993) and the more recent one (1998-2009): frequency of
back-trajectories associated to each cluster and frequency of clusters associated to each provenance (%). Winter: December-February, spring: March-May,
summer: June-August and autumn: September-November.

Period 1984-1993

Period 1998-2009

Cluster classification N Winter | Spring | Summer | Autumn | Cluster classification N Winter | Spring | Summer | Autumn
C1.N 492 16.5 16.0 10.7 108 |C1.N 275 9.0 7.3 2.1 6.9
C2. NWiaqt 303 12.5 8.8 4.7 7.3 C2. NWiaet 742 20.8 16.7 12.4 18.2
C3. Whast 240 12.5 5.3 2.2 6.4 C3. Wiast 313 12.4 8.8 2.1 5.4
C4. Wyow 602 | 15.5 16.1 17.5 16.8 | C4. Wyow 307 7.7 8.4 5.4 6.7
C5. SW 344 7.2 6.8 11.6 12.0 C5. SW 569 7.7 11.3 18.9 14.2
C6. SE 421 14.2 11.6 6.5 13.8 | C6. SE 521 9.7 10.5 15.8 11.8
C7. Regional recirculation 985 17.1 26.1 38.6 25.9 | C7. Regional recirculation | 1106 | 17.2 23.1 35.4 25.6
C8a. NW oderate 266 4.5 9.2 8.3 7.0 C8b. NE 532 15.5 14.0 8.0 11.3
Provenances Provenances

Atlantic (NW+W) 1411 45.1 39.5 32.6 375 Atlantic (NW+W) 1362 40.9 33.9 19.8 30.3
Europe (N) 492 16.5 16.0 10.7 10.8 | Europe (N+NE) 807 24.5 21.3 10.1 18.2
North Africa (SW+SE) 765 214 18.5 18.2 25.8 North Africa (SW+SE) 1090 17.4 21.7 34.7 25.9
Regional - Local 985 17.1 26.1 38.6 25.9 Regional - Local 1106 17.2 23.1 35.4 25.6
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Table 2. Seasonality of atmospheric transport regimes for rainy days in both study periods: frequency of back-trajectories associated to each cluster and
frequency of clusters associated to each provenance (%). Winter: December-February, spring: March-May, summer: June-August and autumn: September-

November.

Period 1984-1993

Period 1998-2009

Cluster classification N | Winter | Spring | Summer | Autumn | Cluster classification N | Winter | Spring | Summer | Autumn
Ci1.N 101| 9.8 22.5 25.9 11.4 C1.N 108| 174 | 18.1 22.9 13.5
C2. NW noderate 46 2.9 10.0 11.1 7.0 C2. NW noderate 66 | 8.3 12.6 13.8 8.4
C3.NWiaet 25 6.9 6.0 2.8 1.9 C3.NWiaet 50 | 144 | 10.7 0.9 4.5
C4. Wiagt 78 | 20.6 13.5 11.1 11.4 C4. Wrast 61 | 12.9 7.9 8.3 11.6
C5. SW 100| 14.7 14.5 11.1 27.8 C5. SW 109 | 10.6 14.9 22.0 25.2
C6. SE 75| 216 7.5 4.6 20.9 C6. SE 73| 18.2 | 10.7 5.5 12.9
C7.WR 143| 235 26.0 33.3 19.6 C7.WR 144| 18.2 | 25.1 26.6 23.9
Provenances Provenances

Atlantic (NW+W) 149| 304 29.5 25.0 20.3 Atlantic (NW+W) 177| 356 | 31.2 22.9 24.5
Europe (N) 101 9.8 22.5 25.9 114 Europe (N+NE) 108| 174 | 181 22.9 13.5
North Africa (SW+SE) |175| 36.3 22.0 15.7 48.7 North Africa (SW+SE) |182| 28.8 | 25.6 27.5 38.1
Regional - Local 143| 235 26.0 33.3 19.6 Regional - Local 144| 18.2 | 25.1 26.6 23.9
TOTAL 568| 18.0 35.2 19.0 27.8 TOTAL 611| 216 | 35.2 17.8 25.4
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Table 3. Rain volume (arithmetic mean, mm) and volume-weighted mean (VWM) concentrations (in peqL™) for the analysed chemical species and for each
cluster in both study periods

1984-1993 period Rain N cations | N anions H* Na* ca” Mg** NH," NO;5 S0~ cr
Cl.N 8.9 101 101 20.0 15.4 60.0 10.1 37.8 32.0 63.5 20.8
C2. NW mogerate 10.9 46 46 9.7 19.1 46.8 8.5 235 215 41.6 23.9
C3a.NWiast 9.0 25 25 13.1 21.5 80.7 11.3 30.7 23.3 53.5 25.9
C3b. NW.s modified 9.4 22 22 13.5 19.4 49.7 9.6 32.3 22.9 47.8 23.4
C4. Wit 12.9 78 78 14.9 18.8 495 9.2 24.5 20.5 45.9 24.4
C5. SW 16.9 100 100 11.0 29.3 87.3 11.8 18.6 20.8 46.6 36.1
C6. SE 26.2 75 75 12.2 27.4 58.5 10.1 14.7 15.1 36.6 34.3
C7.WR 14.9 143 143 20.4 20.2 46.2 9.9 27.0 25.5 51.8 26.0
Total 14.8 568 568 15.1 23.0 60.2 10.2 23.2 21.9 47.2 29.1
1998-2009 period

Cl1.N 5.9 89 108 2.6 14.3 52.7 6.8 385 35.2 36.4 18.4
C2a. NW pogerate 5.6 55 66 2.4 46.1 119 16.0 34.4 44.2 46.9 54.2
C2b. NW pogerate Modified 4.4 43 54 3.7 21.6 55.2 8.7 41.3 42.3 375 25.1
C3. NWiaet 7.1 45 50 5.6 31.3 60.8 10.4 26.0 26.9 30.4 36.0
C4. Wiast 9.3 56 61 5.3 28.8 52.8 10.1 21.3 22.2 26.8 35.3
C5. SW 12.9 94 109 3.2 19.0 79.9 8.1 31.2 40.6 37.4 27.5
C6. SE 13.9 72 73 7.9 24.1 53.8 7.1 27.1 20.7 28.6 23.6
C7.WR 12.1 134 144 47 19.8 60.6 7.9 27.0 29.1 30.4 25.7
Total 10.0 545 611 46 22.9 65.9 8.6 29.0 31.1 33.0 28.3
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Table 4. Mann-Kendall trend tests applied to annual volume-weighted mean

concentrations (in peq L™) in bulk deposition and to precipitation amount (in L m™)

from 1983 to 2009 at LC, Montseny (no data from 2001, 2004 and 2005).

N Kendall Tau p
Precipitation 24 -0.87 0.55
H* 24 -0.61 0.00003
Na" 24 0.17 0.25
ca* 24 -0.07 0.62
Mg®* 24 0.14 0.92
NH," 24 -0.02 0.88
NO; 24 0.38 0.0099
S0, 24 -0.58 0.00007
cr 24 0.04 0.77

Table 5. Spearman’s rank correlation coefficients (R) for concentrations vs. EMEP
emission values. Early period = 1983-1994; recent period = 1998-2009.

Valid N R p
NOx- NO3™ early period 976 0.38 <0.000001
NOx — NO3 recent period 1042 0.17 <0.000001
S02- SO~ early period 976 0.26 <0.000001
SO2- SO42' recent period 1042 0.09 0.004
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Figures

Figure 1. Map of La Castanya study site (LC). NE Spain.
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Figure 2. Cluster centroids and frequency of back-trajectories associated to each cluster for

both study periods. Back-rajectories (72h) from the LC site, calculated at 1500m asl.
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Figure 3. Cluster centroids and frequency of back-trajectories associated to each cluster for
rainy days in both study periods at the LC site. Back-rajectories (72h) calculated at 1500m
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Figure 4. Study case of combined transport for rain days form 31 October 2008 to 2
November 2008: a) back-trajectories of rainy days and its cluster classification; b) synoptic

and DREAM dust model maps for rainy days.
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Figure 5. Source receptor concentrations maps (peqL™)
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