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Abstract- In this study a new method of PCA performance, the Sequential Principal
Component Analysis (SPCA), was proposed and assessed on real samples. The aim was to
identify the atmospheric emission sources of soluble compounds in rainwater samples, and
the sample collection was performed with an automatic sampler. Anions and cations were
separated and quantified by Ion Chromatography, whereas trace metals and metalloids
were determined by ICP-MS spectroscopy. SPCA results showed eight interfering
principal components (PCs) and ten significant PCs. The interfering cases originated from
different atmospheric sources such as resuspended crustal particles, marine aerosols, urban
traffic and a fertilizer factory. The significant PCs explained 84.6 % of the total variance.
28.1 % accounted for the main contribution, which was resuspended industrial soil from a
fertilizer factory containing NO>", NH4", NOs, SO4%, F, Al, K*, Mn, Sb and Ca*" as
indicators of the fertilizer factory. Another important source (15.0 %) was found for Na®,
Mg?*, K*, Cl" and SO4*, which represents the marine influence from south and southwest
directions. Emissions of Ba**, Pb, Sr**, Sb and Mo, which represent a traffic source
deposited in soils, were identified as another abundant contribution (12.1 %) to the
rainwater composition. Other important contributions to the rainwater samples that were
identified through SPCA included the following: different urban emissions (Cu, As, Cd,
Zn, Mo and Co, 18.1 %), emissions from vegetation (HCOO", 7.7 %), and industrial
combustions (Ni, V 15.6 %). The application of SPCA proved to be a useful tool to identify
the complete information on rainwater samples as indicators of urban air pollution in a city

influenced mainly by traffic vehicles and resuspended polluted soils.
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Introduction

The study of the chemical composition of rainwater has its origins in the 1950s when
Eriksson (1953) [1, 2] investigated the effects of acid deposition on ecosystems. Erikson
found that the origin of the main damage to the environment was caused by acid emissions
of SO and NOx gases. Thus, rainwater composition provides crucial information on
existing air pollution [3] and has signalled great interest for two main reasons:

1) Precipitation is a route of entry for nutrients and contaminants in all biogeochemical
cycles of terrestrial and aquatic ecosystems [4].

2) Acid rain transports large amount of toxic elements and causes serious effects on aquatic
and terrestrial ecosystems, [5].

Recently, a lot of information about the composition of rainwater has been gathered in
America [6], Central and Northern Europe [7, 8] and other parts of the world (China [9],
India [10], etc). In Spain, several authors have studied the chemistry of atmospheric
precipitation [11, 12], however the results are practically absent in the South of Spain.
Furthermore, the papers pertaining to rainwater composition are scarce when compared to
those referring to atmospheric particles.

Both particulate and soluble content of precipitation depends on several factors such as
pollutant emission sources from air, amount of rain, washout ability of drops etc [13]. In
this paper we are concerned with soluble atmospheric pollutants in rainwater. The
atmosphere contains gases and particles coming from natural or anthropogenic sources,
which after a residence time are deposited in the earth's surface through dry or wet
sedimentation [14]. The acidity of rain depends on contributions from hydrocarbon
combustion emissions, industrial processes, reactions in the combustion engines of
vehicles, etc. Neutralizing alkaline substances may have an anthropogenic origin due to the
activities of cement factories and power plants [15], nevertheless the origin of natural
sources of these alkaline substances such as soil dust are much higher in arid zones [16].
In many cases rainwater has high concentrations of sulphates and nitrates but a low acidity,
due to the neutralization effect. So, the study of cations also is of immense importance as
they represent the major neutralizing agents, such as calcium [17], sodium [18] and
ammonium [19].

On the other hand, the continuous changes in land use and the deforestation in Africa
have greatly increased the origin of natural sources of particles found in Southern Europe.

This material is transported long distances by winds into a long-range transport [20].This



phenomenon is blurring the distinction between anthropogenic and natural alkaline
particles. Also, chemical species found in rain samples come from airborne particles [21]
and gases either incorporated in the clouds (rainout), or washed out by the rain droplets
below the cloud (washout) [22]. In addition, meteorological conditions also play an
important role in all these reactions [23].

Many studies have investigated the relationship between meteorological conditions and
airborne particles [24, 25]. A similar study on particles has been carried out in Seville [26]
using single and multiple correlations. The relation between meteorology and particle size
distribution has also been the subject of numerous recent and former works [27, 28], all of
them using single correlations on particles. The relationship between rainfall and other
meteorological parameters and particle size distribution of trace metals has been also
studied in Seville [29]. These studies concluded that rainfall was the meteorological
parameter that most favoured the elimination of particles and metals by means of physical
and chemical washing. Fine particles are removed from the atmosphere independently of
the amount of rain, whereas the elimination of coarse particles is dependent on rainfall
values.

The complex composition of rainwater samples requires the use of chemometric tools
for the extraction of information [30]. In the air pollution studies, Principal Component
Analysis (PCA), Cluster Analysis (CA) or regression modelling have been applied to
determine the possible influence and contribution of natural and anthropogenic factors in
data trends [31]. PCA is a typical display method, which is able to reveal the ‘hidden’
structure of the data set; it tries to explain the influence of latent variables on the data [32].

However, due to the complexity of the sample matrix and the handicaps in identifying
the source of the pollutants in rainwater, common chemometric tools are unsuitable.
Therefore, the aim of this work is to test a new statistical technique that has previously
been used in total suspended particles (TSP), both in total metal contents and in chemical
speciation, called Sequential Principal Component Analysis (SPCA) [33]. In the present
work we apply this technique to study the chemical composition of rainwater and the
origins of their chemical compounds, including all the experimental information obtained

and even the outlier samples with environmental significance.



Experimental

Multivariate statistical technique (SPCA)

On the basis of the results, basic and multivariate statistical analyses were applied to the
analytical and meteorological data. Single Linear Regression (SLR) and Principal
Components Analysis (PCA) were the statistical techniques employed. The modifications
applied to the PCA technique led to the development of the new SPCA methodology. The
main technique used was the PCA, and it was used in combination with the Single Linear
Regression (SLR). The SLR correlation between the parameters constituted its exclusive
use as a tool for graphical confirmation and the detection of outliers. For the PCA analyses
the STATISTICA software package StatSoft, Inc. version 7, 2004 was used. The
STATISTICA version 5.5, 1999 was used for the SLR to make the graphical study easier.

PCA is the most widely used technique in science and engineering [34]. The PCA was
performed with a Varimax rotation, extracting the factors or PCs. This explains more than
5-10 % of the total variance of the data set, and together accounts for more than 75-85 %
of accumulated variance. As concerns the SLR, correlation coefficients (r) were checked
for the probability value (p). When the corresponding p values were greater than 0.05, a
two-tailed t-test was applied with a 95% confidence level. If the null hypothesis is r = 0,
then the two-tailed tests assess whether r was significantly different from zero.

The Sequential Principal Component Analysis (SPCA) presented in the current work
was developed from the following considerations. Sometimes, when the samples called
‘outlier’ or ‘interfering case’, which have high concentrations of several elements, appear
in the system studied they cause a distorting effect on the PCA result because of its least-
squares property. In this case, the sample is distant from the other points in the
measurement space and it can pull the corresponding PC towards itself and away from the
direction of maximum variance. These samples contain highly concentrated metals that
usually do not appear in any other PCs. Therefore just one interfering case can create an
important distortion in the PCA. Normally, the solution found by many authors is simply
to discard these cases and to repeat the PCA without them [35]. Usually, they suppose that
these samples constitute a sample contamination or a general systematic error. Conversely,
if this data is a product of special conditions one cannot remove it before making an
interpretation about its meaning. It could be that high concentrations may be due to

emission sources located nearby. We must identify the outliers and extract as much



information as possible because it could be a recurring process and it’s important to know
their indicators. These considerations were the reasons why the PCA was modified adding
some rules to the performance of the technique, and this was then applied to the present
data. The modifications consisted of an iterative method of sequentially performed PCA;
interpreting the origin of samples that constitute outliers before there elimination.

During the SPCA procedure, the tool was interpreting initially only the variables
grouped into the PC where the outlier had appeared (SPCAI1). At the same time the
presence of the outlier is confirmed graphically by the SLR representation of a pair of
variables grouped into this PC. Likewise, only the analytical variables grouped into the
PC1 were interpreted; assigning and characterizing a type of source. Then, after the
interfering case is removed, a second PCA (SPCA2) is performed on the new matrix. The
same procedure is repeated if another outlier appears again, until no more outliers are
found. At that moment, all the PCs obtained in the last PCA can be interpreted. Thus, this
method characterises all the sources in the last PCA besides the individual sources of the
outliers.

The detection of interfering cases was carried out by applying the simple linear
regression (SLR) technique. When an outlier appears in the system the 2D-scatterplot
representation for concentrations of some pairs of variables graphically show at what point
a falsely high correlation is induced. Usually in environmental systems an interfering case
shows high concentrations of many variables, so there is no need to test the remaining
variables to detect a common outlier point. Other graphical tools provide this capacity of
detection such as Box & Whiskers plots, which have representations of outlier and extreme
values [36]. The procedure consisted of verifying the linearity by observing the linear
profile of the points, i.e., the pairs of data x-y. When a high correlation coefficient does not
give a real linearity, the regression line is formed by an accumulation of points at one
extreme and a lone point at the other extreme. In these cases, the correlation coefficients
are due only to one sample, the outlier. Figure 1 shows high regression coefficients of 0.847
(Figure 1a) and 0.816 (Figure 1c) respectively when considering all samples for the pairs
Cu-SO4* and Mn-NOs". Nevertheless, we can check graphically that they are due to an
agglomeration of data that give a false linearity with a discrepant case. After removing
these cases, the ratio drops dramatically, tending to go to zero (0.195 (Figure 1b) and 0.380
(Figure 1d), respectively). We can see that these examples of high correlations are due to
the anomalous cases. Therefore, the SLR tool is useful to confirm the presence of outliers

before its elimination in the SPCA procedure.



Using this multivariate technique it was possible to simplify the interpretation for
complex systems such as those related to the chemical composition of rainwater originating
from airborne particles. Additionally, the SPCA reduces the large number of variables to a

few principal components.

Methodology for chemical analysis

The chemical composition determined in rainwater samples was done by analyzing soluble
metals and metalloids, cations and anions, and P and N nutrients. The general parameters
pH, electrical conductivity (EC) and redox potential (E) were measured in situ during the
collection of samples from the automatic sampler. Experimental pH values were converted
to H" concentrations for the statistical treatment. The rH value gives information on
reducing or oxidizing nature of the medium. The rH parameter was calculated from the
redox potential (Eexp) and the pH from the following equation:
E., +c+0.197

E
rH =—"—+2pH = +2pH
0.029 0.029

Where c is a correction for redox potential and Ej is the hydrogen electrode potential.
Heavy metals (Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Pb, Cd, Mo, Ag), light metals (Be, Al,
B, Si, Cs) and metalloids (Sb, As) determination was carried out by ICP-MS (Thermo
Elemental X-7 Pierce Biotech., Rockland, IL, USA), according to the 200.8 US EPA
Methods [37] with some modifications related to the tuning solution and mass calibration
solution. Also, nutrients (NO3, NO2", NH4*, PO4>), major and minor cations (Li*, Na*, K*,
Ca*", Mg?*, Sr**, Ba*") and organic (HCOO", CH;COO", C204>, C7H¢02") and inorganic
(F-, CI', Br,, I', SO4*) anions were determined. Determination of ionic compounds was
performed by Ion Chromatography (IC) with a conductivity detector and a chemical
suppression for anions (Metréhm 792 Basic IC, AG, Herisau, Switzerland). All
determinations in the multi-element analysis were done in triplicate for each sample.
Regarding the ICP-MS technique, an adaptation established in the "Getting Started
Guidelines for ICP-MS of Thermo Elemental Corp.” was performed on the 200.8 US EPA
Method for the preparation of the tuning and mass calibration solutions. The tuning solution
was used for instrument regulation prior to analysis. This solution was prepared by mixing
Be, Co, In, Ce, Ba and U (from Cromlab, Barcelona, Spain) in 2% (v/v) nitric acid

Suprapure to produce a concentration of 10 ug L of each element. The mass calibration



solution was used prior to analysis to carry out a new mass calibration. This solution was
prepared from a multielemental standard of Be, B, Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Sr, Mo, Ag, Cd, Sb, Cs, Ba, Tl, Pb, Th and U between 25 and 200 pg L in nitric acid
Suprapure 2%. Some analytes were determined with values below detection limits (Ti, Ag,
Be, Si, Cs, Li*, C204%-, C7H¢O2, Br and I) and they were excluded from statistical
analysis.

With regard to the lon Chromatography instrument, a column METROSEP A Supp5-
250 was used and it was protected by a Metréhm precolumn module. It was employed for
the determination of the anions according to the following conditions: mobile phase 3.2
mM NaxCOs3/1.0 mM NaHCOs; flow rate 0.7 mL min! and injection volume 100 pL.
Determination of cations was performed using a column Cation METROSEP C 2 150,
protected by a guardpack module, it was used in the following conditions: mobile phase 4
mM tartaric acid/0.75 mM pyridin-2,6- dicarboxilic acid; flow rate 1.0 mL min’!; and
injection volume 100 pL. Software “792 PC Software 1.0”.

Acids and standard solutions for metals were from Merck (Darmstadt, Germany).
Reagents for mobile phases and standard solutions for cations and anions were of an
analytical grade from Panreac (Barcelona, Spain). Ultra-pure water came from Waters-
Millipore (Milli-Q-grade, Model Plus). Regarding the plastic and glass material, they were
cleaned with 0.2 M nitric acid for 24 hours. Care was taken in handling the samples in
order to avoid contamination problems, and all reagents, materials and samples were
handled within a vertical laminar airflow cabinet; this ensured air cleanliness standards of
class 100 according to Federal Standard 209E. The vertical laminar airflow cabinet with a
HEPA filter came from Indelab (Model IDL-48V).

Accuracy and precision of the applied methods was established by the use of
international Certified Reference Material (CRMs) of rainwater for two levels of
concentration: Rain-97 certifies low contents, and BCR-409 high contents. They were
supplied by the National Water Research Institute of Canada (NWRI) and the Institute for
Reference Materials and Measurements (IRMM). Tables 1 and 2 show calculated recovery
values corresponding to the Rain-97 and BCR-409 CRMs. Experimental concentrations
were obtained from 18 replicates of cation and anion determinations during six days.
Fisher-Snedecor tests at p < 0.05 for the precision study demonstrated that experimental
standard deviations were similar to the typical deviations of the CRMs for all ions
determined. All the results obtained for the analyses of these materials represent optimum

accuracy [38].



Measurement site and sampling

This study was undertaken in Seville (38°12°-36°51°N, 4°39°—6°32°W, 141.3 km?, 8 m
a.s.l.), the largest city in Southern Spain. Seville is located in the centre of the Guadalquivir
Valley, which opens toward the ocean at the base of the triangle that the valley forms. The
valley forms a triangle of about 300x300x100 km (about 15,000 km?) that encompasses
the cities of Huelva, Cadiz and Cordoba in the vertexes and Seville in the centre.

The city has a warm and dry Mediterranean climate with mean annual temperature of
18°C, rainfall 600 mm, atmospheric pressure 1014 hPa, relative humidity 65%, and wind
speed 2 m s~!. Seville is characterized by high temperatures and low wind speeds. Prevalent
air currents come from the SW—NE direction. All this data is averaged from the 1961-2000
period. Predominant winds proceed from the Atlantic Ocean (southwest). Therefore, the
situation of this sampling network in Seville represents the meteorological effects of a
Mediterranean zone influenced by African winds as in other cities of Southern Europe.

Rainwater samples (wet depositions) were collected with an automatic wet-only
sampler TISCH ENVIRONMENTAL 78 100 APS. This type of sampler is designed to
collect atmospheric depositions in two separate containers: one of these opens only during
episodes of rain, detected by an electronic sensor, and the other container is always open
during dry periods. This allows the collection of both wet deposition (rainwater) and dry
deposition (sedimentable particles). The results on rainwater samples collected during one
year of sampling —from September 2006 to September 2007- are the ones presented in this
current work.

Sample collection of rainwater was carried out in bottles of low density polyethylene
(LDPE) of half-litre capacity located inside a refrigerator. The refrigerator power was

optimized to achieve an average temperature between 4°C and 6°C.

To ensure the optimal preservation of samples, some modifications were carried out in
the automatic collector. Firstly, a Teflon-coated funnel was inserted on the container where
rainwater drops were collected. Secondly, a refrigerator system was placed under the
sampler where the LDPE bottles collected rainwater samples. And thirdly, a waste system
was connected to the funnel to prevent the bottle overflowing. All connections were made

with Teflon tubings.

Meteorological data



Primary meteorological data was recorded. Meteorological data was provided daily by our
local service of the National Institute of Meteorology (AEMET) in Seville. This data
corresponds to the same periods of each sampling. These values for each sample
correspond to the average hourly data provided throughout the sampling periods. Rainfall
values were summed with the hourly data during the sampling period. Total rainfall (PP)
in mm, wind direction (WD) in degrees, wind speed (WS) in m s™!, ambient temperature
(AT) in degrees Celsius, relative humidity (RH) in percentage and evapotranspiration (ET),

were the meteorological variables used (Table 3).

Results and discussion

Multivariate statistical technique (SPCA)

In this study, the results from the SPCA were obtained for the 40 rainwater samples
collected during the annual period 2006-07. According to the SPCA procedure mentioned
earlier, the initial result is the first Principal Component Analysis (SPCA1, Table 4). The
results show that 8 PCs are responsible for up to 84.6 % of the total variance, whereas PC1
accounts for 38.7 %. However, the PC1 is represented by only one case with an extremely
high value of scores (se34). This sample corresponds to an episode with very high
concentrations of many variables measured (NH4", F-, SO4%", NO5", V, CI', Ca**, K, Co,
Cu, Mn, Al, Mg?*, Ba?*, B), as well as the highest EC and pH values of 147.3 uS cm™ and
pH 7.7 respectively. These variables originated mainly from resuspended industrial soil
from a fertilizer factory. The high concentrations were obtained probably due to the short
rain episode that occurred in March after a long dry period characterized by a low value of
rainfall (low rainwater volume collected).

PC2 explicated 12.0% of the variance, and it is also represented by one interfering case
with a high weight (se04). In this case, the sample corresponds to an episode with high
concentrations of variables (Mo, Zn, B, Cd, NO3", Al, Cu) originating from urban traffic
sources. In addition this sample was characterized by its extremely low pH value as an acid
rain episode. Nevertheless, the sum of PC1 and PC2 account for 51 % of the variance of
all cases, in other words, a half of all samples are represented by only two cases. The rest

of the samples in bold in Table 4 are samples confirmed also as outliers by SLR (Figure



2). Consequently, this fact proves that the first PCA is not valid to explain the variance and
main sources of the forty samples of rainwater studied. Therefore, according the present
methodology of SPCA described earlier, it is necessary to remove the outliers and repeat
the PCA sequentially until no more outliers appear. The results are shown in Table 5 where
SPCAT1 to SPCAS only show the PCs related to straggler observations and the final stage
corresponds to SPCA9 where outliers were removed. It can be noted that in Table 4 and
Table 5 the first PC coincides in both cases, but the rest of PCs differ because the
sequentially extreme cases were removed in Table 5. The above mentioned groups can be
observed graphically in a score plot (Figure 3).

In SPCAI1, sample se34 exhibits the highest concentrations practically in all the
analysed elements. Apart from the characteristics mentioned above, the rain event also
shows the highest values of atmospheric pressure and evapotranspiration with southern
winds of low speeds. Thus, this sample shows the composition of rain taken in March 2007;
it is of strong basic behaviour during a dry and anticyclonic weather period prior to spring
rains.

After removing se34 and repeating SPCA (SPCA?2) the result showed that the sample
se53 is also an outlier. This is because it is representative of the principal component PC1
accounting for 29.1% of total variance and confirmed also by SLR (Figure 2). This sample
is related to a marine influence, because its characteristics are high electrical conductivity,
81.5 uS cm’!, and high values of SO4*", Mg?*, CI', K*, F~ and Ca*' [39, 40]. This case
corresponds to isolated rains at the beginning of June before the summer season but with
southern winds at high speeds after a dry period of 20 days.

This sample is related to a marine influence, because its characteristics are high
electrical conductivity, 81.5 uS ecm™, and high values of SO4*", Mg**, CI', K*, F- and Ca*"
[39, 40]. This case corresponds to isolated rains at the beginning of June before the summer
season but with southern winds at high speeds after a dry period of 20 days.

In SPCAA4, the case se55 is the only representative case (Figure 2) of the principal
component PC2, consisting of Sr*" and Ba** from earth mixed with Mo, Pb and Sb from
traffic sources: gasoline and vehicle brakes. This source represents the traffic emissions
deposited formally in the surrounding lands of the city and latterly it is resuspended in the
air. This sample was also related to a long dry period, but in this case it deals with a summer
storm with high humidity and temperatures, and a scarce amount of precipitation (3 L m™

against 15-24 L m™ for the remainder).
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For SPCAS the most important elements found for the PC3 were mainly Sb, Mo Co
and Cd, from an anthropogenic source [41], attributed to traffic emissions. In this case the
outlier was the case se06, collected in very similar meteorological conditions to sample
se04. The only difference being it was the second rain event of September 2006, only after
a week from the se04 episode.

With respect to SPCAG6, the straggled sample was found for se50 in PC1, explaining
23.5 % of the total variance. It was collected when it rained after a long dry period of 20
days in May 2007. The PC1 is characterized by an electrical conductivity of 51.1 pS cm’!,
and by high values of NOs~, Ca**, NH4", PO4*, SO4* coming from the contamination of
soil by a fertilizer plant.

In the SPCA7, PC2 explains a group of variables represented only by the se45 case.
This outlier originated from the resuspension of soils contaminated by the fertilizer factory.
This sample collected in April 2007 featured a very slight precipitation (4 L m?) and a low
wind speed. The group of variables was scarcely different from the previous resuspension
sources; in soils contaminated in SPCA1 and SPCA6. The common variables that were
most representative were NH4", SO4* and Ca?". Meanwhile, in SPCA7 the common
variables that were most representative were K*, F-, Ca?>" and PO4’".

For SPCA8 we found the interfering case se47 collected in May and it was
characterized by the highest values of rainfall of 85 L m™, and a low value for electrical
conductivity of 7.7 uS cm™'. The variables grouped Cu, F-, V, Co, K*, PO4>", SO4*, Ca**
and Cd showed a mixture of origin from both anthropogenic and natural sources.

Once all these outliers were removed during the SPCA performance, the last PCA
(SPCA9) could not reveal the presence of any discrepant PC. Therefore, we found ten
significant PCs that explicated up to 84.6% total variance in SPCAO9.

PC1 explains 23.8 % of variance and it represented the influence of the resuspension
of industrial soil from the fertilizer plant, featured mainly by NO, and NH4', and
additionally NOj3", SO4>", F-, Al, K, Mn, Sb and Ca?". This type of source is represented
by samples collected in winter as well as in the spring seasons, indistinctly [42]. PC2 is
formed by the elements from marine aerosols characterized mainly by Na*, Cl- and Mg,
and also by SO4>" and K. The representative cases corresponded to rainwater samples
collected during winter days with winds coming from southern directions, with moderate
wind speeds and extremely high values of air humidity. As in PC1, PC3 is related to urban
earths characterised mainly by the elements Ba** and Pb and also by, St**, Sb and Mo [43].

The pair of Ba**-Sr** is frequently attributed to a terrestrial source, although Ba?" is also

11



attributed to vehicle traffic [44]. This type of source already mentioned above was
represented by samples collected in days with extremely high temperatures in September
2007. PC4 and PC7 correspond to combustion exhausts from industries or mainly from the
urban traffic, featured by Co, Sb, As, Mo, NOs and SO4>" and mainly by Ni and V. Samples
represented in this PC were collected in days with low values of air humidity. In PC5
typical emissions were recognized to be coming from vehicle brakes, they were mainly the
elements Cu, As and Sb [45] and also Mo, and the samples were collected during days with
high values of air humidity. PC6 is attributed to vegetation emissions characterized by the
presence of formate [46, 47] in episodes during November 2006 that had high rainfall
values. PC8 shows another indicator of industrial emissions from the fertilizer factory of
the city, which are characterized mainly by the presence of PO4*", but also by NOs™, F~ and
K". These emissions come from the factory through its industrial processes to manufacture
the solid fertilizers such as potash (K2O), phosphates Cas(PO4)3F, mineral rocks as raw
materials, and nitric and hydrofluoric acids. PC9 is related to industrial emission from
foundries with Cd, Zn, Co, Sb and Mn [33]. PC10 represents variables grouped in a similar
way to SPCA7, indicating emissions coming from resuspension soils where F-, Ca*" and
also PO4> were the best indicators due to the fluorapatite mineral used in the fertilizer plant.

This SPCA shows that the main sources of soluble atmospheric pollutants in rainwater
samples were the urban vehicle traffic emissions and the particles originating from

industrial soils and lands which were resuspended in the air over the city.

Conclusions

In this work results concerning the rainwater composition for a one year period obtained in
Seville, SW Spain, have been statistically studied by multivariate techniques. The aim was
to resolve the complex origin of the chemical composition. The capability of a new
approach was tested and it was based on the utilization of a chemometric technique (PCA)
that was modified for its use on the complete data set (SPCA). The modification consisted
of sequentially performing the PCA and interpreting the origin of outlier samples. This
rendered a more complete set of information than if the outliers were discarded. This
allowed the different outliers to be detected and the suitable information to be extracted.
The SPCA that was performed enabled the extraction of 8 interfering PCs from the
atmospheric information corresponding to different types of special meteorological

conditions less. These episodes can be recurring: acid rainfalls from urban traffic (NOs", B,
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Zn, Mo), industrial soils (EC, NH4*, F, SO4>, V, Ca?", K*), marine aerosols (SO4+*, CI,
Mg?*, K*, Na") and residues from traffic deposited on land (Ba*", Sr**, Mo, Pb, Sb).
Additionally, the final PCA (SPCA9) was able to explain almost 85 % of the total variance
of the complete system. It identified soluble atmospheric pollutants by a group of indicators
such as: the main pollution source from contaminated industrial soils from a fertilizer
factory (NO2", NH4", NO3, SO4%, F-, Al, K*, Mn, Sb and Ca?"), another important source
from marine aerosols (Na*, Mg?*, K*, CI', SO4*), the pollutants originating from traffic,
the resuspended particles from the land containing traffic residues (Ba2*, Pb, Sr**, Sb, Mo),
the combustion processes from industries and traffic (Ni, V, Co, NOs", Sb, As, Mo, SO+,
Zn), and the vehicle braking processes (Cu, As, Sb, Mo, Co). SPCA was also able to detect
the minor sources coming from some metal foundries of the city (Cd, Zn, Co, Sb, Mn).
Consequently, SPCA9 has accounted for some sources that have been already detected in
the interfering PCs, but at more normal levels as opposed to the outlier high levels.

The statistical technique demonstrated that the outliers found were characterized by
very high concentrations in many of the analytes measured. It was established that various
meteorological factors caused these unusual levels. Almost all interfering samples
corresponded to rain events where the wind direction was from the south/southwest and
when the wind speed was quite low. This favoured the accumulation and concentration of
atmospheric suspended particles in the air. In addition, most samples were collected after
a long dry period; for example the first rains in the autumn. In addition, the amount of
precipitation was also very low in almost all interfering cases. Therefore, it is supposed
that particulate matter in the atmosphere was solubilised in a small volume of precipitation
thus causing higher concentrations of pollutants in the rainwater.

In brief, it is concluded that the interfering cases originated from short rain episodes.
These cases had high atmospheric particle content due to the accumulation of a lot particles

in the atmosphere over a long period of time combined with low volumes of water. The

application of the SPCA was proved to be a useful tool to identify all complete information on rainwater samples as indicators

of urban air pollution in a city influenced mainly by traffic vehicles and resuspended polluted soils.

Based on the results of this preliminary study, there is a need for a longer investigation
that would enable a time data record. Establishing a new rainwater quality network in SW
Spain is a preliminary step in obtaining a historic knowledge about the chemical
composition of rainwater in this area. Systematic measurements of rainwater quality are
necessary in order to explore the relationships between pollutants and their principal

sources as well as to validate specific deposition models for SW Spain.
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Table 1 Results on measured cation and anion levels in the BCR409 reference material

Ion Concentration obtained (mg L'') CRM concentration (mg L") Recovery AOAC criteria”

conc + sd (n=18) conc = sd (N) (%) (%)
Na* 1.850 £ 0.035 1.906 = 0.028 (18) 97.1 80-115
NHs"  1.856 +0.044 1.591 £ 0.030 (14) 116.6 80-115
K" 0.186 £ 0.011 0.166 = 0.009 (12) 112.0 75-120
Ca*" 0.561 £0.017 0.621 £0.012 (18) 90.3 75-120
Mg?*  0.306 +0.035 0.299 + 0.049 (18) 102.3 75-120
Cr 3.966 + 0.083 4.006 = 0.070 (20) 99.0 80-115
NO; 4.859+0.088 4.842 +0.062 (19) 100.3 80-115
S04+  5.092 +0.066 5.110 £ 0.067 (20) 99.6 80-115

* AOAC (2010) [38]



Table 2 Results on measured cation and anion levels in the RAIN97 reference material

Ion Concentration obtained (mg L") CRM concentration (mg L"')  Recovery ~AOAC criteria”
conc =+ sd (n=18) conc = sd (N=52) (%) (%)
Na" 0.239 +0.034 0.298 +£0.029 80.2 75-120
NH;" 0.179 +£0.030 0.186 £0.024 96.2 75-120
K" 0.146 +0.037 0.166 £ 0.026 88.0 75-120
Ca?* 2.733 £0.225 2.860 £ 0.203 95.6 80-115
Mg>* 0.909 £+ 0.086 1.000 +0.078 90.9 75-120
Cr 0.542 £ 0.067 0.574 £ 0.058 94.1 75-120
NO3;+NO; 10.373+0.134 2.220+0.120 81.5 80-115
SO4* 1.210£0.114 5.680 =+ 0.350 83.8 75-120

* AOAC (2010) [38]
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Table 3 Values of the meteorological variables corresponding to the sampling period 13-09-2006 to 12-09-2007
Variable Mean Range (min-max) Units  Quartile (Q1-Q3)

PP 18.2 2.0-85.0 mm 6.8-20.8
WS 9.3 1.4-21.9 ms! 51-128
WD 183°(S) 106°-266° (E-W) degree 157°-202° (SE - S)
AT 15.5 8.2-23.7 °C 12.0 - 18.5
AH 83.7 65.8-98.8 % 75.9 -92.1
AP 10102 1001.0-1019.6  ppa  1007.1 —1012.7
ET 24.7 40-580  mm/day 13.8-31.5
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Table 4 Result of the first Principal Component Analysis (SPCA1). Matrix including outliers (34 variables x 40 cases)

SPCAn PCn Eigen. % Variance/ Sign  Variables* Cases Source
% Cum. Var. (Rel. %)
SPCA1 PC1 13.1 38.7/38.7 (45.7) + NH,, Ca, F, K, SO4, Co, V/ EC, Cu, se34 highest concentrations-
Mn/ Al/ Mg, NO; // Ba, Cl, B mix sources
PC2 4.1 12.0/50.7 (14.2) + Mo, Zn /B, Cd / NO;, Al / Cu se04 acid rain (pH=4)
- H se57, se2l basic pH
PC3 33 9.6/60.3 (11.3) + rH, PP/ HCOO / Cr sed7 // se20, se08, se22 / se08 highest rainfall
PC4 2.5 7.4/67.7(8.7) + Sr, Pb, Ba// Sb/ Mo seS5 // se58, se57 mix terrestrial-traffic
PC5 1.8 52/72.9(6.1) + Na, C1/ Mg/ PO, CH;COO / EC se53 // sel0, se26, se22 marine
PC6 1.5 4.5/774(5.3) + E se23,se21, se24 / se 31 oxidizing
- H, As se35 / sed5, sed4 reducting
PC7 1.3 3.8/81.2(4.5) + NO, // Sb / Ni se06 // se18 / se09 / se28, se26 traffic combustion
- PO, se50 fertilizers
PC8 1.1 3.4/84.6 (4.0) + HCOO, CH;COO // Cr sed5 // se20, sel0 vegetation
- Ni -5¢09 / se38, se58, se41, se08 industrial combustion

* : Variables are in decreasing order of loading > 0.5
__: Variable with the highest loading between PCs
/, //: Degree of differences in the loading. Ex: 0.8/0.7 0.9//0.6

Bold: Cases with high scores, outliers
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Table 5 Sequential Principal Component Analysis (SPCA) of 9 iterations. SPCA 1-8: outliers. SPCA 9: final PCA

SPCAn PCn % Variances* Sign  Variables Cases Origin
SPCA1 PC1 37.4/86.9 (43.0) + NH,, Ca, F, K, SOs, Co, V/EC, Cu, Mn/ Al/ Mg, NO;//Ba,Cl, B se34 highest concentrations. resuspended industrial soil
SPCA2 PC1 29.1/87.8 (33.1) + SO4/ Mg, Cl,K,Na/F, Ca/EC se53 marine aerosol
SPCA3 PC1 26.4/90.1 (29.3) NOs, B, Zn /Mo, Al, Mn/ Cu/ Cd/EC se04 acid rain from traffic
SPCA4 PC2 13.0/85.4 (15.2) Ba, Sr/ Mo, Pb/ Sb // EC se55 resuspended lands from traffic
SPCAS PC3 9.6/85.4(11.2) Sb, Mo, Co, Cd// B, Zn se06 urban traffic
SPCA6 PC1 23.5/87.6 (26.8) NO; /Ca/NH,, PO4/ SOy, EC//V,F, K se50 resuspended industrial soil
SPCA7 PC2 13.4/85.7 (15.6) + K, POy, F/ Ca, HCOO, SO4, CH;COO // Cu, NO; sed5 resuspended soil
SPCAS8 PCl1 26.1/86.2 (30.3) + Cu, F,V, Co,K/rH, PO,/ SOy, PP, Ca, Cd// EC, Zn sed7 highest rainfall. mix source
SPCA9 PC1 23.8/23.8 (28.1) + NO,, NH4/ Al, K, NO;, Mn, Sb/ SO4, F / Ca, EC sel8/se26 / se28, se39, se4l, se20  resuspension of industrial soil
PC2 12.7/36.5 (15.0) + Na, CI, Mg/ EC, SO4/ K se22, se26 /sel0/seld marine aerosol
PC3 10.2/46.7 (12.1) + Ba, Pb, Sr// E, Sb/ Mo se58, se57 resuspended lands from traffic
PC4 7.4/54.1(8.7) + Ni// Co/ Sb se09, se08 / sel8 combustions
PC5 6.7/60.8 (7.9) + Cu/H, As// Sb, Mo se35/se57, se38 urban traffic, brakes. reducting
- E// Al, Co, B, rH se23, se2l oxidizing rainwaters
PCo6 6.5/67.3(7.7) + HCOO // Cr, tH, B, PP, Mn, Al se20, se22 / se08 high rainfalls. vegetation, terrestrial elements
PC7 5.8/73.1(6.9) + V // NOs, As // EC, Mo, SO4 se32, se39, se35, sel7, sed4, se23 combustions
PC8 4.7/77.8 (5.6) + PO4//NOs, K, F se41, se43, se38, se39, se58, sel0 resuspension of industrial soil, fertilizer factory
- Mo // As, Co se28, se35, se36 / se23 urban traffic, brakes
PC9 3.9/81.7(4.6) + Cd/Zn/Co// Sb,Mn se33 /se07, se25, se38, se44, se26  emissions from foundries
PC10 2.9/84.6(3.4) F,Ca/B//H, EC, PO, se38, se22, se36, se4l, se58 resuspended soil

CH;COO // E, PP, As, Cr

sel0/sel5, sel2, se44, se20

resuspended soil

* 1 In SPCAL to 8 the column represent: Variance of PCi / total variance (percentage of variance respect total variance); in SPCA9 the column represent:

Variance of PCi / cumulated variance (percentage of variance respect total variance)
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Fig. 1 False high r coefficients in a) and ¢). Without outliers in b) and d) r trends to zero
Fig. 2 Examples of correlations in outlier components (Tables 1 and 2)
Fig. 3 Plot of loadings, PC1 vs. PC2 corresponding to SPCA9
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a) SO4 vs. Cu (n=24)
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