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a b s t r a c t

The Netherlands is considered one of the hotspot areas in Europe with high concentrations of particulate
matter (PM) and may not be able to meet all standards for PM2.5 in time with current legislation
(Matthijsen et al., 2009). To improve our understanding of the composition, distribution and origin of
PM2.5 in the ambient air an intensive one-year measurement campaign (from August 2007 to September
2008) was performed at five locations in the Netherlands. The five sites consist of three rural background
sites, one urban background site and one curbside site. We have applied source apportionment using
Positive Matrix Factorization (EPA-PMF) on the pooled data from the five sites to identify and quantify
the most relevant source contributions and their spatial variability to PM2.5 in the Netherlands. The
results of this study are compared to a full mass closure analysis of the data. Using EPA-PMF we could
identify seven unique sources for the PM2.5 fraction: nitrate-rich secondary aerosol, sulphate-rich
secondary aerosol, traffic and resuspended road dust, industrial (metal) activities/incineration, sea
spray, crustal material and residual oil combustion. Wind directional analysis was used to determine the
possible locations of the identified sources. On the five locations secondary inorganic aerosol (SIA) is
responsible for the largest contribution. The contribution of SIA to the total PM2.5 mass is largely constant
at all used sites. This indicates these sources are common sources which behave like area sources and
affects each site. The largest contribution of the traffic and resuspended road dust profile was found at
the curbside site. Using combined data from five measurement sites provides focus on the common
sources (e.g. SIA) affecting all locations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

While air quality in Europe has improved substantially over the
past decades, air pollution still poses a significant threat to human
health (EEA, 2007). Health effects of air pollution are dominated by
particulate matter (PM), both PM2.5 and PM10. As the long-term
exposure to PM is posed to cause a substantial reduction in life
expectancy, it is thought to have a larger significance to public
health than the short-term effects (Brunekreef and Holgate, 2002).
However, short-term exposure to PM has frequently been associ-
ated with inflammatory reactions in the lung, respiratory symp-
toms, adverse effects on the cardiovascular system and increases in
hospital admissions and mortality (e.g. Lippmann and Chen, 2009;
Brunekreef and Holgate, 2002). In the new EU Directive (2008/50/
EC) on ambient air quality and cleaner air for Europe (EU, 2008) an
: þ31 30 228 7531.
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annual mean PM2.5 concentration of 25 mg m�3 has been set as
target value to be met in 2010 and as limit value to be met in 2015.
The new directive further introduces additional PM2.5 objectives,
which aim at a 15 or 20% reduction of the average exposure indi-
cator (AEI). To develop mitigation strategies to meet these targets
and to reduce the concentrations of PM2.5 in general one needs to
establish the origin of particulate matter.

In order to understand and describe particulate matter at least
two different modelling strategies exist, chemistry transport
models and statistical receptor models. Chemistry transport
models can be used to provide a detailed source apportionment in
space and time. In theory they cover thewhole range from source to
receptor and are superior in the ultimate understanding of
processes involved. Despite a general satisfactory model perfor-
mance, important gaps in knowledge concerning several sources
and formation routes cause these models to systematically under-
estimate PM levels (Stern et al., 2008), which limits their use for
a complete source apportionment. The alternative, statistical
receptor methods, can be a useful complementary for example
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Fig. 1. Location and characteristics of the sampling sites.

Table 1
Overview of selected sites in the Netherlands Research Program on Particulate
Matter and their characteristics of surrounding.

Site Characteristics of surrounding

Cabauw Rural site. Centre of the Netherlands, rural surrounding
(surrounded by urbanized areas in 20e40 km distance

Hellendoorn Rural site. East of the Netherlands, rural surrounding
Vredepeel Rural site. South of the Netherlands, rural surrounding,

intensive life stock breeding
Schiedam Urban background site. West of the Netherlands, Part of

Rotterdam agglomeration. Rotterdam has approximately
600,000 inhabitants close to refineries and harbour related
activities (Port of Rotterdam)

Rotterdam Kerbside location less than 5 m from the curbside and a
traffic junction at 80 m in southern direction
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when (emission) input data are missing or inaccurate but also as
cheap independent confirmation of the results of the quite complex
transport models. Receptor-oriented models, based upon mass
balance analysis with mass conservation, are generally used to
assist in the identification of sources and the apportionment of
observed pollutant concentrations to these sources. Several types of
receptor models are available and for a review we refer to Viana
et al. (2008). The main difference between these types of receptor
models is the degree of knowledge required about the pollution
sources prior to the application of these models. For instance, the
Chemical Mass Balance (CMB) model assumes that the composition
profile for all relevant sources is known, a situation that is hardly
met in reality. In case the number of sources and their profiles are
unknown factor analysis, e.g. Positive Matrix Factorization (PMF) or
Unmix, can be used to find both the profiles and their contributions
based upon a set of samples on the basis of observations (internal
correlations) at the receptor site alone (Hopke, 1991; Paatero and
Tapper, 1994). Such models apply physical constraints, e.g.
limiting to non-negative source contributions, and use different
algorithms to solve the problem (Paatero et al., 2002; Viana et al.,
2008). PMF has the advantage of scaling each data point individ-
ually by using an uncertainty matrix, so data with a higher preci-
sion has a larger influence on the solution (Hopke, 2003).

The Netherlands is considered one of the hotspot areas in
Europe with high concentrations of PM and may not be able to
meet all standards for PM2.5 in time with current legislation
(Matthijsen et al., 2009). To improve our understanding of the
composition, distribution and origin of particulate matter in the
ambient air a new project called the Netherlands Research Program
on Particulate Matter (BOP) was started. The research within the
Program was facilitated by an intensive, one-year measurement
campaign (from August 2007 to September 2008). The aim of this
study is to establish the composition of PM2.5 as well as to use
source apportionment (PMF) to identify and quantify the most
relevant source contributions and their spatial variability to PM2.5
in the Netherlands.

2. Experiment

2.1. Data collection

For this study PM2.5 filter samplings were obtained at five
locations in the Netherlands between 15 August 2007 and 4
September 2008. Filters were collected every second day and half of
the filters were analyzed for composition, resulting in 82e115
samples per site for use in PMF and mass closure (Weijers et al.,
2011). As the composition of PM varies with region and station
type, measurement sites were selected in urban as well as rural
background areas (See Fig. 1 and Table 1). The urban background
and traffic stationwere located in the greater Rotterdam area. Three
rural background sites (Hellendoorn, w150 km from Rotterdam;
Cabauw w50 km from Rotterdam; Vredepeel, w100 km from
Rotterdam) were selected. Cabauw provides the rural background
for the western part of the country whereas Hellendoorn and
Vredepeel were selected to add information for the eastern part of
the country. Vredepeel is characteristic for intensive agricultural
activity in its direct surroundings. The urban background site Rot-
terdam is part of the National Air Quality Monitoring Network
(NAQMN). In Rotterdam a street site was also chosen, Rotter-
dameOverschie, constituting part of the regional air quality
network operated by DCMR. Both sites are located near the Port of
Rotterdam, an area that can be considered as an industrialized area
with a lot of petrochemical and shipping activities.

The filters were collected according to the reference method
described in the European Standards (EN 12341,1998 and EN 14907,
2004). The measurement instrument was the SEQ47/50 (Leckel
GmbH, Germany). In this study this sequential low-volume system
(LVS) uses a flow of 2.3 m3 h�1. Two of these reference samplers
were placed on every site for a pairwisemeasurement of PM2.5. Two
types of filter media, quartz (QMA) and teflon (PTFE), were used.
The teflon filters were chosen to quantify silicon in suspended
particulate matter. The quartz fibre filter media is the material
commonly used for gravimetric studies in the Netherlands. The
sampling period was 24 h and ran from midnight to midnight. The
filters were changed once every fortnight. The logistic and opera-
tional (QA/QC, weighing) procedures are those used in the NAQMN
network and are described in Schaap et al. (2010), which also
contains the details of the acquired database.

Sulphate and nitrate have been measured in aqueous solutions
with the Dionex IC25. This system combines an Ion Chromatog-
raphy Systemwith a conductivity detector and a high performance
dual-piston pump into one compact package. Ammonium was
analyzed on the AMFIA (ECN, Petten, The Netherlands). This anal-
ysis system is based on the selective diffusion of NHþ

4 at reduced pH



Table 2
Measured average concentrations and standard deviation of PM2.5 total mass (TM) and all components. For all sites and components the unit and number of data (N) are
indicated.

Spec. Unit AVG � STDEV N AVG � STDEV N AVG � STDEV N AVG � STDEV N AVG � STDEV N

Schiedam Vredepeel Rotterdam Cabauw Hellendoorn

TM mg m�3 17.2 � 11.6 76 17.5 � 9.2 65 19.5 � 11.1 85 18.5 � 12.3 65 14 � 6.9 65
Al ng m�3 61.9 � 131.7 82 35.4 � 54.6 112 35.9 � 45.5 113 32.3 � 32.5 82 35.6 � 74.3 82
As ng m�3 0.7 � 0.6 82 0.7 � 0.5 112 0.6 � 0.5 113 0.5 � 0.5 82 0.4 � 0.4 82
Ba ng m�3 11 � 56.3 82 4.6 � 6 112 10.5 � 45.3 113 4.5 � 2.8 82 5.5 � 16.5 82
Ca ng m�3 87.5 � 76.8 82 74.6 � 52 112 82.8 � 61.3 113 67.9 � 99.4 82 61.7 � 55.8 82
Cd ng m�3 0.3 � 0.3 82 0.3 � 0.2 112 0.3 � 0.2 113 0.3 � 0.2 82 0.3 � 0.2 82
Co ng m�3 0.3 � 0.2 82 0.2 � 0.1 112 0.3 � 0.2 113 0.2 � 0.1 82 0.2 � 0.1 82
Cr ng m�3 2.9 � 1.3 82 3.1 � 1.6 112 3.7 � 2.3 113 2.8 � 2.1 82 2.7 � 1.2 82
Cu ng m�3 5.5 � 9.9 82 3.5 � 2.3 112 10.9 � 10.2 113 3.3 � 3.6 82 2.5 � 3.3 82
Fe ng m�3 115.9 � 117.5 82 86.9 � 75.7 112 206.3 � 118.1 113 82.1 � 75.3 82 71.5 � 76.5 82
K ng m�3 134.2 � 529.5 82 112.7 � 102.3 112 129.8 � 435.8 113 84.4 � 77.9 82 84 � 124.7 82
Mg ng m�3 64.9 � 86.9 82 41.2 � 28.9 112 50.5 � 69.7 113 55.1 � 31.3 82 44.6 � 33 82
Mn ng m�3 4 � 3.4 82 3.7 � 3.6 112 5.3 � 3.8 113 3.3 � 3.3 82 2.6 � 2.3 82
Mo ng m�3 0.6 � 0.4 82 0.9 � 1.2 112 1 � 0.7 113 0.6 � 0.8 82 0.5 � 0.4 82
Na ng m�3 339.9 � 311.4 82 206.4 � 209 112 251 � 271.7 113 259.3 � 239.7 82 173.8 � 201 82
Ni ng m�3 5.4 � 4 82 2.1 � 1.3 112 4.4 � 3.6 113 2.7 � 1.7 82 1.9 � 1.2 82
P ng m�3 90 � 37.7 82 78.3 � 39 112 87.1 � 36.9 113 78 � 37 82 80.1 � 36.3 82
Pb ng m�3 9.1 � 11.9 82 10 � 9.2 112 8.9 � 12 113 11 � 14.8 80 8.3 � 12.5 80
Sb ng m�3 1 � 1 82 0.7 � 0.5 112 1.6 � 0.9 113 0.8 � 0.8 82 0.6 � 0.5 82
Se ng m�3 2.7 � 5.8 82 1.3 � 0.9 112 1.9 � 2.4 113 1 � 0.8 82 0.8 � 0.6 82
Si ng m�3 93.2 � 171.3 82 79.9 � 102.9 112 76.3 � 43.7 113 73.5 � 64.1 82 84.5 � 143.8 82
Sn ng m�3 4.2 � 11.2 82 1.4 � 1 112 3 � 2.1 113 1.3 � 1.7 82 0.9 � 0.8 82
Sr ng m�3 2.2 � 12.4 82 0.8 � 1.2 112 1.6 � 9.4 113 0.8 � 0.6 82 0.9 � 2.2 82
Ti ng m�3 2.5 � 2.9 82 1.7 � 1.9 112 1.9 � 1.1 113 1.5 � 1.1 82 1.5 � 2 82
V ng m�3 9 � 7.7 82 2.4 � 2.1 112 6.5 � 6.9 113 3.7 � 3.3 82 2 � 1.9 82
Zn ng m�3 95.3 � 36.7 82 92 � 40 112 94.6 � 35.4 113 99.5 � 39.2 82 90.5 � 31.7 82
OC mg m�3 2.1 � 1.1 46 2 � 1 87 2.3 � 1.1 79 1.8 � 0.6 34 2 � 0.8 61
EC mg m�3 2.2 � 1.6 46 1.9 � 1.3 87 3.4 � 1.8 79 1.6 � 0.9 34 1.7 � 1.1 61
NH4

þ mg m�3 1.2 � 1.5 46 1.9 � 1.5 85 1.6 � 1.9 79 1.4 � 1.3 34 1.6 � 1.4 61
NO3

� mg m�3 2.8 � 3.4 46 4.2 � 2.9 86 3.5 � 3.7 79 3.6 � 3.4 34 3.7 � 3.1 61
SO4

2� mg m�3 2.6 � 1.4 46 2.9 � 2.2 86 2.6 � 2.1 79 2.4 � 1.4 34 2.6 � 1.8 61
Cl mg m�3 0.3 � 0.3 46 0.4 � 0.4 86 0.4 � 0.5 79 20.3 � 20.3 34 0.3 � 0.3 61
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by conductivity. Detection levels for sulphate/nitrate and ammo-
nium are 0.7 and 0.2 mg per quartz filter, respectively.

The analysis on the presence of carbon on the quartz filters is
based on thermography (“Cachier-method”). This means that
a filter-sample is heated in an oven resulting in the release of
carbon (Brink et al., 2009). For quantitative determination of the
amount of released carbon the evolved gases are oxidized to CO2 in
a post-combustor oven. It is noted that the discrimination of carbon
in OC and EC is operationally defined. OC is equal to the carbon
released in the 1st step (8 min at 340 �C); the remainder gives an
estimate for EC after combustion for 6 min at 750 �C. The analysis
occurs in a Coulomat 702, manufactured by JUWE (Viersen,
Germany). Several samples were in the oven for a longer time and
also at a higher temperature to check for complete combustion and
proper assessment of EC. The minimum detection limit of the
method is around 5 mg per filter.

The standard operational procedure in the NAQMN using Induc-
tively Coupled PlasmaMass Spectrometry (ICP-MS)was employed to
analyze the elemental composition of the collected PM2.5. In short,
ICP-MS is capable of determining a range of metal and non-metal
concentrations with high sensitivity. Although the measuring of
these elements is relatively straight forward, the quantitative
extractionof all elements is a challenge. In this study theTeflonfilters
weremicrowave digestedwith a nitric acid/H2O2 solution, known to
be associatedwith a partial recoveryof some crustalmaterials. These
were corrected following Schaap et al. (2010). Nonetheless, a some-
what higher uncertainty is associated with these analyses.

2.2. Mass closure

The chemical analysis of the particulate mass performed in this
study covers a characterization of a major part of the total mass
concentration. Nonetheless, a significant part of the mass is not
analyzed. These include non-measured oxides, the contribution of
the non carbon atoms (H, O, N, etc) in organic material and
subsequent water. A full mass closure analysis of this dataset is
presented by Schaap et al. (2010) andWeijers et al. (2011) including
the assumptions to obtain the best estimates for the missing oxides
and non-carbonaceous organic material. After summing up the
individual species with these corrections applied still 10e15% of the
total measured PM2.5 mass appears unexplained. An overview of
the average concentrations and the standard deviation for the
analyzed species as well as the number of samples for each location
are given in Table 2. In this paper we will use the multivariate
factors from the PMF analyses to determine which of the factors
correlate with the (un)explained mass.

2.3. Source apportionment

Receptor-oriented or receptor models can be used to identify
sources and the apportionment of the observed pollutant concen-
trations to those sources (Hopke, 1991). These models search for
correlation between the different (groups of) components in time
and use these to find an optimal solution to explain all observed
concentrations by decomposing a matrix of speciated sample data.
The data are interpreted on a pure statistical basis without pre-
formulated assumptions providing an independent source of infor-
mation. To decompose the speciated sample matrix we use a multi-
variate factor analysis tool called Positive Matrix Factorization (PMF)
(Paatero and Tapper, 1994). We have performed all calculations in
robust mode with EPA-PMF 3.0, a program which uses ME-2 as the
underlying engine to solve the PMF problem (Paatero, 1999; Norris
et al., 2008). For detailed descriptions and the underlying equa-
tions for both the PMF technique and the ME-2 engine we refer to
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Paatero (1999), Ramadan et al. (2003), Kim et al. (2005), Kim and
Hopke (2005, 2008) and Norris et al. (2008). Rotational ambiguity
is one of the major challenges for the physical interpretation of the
solution. Using a non-negativity constraint is the first step to limit
this ambiguity but this alone does not produce a unique solution by
default (Paatero et al., 2002). Note, the non-negativity assumption
has a small impact on the results concerning profiles that are subject
to transformation processes such as chloride displacement in sea
salt. These profilesmight be “average” profiles or theywill resolve in
separate profiles before and after the change, provided these
“sources” have sufficient variability in time and space (Brown and
Hafner, 2005). The parameter FPEAK has been used to control the
rotations and the solutionwith the lowest sum-of-squares (Q value)
has been retained, as suggested by Juntto and Paatero (1994).

We assumed that the variation between the composition of the
contribution of the same type of source between sites is relatively
small. For example, the contribution of the traffic factor has to be
predominately higher at a traffic site compared to a rural site, but
the composition of the source is the same at both sites. Under this
assumption, we have combined the datasets of all sites. This also
ensures that the number of observations is such that the statistical
procedure produces more robust results. By combining the dataset
the analysis will provide insight in sources affecting all five receptor
sites, and will most likely tend to focus on the general phenomena
instead of the unique local variations (Escrig Vidal et al., 2009).

Application of PMF requires a dataset in which all components
have a valid concentration value. Asmost of the different tracers are
supplied by the ICP-MS, only sampling days with a complete set of
ICP-MS analysis have been used. The quality of the results of the
analysis is ensured by a sequence of QA/QC procedures. For some
results this sequence of prove of quality is incomplete however the
data itself are likely to be useful. After a plausibility test these data
are used in the PMF analysis with a lower weight. Data below the
minimum detection limit (MDL) were replaced by half the MDL and
the corresponding uncertainty was set to 5/6 times the MDL
(Polissar et al., 1998; Kim et al., 2003a; Kim and Hopke, 2004b;
Nicolás et al., 2008). The uncertainty is set relatively high to
lower the impact on the final result and to avoid inducing strong
false correlations. Still, after these procedures approximately 6% of
the samples contained missing data for either ions or EC/OC.
Multiple imputation (MI: Rubin, 1976,1977; Hopke et al., 2001) was
used to estimate missing values. The MI technique provides esti-
mates for the missing values based on the statistical relations
between the data and has been frequently applied in the fields of
environmental research and biostatistics (Baccarelli et al., 2005;
Ibrahim et al., 2005; Yang et al., 2005). Imputated samples had
their corresponding uncertaintymultiplied by a factor 4 prior to use
in the PMF analysis.

Not every chemical species may provide valuable information to
solve the PMF problem (Paatero and Hopke, 2003). It was suggested
using the signal-to-noise ratio (S/N) as an indicator for qualifying
species. Paatero and Hopke (2003) suggest retaining components
with a signal-to-noise ratio of 2.0. Here, we use only components
with a signal-to-noise ratio greater than 1.5 to facilitate the inclu-
sion of specific tracer species. To take into account the errors which
are not considered measurements or lab errors all runs were per-
formed with an added “Extra Modelling Uncertainty” of 5% applied
to all species (Norris et al., 2008).

Wehave included the total PM2.5mass from theweighedfilters as
an independent variable to obtain the mass apportionment (Kim
et al., 2003a). This procedure also provides an indirect means to
verify to a certain extent that the PMF worked properly by
comparing the apportioned mass to the sum of the components. To
limit the influenceon thefinal solution theuncertainties of thePM2.5
mass have been multiplied by a factor three (Norris et al., 2008).
When applying the PMF technique one has to select the number
of factors that will provide the best description of the dataset. This
selection is always a compromise: too few factors will likely
combine sources in one source profile, whereas too many factors
will dissociate a real factor into additional but non-existing sources.
We used the theoretical Q value (Paatero et al., 2002), scaled
residuals for each species, the evaluation of the scaled residual
matrix (Lee et al., 1999) and the physical meaning of each factor to
evaluate different factor solutions.

The spatial variability or the degree of uniformity of the calcu-
lated source contributions at the selected sites was determined
using the coefficients of divergence (COD) (Kim et al., 2005; Kim
and Hopke, 2005, 2008). The COD is a coefficient used to deter-
mine the resemblance between objects or the variables describing
these objects. For the spatial distribution the COD approaches zero
if the source contributions at the compared sites are highly corre-
lated. In case the source contributions are very different the COD
approaches unity. We have excluded (small) negative daily source
contributions from the calculation.

Kim and Hopke (2004a) demonstrated the usefulness of a tech-
nique using the Conditional Probability Function (CPF) in which
sources are likely to be located in the directions that have high
conditional probability values (Hwang and Hopke, 2006; Xie and
Berkowitz, 2006). We have combined the calculated source
contributions with the hourly wind data from nearby meteoro-
logical stations (data courtesy of the Royal Netherlands Meteoro-
logical Institute (KNMI)). To match the hourly wind data and to
minimize the averaging effect of diurnal wind changes each daily
contribution was assigned to each hour of a given day (Kim et al.,
2003a,b; Kim and Hopke, 2008). The CPF is defined as:

CPF ¼ mDq

nDq
(1)

where mDq is the number of occurrence from wind sector Dq that
exceed the threshold criterion, and nDq is the total number of data
from the samewind sector. In this study Dqwas set at 30�, and calm
winds (<1 m s�1) were excluded. The threshold was set at the
upper 25th percentile of the contribution from each source.
3. Results and preliminary discussion

3.1. Summary of PM2.5 mass and composition

The average PM2.5 concentrations at the 5 receptor sites range
between 12.5 and 17.5 mg m�3. The highest levels were observed at
Rotterdam (‘traffic’) while the lowest occur at Hellendoorn (‘rural’)
as expected. In general, considerable similarity exists in the
chemistry of PM2.5 at the various sites. The largest mass contribu-
tions come from nitrate and also the importance of elementary
carbon at the curbside is remarkable (caused by the nearby
vehicular emissions). The next important component (in absolute
value) is sulphate, which is followed by organic and elemental
carbon (Weijers et al., 2011).

Further clustering of components reveals that the components
related to secondary inorganic aerosol (SIA) are the most dominant
(Weijers et al., 2011). The SIA concentrations are higher at the rural
sites (46e48%) whereas (slightly) lower percentages are found at
the urban stations. The second dominant contribution to PM2.5
comes from total carbon matter (TCM): it ranges between 26 and
41% with a maximum at the traffic site Rotterdam. The contribution
of the remaining components like sea salt (3e8%), crustal material
(3e5%) and metals (3e5%) is relatively small in PM2.5 and rather
independent of measurement site. The mass closure procedure is
able to explain near 100% of the mass at the urban locations
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Schiedam (<1%) and Rotterdam (3%), and at rural Hellendoorn (5%),
whereas larger unexplained parts in PM2.5 exist at rural Vredepeel
(13%) and Cabauw (16%) (Weijers et al., 2011). The composition of
PM2.5 mass has been reported inmore detail byWeijers et al. (2011).

3.2. Source apportionment using PMF

To estimate the number of source factors the behaviour of the
PMF solution was studied for a range of 3e14 factors. Although the
selection of the number of factors is somewhat arbitrary the eval-
uation showed that a seven factor solution yielded the most
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Fig. 2. The calculated source profiles for the PM2.5 dataset showing the contribution, expre
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tangible comprehensible results. To ensure convergence of the PMF
problem 250 additional runs for the 7-factor solution using random
starting seeds were performed. Additionally we found that an
FPEAK value of zero produced the lowest Q value, with a Q(robust)
of 11,509 compared to a theoretical Q of approximately 11,751. The
results of the PMF are given in Fig. 2. The factors (1e7) are given in
order of decreasing total PM2.5 mass contribution provided by the
inclusion of total PM2.5 mass in the PMF analysis. As an evaluation
of the results we have compared the predicted total mass, i.e. the
summed contributions of each source, to the measured mass for
each day. Linear regression shows a good correlation between
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predicted versus measured mass with a correlation coefficient of
0.8016, proving confidence in the results. Below we discuss the
factor identification.

3.2.1. Factor identification
Factor 1 consists mainly of the secondary aerosol components

nitrate and ammonium and is thought to be mostly the semi-
volatile ammonium nitrate. A seasonal pattern in the mass
concentration in this factor is expected and observed as tempera-
ture greatly affects the equilibrium of ammonium nitrate,
ammonia, and nitric acid. Low temperature during winter favours
the formation of the particulate form. The concentration of
ammonia in the Dutch atmosphere is such that when sulphate is
fully neutralized a considerable amount is left to stabilize the
ammonium nitrate also in summer. The origin of nitrate is the
oxidation of NO2 emitted by combustion processes, mainly traffic.
Although sources that emit nitrogen oxides generally also emit
carbonaceousmaterial they are not somuch coupled as the primary
carbonaceous and secondary nitrate are expected to behave quite
differently. Only a limited contribution of OC is associated with this
profile. This is not unrealistic as part of the OC is also thought to be
semi-volatile (Donahue et al., 2009). Factor 1 is categorized as
‘nitrate-rich secondary aerosol’.

Factor 2 contains mainly secondary sulphate. Furthermore, this
factor contains a fraction of OC and EC. The origin of the sulphate is
the atmospheric oxidation of SO2 and it is associated with long-
range transport. The SO2 derives from the combustion of sulphur
containing fuels. As expected the seasonal variation of factor 2
resembles the long-term average of sulphate (Weijers et al., 2011).
Factor 2 is categorized as ‘sulphate-rich secondary aerosol’.

Factor 3 consists mainly of elemental carbon (EC), a small
amount of organic carbon (OC), and is associated with a range of
metals (e.g. Fe, Cu, Ba, Mn, Mb, Sb, Sn). The large contribution of EC,
a component released by combustion, along with these metals
suggests that factor 3 can be labelled as traffic emissions. In this
case the EC represents the tail pipe emissions. Metals such as iron
are associated with mechanical wear (Hildemann et al., 1991).
Several studies have linked high concentrations of copper to brake
wear (Sternbeck et al., 2002; Laschober et al., 2004; Denier van der
Gon et al., 2007), whereas barium (Ba) emissions are linked to tyre
wear (Fernández-Espinosa and Ternero-Rodríguez, 2004). Molyb-
denum (Mb) is used as an additive in lubricants and is also released
in the environment from the combustion of fossil fuels, explaining
the contribution of molybdenum in this factor (Salminen et al.,
2005). Thus, factor 3 is categorized as ‘traffic’. Specific weekday/
weekend variations are observed, as expected with a traffic source.
Note that the enrichment of this factorwith crustal elements is very
limited; suggesting that dust resuspension by traffic is not a major
source. This may be due to the fact that resuspension yields
primarily coarse mode particles (Thorpe et al., 2007), whereas the
wear processes yield considerable contributions to the fine mode
(Denier van der Gon et al., 2007). Also, only one street location at
a busy intersection is used here, which may not be representative
for general conditions. In short, the low contribution of crustal
matter at the street site needs to be verified in the future. The CPF
plot for the traffic related source show contributions are from the
north-east of the receptor site (Fig. 3). This corresponds with the
location of the traffic junction nearby the measurement site.

Factor 4 contains large fractions of a host of metals, which could
not be identified as a single source. High concentrations of zinc,
lead, nickel, cobalt and arsenic are mainly contributed by industrial
activities such coal and waste combustion (Marcazzan et al., 2001;
Salminen et al., 2005; Pacyna and Pacyna, 2001). Chromium, zinc,
cobalt, strontium and to some extend nickel are also associated
with steel processing and other metallic industrial activities
(Salminen et al., 2005; Song et al., 2001; Lee et al., 1999). The main
sources for calcium are cement factories, dust and fertilizers.
Phosphorous, potassium, magnesium and cobalt in this factor may
also be associated with fertilizers (Salminen et al., 2005). Based
upon the elemental composition of this source it seems to be
a mixture of many different sources, not limited to waste inciner-
ation, (coal) combustion, metallic industrial activities and fertil-
izers. We summarize the profile as industrial activities and
incineration. Besides Rotterdam and Schiedam none of the
measurement sites were located nearby major industrial activities.

Factor 5 shows enhanced fractions of sodium, magnesium,
chloride and to a lesser extent potassium. These tracers are mainly
associated with the sea salt particles. The origin of the factor is
clearly located to the west of the Netherlands, as can be seen in
Fig. 3 for the CPF plot of the sea spray factor at Cabauw. Hence,
labelling this factor was straight forward and factor 5 is categorized
as ‘sea spray’. Note that sea salt also contains some sulphate.
However, no sulphate is appointed to this factor.We expect that it is
difficult for a statistical method based on correlations to differen-
tiate a small fraction of total sulphate to be associated with sea salt
when sea salt and sulphate show a distinct anti-correlation in time.

Factor 6 contains the typical elements of crustal material (CRM).
These are particularly silicon, aluminium, and titanium but also
calcium and iron. The concentrations of silicon, aluminium and
titanium show an excellent correlation with each other (see also
Denier van der Gon et al., 2010). The factor also includes some
organic carbon (OC), as is reported by many authors (Lewis et al.,
2003; Lee et al., 2006) and points to detritus from vegetation and
other organic soil constituents.

Factor 7 contains significant fractions of the measured vana-
dium and nickel concentrations. Together with EC and OC these are
the tracers for crude oil combustion (Olmez et al., 1988) and
incineration. Typical oil combustion sources are shipping, munic-
ipal district heating power plants and industrial power plants using
heavy oil. A recent study by Vallius (2005) showed inland shipping
can also be considered a source of particulate matter. Factor 7 is
categorized as ‘residual oil combustion’. At Schiedam the highest
contributions for the residual oil combustion are coming fromwest
from the site, but a dominant source might be located in the
northwestern direction (Fig. 3). The CPF plot for Schiedam points to
the harbour of Rotterdam, which contains several oil refineries, as
well as shipping activities.

3.2.2. Spatial distribution of the calculated sources
The attributed contribution of each factor to the total PM2.5

mass, which was included in the analysis as an independent vari-
able, is shown for all stations in Fig. 4. In general the contributions
of all factors showa consistent picture over all sites. The largest part
of the PM2.5 mass is explained by nitrate and sulphate-rich
secondary aerosol. Together these two factors explain on average
69% of the apportioned PM2.5 mass. The nitrate-rich factor domi-
nates with on average 44% compared to 25% for the sulphate-rich
factor. The highest contribution is found at the rural sites, located
away from the coast. The lowest contribution is found at the traffic
station in Rotterdam, explained by the presence of local sources.
Not surprisingly, this local source is caused by the factor attributed
to be traffic related emissions. At Rotterdam these contribute about
21% of the fine particulate mass, whereas at the rural sites
a contribution of 5e7% is found. Industrial metal activities and
incineration contribute about 10% at all sites. This would suggest,
although industrial activities are considered to be mostly local
point sources, the found profile is behaving like an area source with
similar contributions on all five sites. Sea salt shows a rather flat
relative contribution as well, though the absolute concentrations in
Rotterdam and Schiedam, both located nearby the coastline of the



Fig. 3. Example of Conditional Probability Function (CPF) plots for the traffic and resuspended road dust contributions at Rotterdam, the residual oil combustion contributions at
Schiedam and the sea spray contribution at Cabauw.
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North Sea, are higher than on the rural sites, which are located
further away from the coast. The final contribution from residual oil
combustion is low at all sites, though a maximum at the urban
background site in Schiedam can be observed. Schiedam is
located near the Port of Rotterdam, known for its industrialized
surroundings and shipping harbour.

The spatial variability of the calculated source contributions are
addressed using the coefficients of divergence (COD), see Fig. 5. All
combinations of sites yield almost the same low COD for sulphate-
rich secondary aerosol. This behaviour has also been found by
several previous studies for sulphate dominated profiles (Kim et al.,
2005; Kim and Hopke, 2008). The importance of long-range
transport into and across the monitored area is reflected in the
small spatial variability. The factor nitrate-rich secondary aerosol
also shows a relatively small spatial variability on average.
However, the COD for nitrate tends to increase as function of
distance. Hence, the highest COD value was found between Hel-
lendoorn and Schiedam (0.56). The larger range in COD values
indicates a larger gradient and a smaller correlation distancewithin
the Netherlands than that of the sulphate-rich factor. This may be
explained by the nature of ammonium nitrate, a semi-volatile
component, and therefore more variable depending on ambient
conditions and precursor gas concentrations (Ansari and Pandis,
1998).

As expected, a significant larger spatial variability is found for
the traffic factor with the largest CODs between the urban/street
sites and the rural sites. Interestingly, the low COD values between
the rural sites indicate that the source contribution on these sites
behaves similarly. This may indicate a traffic related background
across the Netherlands originating from distant sources. However,
we expect that the origin is not from a distant source but rather due
to the diffuse but highly correlated nature of traffic emissions in
time. This has been suggested earlier by Schaap and Denier van der
Gon (2007), who found a very strong correlation between
measured Black Smoke concentrations at rural background stations
between different regions in the Netherlands. These authors proved
that most of the regional EC concentrations were due to national
traffic emissions by using a model. As for the regional traffic
contributions the industrial (metal) activities/incineration profile
has a small spatial variability. Because none of the sites, besides the
sites in the Rotterdam area, reflects an industrial area, where these
sources may be located, all stations with respect to this source may
be regarded as background. This is elaborated by the fact we didn’t
find the highest contribution of this source on either Rotterdam or
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Schiedam, the only sites in with industrial activities in the vicinity.
In addition, the profile probably reflects a host of different, diffuse
sources, which may explain the low spatial variability.

The factor sea salt also shows a small spatial variability. This was
expected as all stations are relatively close to the coast (<100 km),
and sea spray aerosols peak at all sites during transport from the sea
(Manders et al., 2009). The COD values for crustal material are very
similar to those of sea spray. This result is surprising as the sources
for mineral dust are many compared to one distinct source for sea
salt. It was postulated that a peak concentration at the same day at
all sites during a three day period 23e25 January 2008 of enhanced
CRM concentrations may have dominated the COD value. However,
removing the episode days from the analysis did not impact the
COD value, falsifying this hypothesis. Back-trajectory analysis using
HYSPLIT (Draxler and Hess, 1998) identified the event as a Saharan
Dust episode (Fig. 6). Elevated PM concentration during this period
was also observed by the London Air Quality Network (2008).

Finally, the second largest spatial variability is found for the
residual oil combustion source. The COD between Schiedam and
Rotterdam is the lowest at 0.31, whereas the COD between the sites
in the Rotterdam area and the rural sites is almost a factor 2 higher.
The higher source contributions as well as the low COD within the
Rotterdam area indicate that the source is located in or close to the
Rotterdam area. Considering the nearby harbour activities, inten-
sive shipping and petrochemical industries located in the Port of
Rotterdam this is quite plausible.
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3.2.3. Temporal variations of the source profiles
We have examined the seasonal variations of the source profiles

using the ratio between the seasonal median contributions and the
yearly median contribution for each source from the PMF analysis
as shown in Fig. 7. The nitrate-rich secondary aerosol profile clearly
shows a higher contribution to the total PM mass in the winter
opposed to the contribution in the summer. This seasonal pattern in
the mass concentration in this factor was expected, as temperature
strongly affects the equilibrium of ammonium nitrate, ammonia
and nitric acid. The flat seasonal pattern of the sulphate-rich
secondary aerosol profile resembles the long-term average of
sulphate (Weijers et al., 2011). The traffic and resuspended road
dust profile show a typical seasonal pattern for primary pollutants
with low contributions to the total PM mass during the summer
period and the highest contribution during the fall. These seasonal
differences are driven by the seasonal variation in dilution, most
notably mixing layer depth. Furthermore, a clear weekday/
weekend pattern was found for this profile, with much higher
contributions during weekdays compared to the weekend. Similar
traffic induced day of the week variability has been found in many
other studies (e.g. Schaap and Denier van der Gon, 2007).

The contribution on total PMmass for the sea spray profile is the
highest in the winter period. This period was a windy season with
large low pressure systems over the Atlantic Ocean and the North
Sea (Manders et al., 2009). The Saharan dust episodes during the
spring of 2008 contribute to the high contribution to the total PM
mass of the crustal material factor during this season. However,
high contributions during both the spring and the summer period
are also expected for this profile due to agriculture activities,
especially around Cabauw, Vredepeel and Hellendoorn, and dryer
ambient and surface conditions.
The industrial (metal) activities/incineration profile has a more
or less constant seasonal pattern. However, it seems the contribu-
tion on the total PM mass during the summer is slightly higher
compared to the other seasons. Due to the lack of both a seasonal
pattern and the similar contribution on all receptor sites we assume
this profile can be considered mainly as a common source con-
taining negligible local contributions.

The residual oil combustion profile clearly shows a high contri-
bution during the summer season. We have established that this
source seems to be primarily a local source with high contributions
in the Rotterdam area. Guo et al. (2009) observed the same seasonal
pattern for a similar source in Hong Kong and concluded that it was
related tomarine vessel activities around theHongKong port. Based
on the seasonal variation found in this study some of the contri-
butions of this source are likely to be related to the marine vessel
activities around the Port of Rotterdam. The Port of Rotterdam is
also well known for its petrochemical industry, another contributor
to the residual oil combustion source. Due to the use of high flue gas
stacks a similar seasonal pattern, as observed in this study, can be
found for these types of sources. During the winter period the flue
gases will be exhausted above the atmospheric mixed-layer height
which leads to lower contributions of this source on the ground
level. The opposite is observed during the summer periodwhen the
atmospheric mixed-layer height exceeds the stack height. The
residual oil combustion profile is likely a combination of emissions
from shipping and petrochemical industry.

3.2.4. Mass closure for each factor
The PMF generates time and composition profiles. Regression of

the time profiles with the real weighted PM2.5 mass shows the
relative importance of each profile. Comparing this regression
result to the summation of the component contributions in the
profile, shows which profiles are associated with missing mass
(shown in Table 3). In the summation of the components the metals
were expressed as their oxides following Weijers et al. (2011).
Comparing these results show that the nitrate/sulphate and sea
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spray fact all have a relatively low ratio of 0.7. This indicates that
these factors apparently contribute more to the weight than the
sum of the analyzed chemical constituents. This is consistent with
the quite likely hypothesis these hygroscopic components partic-
ularly associate a relatively large amount of water. Only one
component, residual oil combustion, has a ratio >1. This may be
due to its larger relative uncertainty. However, it may also indicate
that the oxide corrections for metals which are based from soil
constituents are oversized for the metals that originate from oil
combustion. Other components have a more or less unity factor
which corresponds with their chemical nature.

3.2.5. Sensitivity test
The plausibility of the assumption a solution with the lowest Q

value is the global minimum increases when enough runs with
random starting points are performed. Nevertheless there is always
a chance the EPA-PMF analysis ends up with a solution associated
with a local minimum (Juntto and Paatero, 1994). To assess this
problem we have examined 50 converged 7-factor solutions by
visually comparing them with the source profiles of the solution
with the lowest Q value. The largest collection (n ¼ 40) contained
solutions comparingwell with the solutionwith the lowest Q value,
with a deviation of the Q values less than 100 units. On average, the
outcome of the 40 similar profiles remained almost the same
providing confidence in the central estimate. Within the ensemble
(n ¼ 40) of solutions variations in apportioned total and species
mass was observed. The standard deviation of each mass appor-
tioned to a source is used as an indicator of the stability of the
sources. We have estimated the 95% confidence interval by multi-
plying the calculated standard deviations with a factor 2. The
apportioned mass for the solution with the lowest Q value, as well
as the 95% confidence interval are given in Table 3. The apportioned
mass for both the nitrate-rich and sulphate-rich secondary aerosols
is subjected to a larger variation compared to the other profiles. It
seems both the CRM and the traffic and resuspended road dust
profiles are the most stable, showing only a small amount of vari-
ation. We have observed the apportioned total PM2.5 mass for the
residual oil combustion (factor 7) might be distributed across other
sources depending on the solution. An explanation for this behav-
iour lies perhaps in the locations of the sites; only two sites (Rot-
terdam and Schiedam) are in the vicinity of petrochemical industry
and marine vessels, both located in the Port of Rotterdam. This
would suggest the residual oil combustion is primarily a local
phenomenon, with little or no contribution on other sites.

4. Discussion and conclusions

Generally, there is a considerable conformity in the chemical
composition in theNetherlands. Fromall the constituents being part
of PM2.5 the components related to secondary inorganic aerosol
(SIA) are the most dominant (42e48%). The SIA concentrations are
highest at the rural sites, whereas the lowest percentage is found at
the urban stations in the Rotterdam area. The second dominant
Table 3
The apportioned mass for the solution with the lowest Q value and the 95% confidence i

Source Contribution � 95%
confidence interval

Nitrate-rich secondary aerosol 7.96 � 2.46
Sulphate-rich secondary aerosol 4.56 � 3.01
Traffic and resuspended road dust 1.93 � 0.12
Industrial (metal) activities/incineration 1.85 � 0.61
Sea spray 1.22 � 0.23
Crustal material (CRM) 0.46 � 0.09
Residual oil combustion 0.17 � 0.25
contribution to PM2.5 comes from total carbon matter (TCM): it
ranges between 27 and 41%. The lower values were found at rural
stations, whereas the maximum was found at the curbside in Rot-
terdam illustrating the impact of traffic emissions. The other
components, i.e. sea salt, crustalmaterial, metals comprise about 5%
each. At days with high concentrations all components are
enhanced, except sea salt. Sea salt, which maximizes in marine air
masses associatedwith clean conditions. Except nitrate, the relative
contribution of the other components is relatively stable as function
of PM concentration. Nitrate concentrations, however, rise dis-
proportionally with respect to PM indicting its importance in
Western Europe (Schaap et al., 2002; Harrison et al., 2004).

The appliedmass closure algorithm significantly reduces the not
analyzed fraction and the unexplained fraction varies between
0 and 16 percent. The low unexplained fractions at the urban sites
was unexpected and aremost likely associatedwith the uncertainty
in the TC to TCM conversion for which we used a factor 1.3 (Frank,
2006). Taking the average OC/EC ratio in this study an effective OC
to OM factor of 1.6 is used. Literature data vary between 1.2 and 2
and it may very well be possible that the factor varies with lower
values near sources and higher values after processing in aged air
masses. Furthermore, the uncertain split between EC and OC for
different techniques also impacts the magnitude of the corrections
between different studies significantly. Hence, the major factor in
the mass closure algorithm is also the most uncertain one and may
very well be too high for Dutch urban locations.

It could be established that the unexplained mass fraction
correlated highest with the SIA mass. A possible reason for the
increase of unexplained mass with nitrate may be the amount of
water attached to SIA. Ideally this water is removed by pre-heating
of the air sample or by conditioning of the filters under dry (50%
RH) circumstances following the reference method (EN 12341,
1998). However heating or drying only partly removes the
particle bound water due to hysteresis (e.g. Speer et al., 2003).
Speer et al. (2003) report molar ratios around 0.5 for water on
ammonium nitrate and ammonium sulphate particles at a RH of
50%. As such we estimate the amount of water to be 4e5% of the
PM2.5 mass concentration. Such a contribution is possible as it is
generally lower than the total unexplained mass. Hence, water is
expected to be an important, though not the sole, contributor to the
unexplained mass.

By using Positive Matrix Factorization seven sources profiles
could be identified for PM2.5. These sources were: Nitrate-rich
secondary aerosol; Sulphate-rich secondary aerosol; Traffic and
resuspended road dust; Industrial (metal) activities/incineration;
Sea spray; Crustal material and Residual oil combustion. Comparing
the results of the PMF analysis to the results of the chemical mass
closure (Weijers et al., 2011) reveals a very similar picture. The
majority of the mass is explained by the secondary inorganic
fraction, which confirms the important role of emissions of NOX,
SOY and NH3 in PM formation. Furthermore, sea salt and crustal
material are both identified. Finally, both approaches have a metal
group. However, where the chemical mass balance yields the
nterval (CI) from the sensitivity test (in mg m�3).

Ratio between the sum of all species contributions
associated with this source and the apportioned mass by PMF

0.72
0.83
0.97
1.00
0.67
0.83
1.26
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groups of components, the PMF analysis provides insight in the
combinations of components that occur together. For example, it
combines soot with components as copper and iron and as such the
tail pipe and wear emissions of traffic. Hence, chemical mass
balance aims to explain the total mass using information on the
occurrence of components, whereas PMF provides insight in
common origins of the different components.

A disadvantage of the PMF analysis is that it is based on a linear
combination of factors and that it cannot cope with non-linear
components. Consequently, the secondary aerosols (SO4

2�, NO3
�,

NH4
þ, OC) are mainly grouped together in various profiles

(sulphate-rich and nitrate-rich secondary aerosol) and no source
information is obtained (Viana et al., 2008). The main separation is
obtained in the primary components. For example, the tracers for
sea salt (Na, Mg, Cl) as well as those for mineral dust (Al, Si, Ti) and
traffic abrasion (Cu, Ba, Fe) are separated from a group that contains
a host of different metals and elements. PMF in principle provides
an independent and objective analysis of the data. The application
of PMF complemented the analysis based on the interpretation of
the chemical data. It confirmed independently a large number of
species to be a tracer for a specific activity or source.

Common local sources like traffic could be identified in this
study. Specific local sources affecting the receptor sites could not be
differentiated as all data are combined in the PMF analysis. We feel
that a PMF application on datasets obtained within a city or
a limited region in the vicinity of different large industries or
activities would yield a more effective use of the PMF technique. In
our study with locations spread over the whole of the country we
identify all the major common source categories. However, these
can also be identified based on the chemical composition and the
appreciation of the tracers. Exception is the separation of the traffic
induced resuspension factor from the total crustal material and the
identification of the residual oil combustion. Especially, the latter
with its relative high contribution in the Rotterdam area illustrates
the potential for the identification of local sources.

Overall, the application of PMF yields a limited number of source
profiles for the locations for which detailed date are available. To
establish a detailed assessment of the source contributions at
a (sub-) sector level and over a certain domain, one relies on the use
of chemistry transport models (CTM). As such one can also calculate
the apportionment of the major secondary components, i.e.
sulphate, nitrate, ammonium. A prerequisite for the application of
CTMs is that their performance and model description are satis-
factory. The combined use of CTMs and receptor modelling may be
a promising way forward as receptor models can be used as
a means of evaluation (Dennis et al., 2010) and can help identify
potential missing sources in an emission inventory. Recent
advances have introduced approaches that integrate receptor
modelling methods into CTMs (Koo et al., 2009) and use detailed
tracking of emission contributions across space (Wagstrom et al.,
2008). Another significant advantage of using CTMs is that they
may be used in scenario studies to evaluate the impact of emission
abatement strategies on the anthropogenic contribution to ambient
PM concentrations.

In short, the application of PMF provides a first step to under-
standing the sources contribution at a site and complements the
analysis based on the interpretation of the chemical data. It
confirms independently a large number of species to be a tracer for
a specific activity or source. As such, we have obtained more
confidence in the interpretation of the dataset at hand.
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