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Abstract

Measurements of the ambient aerosol were performed at the Southern coast of Spain,
within the framework of the DOMINO (Diel Oxidant Mechanisms In relation to Nitrogen
Oxides) project. The field campaign took place from 20 November until 9 December
2008 at the atmospheric research station “El Arenosillo” (37◦5′47.76′′ N, 6◦44′6.94′′ W).5

As the monitoring station is located at the interface between a natural park, industrial
cities (Huelva, Seville) and the Atlantic Ocean a variety of physical and chemical pa-
rameters of aerosols and gas phase could be characterized in dependency on the
origin of air masses. Backwards trajectories were examined and compared with lo-
cal meteorology to classify characteristic air mass types for several source regions.10

Aerosol number and mass as well as polycyclic aromatic hydrocarbons and black car-
bon concentrations were measured in PM1 and size distributions were registered cover-
ing a size range from 7 nm up to 32 µm. The chemical composition of the non-refractory
submicron aerosol was measured by means of an Aerosol Mass Spectrometer (Aero-
dyne HR-ToF-AMS). Gas phase analyzers monitored various trace gases (O3, SO2,15

NO, NO2, CO2) and a weather station provided meteorological parameters.
Lowest average submicron particle mass and number concentrations were found

in air masses arriving from the Atlantic Ocean with values around 2 µg m−3 and
1000 cm−3. These mass concentrations were about two to four times lower than the
values recorded in air masses of continental and urban origins. For some species20

PM1-fractions in marine air were significantly larger than in air masses originating from
Huelva, a closely located city with extensive industrial activities. The largest fraction of
sulfate (54 %) was detected in marine air masses and was to a high degree not neu-
tralized. In addition small concentrations of methanesulfonic acid (MSA), a product of
biogenic dimethyl sulfate (DMS) emissions could be identified in the particle phase.25

In all air masses passing the continent the organic aerosol fraction dominated the
total NR-PM1. For this reason, using Positive Matrix Factorization (PMF) four or-
ganic aerosol (OA) classes that can be associated with various aerosol sources and
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components were identified: a highly-oxygenated OA is the major component con-
tributing an average of 43 % of the particulate organic mass while the semi-volatile OA
accounts for 23 %. A hydrocarbon-like OA mainly resulting from industries, traffic and
shipping emissions as well as particles from wood burning emissions also contribute
to total OA dependent on the air mass origin.5

The variability of ozone is not only affected by different types of air masses but also
significantly by the diurnal variation as a consequence of the solar radiation as well as
local meteorological parameters.

1 Introduction

Studying tropospheric aerosols is becoming increasingly important as they influence10

the Earth’s climate (IPCC, 2007), continental, urban and marine ecosystems and visi-
bility (Querol et al., 2009). In addition they can have a significant influence on human
health (Pope and Dockery, 2006). To study the influence of natural and anthropogenic
pollutants emitted by local and regional sources measurement campaigns at remote
sites are required where the complex mixture of components in the atmosphere can be15

observed. This mixture depends on the various source regions influencing the mea-
surement site as well as their distance, since chemical and physical processing takes
place in an air mass during transport. In addition, particularly in Southern Europe,
the season plays an important role. In the summer months African dust outbreaks,
re-circulation of air masses, strong photochemistry and long range transport from NW20

Europe or Western Iberia (Sanchez de la Campa et al., 2007; Pey et al., 2008) affect
the atmospheric composition and levels. The SW of Spain lies next to the Atlantic
Ocean and the Strait of Gibraltar, a main ship route. There are several large towns and
cities, the largest of them Seville, important ports like the one of Huelva, as well as
large agricultural plantations and forests.25

The air quality close to the heavily industrialized area around the city of Huelva is
significantly degraded at times. Epidemiological studies (CSIC, 2002) as well as the
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distribution of cancer incidents in Spain (Benach et al., 2003) suggest that certain kinds
of cancers (e.g. lung cancer) occur in this region at an elevated rate. Therefore, a num-
ber of studies were performed, mainly in and around Huelva to evaluate the impact
of industrial emissions and their characterization in terms of the chemical composi-
tion and potential origin (Fernandez-Camacho et al., 2010b; de la Rosa et al., 2010;5

Perez-Lopez et al., 2010; de la Campa et al., 2011; Toledano et al., 2009). In addition,
the interaction of high solar radiation levels as they exist in Andalusia together with
elevated anthropogenic and natural ozone precursor emissions lead to enhanced pho-
tochemical ozone production that can be measured downwind of industrialized regions
where the ozone precursor substances are emitted (Carnero et al., 2010; Adame et al.,10

2008, 2010).
So far no comprehensive studies investigating the chemical composition of aerosol

particles in conjunction with measurements of a variety of trace gases have been con-
ducted in Southern Spain. The aim of this study is to present a detailed investigation
of aerosol, trace gas characteristics and meteorological conditions depending on conti-15

nental, urban and marine sources surrounding the measurement site in “El Arenosillo”.
Backwards trajectories were calculated and compared to local meteorology to classify
different air mass categories. The non-refractory submicron aerosol composition was
determined depending on the air mass categories. The sulfate fraction has been fur-
ther investigated regarding aerosol acidity for the individual air mass types. A focus20

is also on organic components of the aerosol, their sources and variations. Further-
more, the dependence of the diurnal ozone variation associated with meteorological
conditions and different air masses was analyzed.

2 Overview over the 2008 DOMINO campaign

The 2008 DOMINO (Diel Oxidant Mechanisms In relation to Nitrogen Oxides) research25

campaign took place from the 20 November until the 9 December at the atmospheric
research station “El Arenosillo” (37◦5′47.76′′ N, 6◦44′6.94′′ W) in the southwest of Spain
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(Fig. 1a), operated by the INTA (National Institute for Aerospace Technology). The main
objective of the campaign was to investigate the oxidative capacity of the troposphere.
For this reason, the focus was to study the atmospheric oxidation chemistry, to com-
pare the radical and nighttime chemistry and to characterize the self-cleaning efficiency
of the atmosphere in different air mass types. Our contribution to this project is the in-5

vestigation of the aerosol particle chemistry, composition, formation and transformation
processes why we measure a large number of atmospheric parameters simultaneously.

The “El Arenosillo” research station lies within a Protected Natural Area in between
3 very different source regions: the Atlantic Ocean, the town of Huelva (20 km dis-
tance) and the nearby National Park of Doñana. The Atlantic Ocean itself has rela-10

tively low levels of pollutants, however there are shipping emissions from heavy ship
traffic in the Strait of Gibraltar (Pey et al., 2008). Huelva is a highly industrialized town
with three large chemical estates where fertilizer production industries, petrochemi-
cal industries, ammonia and urea industries as well as paper production industries
are situated (Carretero et al., 2005; Alastuey et al., 2006; Querol et al., 2002, 2004;15

Fernandez-Camacho et al., 2010a). The nearby National Park of Doñana on the other
hand is a Nature Preserve Park with a large variety of ecosystems and a unique bio-
diversity (de la Campa et al., 2009). Situated in the west of the Guadalquivir River, it
is a UNESCO Biosphere Reserve and Heritage of Mankind consisting of marshlands,
pine forests, preserves and moving sand dunes. Beyond it at 70 km distance from the20

site lies the city of Seville, the capital of Andalusia (population: 704 000). However it
is less industrialized than Huelva (population: 149 000) which is located at the south-
western end of the Andalusian region and is surrounded by the rivers Odiel and Tinto
and the Atlantic Ocean (Fig. 1c). The predominant wind directions at the station during
the time the study took place are WSW, NW and NNE transporting air from Seville,25

Huelva, the Continent and the Atlantic Ocean to the measurement site (Fig. 1b).
In order to study the variability of the particle loading, composition, size distributions

as well as trace gas and meteorological parameters in different types of air masses
whose origin is well defined, the campaign was conducted in winter. This offers the
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advantage to achieve a better understanding of the characteristics, sources and pro-
cesses as typical summer features in this part of Southern Europe are reduced: African
dust outbreaks, enhanced photochemistry or recirculation periods that typically occur
in spring and summer seasons in this part of Southern Europe (Pey et al., 2008) would
contribute to a more complex study scenario.5

At the beginning of the campaign from 20 November until the 3 December fair
weather conditions with sunny days and clear sky prevailed. Therefore, a stable noc-
turnal boundary layer existed and low altitude emissions for example from Huelva were
accumulated and measured at elevated concentrations. Only on two nights (28–29
November and 29–30 November) short precipitation periods occurred which did not10

change the atmospheric composition significantly as the wind originated from the ma-
rine source region and concentrations remained as low as before. At the campaign-end
(3–9 December) it was cloudy with nearly constant temperature, relative humidity and
air pressure near ground.

2.1 Setup for ground based measurements of aerosol, gas phase species and15

meteorology

2.1.1 Key instrumentation

Measurements of the ambient aerosol and several trace gas concentrations were per-
formed using MoLa, a mobile platform for aerosol research (Drewnick et al., 2011).
During this campaign physical aerosol particle properties in PM1 were detected by the20

ultrafine water-based Condensation Particle Counter (CPC 3786, TSI, Inc.) as well
as the Filter Dynamics Measurement System Tapered Element Oscillating Microbal-
ance (FDMS-TEOM, Rupprecht & Patashnick Co., Inc.) (see Table 1). For particle size
information, a Fast Mobility Particle Sizer (FMPS 3091, TSI, Inc.), an Aerodynamic Par-
ticle Sizer (APS 3321, TSI, Inc.) as well as an Optical Particle Counter (OPC 1.109,25

Grimm) were used to cover a particle size range from 7 nm until 32 µm. The chemical
composition of the non-refractory (NR) aerosol in the submicron range was measured
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by means of a High-Resolution-Time-of-Flight Aerosol Mass Spectrometer using the
“V-mode” (HR-ToF-AMS, Aerodyne Res., Inc.). The black carbon concentration in PM1
was determined by a Multi Angle Absorption Photometer (MAAP, Thermo E.C.) and
polycyclic aromatic hydrocarbons on particles were appointed by the PAH-Monitor (PAS
2000, EcoChem. Analytics). MoLa is also equipped with two instruments to detect var-5

ious trace gases. An Airpointer (Recordum GmbH) measures the gas phase species
SO2, CO, NO, NO2 and O3. CO2 and H2O were monitored using a LICOR 840 gas
analyzer (LI-COR, Inc.). A weather station (WXT 510, Vaisala) provided the most im-
portant weather parameters like ambient temperature, relative humidity, air pressure,
wind speed, wind direction and rain intensity.10

2.1.2 Sampling setup

During the field campaign the roof inlet of MoLa, which is normally available for station-
ary measurements was used. Next to the roof inlet an extendable mast with the me-
teorological station was fixed, both for measurements in 10 m height. Short branches
were used to connect several instruments with the main inlet system. The sampling15

line is optimized for a flow rate of about 90 l min−1 and therefore a pump with flow con-
trol was used for regulating this flow independent of the set of instruments operating.
The inlet was optimized and characterized for transport losses and sampling artifacts
(von der Weiden et al., 2009). One of the main characteristics is the occurring aerosol
particle loss. Table 1 contains particle loss information for all instruments calculated20

using the Particle Loss Calculator (von der Weiden et al., 2009). While particle losses
have a maximum of 45 % for 20 µm particles for the APS, for all other instruments used
during the campaign maximum particle losses are below 25 %. The respective losses
are relatively small in the size range where the majority of relevant data for this work
is collected: In the size range from 30 nm to 2 µm calculated particle losses are below25

8 % (without regarding the AMS: <3 %). Therefore the occurring particle loss can be
neglected since they do not influence the measurement results significantly and the
ambient aerosol was measured mostly unbiased in this range.
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Transport times through the sampling line differ slightly for the individual instruments,
so the sampling and measurement times are not identical. Therefore the time stamp
for each instrument has to be corrected dependent on the residence time of the aerosol
in the tube system. The calculated delays for all instruments were subtracted from the
time stamps to get the correct sampling time. The sampling delays for the individual5

instruments are also presented in Table 1. The time resolution used for this analysis
was 1 min for all instruments beside the TEOM which generated 15 min data.

2.1.3 Quality assurance for aerosol chemical composition measurements

For data quality assurance a variety of calibrations of the AMS were performed before
and during the campaign. A particle Time-of-Flight calibration was accomplished prior10

to the campaign, used to convert particle flight times into the corresponding particle
diameters. For determination of the instrument background and several distinct instru-
ment parameters, measurements using a high-efficiency particulate air (HEPA) filter as
well as a calibration of the Ionization efficiency (IE) of the ion source were conducted
once a week. The sensitivity of the detector was monitored permanently and calibrated15

frequently as well.
A collection efficiency (CE) factor (Huffman et al., 2005) has to be determined to ac-

count for the fraction of particles that are not detected as they bounce off the vaporizer
before evaporation and to correct for incomplete transmission of particles through the
inlet of the instrument. Usually this factor is determined by comparing AMS measure-20

ments with results from other instruments or filter measurements. This factor usually
ranges between 0.5 (for 50 % particle loss) and 1 (no bounce) and depends mainly on
the measurement conditions, for example relative humidity or particle composition. For
the DOMINO campaign, a CE factor of 0.5 for the AMS mass concentrations (organics,
sulfate, nitrate, ammonium and chloride) was used. When using this typical CE factor,25

the time series of the ToF-AMS mass concentrations summed with the MAAP black
carbon mass concentrations show a good agreement with TEOM PM1 mass concen-
trations (ratio PMAMS+MAAP/PMTEOM =0.97, R2 =0.6).

31592

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/31585/2011/acpd-11-31585-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/31585/2011/acpd-11-31585-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 31585–31642, 2011

Variability of aerosol,
gaseous pollutants
and meteorological

characteristics

J.-M. Diesch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

During normal operation, the AMS collected averaged high resolution mass spectra
and species-resolved size distributions by alternating through the related operation
modes, spending 50 % of the sampling time in each mode. The detection limits (DL,
Table 1) for each species were evaluated on the basis of the method described by
Drewnick et al. (2009). They are defined as:5

DL=3
√

2 ·σ(I) (1)

with σ(I) the standard deviation of the background signals of the respective species.

2.2 Back trajectories and air mass classification

To classify different source regions that are reflected in the aerosol and trace gas com-
position of the air arriving at the measurement site, 48 h back trajectories at 10 m arrival10

height above ground level were calculated for every 2 h during the whole campaign
using the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory ) model
(Draxler and Rolph, 2003). To analyze the measured data of chemical and physical
aerosol particle properties as well as gas phase parameters that are associated with
different source regions the whole dataset was divided according to back trajectories15

that correspond to similar air mass histories. For this assignment we assume that the
respective data one hour before the arrival time and one hour thereafter “belong” to
each trajectory and associate these data in the further analysis with the source region
defined by the trajectory. Figure 2 shows a map including back trajectories classified
into 6 air mass categories based on air mass origins and pathways. The resulting air20

mass categories with the corresponding angles limiting the wind direction sectors as
well as the measurement time in percent of the entire measurement period are:

– “Seville” (65–82◦, 6 %)

– “Continental” (340–65◦, 15 %)

– “Portugal+Huelva” (310–328◦, 3 %)25
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– “Marine+Huelva” (285–310◦, 18 %)

– “Portugal+Marine” (265–285◦, 15 %)

– “Marine” (140–265◦, 6 %).

To be classified as “Seville” calculated back trajectories had to cross Seville (lat-
itude and longitude for “Seville” category borders: 37◦16′11′′ N, 5◦54′33′′ W and5

37◦24′55′′ N, 6◦5′1′′ W) before approaching the measurement site. Air masses la-
beled as “Continental” contain air transported from Spanish inland areas over pine
and eucalyptus forests to the station. While “Portugal+Huelva” trajectories mainly
travel over Portugal before passing Huelva and then the site, trajectories correspond-
ing to “Marine+Huelva” firstly travelled over the Atlantic Ocean (Huelva category bor-10

ders: 37◦19′1′′ N, 6◦50′36′′ W and the coastline). In contrast to “Portugal+Huelva”
air masses with trajectories spreading preferentially over the northern part of Huelva
city, “Marine+Huelva” trajectories extend over the whole area of the city. Finally, the
fifth (“Portugal+Marine”) and sixth (“Marine”) category include marine influenced air
masses with the difference that “Portugal+Marine” trajectories also pass Portugal.15

For each air mass type aerosol as well as gas phase and meteorological parameters
were analyzed separately. In total, 63 % of the measured data were considered in
our examinations. The remaining data are associated with trajectories that pass along
the boundaries of the categories and cannot reliably be associated with any of the six
categories.20

As second approach for the identification of the air mass origin local meteorology
was used measured at the sampling site. Here the whole measured data set was
divided into different sectors according to the wind direction registered by the meteo-
rological station in 10 m height. In order to avoid associating stagnant air masses with
potential contamination from local sources with individual source sectors all data mea-25

sured during times with wind speeds below 1 m/s were not used for further processing.
Hereafter, 3 different source regions associated with individual wind directions were
identified, called “Continental”, “Urban” and “Marine”.
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In Fig. 3 measured wind direction data were compared for both classification meth-
ods. The three different wind direction ranges of the “Continental” (340–110◦), “Urban”
(285–330◦) and “Marine” (140–265◦) sectors are shown as grey shaded areas. Red col-
ored box plots reflect the wind directions that are associated with air mass categories
defined using the back trajectories. For the “Seville”, “Continental”, “Marine+Huelva”5

and “Marine” air mass categories the measured wind directions agree quite well with
the wind sectors associated with the same source regions. Contrary, measured wind
directions of the “Portugal+Marine” air masses are not located within any of the wind
direction ranges because this air mass type could not be separated using the wind
direction method since a gap had to be selected between land (Huelva) and marine10

influenced air masses. For the “Portugal+Huelva” and “Marine+Huelva” air mass
categories the directions of the trajectories differ slightly but systematically from locally
measured wind directions because registered wind directions are influenced by the
land-sea-circulation. This effect results in wind directions measured at the site, which
was located directly at the shore, oriented further south – compared to the direction of15

the trajectories – during daytime while during the night they are rotated more towards
the north.

In summary, the classification of air mass types made on the basis of back trajec-
tories is more robust than that based on wind directions. HYSPLIT enables a more
exact apportionment of air masses as it considers not only local conditions but also20

regional and long-range transport influences. However, both methods of associat-
ing measurement data to source regions provide similar results when regarding both
“Huelva”-related air mass categories as “Urban” and the “Seville” and “Continental” air
mass categories as “Continental”. Although very similar results are obtained with both
methods the use of HYSPLIT to identify air masses gives the possibility to separate25

the data into additional air mass types that cannot be identified on the basis of wind
directions alone (e.g. “Seville”).

In Fig. 4 time series for several of the measured parameters that are discussed below
are shown for the whole campaign. The time intervals associated with the classified
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air mass categories are indicated as shaded areas in different colors. As shown in
this figure, for the “Continental”, “Marine+Huelva” and “Portugal+Marine” air mass
categories the air mass origin persisted over relatively long periods on several days.
Therefore the influx from other source regions into these air masses is very unlikely.
On the other hand, the “Portugal+Huelva” category was registered only for short time5

intervals and only on a single day. Therefore for this air mass category, influx from other
source regions by re-circulation of air masses in varying wind fields cannot be excluded,
even though the back trajectories do not show any evidence for this effect. The “Seville”
category was measured during two approximately half-day long periods on two differ-
ent days. Significant differences in the measured parameters have been found for the10

two time intervals because different phases of new particle formation events have been
probed during these times. However, even though mixing with “Continental” air masses
is likely, the increased concentrations measured during these two periods, compared
to typical “Continental” concentrations, suggest that actually air masses that at least
partially passed Seville have been probed here. Generally both “Marine” periods show15

very similar evolution of the measured time series, characterized by low concentra-
tions over extended time intervals. During the early phase of the first period increased
concentrations of some aerosol parameters could be an indication of re-circulation of
continentally influenced air masses. However, also ship emissions could be the cause
of these elevated concentrations. Land-sea breeze has been identified to slightly twist20

locally measured wind directions when air is flowing along the coastline. However, its
effect seems to be sufficiently small to prevent significant mixing of marine and con-
tinentally influenced air masses in the identified source categories. A more in-depth
analysis of the influence of topography and transport height on trajectory calculations
was performed by scientists of INTA and will be published elsewhere.25
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3 Results

3.1 Aerosol composition of selected air mass categories

PM1 concentrations: the chemical composition of the submicron aerosol, divided into
the most common AMS species (organics, sulfate, nitrate, ammonium, chloride) and
black carbon (BC) is presented for each of the air masses in Table 2 and in the pie5

charts of Fig. 5. Here the total PM1 mass concentrations are defined as the sum of
all AMS and BC mass concentrations. The lowest average PM1 mass concentration
was found in air masses transported over the Atlantic Ocean (1.7±1.1 µg m−3) (see
Table 2). This value was about two to four times lower than the values recorded in
air masses of “Continental” (3.9±2.6 µg m−3) and urban (“Huelva”/“Seville”, 4.0±3.110

and 6.9±3.4 µg m−3) origins. Even though the difference in PM1 concentrations is not
significant within the one standard deviation boundaries, the trend is clearly evident.
Despite the large variability within each category the values for the air from the At-
lantic Ocean largely differ from those of the other two categories. Regarding the whole
campaign, total PM1 average mass concentrations were 4.0±2.5 µg m−3 while black15

carbon contributes 7.9 % (0.32 µg m−3) to this value.
Particulate organics: firstly, we note that the organics, sulfate and nitrate NR-PM1

(non-refractory particulate matter with dp ≤1 µm) aerosol concentrations show the most
significant concentrations and also the most contrasting variations dependent on air
mass origin. Therefore they largely determine the chemical character of the aerosol.20

The highest organic matter fraction (64 %) was measured in the “Continental” air mass
category. Biogenic precursor emissions in addition to emissions from frequent biomass
burning activities originating from the surrounding pine and eucalyptus forests and the
agricultural fields were transported downwind towards the coastal measurement site
and generate secondary organic aerosol mass. In addition, anthropogenic sources25

also result in the generation of organic particulate matter. While the consistently high
organics content is the dominant fraction in all air masses that passed the continent,
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in the “Marine” category sulfate plays the major role. To distinguish between different
types of organics and to gain further insights into sources and processes affecting the
organic composition results of a factor analysis study are presented in Sect. 3.4.

Particulate sulfate: generally, sulfate is a more regionally influenced component.
While in “Continental” influenced air masses 13 % (0.49±0.27 µg m−3) of NR-PM15

consists of “sulfate”, in the “Marine+Huelva” air mass category a fraction of 28 %
(1.1±0.81 µg m−3) was registered. In the marine boundary layer (MBL) sulfur com-
pounds are quite common (Charlson et al., 1987; Zorn et al., 2008) as the ocean is
a large source for atmospheric sulfur (Barnes et al., 2006). In addition, shipping emis-
sions of marine transport in the Strait of Gibraltar play an important role as reported by10

Pey et al. (2008). Therefore, “sulfate” is the most abundant species of the “Marine” sub-
micron non-refractory aerosol with a fraction of 54 % (0.91±0.43 µg m−3). The “sulfate”
aerosol is further characterized (see Sect. 3.3) by analyzing the acidity since it affects
aerosol hygroscopic growth, toxicity and heterogeneous reactions (Sun et al., 2010).

Particulate nitrate: as a result of a wide variety of industrial and traffic emission15

sources located in Huelva, nitrate formed by photochemical oxidation of nitrous oxides
is the major inorganic fraction of the aerosol composition in the “Portugal+Huelva”
(13 %, 0.88±0.50 µg m−3) air mass category. While in “Marine+Huelva” (9.5 %,
0.38±0.36 µg m−3) and “Seville” (8.4 %, 0.46±0.22 µg m−3) air masses nitrate occurs
as second most abundant inorganic fraction. It is well known that nitrate is a ma-20

jor content in fine particles from cities, urban and industrial regions (Takami et al.,
2005). In addition, source apportionment studies conducted in the Andalusian region
showed higher average nitrate values in stations with a high traffic influence (de la Rosa
et al., 2010). However, ammonium nitrate is volatile and reacts quickly during transport
(Takami et al., 2005). The large variability of concentrations within the air mass cate-25

gory is caused by the different kinds of emissions from short distances and changing
wind directions.

Particulate ammonium: as a major fraction of total inorganic species, nitrate is
followed by ammonium in all air mass types except both “Marine” categories where
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even less nitrate than ammonium was observed. Nevertheless, ammonium precursor
sources in the marine boundary layer (Jickells et al., 2003) are not sufficiently abun-
dant to neutralize the present sulfate. For the continentally influenced air masses in-
stead, sources of ammonium include agricultural activities, manures, biomass burning
or soils (Bouwman et al., 1997; Hock et al., 2008). The fertilizer production industries in5

Huelva (Perez-Lopez et al., 2010) provide an increased delivery of ammonia (Carretero
et al., 2005) resulting in highest ammonium concentrations in “Portugal+Huelva”
(0.45±0.38 µg m−3) and “Marine+Huelva” (0.43±0.33 µg m−3) air masses.

Particulate chloride: the measured chloride content is in the order of 0.4 % to
3.6 % within all air masses. However, average chloride values are not dominant in10

the “Marine” air mass categories as the ToF-AMS cannot measure sea salt (sodium
chloride) with significant efficiency (Zorn et al., 2008). In contrast, both “Portu-
gal+Huelva” (3.6 %; 0.25 µg m−3, <LOD±0.8 µg m−3) and “Marine+Huelva” (1.6 %,
0.062±0.060 µg m−3) air masses are influenced by industrial emissions (e.g. organic
chloride species) likely responsible for up to nine times enhanced PM1 chloride “con-15

centrations” compared to “Continental” (0.41 %; 0.016 µg m−3, <LOD±0.064 µg m−3)
air mass types. Lowest chloride values were registered in the “Seville” category
(0.36 %, 0.020±0.020 µg m−3). Since the measured chloride concentrations are either
below the detection limit (0.02 µg m−3) or the resulting mass concentrations show large
variability we cannot identify clear differences within the individual source categories20

for this species.
Black carbon: the influence of air mass histories is also evident in average black

carbon (BC) mass concentrations. Enhanced average BC fractions were measured in
polluted Huelva (7 %) and “Continental” (9 %) air masses (see Table 2) while lowest BC
mass fractions occur in the “Marine” (3 %) influenced air mass category, being typically25

below the detection limit (0.1 µg m−3). Therefore, an air mass history change leads to
a change in measured BC mass concentrations at the site as well.

Aerosol mass concentrations: Fig. 6 illustrates the dependence of average mass
concentrations measured with the TEOM (filled brown) and AMS+MAAP (dashed
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brown) in PM1 as well as averaged aerosol number concentrations (CPC, grey) on
air mass types. Although both mass concentrations are characterized by large variabil-
ity (in terms of standard deviations), it is obvious that for all marine influenced source
regions TEOM slightly exceed AMS+MAAP mass concentrations. This is likely due
to sea spray which is the major source of particulate matter within the marine bound-5

ary layer, consisting of sodium chloride aerosol particles (Warneck, 1988), which can-
not be measured efficiently with the AMS. For the “Seville”, “Continental” and “Portu-
gal+Huelva” air mass categories AMS+MAAP concentrations are larger than TEOM
mass concentrations. This could be due to volatile substances that are potentially not
completely registered using the TEOM.10

Particle number concentrations: the number concentration levels within the “Con-
tinental”, “Marine+Huelva”, “Portugal+Marine” and “Marine” air mass categories
show significant variability, reflected in large standard deviations. For the first two
of these source sectors the large variability is caused by the frequent occurrence of
particle nucleation events. For the “Portugal+Marine” category its main cause is the15

inhomogeneous mixture of polluted continental air with clean marine air, and for the
“Marine” category the generally low values are associated with significant variability,
potentially caused by individual ship emission plumes. Since all standard deviations
are similar in magnitude we do not present them together with the average values
in Fig. 6. Despite the strong variations in number concentrations, a general trend is20

clearly visible and major differences occur between “Continental”, “Marine+Huelva”
and “Portugal+Marine” air masses compared to “Seville”, “Portugal+Huelva” and
“Marine” air masses. The ratios of particle number to particle mass concentration
bar heights in Fig. 6 vary significantly. While the brown colored bars corresponding
to PM1 mass concentrations referred to the grey ones representing number concen-25

trations are approximately four times as high for the “Marine” category and 2 times
as high for “Seville”, almost the same bar heights were obtained for the “Continen-
tal” and “Portugal+Marine” air mass categories. The presence of freshly produced
aerosol originating from nearby particle sources in “Marine+Huelva” air mass types
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affect both physical aerosol concentrations in a way that large particle number concen-
trations associated with lower aerosol mass concentrations were measured, compared
to the other air mass types. On the other hand the aging of the aerosol during regional
transport of urban emissions like it is the case for “Seville” or aged “Marine” aerosol
is expressed in lower number but enhanced particle mass concentrations. Due to the5

fact that “Marine+Huelva” air mass trajectories extend over the whole area of Huelva
city compared to “Portugal+Huelva” crossing mainly the north of the city, related con-
centrations behave differently. Typically, the relation of the particle mass and number
concentration shows low correlation (Buonanno et al., 2010). Similar information is
provided by the following particle size distributions with additional details.10

3.2 Variability of particle size distributions

Figure 7 shows the size distributions of averaged number, surface and volume con-
centrations measured for the different air mass categories using the FMPS and the
OPC. The FMPS covers the particle size range 7–520 nm, whereas the OPC particle
size range is from 320 nm until 32 µm. The FMPS registers the mobility diameter of15

the aerosol particles while the OPC measures the optical particle diameter. Since the
optical properties of the measured particles are not known well enough, no attempt
was made to convert these different particle diameters into a common type of particle
diameter.

Aging of aerosol particles is often associated with coagulation of small particles with20

each other or onto larger pre-existing particles and with condensational growth of va-
pors onto available particle surfaces, resulting in an increase of particle size with time,
in a decrease of number concentrations and in a change of the particle composition
as well. Under the condition that particles are larger than 40 nm several hours after
particle formation started, e.g. during the growth phase of a nucleation event, changes25

in particle composition can be investigated using the AMS. However, this topic will be
the focus of a future publication.
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Within the measured FMPS mobility diameter size range, modes in the averaged
number distributions were found in the nuclei mode nearly without exception within
all continental and Huelva influenced air mass categories. FMPS number size distri-
butions are clearly influenced by frequently occurring particle formation events within
these air mass categories. This impact is shown in Fig. 7 using solid and dotted lines5

of the same color for data where all measurements are considered or where nucle-
ation periods are excluded for the “Continental” and “Marine+Huelva” air mass cat-
egories. The significant urban pollution in Huelva causes the highest particle num-
ber concentrations for “Portugal+Huelva” including particles in a wide size range with
a mode diameter around 30 nm. In Huelva-related air masses, new particles are also10

formed by nucleation. In addition industrial exhaust gases condense onto pre-existing
particles. Nevertheless, as new particle formation will be dealed within a further pa-
per, we will not further go into details here. For the “Marine” air mass category, the
monomodal number size distribution with low total number concentrations indicates
processed aerosol. The surface area size distributions (Fig. 7) with accumulation mode15

diameters around 150 nm have a similar monomodal shape for each category beside
for the “Portugal+Huelva” air masses which are five times as high as those from “Ma-
rine” air mass types. The extreme urban pollution in Huelva with maximum number
concentrations in the 30 nm size range result in maximum surface area concentrations
and in a fronting of the particle surface area distribution as well.20

The volume size distributions measured primarily using the OPC show interesting
features in the coarse mode up to 2 µm optical particle diameter. Volume concen-
trations of all marine influenced air masses are higher than those originating from
“Continental” or urban source regions. While the averaged volume size distributions
for “Marine” and “Portugal+Marine” air masses both have their maxima at 5.7 µm and25

also a similar shape, the “Marine+Huelva” size distribution is clearly shifted towards
larger diameters and therefore has its dominant mode around 10 µm. The major parti-
cle source in marine enviroments is sea spray therefore sodium chloride particles con-
tribute significantly to the volume size distributions in “Marine” and “Portugal+Marine”
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air masses. The “Marine+Huelva” size distribution is affected by both, sea salt par-
ticles and particles originating from Huelva’s industries. “Continental” and “Seville”
categories have nearly the same volume concentrations and shape, but compared to
all marine influenced air masses they are shifted towards larger optical particle sizes.

3.3 Variation of the acidity of the submicron aerosol5

The aerosol variability between different air mass types was further characterized by
analyzing the contributors that influence the aerosols’ acidity since it has an impor-
tant impact on both, aerosol hygroscopic growth, toxicity as well as heterogeneous
reactions (Sun et al., 2010). In this context we examined the relative abundance of
the inorganic ToF-AMS species sulfate, ammonium and nitrate in the submicron PM110

aerosol, particularly with regard to the differences in the ion balance in dependence of
the air mass types.

A scatter plot of the sum of molar sulfate, nitrate and chloride versus molar ammo-
nium is shown in Fig. 8a to illustrate the degree of neutralization for the individual air
mass classes. Sulfate was multiplied by a factor of 2 to reflect the molar ratio of sulfate15

versus ammonium in ammonium sulfate. The black line (1 : 1) indicates fully neutral-
ized aerosol. Data points below this line are associated with alkaline aerosol as am-
monium concentrations are higher than needed to neutralize the anions while points
lying above this line are associated with acidic aerosol. For most of the points pri-
marily in “Seville”, “Continental”, “Marine+Huelva” and “Portugal+Marine” air masses20

the correlation of measured ammonium versus inorganic anions indicates that a ma-
jor fraction of PM1 submicron aerosol was slightly acidic for most of the time while
also neutralized aerosols occur. In “Portugal+Huelva” air masses the sum of all in-
organic AMS compounds (sulfate, nitrate, chloride) exceeds ammonium which implies
an acidic aerosol. As mentioned before, acidic sulfate originating from “Marine” air25

masses measured at this coastal site is due to negligible contribution of ammonium
in this region. Like shown in the studies of Jickells et al. (2003) ammonium sources
are not very abundant in the MBL therefore particulate ammonium concentrations are
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much smaller as the concentration for the neutralization of sulfate and nitrate would be
necessary (Coe et al., 2006; Allan et al., 2004, 2008). Although sodium chloride is the
most abundant species in the marine boundary layer, the AMS only measures the NR-
PM1 aerosol fraction and therefore does not measure sodium chloride with significant
efficiency (Zorn et al., 2008). For this reason we assume measured chloride is mostly5

present as ammonium chloride if it is neutralized, hence it is included in the calculations
of the ion balance. Regarding all air mass categories the averaged equivalent ratio is
larger than one (see Fig. 8a), indicating that the aerosol at the measurement site was
generally rather acidic.

Another focus was put on speciation of sulfur compounds expected to be found in the10

aerosol from the different source regions. While previous studies in Pittsburgh identified
a sulfur mixture of ammonium sulfate ((NH4)2SO4), ammonium bisulfate (NH4HSO4)
and also small amounts of sulfuric acid (H2SO4) (Zhang et al., 2007), Zorn et al. (2008)
included the identification and quantification of methanesulfonic acid (MSA) in the anal-
ysis, which can be found ubiquitously in marine environments. Figure 8b shows a scat-15

ter plot of acid-related hydrogen (H+) present in the particle phase versus the molar
sulfate concentration in the submicron particles. The H+ concentration was estimated
by subtracting the ammonium (NH+

4 ) molar concentration from the molar concentrations
of the anions sulfate (SO2−

4 ), nitrate (NO−
3 ) and chloride (Cl−) (Zhang et al., 2007):

[H+]=2 · [SO2−
4 ]/96 + [NO−

3 ]/62 + [Cl−]/35.5− [NH+
4 ]/18 (2)20

The black lines in Fig. 8b indicate the molar ratios that would correspond to (NH4)2SO4,
NH4HSO4 and H2SO4; the dashed line agrees with 50 % (NH4)2SO4 and 50 %
NH4HSO4. To quantify the various “sulfate” aerosol components for the different air
mass types in Table 3 the percentage of ammonium sulfate ((NH4)2SO4), ammonium
bisulfate (NH4HSO4), sulfuric acid (H2SO4) and methanesulfonic acid (MSA) were cal-25

culated as follows:

NH+
4 excess(mol) = NH+

4 (mol)−NO−
3 (mol)−Cl− (mol) (3)
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SO2−
4 excess(mol) = SO2−

4 (mol)−NH+
4 excess(mol)/2 (4)

%H2SO4 = SO2−
4 excess(mol)/SO2−

4 total(mol) · 100 (5)

%MSA = MSA (mol)/SO2−
4 total(mol) · 100 (6)

%(NH4)2SO4 = 100 − %H2SO4 −%MSA (7)

The fraction of NH4HSO4 for each category can be calculated stoichiometrically based5

on the molar ratios of (NH4)2SO4 and H2SO4.
The “sulfate” classes (NH4)2SO4, NH4HSO4 and H2SO4 were distinguished on the

basis of the presence of the potential counter ions as we cannot separate the different
sulfate species directly in our measurements. Therefore, we assume that ammonium
first reacts with nitrate and chloride in the particles and chemical equilibrium exists.10

Likewise, excess ammonium reacts with sulfate to form ammonium sulfate in an equi-
librium reaction. Finally, sulfate that could not be neutralized by ammonium has to be
present as ammonium bisulfate or sulfuric acid. In Table 3 the relative contributions
of the species (NH4)2SO4, NH4HSO4 and H2SO4 to total “sulfate” is presented. For
calculating MSA concentrations the Peak Integration by Key Analysis software (PIKA,15

http://cires.colorado.edu/jimenez-group/ToFAMSResources, De Carlo et al., 2006) was
used to deconvolve the m/z 79 signal into three peaks: Bromine, a MSA fraction, and
an organic fragment (C6H+

7 ) as described in Zorn et al. (2008). As shown in Table 3, the
analysis indicates that MSA accounts for only a minor degree (1 %) of the total “sulfate”
component class when “Marine” air masses arrive at the measurement site while MSA20

concentrations in the other categories are below the detection limit (6 ng m−3).
Unlike in the studies of Zorn et al. (2008) a major fraction of the “sulfate” class in

the “Marine” air mass category is contributed by ammonium bisulfate (74 %) while sul-
furic acid (26 %) is the second major contributor (Fig. 8b). While sulfuric acid is pro-
duced from dimethyl sulfide (DMS) originating from phytoplankton or anaerobe bac-25

teria (Charlson et al., 1987) and from sulfur dioxide (SO2) from shipping emissions
(Zorn et al., 2008), ammonium bisulfate is the result of the neutralization reaction be-
tween sulfuric acid and ammonia. In comparison, “Portugal+Huelva” air masses are
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influenced by nitrate precursor emission sources in Southern Huelva, causing the bind-
ing of a significant fraction of the available ammonium. This results in an ammonium
bisulfate (72 %) to sulfuric acid (28 %) ratio that is even more acidic than those within
the “Marine” air mass category (Table 3). On the contrary, ammonia is mostly present
in the terrestrial boundary layer hence sulfurous aerosols are mostly composed of am-5

monium bisulfate and ammonium sulfate in the “Seville”, “Marine+Huelva” and “Portu-
gal+Marine” air mass types. For the “Continental” air mass category the ammonium
sulfate to ammonium bisulfate ratio is balanced. This can also be seen in Fig. 8b based
on the corresponding data points reflecting the 50 % (NH4)2SO4/50 % NH4HSO4 line.
Similar results were found during the OOMPH campaign: While Zorn et al. (2008) found10

only a minor fraction (20–50 %) of neutralized aerosol during pristine marine dominated
periods continentally influenced air masses are often neutralized.

3.4 Factor analysis of the organic aerosol using positive matrix factorization
(PMF)

Another major objective of this study is to identify the main components and sources of15

the submicron organic aerosol. For this purpose positive matrix factorization (PMF)
(Paatero, 1997; Paatero and Tapper, 1994) was used to analyze the AMS organ-
ics information using the evaluation tool developed by Ulbrich et al. (2009). Results
of this analysis show four “factors”, representing different aerosol types that explain
an average of 97 % of the total organic mass and can be associated with aerosol20

sources and components. Oxygenated organic aerosol (OOA I) was the major com-
ponent that contributes on average 43 % of the particulate organic mass during the
whole measurement period. While OOA I, a highly-oxygenated OA mostly repre-
sents secondary organic aerosol (SOA), OOA II accounting for additional 23 % of
the organic mass, represents a less-oxygenated/processed, semi-volatile OA (Ulbrich25

et al., 2009). A hydrocarbon-like organic aerosol type (HOA, 16 %) as well as aerosol
from wood burning emissions (WBOA, 15 %) were identified in this study by com-
paring the mass spectra of the PMF factors to measured ambient reference spectra
(http://cires.colorado.edu/jimenez-group/AMSsd/).
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3.4.1 Comparison of mass spectra with reference spectra

In Fig. 9a calculated average mass spectra of all four PMF factors (OOA I, OOA II,
HOA, WBOA) are shown. Significant mass fragments for highly-aged OOA I (Fig. 9a/1)
are m/z 18, 27, 41, 43, 44, 55, 69 while marker peaks at m/z 27, 29, 41, 43, 55, 67,
79 are characteristic for OOA II (Fig. 9a/2). Both factors correlate well with reference5

spectra shown in Lanz et al. (2007) (R2 =0.96 for OOA I; R2 =0.90 for OOA II). Unlike
in the studies of Lanz et al. (2007), Zhang et al. (2005) and Ulbrich et al. (2009) the
HOA mass spectrum found in this work (Fig. 9a/3) is dominated by m/z 44 and there-
fore m/z 18 and 17 mass fragments are enhanced as well because their calculation
was bound to m/z 44 in the analysis. Apart from this, the typical characteristic peaks10

for hydrocarbons (m/z 41, 43, 55, 57, 69, 81, 95) exist. Therefore, we assume this fac-
tor represents a “slightly oxidized HOA”. For this reason, the HOA reference spectrum
(Zhang et al., 2005) does not correlate very well (R2 = 0.58) with our HOA spectrum.
Moreover, regarding the high resolution mass spectra at m/z 44, the C3H+

8 peak (m/z
44.06) overlaps the CO+

2 peak (m/z 43.99) and could not be separated with the AMS15

as the mass resolution was too low. Therefore, this could also be a reason for the
enhanced m/z 44 signal which is not associated with oxidized organic aerosol. In addi-
tion a spectral pattern was determined in the fourth factor in this study which is similar
to the wood burning reference spectrum in Lanz et al. (2007) (R2 = 0.83), containing
prominent peaks at m/z 15, 29, 41, 55, 60, 69, 73, 91 (WBOA, Fig. 9a/4).20

3.4.2 Quality assurance for the mathematically calculated PMF results

To validate the PMF results a variety of tests has been performed with the data set.
One of these validation exercises concerned the weighting of particular m/z. For these
tests PMF has been performed using different sets of input parameters (weighting of
particular m/z in the input mass spectra) and the related results have been compared25

to each other. According to these calculations the individual m/z in the average mass
spectra of the four factors (OOA I, OOA II, HOA, WBOA) have an uncertainty in the
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order of 5 %; also the calculated mass concentrations associated with the four fac-
tors have an uncertainty of approximately 5 % if lowest aerosol mass concentrations
were not considered. PMF computations consider so-called “fpeak” values that allow
examining “rotations” and “seeds” to explore additional solutions by starting the algo-
rithm from several pseudorandoms (Ulbrich et al., 2009). Both variables have to be5

set by the user in the data analysis process. Since no clear rules exist which values
have to be used for “fpeak” and “seeds” this results in an additional uncertainty of the
peak intensities of the mass spectra of 17–34 % dependent on the factor if “fpeaks”
were varied, while the uncertainty vary between 2–19 % with a change of the “seeds”.
The uncertainty of averaged mass concentrations of the time series varies between10

13–36 % for the different factors when “fpeak” is varied. For a variation of the “seeds”
this uncertainty is in the order of 1–10 %. Generally the HOA and WBOA factors have
a larger uncertainty than OOA I and OOA II. After several tests were conducted with
PMF, we decided to take the four factor solution using “fpeak” and “seed” values of zero.
However, it has to be noted that these factors are subjectively selected and result in15

the uncertainties in both the mass spectra and average mass concentrations described
above. Additionally, the instrument uncertainty of the AMS (25–30 %) has also to be
taken into account.

By adding an additional fifth factor in the PMF analysis a meaningless factor appears
as a consequence of “splitting” of one of the previous factors like also described in the20

studies of Sun et al. (2010). Therefore, this factor did not improve the PMF results.
To assure the best possible PMF solution the factors were further tested, not only
on the basis of the mass spectral (MS) signature but also correlations of the OOA
I, OOA II, HOA and WBOA mass concentration time series (see Fig. 9b) with those
of other measured aerosol species, trace gases and meteorological parameters were25

accomplished.
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3.4.3 Diurnal cycles and correlations of particulate organics with aerosol and
gas phase species

In Fig. 9b/1 the sulfate mass concentrations are correlated with those of the PMF OOA
I factor. Unlike in the studies of Lanz et al. (2007), Zhang et al. (2005) and Ulbrich
et al. (2009) OOA I is only weakly correlated with particulate sulfate. This might be due5

to the variety of types of emission sources around the measurement site. On the one
hand the strongly industrialized Huelva estuary or the marine category, where sulfate
plays an important role (54 % of total aerosol, Table 2) and on the other hand source
categories with lower sulfate abundance cause extreme changes of sulfate concentra-
tions as discussed in Sect. 3.3 with changing meteorological conditions (wind direc-10

tions). For this reason, also the sulfur dioxide concentrations vary between 0.3 ppb in
the “Marine” and 2 ppb in the “Marine+Huelva” air mass category and correlate rea-
sonably with sulfate concentrations (R2 = 0.4) but not with OOA I. These variations in
sulfur dioxide and sulfate concentrations do not necessarily have to be associated with
changes in OOA I concentrations since OOA I has its sources in a different set of air15

mass categories compared to sulfate.
According to the diurnal cycle (Fig. 9c/1) OOA I does only show a weak photochem-

ical dependence as expected, since it reflects aged highly-oxidized OA. Contrary, the
temporal behavior of OOA II, a less aged semi-volatile organic aerosol component
shows typical maximum concentrations at night. This could be explained by the strong20

anti-correlation of the diurnal OOA II cycle with the temperature cycle (Fig. 9c/2) which
could be the reason for an accumulation of oxidized organic products in the vapor
phase during the day that condense onto the particles surfaces preferentially during
the night (Lanz et al., 2007). AMS-nitrate is also a temperature-sensitive species cor-
relating reasonably well with OOA II (R2 =0.5, Fig. 9b/2).25

As observed in many previous studies (Lanz et al., 2007; Zhang et al., 2005) promi-
nent features of the HOA diurnal patterns around 08:00–13:00 UTC and 20:00 UTC
(Fig. 9c/3) result from morning and evening rush-hours and other human activities. The
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HOA time series is correlated with the primary emission tracer black carbon (R2 = 0.6)
but not with NOx (R2 = 0.2). NOx is formed by oxidation of nitrogen in combustion
engines at high temperatures and is also emitted by industrial sources and biomass
burning. Hence, like mentioned by Lanz et al. (2007) NOx is not only a marker for traf-
fic emissions and HOA should not be regarded as pure vehicle exhaust marker, likely5

resulting in the relatively poor correlation observed between these species.
The WBOA temporal evolution was correlated with AMS m/z 60, which is typically

associated with Levoglucosan known as major molecular marker for fine particulate
wood and biomass burning emissions (Alfarra et al., 2007; Schneider et al., 2006).
Figure 9b/4 shows the temporal behavior of both mass concentrations which are cor-10

related well (R2 = 0.9), supporting the identification of this factor. The WBOA diurnal
pattern shows increased concentrations during the night until the late morning which
decrease afterwards, likely due to a combination of domestic heating and boundary
layer height cycles. However, WBOA concentrations are more dominant in the evening
(Fig. 9c/4) similar to studies carried out in Zurich (Lanz et al., 2008). Maximum aver-15

age values of the WBOA diurnal pattern at night probably result from domestic heating
(R2(WBOA vs. BC)=0.5). Comparing the results for the different source regions the
characteristic daily cycles of the four factors resemble each other because independent
of the source strengths in the individual air mass categories effects like boundary layer
height or temperature cycle affect all air mass categories in the same way.20

3.4.4 Particulate organics in the different air mass types

As discussed in Sect. 3.1 Fig. 5 depicts the average composition of NR-PM1 that be-
longs to the individual air mass categories. Here the total organic signal frames the
average mass fractions of each of the OA components (OOA I, OOA II, HOA, WBOA)
as well as the residuum in the green pie. The fractional contribution of the four com-25

ponents differs dependent on the air mass category. Nevertheless, low-volatile OOA I
can be found in each air mass type as the major submicron aerosol fraction besides all
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marine influenced air masses where sulfate plays the most important role (Sect. 3.3).
Referred to the OA fraction OOA I is approximately in the same order (35 % in “Por-
tugal+Marine” up to 49 % in “Continental”) in all air mass categories. The less aged
OOA II component appears as second most abundant fraction of the OA in all air mass
types with a contribution of approximately 25 % beside the “Marine” category that has5

a lower OOA II fraction of 13 %. Over marine environments particle aging is a charac-
teristic feature (Topping et al., 2004), resulting in a more oxygenated and a less volatile
aerosol. In contrast, in continentally influenced air masses typically freshly produced
biogenic and anthropogenic organic material exists, resulting in OOA II aerosol after
photochemical processing. HOA concentrations are expected to be most prominent10

downwind of the urban city Huelva, however HOA aerosol undergoes rapid losses due
to oxidation while it is transported (Zhang et al., 2007). Like in the studies of Zhang
et al. (2007), we also found OOA concentrations similar or even enriched when the
air was transported downwind of urban areas, likely due to condensation of vapors
onto the pre-existing particles and oxidation of HOA, respectively. In contrast to all15

other air mass types, the “Marine” category contained HOA as the second most abun-
dant organic aerosol component (25 % of total OA) potentially originating from shipping
emissions. In “Portugal+Huelva” air masses WBOA levels are more prominent and ex-
ceed HOA which is likewise the case for the city Zurich (Lanz et al., 2008). Due to the
beginning of the winter season in the south of Spain with cooler temperatures and rain,20

domestic heating is an important contributor to this aerosol type as people heat using
wood. This becomes apparent in increased WBOA concentrations especially in the
evenings. In addition, as the measurement site is surrounded by pines and eucalyptus
forests with agricultural activity WBOA average values around 7 % in all continentally
influenced air mass categories were measured.25

3.5 Meteorological conditions and ozone variability

In order to evaluate ozone behavior it is necessary to understand the conditions
and processes like the regional transport of ozone and its precursors as well as
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meteorological variables that have a significant influence on ozone production. To study
the impact of meteorological conditions on ozone variability at the measurement site,
wind speed and direction, temperature and relative humidity data were analyzed. The
measured temperatures exhibit a characteristic diurnal cycle as expected (Fig. 10a) for
the El Arenosillo location. The ozone concentration is strongly associated with wind5

speed and direction as these meteorological parameters affect the transport and dis-
persion of ozone and its precursors (Carnero et al., 2010). As indicated in Fig. 1 the
wind blew mainly from the first, third and fourth quadrant and therefore air masses from
Continental Europe and from the Atlantic Ocean arrive at the measurement station.

Using only the data from the “Continental” source region, we found a general char-10

acteristic daily ozone cycle in “El Arenosillo” that mainly follows this scheme (Fig. 10a):

– In the early morning hours minimum ozone levels exist around 07:00 UTC until
ozone concentrations increase as photochemical reactions begin.

– Then, the ozone levels follow the intensity of the solar radiation with a delay
of approximately 3 h. Maximum ozone concentrations occur at approximately15

15:00 UTC.

– When the solar radiation intensity decreases ozone levels also decrease and
reach the lowest values at night (around 23:00 UTC) when the night inversion
layer is present. Low nocturnal ozone concentrations are caused by the absence
of ozone generation associated with in situ destruction of ozone, titration by NO20

and dry deposition (Carnero et al., 2010).

This general pattern agrees with previous findings at coastal sites in the southwest of
the Iberian Peninsula (Carnero et al., 2010; Adame et al., 2010).

To study both, the diurnal variability of ozone and its association with various air
masses, we display wind roses of ozone concentrations (showing the wind direction25

and speed dependence) around its concentration maximum (12:00–16:00 UTC) and at
night (21:00–06:00 UTC) in Figs. 10b and 9c. The variability of ozone at this coastal
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measurement site depends both, on meteorological conditions (diurnal cycle of so-
lar radiation and temperature) as well as on the transport of air masses with ozone
precursors originating from different source regions. Maximum ozone concentrations
(47 nmol mol−1) were reached in the afternoon around 15:00 UTC with largest levels
in air masses coming from NE where ozone precursor substances (like NOx, CO and5

VOC) from Seville have sufficient time to form ozone before arriving at the measure-
ment site. During the nocturnal period lowest ozone concentrations with values of
about 23 nmol mol−1 were measured for this wind direction. A similar behavior but with
smaller amplitude of the diurnal cycle is observed in “Continental” air masses. Due
to the low number of data points from the “Seville” air mass category, the associated10

diurnal cycle is not well represented. Therefore, we show the diurnal cycle of the “Con-
tinental” air mass category in Fig. 10a. This source region is not as strongly affected by
the transport of industrial and traffic emissions therefore midday ozone concentrations
are lower (39 nmol mol−1) compared to “Seville” air masses. As a consequence of the
absence of solar activity at night the ozone concentrations decrease to 25 nmol mol−1.15

Ozone concentrations in the NW wind direction are influenced by the strong urban
pollution including different types of emissions originating from Huelva. The wide spec-
trum of emissions leads to decreased ozone levels caused by titration by nitrogen ox-
ides that are produced by industries and traffic. In contrast to the “Seville” category,
the transport distance (20 km) for “Huelva” air masses to the station is not sufficient to20

allow the ozone precursor substances to generate ozone completely. Therefore ozone
concentrations for this air mass type are low and vary between 36 nmol mol−1 at noon
and 16 nmol mol−1 at night. Compared to all the other diurnal cycles discussed before,
the ozone pattern is quite different in the “Marine” category (SW) where about 40 nmol
mol−1 occur late at night (13:00 UTC). Interestingly, almost the same concentrations25

were measured during afternoon. We assume that no ozone destroying substances
are available over marine environments.
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3.6 Inner- and inter-category variability

The variability of particulate and trace gas concentrations and composition within the
individual air mass categories has also been determined. This allows comparing the
observed differences between air mass categories (inter-category variability) with the
variability of the same parameters within the individual air masses (inner-category vari-5

ability).
The inner-category variability was determined as the relative standard deviation of

the concentration values associated with the air mass in question. Contrary the inter-
category variability was calculated as the standard deviation of the average concentra-
tions of all air mass categories.10

Generally, for most of the species the inner-category variability is larger than the
inter-category variability. While for several parameters like organic aerosol concen-
trations (Table 2) or ozone both types of variability are very similar, only for nitrate
larger differences are observed between the different air masses than within the in-
dividual air masses (Table 2). For the ozone concentrations the lowest variability was15

observed. While for total particle mass concentration and the concentrations of most of
the secondary aerosol components (ammonium, sulfate, nitrate, OOA I) medium inner-
category variability levels were observed, the largest variation in aerosol parameters
was observed for the particle number concentrations as well as for the concentra-
tions of black carbon, semi-volatile OOA (OOA II) and biomass-burning related organic20

aerosol (WBOA). As an example, Fig. 11 shows the time series of the particle number
concentration data for three different air masses (“Continental”, “Marine+Huelva”, “Ma-
rine”). Standard deviations of the number concentrations represent the inner-category
variability and show the large variations within the individual air mass categories, which
exceed the differences between the various average values.25

Significant differences from the above-mentioned general trends have been ob-
served for several air quality parameters in some of the air mass categories. Ex-
traordinary large inner-category variability for several parameters like black carbon,
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total and PMF-classified organics and particle number and mass concentrations have
been observed for the marine influenced air mass categories. This is due to very low
background concentrations that are interspersed with much larger concentrations in
emission plumes, e.g. from individual ships. Contrary to this high variability, for ozone
the lowest inner-category variability is observed in the “Marine” category likely due5

to the wide absence of sources and sinks. Particularly low variability was observed
for inorganic secondary species concentrations as well as particle number concentra-
tions in the “Seville” and partially “Continental” air mass category, likely associated with
reasonably well-aged and mixed aerosol and low abundance of sources in the close
vicinity of the measurement site.10

4 Discussion and summary

The aim of our study is to evaluate typical values and the variability of aerosol, trace
gas and meteorological parameters using measurements with the mobile laboratory
(MoLa) at the interface of marine, urban and continentally influenced air masses in
Southern Spain. This provides both, valuable information about the air composition15

in this part of Spain and how these parameters vary with air mass origin. To evalu-
ate separate air masses with differentiated continental, urban and marine origin, the
campaign was accomplished in winter. The advantage compared to summer mea-
surements in this region is a well-defined origin of air masses with lower contributions
like intensive photochemistry, African dust and recirculation periods which affect the20

aerosol and trace gas phenomenology additionally and therefore contribute to a more
complex study scenario.

To provide the best possibility of studying the variability of air quality parameters with
varying source regions not only air mass trajectories but also local meteorology mea-
sured at the sampling site was used to classify different types of air masses. Although25

similar results were obtained from both methods, the classification made on basis
of backwards trajectories is more conclusive compared to that using wind directions
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measured with the meteorological station. Consequently, using backwards trajecto-
ries six air mass types (“Seville”, “Continental”, “Portugal+Huelva”, “Marine+Huelva”,
“Portugal+Marine”, “Marine”) were distinguished and associated aerosol and trace
gas parameters were further characterized.

Organics, sulfate and nitrate NR-PM1 aerosol mass concentrations show the most5

significant variations and therefore they largely determine the chemical character of
the aerosol from different source regions. While 64 % of NR-PM1 in “Continental” air
masses consisted of organics, sulfate is the most abundant species in the “Marine” air
mass category (54 %).

Like in the studies of Phinney et al. (2006) who identified sulfuric acid to be a dom-10

inant sulfate species in the marine environment, further analysis regarding the acidity
show that in the “Marine” air mass type the species class “sulfate” is mainly com-
posed of ammonium bisulfate (74 %) and sulfuric acid (26 %) as ammonium concen-
trations are significantly too low for their neutralization. Similar as in the studies of
Zorn et al. (2008) we also identified methanesulfonic acid (MSA) in marine air masses,15

resulting from oxidized dimethyl sulfide (DMS) that is released from phytoplankton.
Nevertheless, it only contributes to a minor degree to the total sulfate fraction (1 %).
On the contrary, ammonia is more present in the terrestrial than in the marine bound-
ary layer. Hence, sulfurous aerosols are mostly composed of ammonium bisulfate
and ammonium sulfate in “Continental”, “Marine+Huelva” and “Portugal+Marine” air20

masses.
As a result of a large number of industrial emission sources and road traffic in

Huelva, nitrate is the major inorganic fraction of the aerosol composition in the “Portu-
gal+Huelva” influenced air mass category. However, compared to a number of studies
performed next to urban locations (DeCarlo et al., 2008; Stolzenburg and Hering, 2000;25

Salcedo et al., 2006) registered nitrate concentrations in this work are substantially
lower. As reported in source apportionment studies in the Andalusian region, higher
nitrate values were observed with increased influence of traffic (de la Rosa et al., 2010).
As the number of registered cars in Huelva is low (Viana et al., 2007), this is a possible
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reason why in the corresponding air masses lower nitrate concentrations were mea-
sured.

The influence of air mass histories is reflected in average black carbon concentra-
tions as well as in number and volume size distributions. Air masses originating from
polluted Huelva and “Seville” source regions are associated with larger particle num-5

ber concentrations and smaller particle sizes while lowest number concentration values
with larger particles sizes are associated with “Marine” air mass types.

By using Positive Matrix Factorization (PMF) we showed that almost the entire or-
ganic aerosol can be categorized into one of the four classes OOA I, OOA II, HOA
and WBOA. Our measurements show that OOA I is the most abundant submicron10

aerosol fraction in those air masses (“Seville”, “Continental”, “Portugal+Huelva”) that
have not been in contact with marine air masses where sulfate plays a more important
role. As mentioned by Topping et al. (2004) over marine environments particle aging is
a characteristic feature, thus the highly-oxygenated OOA I occurs also as major organic
aerosol fraction in the “Marine” category. HOA was found as second most abundant15

organic aerosol fraction in this air mass type, possibly originating from ship emissions.
In the “Seville”, “Continental”, “Marine+Huelva” and “Portugal+Marine” air mass cat-
egories, the less aged OOA II is the second dominant organic fraction. Although we
have expected large HOA fractions in “Huelva” air mass categories, because urban
areas are typically rich of HOA sources, only relatively low HOA levels have been ob-20

served, likely due to rapid losses of HOA that can result in decreased levels already at
locations close to the emissions (Zhang et al., 2007). In addition, as traffic emissions
are low due to the low number of registered cars in Huelva (Viana et al., 2007) HOA
concentrations are probably reduced as well. Beside OOA I, WBOA occurs as a fur-
ther dominant species in “Portugal+Huelva” air masses likely resulting from domestic25

heating. As people are using wood for heating purposes the wood burning source
strength is becoming more apparent in the evening and night, in agreement with our
findings of the WBOA cycle. Previous studies (Lanz et al., 2007; Zhang et al., 2005)
observed prominent features of the HOA diurnal patterns around 08:00–13:00 UTC and
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20:00 UTC from various anthropogenic activities. The diurnal variability of organic par-
ticle types can also be influenced by the solar radiation and temperature cycle. As OOA
I reflects highly-aged processed OA, it only shows a weak photochemical dependence.
In contrast, the temporal behavior of OOA II shows typical maximum concentrations
at night as a consequence of accumulation of oxidized organic products in the vapor5

phase during day that condense onto particle surfaces at night like mentioned by Lanz
et al. (2007).

Another main interest of our study was the investigation of ozone concentrations
that depend on the solar radiation modified by precursor concentrations, chemical and
physical processes and meteorological parameters. In agreement with previous find-10

ings at coastal sites (Carnero et al., 2010; Adame et al., 2010) a general characteristic
daily ozone cycle was observed in the continental and urban air mass types. Con-
trary, in marine air masses almost the same concentrations during day and night were
registered, potentially due to the general absence of sources or sinks. Largest ozone
concentrations were measured in the “Seville” category where ozone precursor sub-15

stances had sufficient time to form ozone by photochemical reactions (Liu and Chan,
2002; Cremades et al., 2006) during the transport from Seville (70 km distance) to the
site. Huelva air masses instead are characterized by lower ozone concentrations likely
caused by titration of ozone by nitrogen oxides and transport times that were too short
to allow the formation of ozone from precursors. Consequently, the registered max-20

imum and minimum concentrations depend more on the source regions and source
distances, the diurnal variability of ozone levels depends more on meteorological con-
ditions (solar radiation/temperature).

The variability within and between the categories were calculated in order to compare
the observed differences between the air mass categories with the variations within the25

individual air masses. Generally, for most of the species the inner-category variability
is larger than the inter-category variability. Large inner-category variability for several
parameters such as black carbon, PMF-classified organics and particle number and
mass concentrations have been observed for marine influenced air masses, likely due
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to the generally very low background concentrations that are interspersed with much
larger concentrations in emission plumes, e.g. from individual ships. Nitrate concentra-
tions instead show the highest inner-category variability due to different kinds of source
regions and their characteristic emission types. Generally, for most of the species the
inner-category variability is larger than the inter-category variability, therefore the mea-5

sured concentrations vary to a larger degree within the individual air masses than the
average concentrations of the different air masses differ.

For better classification of our results within those obtained in measurements at very
different environments, we compare key parameters from this work with those from
measurement campaigns in the following regions:10

– the Mediterranean region (Crete) in August, during the MINOS 2001 campaign

– a rural continental region (Hohenpeissenberg) in Mai, during HAZE 2002

– the South Atlantic remote marine boundary layer, during the OOMPH 2007 cruise,
conducted from January until March.

During DOMINO, particle number concentrations did not only vary strongly due to the15

influence of different kinds of air masses but also nucleation events caused abrupt
changes in the number concentrations, resulting in large inner-category variability (see
Table 4). For the same reason, number concentrations exceeding 104 cm−3 occurred
during HAZE compared to nighttime background levels of 1–2×103 cm−3 (Hock et al.,
2008). During MINOS, number concentration levels ranged between 2–6×103 cm−3

20

(Schneider et al., 2004). These relatively high levels for a remote region can be ex-
plained by backwards trajectories over Eastern Europe.

During DOMINO the lowest average PM1 concentrations were measured in “Ma-
rine” air masses (1.7±1.1 µg m−3) with “sulfate” being the dominant species. Values
for PM1 which are two to four times higher were recorded in “Continental” and urban25

air masses where “organics” contributed a major fraction to the total aerosol mass
(mean: 4.0±2.5 µg m−3). For comparison, at a typical rural site in central Europe (Ho-
henpeissenberg, 6.6±5.4 µg m−3) and during MINOS (Crete, 6.6±0.93 µg m−3) higher
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average PM1 concentrations were registered with an aerosol composed of a balanced
organic to inorganic ratio during HAZE, while “sulfate” as the major species was mea-
sured in Crete. As typical for marine environments, “sulfate” was also the dominating
species during OOMPH (Zorn et al., 2008). However, in comparison with all other
mentioned campaigns, as being mostly within the remote MBL, lowest average PM15

concentrations (0.6±0.6 µg m−3) were obtained during the OOMPH project.
An in-depth investigation of the “sulfate” fraction of the aerosol showed a strong

acidification of the aerosol during DOMINO and MINOS. However, the largest acidity
of the aerosol occurred during OOMPH where sulfuric acid was the most abundant
“sulfate” species. Completely different conditions were observed during HAZE, where10

particles mainly consisted of ammonium sulfate, ammonium nitrate and organics. The
organic aerosol was mainly composed of a highly oxygenated OA during DOMINO and
HAZE (see Table 4) and together with the semi-volatile OA, both were approximately
four times as abundant as hydrocarbon-like OA.

The Mediterranean region is influenced by high solar radiation intensities in the sum-15

mer months that lead to high ozone levels reaching 60 ppbv during MINOS in Crete
(Berresheim et al., 2003). With the additional influence of polluted air for example
from Eastern Europe during MINOS or from the Po Valley region (Italy) during HAZE
(49 ppbv), high ozone concentrations are the consequence. The influence of season on
ozone levels can be recognized when comparing MINOS/HAZE with DOMINO, which20

took place in November/December where ozone concentrations that were about half as
large as during MINOS and HAZE (30 ppbv) were recorded. Since the cleanest air was
found over the Atlantic Ocean even less ozone (17 ppbv) was found during OOMPH
(Williams et al., 2010).

In summary, the variability of the air composition associated with different source25

regions and distance from sources affect the particle loading, composition, size distri-
butions and acidity as well as trace gas and meteorological parameters at a certain
site. Additionally, the season has an important effect on the air composition and levels.
Therefore, to provide a full characterization of the variability long-time measurements
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are required to study the characteristics, sources and processes in this part of Southern
Europe where several different influences lead to a complex study scenario. However,
in the context of this study an overview of typical air mass characteristics dependent
on various source regions for this season can be obtained.

Acknowledgements. This research was supported by the DOMINO (Diel Oxidant Mechanisms5

In relation to Nitrogen Oxides) project, funded internally by the Max-Planck Society. The
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Table 1. Summary of measured quantities, size ranges and the corresponding particle losses,
sampling time delays and detection limits for the instruments implemented in the mobile lab-
oratory (MoLa). Particle losses within the given size range boundaries are lower than those
provided here; therefore the given losses are upper limits.

Measurement Measured Size Range/ Sampling Detection
Instrument Quantity (Particle losses) Delay Limits/Accuracy

AMS Size-resolved Aerosol 40 nm (6 %)– 43 s sulfate: 0.04 µg m−3

Aerosol Mass Chemical Composition 600 nm (2 %) nitrate: 0.02 µg m−3

Spectrometer (vacuum ammonium: 0.05 µg m−3

aerodynamic chloride: 0.02 µg m−3

diameter) organics: 0.09 µg m−3

MAAP Black Carbon Particle 10 nm (4 %)– 7 s 0.1 µg m−3

Multi Angle Mass Concentration 1 µm (0.2 %)
Absorption Photometer
PAH-Sensor Total PAH 10 nm (11 %)– 8 s 1 ng m−3

Polycyclic Aromatic Mass Concentration 1 µm (0.3 %)
Hydrocarbons Sensor
CPC Particle Number 5 nm (25 %)– 7 s N/A
Condensation Particle Concentration 3 µm (0.8)
Counter
TEOM Particle Mass <1 µm (0.5–9 %) 9 s 2.5 µg m−3

Tapered Element Concentration (PM1)
Oscillating Microbalance
FMPS Particle Size 7 nm (9 %)– 7 s N/A
Fast Mobility Distribution based on 523 nm (0.1 %)
Particle Sizer Electrical Mobility (Dmob)
APS Particle Size Distribution 0.37 µm (0.1 %)– 7 s N/A
Aerodynamic based on Aerodynamic Sizing 20 µm (45 %)
Particle Sizer (Daero)
OPC Particle Size Distribution 0.25 µm (0.05 %)– 8 s N/A
Optical Particle based on Light Scattering 32 µm (0.002 %)
Counter Cross Section (Dopt)

Airpointer O3, SO2, CO and N/A 6 s O3: <1.0 nmol mol−1

NO, NO2 SO2: <1.0 nmol mol−1

Concentration CO: <0.08 µmol mol−1

NOx: <2.0 nmol mol−1

LICOR LI840 CO2 and H2O N/A 8 s CO2: 1 µmol mol−1

Concentration (accuracy)
H2O: 0.01 pmol mol−1

Met. Station Wind speed & direction N/A 0 s N/A
temperature, RH,
rain intensity, pressure
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Table 2. Averaged submicron mass concentrations and fractions of total NR-PM1 for the com-
mon HR-ToF-AMS species and black carbon within the categorized air masses. Under each
category the total measurement times are listed that are used for the evaluation. For each
species, standard deviations are listed as an estimate for the inner-category variability.

Seville Continental P+Huelva M+Huelva P+Marine Marine
26 h 60 h 11 h 75 h 59 h 26 h

AMS-Org µg m−3 3.2±2.2 2.5±1.7 4.2±1.5 1.8±1.3 0.78±0.63 0.46±0.42
% 58 64 61 45 46 27

AMS-SO4 µg m−3 0.88±0.29 0.49±0.27 0.62±0.33 1.1±0.81 0.50±0.44 0.91±0.43
% 16 13 9.0 28 29 54

AMS-NH4 µg m−3 0.35±0.12 0.22±0.11 0.45±0.38 0.43±0.33 0.17±0.15 0.15±0.089
% 6.4 5.6 6.5 11 10 8.8

AMS-NO3 µg m−3 0.46±0.22 0.29±0.18 0.88±0.50 0.38±0.36 0.094±0.078 0.080±0.054
% 8.4 7.4 13 9.5 5.5 4.7

AMS-Chl µg m−3 0.020±0.020 0.016±0.047 0.25±0.55 0.062±0.060 0.023±0.027 0.022±0.024
% 0.36 0.41 3.6 1.6 1.4 1.3

BC µg m−3 0.54±0.43 0.35±0.24 0.5±0.14 0.29±0.23 0.17±0.17 0.050±0.082
% 9.8 9.0 7.2 7.3 10 2.9

Total Conc. µg m−3 5.5±3.3 3.9±2.6 6.9±3.4 4.0±3.1 1.7±1.5 1.7±1.1
TEOM Conc. µg m−3 4.4±2.8 3.3±2.5 6.4±3.6 4.2±2.8 2.1±1.4 2.2±1.4
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Table 3. Percentage contribution of ammonium sulfate ((NH4)2SO4), ammonium bisulfate
(NH4HSO4), sulfuric acid (H2SO4) and methanesulfonic acid (MSA) to the species class “sul-
fate” for the selected air mass categories.

% ammonium ammonium sulfuric methanesulfonic
sulfate bisulfate acid acid (MSA)

((NH4)2SO4) (NH4HSO4) (H2SO4)

Seville 28 72 0 below LOD
Continental 50 50 0 below LOD
Portugal+Huelva 0 72 28 below LOD
Marine+Huelva 32 68 0 below LOD
Portugal+Marine 26 74 0 below LOD
Marine 0 74 26 1
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Table 4. Overview of the number concentrations, PM1 mass concentrations, aerosol neutral-
ization, OOA/HOA ratios and ozone levels and corresponding standard deviations within this
study and during HAZE 2002, MINOS 2001 and OOMPH 2007.

number conc./cm−3 PM1 conc./µg m−3 aerosol OOA/HOA O3/ppbv
neutralization

this study 300–178 000 (>5 nm) 4.0±2.5 acidic 4 30±7
HAZE 2002 1000–11 000 (>3 nm) 6.6±5.4 neutralized 4 49±14
MINOS 2001 2000–6000 (>3 nm) 6.6±0.93 acidic – 60
OOMPH 2007 N/A 0.6±0.6 acidic – 17±2
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Fig. 1. Map of Spain (a) showing the location of the field measurements (c) and an angular histogram of the wind 1115 
directions recorded during the campaign (b).  1116 

Fig. 1. Map of Spain (a) showing the location of the field measurements (c) and an angular
histogram of the wind directions recorded during the campaign (b).
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hours using HYSPLIT. The zoom-in at the right shows the transport direction of the classified air mass types at the 1120 
measurement site. 6 air mass categories corresponding to different source regions were separated: “Seville” (purple), 1121 
“Continental” (green), “Portugal+Huelva” (red), “Marine+Huelva” (orange), “Portugal+Marine” (light blue), “Marine” (blue). 1122 

1123 

Fig. 2. On the left side a map of the Iberian Peninsula is shown including 48 h backwards tra-
jectories calculated for every 2 h using HYSPLIT. The zoom-in at the right shows the transport
direction of the classified air mass types at the measurement site. 6 air mass categories corre-
sponding to different source regions were separated: “Seville” (purple), “Continental” (green),
“Portugal+Huelva” (red), “Marine+Huelva” (orange), “Portugal+Marine” (light blue), “Marine”
(blue).
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 1124 
 1125 

Fig. 3. Comparison of wind directions associated with the classified air mass categories (HYSPLIT) with wind direction 1126 
ranges used for the identification of the three sectors. The wind directions associated with the HYSPLIT air mass categories 1127 
are presented as box plots (blue marker: mean, box: 25-75% percentiles with median, whiskers: 5% and 95% percentiles) 1128 
while the wind direction ranges are shown as grey shaded area.  1129 
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Fig. 3. Comparison of wind directions associated with the classified air mass categories (HYS-
PLIT) with wind direction ranges used for the identification of the three sectors. The wind
directions associated with the HYSPLIT air mass categories are presented as box plots (blue
marker: mean, box: 25–75 % percentiles with median, whiskers: 5 % and 95 % percentiles)
while the wind direction ranges are shown as grey shaded area.

31634

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/31585/2011/acpd-11-31585-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/31585/2011/acpd-11-31585-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 31585–31642, 2011

Variability of aerosol,
gaseous pollutants
and meteorological

characteristics

J.-M. Diesch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

32 
 

300

200

100

0

w
in

d
 d

ir
. 

/ 
°-1

21.11.2008 25.11.2008 29.11.2008 03.12.2008 07.12.2008

Date&Time [UTC]

150x10
3

100

50

0n
u

m
b

e
r 

c
o

n
c
. 
/ 
c
m

-3

3.0

2.0

1.0

0.0

B
C

 / µ
g

 m
-3

20

15

10

5

0

P
M

1  / µ
g

 m
-3

50

40

30

20

10

0

o
z
o

n
e

 

/ 
p

p
b

v
-1

20

15

10

5

0

S
O

2  / p
p

b
v

20

15

10

5

0

N
O

x
 / p

p
b

v

15

10

5

0

m
a

s
s
 c

o
n

c
.

 /
 µ

g
 m

-3

6

4

2

0

m
a

s
s
 c

o
n

c
.

 /
 µ

g
 m

-3

organics   
sulfate
nitrate 
ammonium
chloride

OOAI
OOAII
WBOA
HOA

S
ev

ill
e

C
on

tin
en

ta
l

P
+
H

ue
lv

a

M
+
H

ue
lv

a

P
+
M

ar
in

e

M
ar

in
e

 1130 
 1131 

Fig. 4: Time series of several parameters (wind direction (red), number (grey) and PM1 mass (brown) concentrations, black 1132 
carbon (black), ozone (blue), sulfur dioxide (SO2, black), nitrogen oxide (NOx, red), AMS species (organics (green), sulfate 1133 
(red), nitrate (blue), ammonium (orange), chloride (purple), OOAI (purple), OOAII (salmon), WBOA (brown), HOA (grey)) 1134 
measured during the DOMINO campaign and discussed in the paper. The classified air mass categories are indicated as 1135 
shaded areas behind the traces (“Seville” (purple), “Continental” (green), “Portugal+Huelva” (red), “Marine+Huelva” 1136 
(orange), “Portugal+Marine” (light blue), “Marine” (blue)).   1137 

Fig. 4. Time series of several parameters (wind direction (red), number (grey) and PM1 mass
(brown) concentrations, black carbon (black), ozone (blue), sulfur dioxide (SO2, black), nitro-
gen oxide (NOx, red), AMS species (organics (green), sulfate (red), nitrate (blue), ammonium
(orange), chloride (purple), OOAI (purple), OOAII (salmon), WBOA (brown), HOA (grey)) mea-
sured during the DOMINO campaign and discussed in the paper. The classified air mass
categories are indicated as shaded areas behind the traces (“Seville” (purple), “Continental”
(green), “Portugal+Huelva” (red), “Marine+Huelva” (orange), “Portugal+Marine” (light blue),
“Marine” (blue)).
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Fig. 5. Pie charts of the submicron aerosol composition of the NR-PM1 for each air mass type consisting of organics 1140 
(green), sulfate (red), ammonium (orange), nitrate (blue), chloride (purple) and black carbon (black). Organic material was 1141 
further separated into OOA I (dark purple), OOA II (salmon), HOA (grey) and WBOA (brown) using PMF. The residuum (light 1142 
blue) cannot be associated with any of these sources or components.  1143 

Fig. 5. Pie charts of the submicron aerosol composition of the NR-PM1 for each air mass
type consisting of organics (green), sulfate (red), ammonium (orange), nitrate (blue), chloride
(purple) and black carbon (black). Organic material was further separated into OOA I (dark
purple), OOA II (salmon), HOA (grey) and WBOA (brown) using PMF. The residuum (light blue)
cannot be associated with any of these sources or components.
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 1144 
 1145 

Fig. 6. Averaged particle number (grey) and mass (brown) concentrations for the individual air mass categories. While 1146 
dashed brown bars represent averaged submicron NR-PM1 mass concentrations determined by adding HR-ToF-AMS species 1147 
and black carbon concentrations, brown filled bars show NR-PM1 mass concentrations measured using the TEOM. Standard 1148 
deviations show the variability for the mentioned parameters within each air mass category.  1149 

Fig. 6. Averaged particle number (grey) and mass (brown) concentrations for the individual
air mass categories. While dashed brown bars represent averaged submicron NR-PM1 mass
concentrations determined by adding HR-ToF-AMS species and black carbon concentrations,
brown filled bars show NR-PM1 mass concentrations measured using the TEOM. Standard
deviations show the variability for the mentioned parameters within each air mass category.
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 1150 
 1151 

Fig. 7. Averaged particle size distributions in the size range of 7 nm until 32 µm for all air mass types using the FMPS and 1152 
OPC data. The FMPS registers particle diameters in a size range of 7-520 nm (Dmob) while the OPC covers the particle size 1153 
range 320 nm until 32 µm (Dopt). Dotted lines in the number distribution show averaged concentrations without considering 1154 
new particle formation events for the “Marine+Huelva” and the “Continental” categories. The grey shaded range indicates 1155 
the transition from the FMPS to the OPC size distribution in which the measurements are less reliable. The observed 1156 
discrepancies could be due to the fact that both instruments base on different measurement methods and both reach their 1157 
limits regarding the smallest and largest channels.    1158 

Fig. 7. Averaged particle size distributions in the size range of 7 nm until 32 µm for all air mass
types using the FMPS and OPC data. The FMPS registers particle diameters in a size range
of 7–520 nm (Dmob) while the OPC covers the particle size range 320 nm until 32 µm (Dopt).
Dotted lines in the number distribution show averaged concentrations without considering new
particle formation events for the “Marine+Huelva” and the “Continental” categories. The grey
shaded range indicates the transition from the FMPS to the OPC size distribution in which the
measurements are less reliable. The observed discrepancies could be due to the fact that both
instruments base on different measurement methods and both reach their limits regarding the
smallest and largest channels.
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a b

1159 
 1160 

Fig. 8. Correlations illustrating the difference of the ion balance (a) dependent on the air mass origin. The scatter plot (b) 1161 
serves for the identification of the sulfur species ammonium sulfate ((NH4)2SO4), ammonium bisulfate (NH4HSO4) and 1162 
sulfuric acid (H2SO4) within the different aerosols. Points represent 2 min average values. 1163 

Fig. 8. Correlations illustrating the difference of the ion balance (a) dependent on the air mass
origin. The scatter plot (b) serves for the identification of the sulfur species ammonium sulfate
((NH4)2SO4), ammonium bisulfate (NH4HSO4) and sulfuric acid (H2SO4) within the different
aerosols. Points represent 2 min average values.
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Fig. 9. Mass spectra (a), correlations (b) and diurnal variation box plots (c) of OOA I (dark purple, 1), OOA II (salmon, 2), HOA (grey, 3) and WBOA (brown, 4) organic aerosol types. Mass spectral 1166 
markers were compared to reference spectra (not shown). The four factors were correlated with aerosol species (sulfate, nitrate, m/z 60 as levoglucosan tracer, black carbon), trace gases 1167 
(nitrogen oxide, sulfur dioxide) and meteorological parameters (air temperature) (b) and box plots of the diurnal variation (c) show the median, mean and the 25%/75% percentiles. The whiskers 1168 
indicate the 5%/95% interquartile span. Points in the correlations (b) represent 2 min average values. 1169 

Fig. 9. Mass spectra (a), correlations (b) and diurnal variation box plots (c) of OOA I (dark
purple, 1), OOA II (salmon, 2), HOA (grey, 3) and WBOA (brown, 4) organic aerosol types.
Mass spectral markers were compared to reference spectra (not shown). The four factors were
correlated with aerosol species (sulfate, nitrate, m/z 60 as levoglucosan tracer, black carbon),
trace gases (nitrogen oxide, sulfur dioxide) and meteorological parameters (air temperature) (b)
and box plots of the diurnal variation (c) show the median, mean and the 25 %/75 % percentiles.
The whiskers indicate the 5 %/95 % interquartile span. Points in the correlations (b) represent
2 min average values.
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Fig. 10. Summary of the ozone variability at the measurement site. A general characteristic evolution of the daily ozone 1172 
cycle for “El Arenosillo” using the “Continental” air mass category data is presented in (a). The temperature was measured 1173 
using a meteorological station while solar radiation values are just for illustration. While ozone levels follow the solar 1174 
radiation with a delay of approximately 3 h, a delay of 2 h was registered relatively to the temperature trends. Wind roses 1175 
(speed and direction) colored by the ozone concentration at early afternoon (12:00-16:00 UTC) and at night (21:00-06:00 1176 
UTC) show that the ozone levels depend not only on the diurnal solar radiation cycle, but also on air mass origin associated 1177 
with different precursor concentrations and composition.  1178 

Fig. 10. Summary of the ozone variability at the measurement site. A general characteristic
evolution of the daily ozone cycle for “El Arenosillo” using the “Continental” air mass category
data is presented in (a). The temperature was measured using a meteorological station while
solar radiation values are just for illustration. While ozone levels follow the solar radiation with
a delay of approximately 3 h, a delay of 2 h was registered relatively to the temperature trends.
Wind roses (speed and direction) colored by the ozone concentration at early afternoon (12:00–
16:00 UTC) and at night (21:00–06:00 UTC) show that the ozone levels depend not only on the
diurnal solar radiation cycle, but also on air mass origin associated with different precursor
concentrations and composition.
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Fig. 11. Time series of the number concentration (CPC) for three different air masses (“Continental”, “Marine+Huelva” 1181 
and “Marine”) and corresponding inner-category variability determined based on the relative standard deviations of the 1182 
measured data. 1183 

Fig. 11. Time series of the number concentration (CPC) for three different air masses (“Con-
tinental”, “Marine+Huelva” and “Marine”) and corresponding inner-category variability deter-
mined based on the relative standard deviations of the measured data.
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