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Abstract

This study deals on the origin of atmospheric aerosols transported across the North At-
lantic, paying special attention on identifying the impact of human activities. It is based on
records of aerosol and other atmospheric components collected at Izaña Global Atmospheric
Watch Observatory in Tenerife Island (2367 m a.s.l.).

The aerosol composition has been studied in the two main airflows of the North Atlantic
free troposphere: the westerlies – prevailing airstreams that flows from North America east-
ward across the North Atlantic at subtropical and mid-latitudes – and the Saharan Air Layer –
the warm, dry and dusty airstream that expands from North Africa to the Americas at tropical
and subtropical latitudes – . The results of this study provide new insights on the processes
that contribute to the variability of the aerosols composition in the North Atlantic free tropo-
sphere.

The seasonal evolution observed in the composition of the aerosols carried by the west-
erlies is influenced by (i) the spatial distribution of their sources in North America, and (ii)
the seasonal shift of the westerly jet and the associated eastward moving cyclones. The west-
erlies carry maximum loads of (i) mineral dust from February to May, associated with the
occurrence of the westerly jet at rather low latitudes (35◦–40◦N), dust emissions in a region
that extends from Southwest Texas to the High Plains, and subsequent dust export to the At-
lantic, (ii) none-sea-salt-sulphate and ammonium from March to May, linked to the presence
of the westerly jet and to the export of polluted air from Northeastern United States, where
the highest SO2 emissions in North America occur, (iii) organic matter from February to
May, associated with the westerly jet and export from regions of Eastern United States rich in
organic aerosols, (iv) elemental carbon in August and September, associated with the occur-
rence of the westerly jet at rather high latitudes (50◦–55◦N) and the consequent export from
the regions (Chicago to New York) where the highest concentrations of elemental carbon
occur in North America.

Results evidence how dust is a major component of the aerosols transported from North
America across the North Atlantic by the westerly winds. The concentrations of sub-10 µm
aerosols that reach the Izaña Observatory, after transatlantic transport from North America,
typically ranges between 1.2 and 4.2 µg·m−3 (20th and 80th percentiles). The main contrib-
utors to background levels (1st –50th percentiles = 0.15–2.54 µg·m−3) are North American
dust (53 %), non-sea-salt-SO=

4 (14 %) and organic matter (18 %), whereas aerosol composi-
tion during high PM10 events (75th–95th percentiles = 3.9–8.9 µg·m−3) is dominated by North
American dust (56 %), organic matter (24 %) and nss-SO=

4 (9 %).
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ABSTRACT

About the 64 % of the organic aerosol transported in the summer westerlies has been chem-
ically identify. The most abundant organic compounds are (i) secondary organic aerosols
from isoprene oxidation and (ii) dicarboxylic acids (mainly succinic and phthalic, indicating
aged aerosols after the long-range atmospheric transport). Compounds linked to soil emis-
sions (i.e. saccharides) are found but in minor amounts. High concentrations of organic
matter and of some organic species (e.g. levoglucosan, succinic and malic acids) are linked
to North American fires; air mass impacted by fires has the highest contribution of aged or-
ganic aerosols (di-acids formed during the long-range atmospheric transport) and the lowest
contributions of secondary organic aerosols from oxidation of isoprene and α-pinene (further
oxidized under the biomass burning air). This long-range atmospheric transport of biomass
burning plumes from North America supports the idea that, under certain conditions, levo-
glucosan is stable in the atmosphere to experience long range transport. In the westerlies, the
organic matter sources are associated with soils, biomass burning and combustion.

This research also provides novel results on the composition and sources of organic aer-
osols exported over the Atlantic Ocean in the summer Saharan Air Layer. The speciation of
the organic matter shows how most of this aerosol has a natural origin. Organic species are
associated with (i) primary compounds of surface soils (i.e. saccharides) and terrestrial higher
plants (i.e. nC27, nC29 and nC31 n-alkanes), (ii) secondary organic aerosols linked to the
oxidation of biogenic isoprene and α-pinene, (iii) primary vehicles emissions (i.e. hopanes),
and (iv) bio-accumulative and toxic organic compounds (i.e. polycyclic aromatic hydrocar-
bons). Saccharides from soils and secondary organic compounds derived from the oxidation
of isoprene and α-pinene accounts for more than a 70 % of the organic matter. In the Saha-
ran Air Layer, the sources of organic aerosols have been associated mostly with soils and
combustion. Of special relevance is the enhancement in the formation of biogenic secondary
organic aerosols due to interaction with anthropogenic NOx emissions – as suggested by the
correlation between nitrate and secondary organic aerosols from isoprene oxidation –, which
may exert a large-scale impact as a result of the synoptic scale of the Saharan Air Layer.

This study also includes a research on new particle formation, which has been found to
be a frequent source of aerosols above Tenerife. The climatology of the new particle form-
ation events at Izaña shows that these episodes occur a 30 % of the days, with a clearly
marked new particle formation season (May–August). Monthly mean values of the forma-
tion and growth rates in this season exhibited values within the ranges of 0.49–0.92 cm3·s−1

and 0.48–0.58 nm·h−1, respectively. New particle formation is observed during periods of
upslope winds that bring gaseous precursors from the boundary layer to the interface with the
low free troposphere. Sulphuric acid played a key role as gas precursor, contributing with a
∼70 % to the observed growth rate. Organic species, such as oxidation products of biogenic
volatile organic compounds, probably also contribute. It was found that year-to-year variabil-
ity of the frequency of new particle formation events is correlated with mean sulphur dioxide
concentrations. This study also has found an interaction between dust and the freshly formed
new particles in the Saharan Air Layer; dust may play a significant role acting as coagulation
sink of freshly formed nucleation particles.

The results of this study provide a comprehensive view of the sources and atmospheric
processes that influence on the composition of the aerosol transported across the North At-
lantic free troposphere. The conceptual models presented will be useful in further studies on
transboundary air pollution, long-term evolution of aerosols, their effects physical properties
and their influence on processes related to climate.
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Resumen

Este estudio se centra en la investigación del origen de los aerosoles atmosféricos trans-
portados a través del Atlántico Norte, haciendo especial énfasis en la identificación del im-
pacto de las actividades humanas. El trabajo se basa en observaciones de la composición
quı́mica y las propiedades fı́sicas de los aerosoles, y de otros componentes atmosféricos reali-
zadas en el Observatorio de Izaña en la isla de Tenerife (2367 m a.s.l.).

Se ha estudiado la composición y el origen de los aerosoles transportados en las dos co-
rrientes de aire asociadas a la circulación general de la atmósfera en la troposfera libre del
Atlántico Norte: (i) la circulación del oeste – que fluye desde Norteamérica a través del
Atlántico a latitudes medias y subtropicales – y (ii) la capa de aire sahariano – que fluye
desde el Norte de África hacia las Américas a latitudes tropicales y subtropicales –. Este
estudio proporciona nuevos resultados sobre los procesos que contribuyen a la variabilidad
de la composición de los aerosoles en la troposfera libre del Atlántico Norte.

La evolución estacional observada en la composición de los aerosoles, transportados por
la circulación del oeste, está influenciada por (i) la distribución espacial de las fuentes de
los aerosoles y de sus precursores en Norteamérica y, (ii) el desplazamiento latitudinal y
estacional de la circulación del oeste, cuya corriente principal se ubica a latitudes bajas en
invierno (35◦–40◦N) y altas en verano (50◦–55◦N). Estos vientos del oeste transportan altas
concentraciones de (i) polvo del suelo entre febrero y mayo, época en la que los vientos
del oeste ocurren a latitudes relativamente bajas (35◦–40◦N), favoreciendo las emisiones de
polvo en una región que se extiende desde el suroeste de Texas hasta la Gran Llanura Central
Norteamericana, y la posterior exportación al Atlántico, (ii) sulfato no marino y amonio entre
marzo y mayo, cuando la circulación del oeste favorece la exportación de aire contaminado
desde el noreste de los Estados Unidos, donde tienen lugar altas emisiones de SO2 debido a
la combustión del carbón, (iii) materia orgánica entre febrero y mayo, asociado a procesos de
exportación desde el este de Estados Unidos, (iv) carbono elemental en agosto y septiembre,
cuando la circulación del oeste tiene lugar a latitudes altas y favorece la exportación de aire
contaminado desde el extremo noreste de Estados Unidos (Chicago a Nueva York), región
donde tienen lugar emisiones importantes de este contaminante.

Los resultados muestran que el polvo es un componente importante de los aerosoles trans-
portados desde Norteamérica a través del Atlántico Norte. La concentración de los aerosoles
(de diámetros aerodinámicos inferiores a 10 µm) que llegan al Observatorio de Izaña, tras el
transporte transatlántico desde Norteamérica, oscilan entre 1.2 and 4.2 µg·m−3 (percentiles 20
y 80). Los principales componentes que contribuyen a los niveles de fondo (percentiles 1–50
= 0.15–2.54 µg·m−3) son el polvo (53 %), el sulfato no marino (14 %) y la materia orgánica
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RESUMEN

(18 %) de Norteamérica, mientras que la composición de estos aerosoles durante los eventos
de altas concentraciones (percentiles 75–95 = 3.9–8.9 µg·m−3) está dominada por el polvo
(56 %), la materia orgánica (24 %) y el sulfato no marino (9 %) de Norteamérica.

Aproximadamente el 64 % de la materia orgánica transportada en los vientos del oeste en
verano ha sido identificada quı́micamente; los compuestos más abundantes son (i) aerosoles
orgánicos secundarios formados a partir de la oxidación del isopreno y (ii) ácidos dicar-
boxı́licos (principalmente succı́nico y ftálico, indicando que se trata de un aerosol envejecido
tras sufrir transporte atmosférico de largo alcance). Los compuestos ligados a las emisiones
del suelo (sacáridos) están presentes en menores cantidades. Altas concentraciones de ma-
teria orgánica y de algunas especies orgánicas (como el levoglucosano, ácidos succı́nico y
málico) están relacionadas con la quema de biomasa en Norteamérica; estas masas de aire
influenciadas por incendios tienen las mayores contribuciones de aerosoles orgánicos enveje-
cidos (diácidos formados durante el transporte atmosférico de larga distancia) y las menores
contribuciones de aerosoles orgánicos secundarios formados por la oxidación del isopreno y
del α-pineno (oxidados en mayor proporción en el aire afectado por la quema de biomasa).
Este transporte atmosférico de largo recorrido asociado a las emisiones de quema de biomasa
procedente de Norteamérica apoya la idea de que, bajo ciertas condiciones, el levoglucosano
es estable en la atmósfera y experimenta transporte de largo alcance. Las fuentes de los aero-
soles orgánicos transportados por la corriente del oeste están asociadas a emisiones del suelo,
quema de biomasa y la quema de combustibles fósiles.

Esta investigación también proporciona nuevos resultados sobre la composición y las
fuentes de los aerosoles orgánicos exportados hacia el Atlántico Norte en la capa de aire
sahariano durante el verano, época en la que las emisiones de polvo tienen lugar principal-
mente en la región central del desierto del Sáhara. La especiación de la materia orgánica
muestra cómo la mayor parte de este aerosol tiene un origen natural. Las especies orgánicas
están asociadas con (i) compuestos primarios de suelos (como los sacáridos) y plantas supe-
riores terrestres (es decir nC27, nC29 y nC31 n-alcanos), (ii) aerosoles orgánicos secundarios
ligados a la oxidación del isopreno y del α-pineno, (iii) emisiones primarias de vehı́culos
(hopanos), y (iv) compuestos orgánicos bioacumulativos y tóxicos (como los hidrocarburos
aromáticos policı́clicos). Los sacáridos del suelos y los compuestos orgánicos secundarios de-
rivados de la oxidación del isopreno y del α-pineno representan más del 70 % de la materia
orgánica. En la capa de aire sahariano, las fuentes de aerosoles orgánicos se han asociado
principalmente a los suelos y la quema de combustibles fósiles. De especial relevancia es
la formación de aerosoles orgánicos secundarios debido a la interacción entre los óxidos de
nitrógeno (principalmente ligado a emisiones antropogénicas) y compuestos derivados de la
oxidación del isopreno (ligado a emisiones biogénicas). La correlación observada entre el
nitrato y los compuestos oxidados del isopreno, presentes en la capa de aire sahariano, in-
dica que está interacción tiene un impacto a gran escala, ligado al alcance sinóptico de esta
corriente de aire.

Este estudio incluye una investigación sobre la formación de nuevas partı́culas. La clima-
tologı́a de los eventos de formación de nuevas partı́culas en Izaña muestra que estos episodios
se producen un 30 % de los dı́as del periodo estudiado (∼ 5 años). Estos episodios son más
frecuentes entre mayo y agosto (50–60 % de los dı́as), época en que las tasas de formación y
crecimiento tienen valores medios entre 0.49–0.92 cm3·s−1 y 0.48–0.58 nm·h−1, respectiva-
mente. La formación de nuevas partı́culas se observa durante el dı́a, periodo en el que se
desarrollan vientos ascendentes que transportan precursores gaseosos desde la capa lı́mite
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RESUMEN

a la interfase con la baja troposfera libre. Los resultados muestran que el ácido sulfúrico
desempeña un papel clave como gas precursor, contribuyendo con un ∼ 70 % a la tasa de
crecimiento observada; es probable que también contribuyan especies orgánicas, como los
productos de la oxidación de compuestos orgánicos volátiles biogénicos. Los datos toma-
dos dentro de la capa de aire sahariano aportan información sobre la interacción entre el
polvo y las partı́culas de nucleación recién formadas; el polvo puede desempeñar un papel
importante actuando como sumidero de coagulación de partı́culas de nucleación recién for-
madas. También se hizo un estudio de variabilidad inter-anual, en el que se encontró que la
frecuencia de formación de nuevas partı́culas correlaciona con las concentraciones medias
de dióxido de azufre, lo cual indica que la regulación en las emisiones de este contaminante
tiene implicaciones en el número de partı́culas.

Los resultados de este estudio proporcionan una visión multidisciplinar de las fuentes y los
procesos atmosféricos que influyen en la composición de los aerosoles transportados a través
de la troposfera libre del Atlántico Norte. Los modelos conceptuales presentados serán útiles
en futuros estudios sobre la contaminación atmosférica transfronteriza, la evolución a largo
plazo de los aerosoles, sus propiedades fı́sicas y su influencia en los procesos relacionados
con el clima.
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CHAPTER

1
Introduction to aerosols

1.1 Properties, impacts and sources

Atmospheric aerosols, or particulate matter, are a complex mix of liquid and solid particles
blowing in the air from natural and anthropogenic sources (Seinfeld and Pandis, 2006). Emis-
sions from natural sources (i.e. oceans, deserts, volcanoes, vegetation and wild-fires) domin-
ate on a global scale over those derived from human activities (e.g. industry, traffic, waste and
biomass burning, and agriculture), with annual emission estimated to be about 20·102–90·102

and 1.5·102–4.8·102 Tg·y−1, respectively (IPCC, 2013 and references therein). Particles can
be emitted directly into the atmosphere or be formed by the oxidation of precursor gases (e.g.
sulphur dioxide, nitrogen oxides and volatile organic compounds) by gas-particle conversion
such as nucleation, condensation, heterogeneous and multiphase chemical reaction (Hallquist
et al., 2009); particulate matter formed through these two routes are referred to as primary
and secondary particles, respectively. Atmospheric lifetimes of aerosols range from a few
hours to several weeks (Kristiansen et al., 2016) and this depends heavily on removing mech-
anisms, such as dry (strongly size dependent) and wet (i.e. incorporation into cloud droplets
during the formation or precipitation) deposition.

The chemical composition and size distribution influence on aerosol impacts. The chem-
ical composition includes sea salt, mineral dust, organic matter (thousands of organic spe-
cies), black carbon, secondary inorganic species (sulphate, nitrate and ammonium) and trace
elements (IPCC, 2013). The particle diameters (dp) comprise sizes from a few nanometres to
tens of micrometers (Fig. 1) and can be classified into fine (dp< 1 µm) and coarse (dp> 1 µm)
particles. Particles of these two size ranges have different formation mechanisms and physi-
cochemical properties that influence the atmospheric lifetime (Seinfeld and Pandis 2006).
At the same time, the fine fraction can be further sub-divided in nucleation (dp< 0.01 µm),
aitken (dp≈ 0.01–0.1 µm) and accumulation (dp≈ 0.1–1.0 µm) modes (Fig. 1). Nucleation
particles (lifetime∼ hours) form through nucleation of atmospheric gases and growth by con-
densation of low-volatility vapour species, thus it is mainly constituted of secondary species
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CHAPTER 1. INTRODUCTION TO AEROSOLS

(mainly sulphate, ammonia and organic compounds), whereas the aitken particles (lifetime
∼ days) form mostly through coagulation of the nucleation mode or condensation on them
and of some fresh primary emissions, specially soot vehicle exhaust emissions after fuel com-
bustion (Fig. 1). In spite of the fact that these two classes (i.e. nucleation and aitken) are the
most abundant in particle number, they only account for a small fraction of the total mass
(Fig. 1). The third size fraction, the accumulation mode (lifetime ∼ few weeks), is generated
by coagulation of particles belonging to the smaller modes and condensation of low-volatility
vapours on pre-existing particles; it includes secondary inorganics (e.g. sulphate, nitrate and
ammonium) and carbonaceous aerosols (Fig. 1). Largest particles (e.g. mineral dust and
sea salt), belonging to the coarse fraction (lifetime ∼ hours), are generated through mechan-
ical processes (e.g. abrasion and fragmentation) and chemical reaction of gases with marine
or crustal particles (e.g. sodium-nitrate, sodium-sulphate); the coarse mode account for the
highest fraction of the total aerosol mass (Fig. 1).
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Figure 1: Aerosol size distribution in number (continuous line) and mass (dotted line). Major
chemical species distribution, formation and removal processes are shown. Figure adapted from

Seinfeld and Pandis (2006) and Gieré et al. (2010).

10



1.1. PROPERTIES, IMPACTS AND SOURCES

Aerosols exert a great concern globally, mainly because of their influence on:

(i) Continental and marine ecosystems, providing fundamental nutrients as iron and
phosphorous (e.g. to the Amazon rainforest fertilizing plants; Koren et al., 2006;
Ben-Ami et al., 2010; Abouchami et al., 2013; and to the remote ocean influencing
the phytoplankton growth; De Baar et al., 2005; Ravelo et al., 2016).

(ii) Heterogeneous chemistry in the troposphere and stratosphere (Ravishankara, 1997;
Finlayson-Pitts and Pitts, 2000), by providing a medium for chemical reactions (e.g.
destruction of stratospheric ozone).

(iii) Degradation of visibility, as a consequence of light extinction (Xiao et al., 2014).

(iv) Human health, promoting ischaemic heart disease, stroke, chronic obstructive pul-
monary disease, lung cancer and acute lower respiratory infections in children (Dav-
idson et al., 2007; Dominguez-Rodrı́guez et al., 2016). According to the World
Health Organization (WHO, 2014), exposure to aerosols and reactive gases in am-
bient air pollution is associated with ∼ 3.7 million deaths·y−1.

(v) Climate change, forcing the Earth’s radiative equilibrium directly by scattering and
absorbing solar and infrared radiation (i.e. aerosol-radiation interaction), and in-
directly by serving as cloud condensation nuclei (CCN) or ice nucleating particles
(INPs) (i.e. aerosol-cloud interaction, which affects precipitation and rain patterns)
(IPCC, 2013; Myhre et al., 2013).

The most important aerosol properties influencing the radiative forcing are the particle
size distribution and chemical composition (Penner et al., 2001). The particle size distribu-
tion is critical as sub-micron aerosols (dp < 1µm) scatter more light per unit mass and have
longer atmospheric lifetimes. The chemical composition and relative contribution of differ-
ent species are also significant because are linked to the absorbing or scattering properties; a
completely scattering aerosol (e.g. sulphate) will has a cooling effect, whereas an absorbing
aerosol (e.g. black carbon) will has a warming effect. The IPCC (2013) considers the ‘best
estimates’ of globally average radiative forcing due to aerosol-radiation and aerosol-clouds
interactions of about -0.9 W·m−2, being the aerosol-radiation contribution of -0.35 W·m−2 as
a result of the net contributions of dust (-0.1), organics (-0.12), black carbon (+0.4), sulphate
(-0.4 ) and nitrate (-0.11) (Myhre et al., 2013). This estimation of forcing is subject to uncer-
tainties due to the spacio-temporal variability of aerosols (linked to their variety of sources
and short lifetime) and uncertainties on the changes in aerosol properties during aging pro-
cesses. Aerosols contribute with the largest uncertainty to estimates and interpretations of the
radiative forcing of the Earth’s atmosphere, according to the IPCC (2013).

Satellite observations and three-dimensional models are frequently used to study aerosol
from a global point of view. Figure 2 shows the global distribution of major aerosol com-
ponents provided by the Coupled Model Intercomparison Project Phase 5 (CMIP5), experi-
ment coordinated by the World Climate Research Programme’s (WCRP) Working Group on
Coupled Modelling (WGCM) (http://cmip-pcmdi.llnl.gov/cmip5/index.html?submenuheader
=0) (Taylor et al., 2012).
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Figure 2: Annual mean aerosol loads of (A) sea salt, (B) mineral dust, (C) organic carbon, (D)
black carbon, (E) sulphate and (F) nitrate. Simulations from Phase 5 of the Coupled Model

Intercomparison Project (CMIP5) for 2000; source data:
https://data.giss.nasa.gov/modelforce/trop.aer/.

a) The highest sea salt loads occur at mid-latitudes, being specially high in the Southern
Hemisphere due to the highest wind speed; it is also high in the subtropics linked to the
trade winds (Fig. 2A). This is the consequence of sea-spray formation increasing with
wind speed (Fairall et al., 1983) as sea salt is produced when wind and waves force air
bubbles to burst at the sea surface during the whitecap formation (Blanchard, 1983; Mo-
nahan et al., 1986). Sea salt is the major contributor to the global aerosol budget, with
an estimated annual emission of 30·102–80·102 Tg·y−1 (Jaenicke, 2005; Tsigaridis et al.,
2006).

b) Dust also contributes significantly to the total aerosol budget, with global emissions es-
timated to be about 8·102–30·102 Tg·y−1 (Choobari et al., 2014). The largest and most
active dust sources are located in the Northern Hemisphere in a broad region so-called
‘dust belt’ (Prospero et al., 2002) that extends from the west coast of North Africa (e.g.
Sahara desert), over the Middle East (e.g. Arabian desert, Syrian Desert), Central and
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South Asia (e.g. Thar desert), to China (e.g. Gobi and Taklamakan) (Fig. 2B). This dust
belt is mostly located along the subtropical anticyclonic regions, consequence of the des-
cending dry air of the downward branch of the Hadley cell circulation after having lost
most of its water vapour in the upward branch over the Intertropical Convergence Zone
(ITCZ). In a global scale, dust mobilization is dominated by natural sources, although an-
thropogenic dust related to cropland, pastureland, and urbanized regions also contributes
to the total dust load (Huang et al., 2015).

c) The highest loads of organic matter are located in the tropical forests of South Amer-
ica, South Africa and Southeast Asian (Fig. 2C), where biogenic emissions and biomass
burning are frequent. Figure 2C also shows high loads of organic aerosols over highly
industrialized regions such as Europe and Eastern Asia – among others – where fossil
fuel combustion is important (Chung et al., 2002). The contribution of primary and sec-
ondary organic aerosol (POA and SOA respectively) to the total organic matter is highly
variable (Kanakidou et al., 2005). Globally, major POA emissions (34–144 Tg·y−1; Ts-
igaridis et al, 2014) are associated with vegetation fires (Bond et al., 2004; Kanakidou et
al., 2005), whereas about 90 % of SOA (13–121 Tg·y−1; Tsigaridis et al, 2014) are linked
to biogenic volatile organic carbon (BVOC) emissions and subsequent (homogeneous or
heterogeneous) nucleation. SOA is formed from the oxidation of VOCs emissions, whose
major component is isoprene (∼50 %; Guenther et al., 2012). Although most sources of
VOCs are mainly derived from terrestrial ecosystems, human activities (e.g. fossil fuel
combustion and biomass burning) also contribute; the amount of SOA linked to anthropo-
genic activities is considered low, estimated within the range 2–12 Tg·y−1 (Henze et al.,
2008). Other important sources of POA are fossil fuel combustion, biogenic aerosols (e.g.
viruses, bacteria, fungal spores and plant debris), phytoplankton blooms and soils.

d) High loads of black carbon (BC) occur over regions affected by urban and industrial fossil
fuel combustion and biomass burning such as Europe, Eastern Asia and other populated
areas of America and Africa (Fig. 2D). BC results from the incomplete combustion of
biomass and fossil fuels; it is a metric for quantifying the black (light absorbing) soot
particles. Studies performed at different European background sites (Zanatta et al., 2016)
have found that BC light absorption is enhanced (through the so-called ‘lensing effect’)
as a consequence of its internal mixing with other components. Global emissions are
estimated to be in the range 5.6–14.4 Tg·y−1 (Wang et al., 2014), with main fluxes linked
to (i) fossil (∼3 TgC·y−1; Bond et al. 2004) and bio (∼1.6 TgC·y−1; Bond et al. 2004)
fuels combustion, with maximums in highly populated areas of Europe, North America,
Asia, Southern Africa and South America, and (ii) vegetation fires (∼3.3 TgC·y−1; Bond
et al. 2004) with maximum in the tropical forest (Fig. 2D).

e) Sulphate (SO=
4) is present in high loads in regions of North America, Europe and Eastern

Asia where fossil fuel combustion is important (Fig. 2E). Most of sulphate in the atmo-
sphere is formed by the oxidation of its gaseous precursor sulphur dioxide (SO2) – both
human-generated and naturally-occurring – followed by new particle formation. SO2 has
dramatically increased from 10 Tg·y−1 in pre-industrial times (1880) to 70–75 Tg·y−1 in
2000 (Dentener et al.,2006; Ganzeveld et al., 2006) due to anthropogenic activity (Smith
et al., 2011), although in the last decades there has been a clear decreasing trend in North
America and Europe, with an increasing role of Asia (Klimont et al., 2013; Maas et al.,
2016). Natural sources also contribute to the sulphur atmospheric budget, mainly due
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to volcanic emissions (which accounts ∼30 % of total SO2; Fioletov et al., 2016) and
to oxidation of oceanic dimethyl-sulphide – formed by marine biota – (which release
∼23.4 TgS·y−1; Mahajan et al., 2015).

f) Ammonium-nitrate (NH4NO3) exhibits high loads in Eastern North America, Europe and
Eastern Asia (Fig. 2F), associated with emissions of their precursors: nitrogen oxides
(NOx, generated mostly in urban and industrial areas) and ammonia (NH3, from several
sources including agriculture and decomposition of organic wastes). Global NOx emis-
sions are estimated in 10–20 Tg·y−1 (Bauer et al., 2007), mostly of an anthropogenic
origin (IPCC, 2013). Nitrate (NO–

3) can be present not only as (i) ammonium-nitrate,
usually at temperatures lower than 15◦C and relative humidity conditions below the deli-
quescence point (Stelson and Seinfeld, 1982; Seinfeld and Pandis, 2006), but also as (ii)
calcium-nitrate (Ca(NO3)2) and magnesium-nitrate (Mg(NO3)2), due to reaction of nitric
acid (HNO3) with dust minerals (Laskin et al., 2005; Gibson et al., 2006), and (iii) sodium
nitrate (NaNO3), due to reaction of nitric acid with sea salt (ten Brink, 1998; Liu et al.,
2007). The formation of these species will depend on temperature, humidity and the avail-
ability of dust, sea salt, ammonia and sulphate. If there is an excess of ammonium, the
existing sulphate is totally neutralized resulting in ammonium-sulphate ((NH4)2SO4) and
ammonium-bisulphate (NH4HSO4); the remaining ammonium is available to react with
nitric acid to form submicron (<1µm) ammonium-nitrate. If there is a lack of ammonium,
the existing sulphate cannot be totally neutralized and the aerosol phase will be acidic.
Under this acidic conditions, mineral dust and sea salt particles also play a key role in
nitrate formation, serving as reactive surfaces for heterogeneous reactions of the gaseous
species (i.e. nitric acid) (Dentener et al., 1996; Zhuang et al., 1999); compounds such as
calcium-nitrate and magnesium-nitrate can be formed, shifting nitrate from the fine to the
coarse mode. It is estimated that more than a 40 % of the global total nitrate concentration
is associated with mineral dust (Usher et al., 2003). Therefore, the highest fine aerosol
nitrate concentration corresponds to urban and industrialized areas and the coarse aerosol
nitrate is highest close to deserts (Karydis et al., 2016).

A better understanding on the spatial and temporal distribution of the aerosol components
and on aerosol properties is needed to reduce the uncertainties on the relationship of aero-
sols and climate variability processes, such as the radiative forcing highlighted by the IPCC
(2013) and cited above. The important technological development experienced by satellite
remote sensing and modelling during the last two decades have improved our understanding
on global distribution of aerosols; however, there are still important limitations that need to
be complemented with aerosol observations based on in-situ techniques.

Satellite remote sensing has gradually been developed to monitor atmospheric aero-
sols, providing routine measurements on a global scale (Lee et al., 2009). These sensors
(e.g. CALIOP, MODIS, AVHRR or TOMS/OMI) are able to detect aerosols present in
high amounts (e.g. dust or smokes linked to biomass burning, Chin et al., 2002; Jeong
and Li, 2005), but have difficulties to provide other aerosol species present in lower con-
centrations (e.g. nitrate or sulphate; Kaufman et al., 2005; Clarisse et al., 2013). Most of
the sensors provide vertically integrated aerosol measurements (e.g. Aerosol Optical Depth
by MODIS) and only some of them can perform vertically resolved measurements (e.g.
CALIOP). Moreover, remote sensing is not still able to quantify the amount of each aero-
sol specie (e.g. sulphate, dust, organic matter, etc.) to provide a mass closure (Clarisse et al.,
2013).
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Global models (e.g. GEOS-Chem, Megan, GOCART) simulate spatial and temporal
distribution of aerosols and some aerosol properties on a global scale, including their effects
on clouds, atmospheric chemistry, radiation, and other climate related processes. Models
need to be validated with measurements (e.g. Textor et al., 2006; Jaeglé et al., 2011; Huneeus
et al., 2011), whose availability is very heterogeneous, being more abundant on continental
regions of Europe and North America than on oceanic regions (e.g. Lee et al., 2009; Huneeus
et al., 2011).

Ground-based in-situ techniques have some limitations for providing information on spa-
tial variability on aerosols; in contrast, they allow performing rather high precision meas-
urements of chemical composition, size distribution and other aerosol properties for comple-
menting the satellite remote sensing observations. These in-situ aerosol measurements are
especially relevant in remote oceanic regions, where they are rather scarce, where the pre-
vailing low aerosol loads do not always allow using satellite observations and where these
measurements allow model and satellite validation.

Of high importance is the case of the oceanic stations providing observations in the free
troposphere. Once particles are lifted and transported to this layer, their atmospheric lifetime
increases considerably as there are fewer removal processes and the wind speed is higher than
in the planetary boundary layer (Freney et al., 2016). The higher lifetime results in aerosol
aging, i.e. change in the composition, size, and mixing state through condensation, cloud
processing or coagulation. At the same time, the higher wind speed provides aerosols with
the ability to be transported over long distances by prevailing winds. This aged and processed
long-range transported aerosol is spatially representative of the remote background and exerts
higher influences on climate (Winker et al., 2013) from regional to global scales. Aerosol
characterization in remote-free troposphere stations is of vital importance to understand the
background aerosol features (i.e. physicochemical properties and transport mechanisms) that
are driving and influencing the particle concentration in regional and global scales. Remote
observatories reaching the free troposphere are considered as ‘supersites’ for atmospheric
aerosol research and are limited as they cannot be influenced by local pollution.

1.2 The North Atlantic Ocean

Aerosols over the North Atlantic have received attention since long time ago. Within
the first aerosol studies in this region, we find those made by C. Darwin in the mid-1840s,
who studied dust deposits on board vessels (Darwin, 1846). More detailed analysis was
performed by Christian E. Junge, who studied aerosols at Miami in the mid-1950s (Junge,
1956) and at Izaña Observatory in Tenerife (off the North African coast) in the mid-1960s
(Abel et al., 1969). These observations suggested that North African dust could experience
transatlantic transport to the Caribbean, which was subsequently confirmed by A. C. Delany
in the mid-1960s with observations performed at Barbados Island in the Caribbean (Delany
et al., 1967). This scenario led to a scientific research program on aerosols, mainly focused
on understudying the transatlantic transport of North African dust, its connection to climate
variability and its impacts. Pioneering long-term research programs were led by J. M. Pros-
pero, who started aerosol records in several sites of the North Atlantic, including Barbados
(since 1965 to present, Prospero and Mayol-Bracero, 2013), Miami (since 1974 to present,
Prospero and Mayol-Bracero, 2013) and Izaña (1970s, 1987-1999, and subsequently react-
ivated in 2002 by the Meteorological State Agency and the Scientific Research Council of
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Spain, Rodrı́guez et al., 2012). In the mid-1980s the Atmosphere-Ocean Chemistry Ex-
periment (AEROCE, 1987–1991) focused on studying the export of sulphuric and nitrogen
aerosols from North America, North African dust and ozone background, by measurements
at Barbados, Bermuda, Mace Head and Izaña-Tenerife (Levy, 1988). In the mid-1990s, the
Aerosol Characterization Experiment (ACE-2, 1996–1998; Raes et al., 2000) studied the ra-
diative effects and controlling processes of anthropogenic aerosols from Europe and desert
dust from Africa, as they were transported over the North Atlantic Ocean. Subsequently, a
number of scientific projects and programs on the North Atlantic aerosols have developed
at Izaña-Tenerife (e.g. I2A2, 2001–2003, Alastuey et al., 2005; POLLINDUST, 2012–2014,
Rodrı́guez et al., 2011; AEROATLAN, 2016–2018), Cape Verde (e.g. CV-Dust, 2010–2013,
Almeida-Silva et al., 2013), Pico Nare-Azores (e.g. AGS-1110059, 2011–2016, Dzepina
et al., 2015), Barbados (e.g. AGS-0962256,2010–2015, Prospero et al., 2014), Miami (e.g.
OCE-0623189, 2007–2010, Prospero et al., 2010) and Puerto Rico (e.g. PRIDE, 2000, Reid
et al., 2003). These studies have evidenced that the North Atlantic receives a diversity of
aerosols by several routes from America, Africa and Europe.

In this study, aerosol records at the Izaña supersite Observatory (2367 m a.s.l.), in Tenerife
Island, have been used to address a set of specific topics on the aerosols in the North Atlantic
free troposphere.

Organic aerosols in the Saharan Air Layer

Desert dust from North Africa is the most studied aerosol type over the North Atlantic.
Dust particles are transported in the so-called Saharan Air Layer (SAL), the warm, dry and
dusty airstream that expands from North Africa to the Americas at tropical and subtropical
latitudes (Fig. 3) (Prospero and Carlson, 1972). The Sahara-Sahel region is the largest and
most active dust source in the world (800–3000 Tg·y−1; Ginoux et al., 2004, 2012; Huneeus
et al., 2011), accounting for 60–70 % of the global desert dust emissions; reason which has
motivated a number of studies on the meteorology and aerosol composition, linked to the
SAL, connected to dust impacts.

Dust export experiences a marked seasonality (Fig. 3) linked to the shift of trade winds
and the ITCZ (Engelstaedter and Washington, 2007). In winter, dust is exported westward
at low tropical latitudes (<15◦N, 0–3 km a.s.l.), whereas in summer, dust exportation takes
place at higher subtropical latitudes (15–30◦N, 1–5 km a.s.l.) (Tsamalis et al., 2013). The
ITCZ acts as an efficient aerosol removal mechanism (Andronache et al., 2002; Prospero et
al., 2014), controlling the southerly edge of the SAL and not allowing dust transport to the
Southern Atlantic (Huang et al., 2009, 2010; Adams et al., 2012). Dust export also exper-
iences an important year-to-year variability. In winter, most of dust mobilization occurs in
Southern Sahara and in the Sahel, being the interannual variability influenced by the North
Atlantic Oscillation (NAO, Chiapello et al., 2005). There have been many uncertainties about
the processes affecting summer-to-summer variability in dust export; a recent study based on
28-years dust records at Izaña (in which the PhD candidate has participated) has shown that
summer-to-summer variability in dust export is modulated by the North AFrican Dipole In-
tensity (NAFDI), i.e. the intensity of the subtropical Saharan high to the tropical monsoon
low, measured as the difference of the 850 hPa geopotential heights anomaly between the sub-
tropics (30–32◦N) and the tropics (10–13◦N) (Rodrı́guez et al., 2015). Summer-to-summer
variability in NAFDI is associated with north-south shifts in the SAL and in the tropical rain
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bands and is correlated with the intensity of Harmattan winds in inner Sahara, where most of
dust emissions occurs.
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Figure 3: Expanse of the Saharan Air Layer (SAL) in winter (orange shade) and in summer
(brown shade). Discontinuous lines mark the Intertropical Convergence Zone (ITCZ) band in
January (Jan) and July (Jul). The location of Izaña-Tenerife is highlighted (red circle). Figure

adapted from Garrison et al., 2014 and Rodrı́guez et al 2015.

Composition of the SAL has also been widely studied. In this layer, the aerosol popula-
tion is by far dominated by dust, which is mixed with some amounts of particulate pollutants
(Putaud et al., 2000; Savoie et al., 2002; Formenti et al., 2003; Rodrı́guez et al., 2011; Fomba
et al., 2014; Salvador et al., 2016), trace metals (Arimoto et al., 1995; Alastuey et al., 2005),
organic aerosols (Capes et al., 2008; Fomba et al., 2014; Garrison et al., 2014; Gonçalves
et al., 2014) and bioaerosols (e.g. pollens, virus, bacteria and fungi) (Griffin et al., 2003;
Izquierdo et al., 2011).

The presence of particulate pollutants mixed with dust was described by Prospero et al.
(1995), who in the mid-1990s pointed that these pollutants could be original from Europe.
More recently, the Izaña in-situ aerosols group found that the amount of sulphate, ammonium
and nitrate mixed with dust in the SAL was high when air masses had previously flown over
industrialized regions of Morocco, Algeria and Tunisia, where oil refineries, fertilizer indus-
tries and power plants are placed (Rodrı́guez et al., 2011). The mixing of acids with dust
may change its original physicochemical properties, having implications on how dust miner-
als influence on climate-related processes. For instance, the particle size can be altered due
to changes in the hygroscopicity of the dust particles as a consequence of the condensation
of inorganic acids; the reaction dust–nitric acid results in the neutralization product calcium-
nitrate, which takes up ambient water vapour changing the dust particle radius (Laskin et al.,
2005; Gibson et al., 2006; Karydis et al., 2016). This alteration of particle size affects the light
scattering efficiency, the cloud condensation nuclei activation (Li and Shao, 2009; Lance et
al., 2013; Abdelkader et al., 2017) and increase the wet and dry removal of the dust particles
(Abdelkader et al., 2017). Similarly, two studies based on data collected at Izaña Observatory
(in which this PhD candidate has participated during the development of this thesis) found
that the fractional iron solubility (% of soluble iron) and the number of ice nuclei (at -40◦C)
to dust ratio were correlated with the ammonium-sulphate to dust ratio (Ravelo et al. 2016;
Boose et al. 2016). These findings suggest that the mixing of ammonium-sulphate with dust
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influences on the solubility of some minerals, with implications on the amount of soluble iron
released on the ocean (Ravelo et al., 2016) and on the ability of some minerals to act as ice
nuclei (Boose et al., 2016).

The existence of carbonaceous aerosols has also implications. In a recent study, Grigas et
al. (2017) has evidenced the important contribution of anthropogenic organics to particulate
matter (PM) in the North-eastern Atlantic (Mace Head Station, Ireland); under polluted con-
ditions, organic matter contribute ∼ 50 % to the PM mass of the fine particles (dp< 1 µm),
reaching up to 90 % in extremely polluted conditions. There are also evidences of the trans-
port of anthropogenic bio-accumulative and toxic organic compounds (i.e. organochlorine
and organophosphate pesticides, polycyclic aromatic hydrocarbons and polychlorinated bi-
phenyl) from Western Sahara to the Caribbean (Risebrough et al., 1968; Prospero and Seba,
1972; Garrison et al., 2014); their connection with human-related activities (e.g. to control
agriculture pests and disease vectors) has been suggested (Garrison et al., 2014). In winter,
dust particles exported in the SAL are frequently mixed with organic and black carbon linked
to biomass burning in the Sahel during the dry season (Formenti et al., 2003; Hand et al.,
2010; Kandler et al., 2011; Salvador et al., 2016), having implication on the SAL radiative
properties (Hand et al., 2010; Heinold et al., 2011). In summer, organic aerosols have also
been observed mixed with dust in the subtropical SAL (Van Drooge et al., 2001, 2010; Alas-
tuey et al., 2005). In this season, dust emissions occur in inner subtropical Sahara, where
the human-derived activities (i.e. industry, biomass burning, etc.) are extremely low. It is be-
lieved that organic aerosols play a role as ice nuclei at warm temperatures (-8◦C), as pointed a
recent study in the SAL at Izaña Observatory among other sites (Conen et al., 2015). Organic
aerosols in the SAL may also affect dust optical properties and health effects as a result of
the adsorption of aromatic and nitrated polycyclic aromatic hydrocarbons (Jacobson, 1999;
Garrido et al., 2014). This aerosol type is constituted by tens of thousands organic species
(Goldstein and Galbally, 2007) and there are large gaps in the knowledge of the composi-
tion and potential sources of the organic aerosol within the SAL. The summer SAL has a
large-scale impact on the North Atlantic, so some key questions arise:

• Which is the composition of the organic aerosols?

• What are the sources of the organic aerosols?

• Are the organic aerosols only linked to primary emissions?

• Are there contributions to the organic aerosols in linked to long-range transport?

Aerosols in the westerlies

The westerlies (WES) are the prevailing airstreams that flows from North America east-
ward across the North Atlantic at subtropical and mid-latitudes (30◦N–60◦N). Studies about
the impact of North America emissions on other regions have mostly focused on relatively
long lifetime (LT) reactive gases such as CO (LT∼ 60 days) and O3 (LT∼ 25 days), which
are exported to the North Atlantic free troposphere, enhanced by the mid-latitude cyclones
(Fig. 4A–B) (Dickerson et al., 1995; Merrill and Moody, 1996; Moody et al., 1996) and con-
vective processes (Fig. 4C) (Dickerson et al., 1987; Talbot et al., 1998).

Mid-latitude cyclones (i) frequently form at lee side of the Rocky Mountains and propag-
ate eastward, with associated cold fronts southeastward across the eastern United States (U.S.;
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Zishka and Smith, 1980; Whittaker and Horn, 1984); (ii) occur every 5 days – as average –
in summer (Li et al., 2005), although in spring the frequency may even be higher, and (iii)
have four airstreams associated (Fig. 4A–B): the warm conveyor belt ahead of the cold front,
the cold conveyor belt, the dry airstream subsiding behind the cold front, and the post cold
front boundary layer airstream (Cooper et al., 2002 a, b). The northeastward ascending air-
stream, represented by the warm conveyor belt, prompts the upward transport of pollutants
from North America to the free troposphere over the North Atlantic (Eckhardt et al., 2004).
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Figure 4: Airstreams associated with the mid-latitude cyclones: (A) top view and (B)
three-dimensional scheme. Figure adapted from Cooper et al., 2002 a. WCB: warm conveyor

belt. CCB: cold conveyor belt. DA: dry airstream. PCF: post cold front. (C) Convection
mechanism.

Convection (Fig. 4C) is also an important mechanism for ventilating the boundary layer;
the convective outflow prompts the upward transport of pollutants (Dickerson et al., 1987;
Talbot et al., 1998), which may remain for several days over the North America prompting
ozone production and its subsequent export to the North Atlantic (Li et al., 2005). This
mechanism is important in Southeastern U.S. in summer, as the warm conveyor belt of the
mid-latitude cyclones is shifted northward (Li et al., 2005).

Once in the free troposphere, CO and O3 enter in the westerly circulation at the north
of the Azores high (Li et al., 2005), with the subsequent transatlantic transport. There are a
number of observation-based evidences on the large-scale impact of the CO and O3 pollution
events in the North Atlantic linked to North American fires and pollution export (Moody et
al., 1996; Parrish et al., 1998; Honrath et al., 2004; Owen et al., 2006).

Although aerosols have been less studied, some researches have found evidences of their
export to the Atlantic in the cyclones modulated North American outflow (Li et al., 2005),
even if they have a relatively short lifetime (LT∼ 15 days). By ground-based and airborne
Laser Imaging Detection and Ranging (LIDAR) measurements, Ancellet et al. (2016) detec-
ted the transatlantic transport of North American biomass burning aerosols and dust to the
Mediterranean. At Pico Observatory (Azores Islands) free troposphere transport of North
American BC aerosols linked to boreal fires (Val Martin et al., 2006) and sulphate, nitrate,
elemental carbon and organic aerosols has been detected (Dzepina et al., 2015). The impact
of biomass aerosols has been documented: these particles effectively scatter and absorb solar
radiation and are good cloud condensation nuclei (Reid et al., 2005 and references therein).
The few available studies on the export of aerosols from North American have been based
on rather short-term measurement campaigns (weeks to a few months). There is a clear need
to get a comprehensive view on the North American aerosols over the North Atlantic, which
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requires long term measurements to answer some key questions:

• What is the composition of the aerosol population?

• What are the sources of the aerosol population?

• Is there any seasonal evolution of the composition of the aerosol population?

• Does the aerosol population experience transatlantic transport?

New particle formation

New Particle Formation (NPF) is a two-step process, not fully understood, that comprises:
nucleation and growth up to stable sizes (Fig. 5A). Several theories have been proposed to ex-
plain the Nucleation step: (i) binary (water–sulphuric acid) nucleation (Nilsson and Kulmala,
1998; Vehkamaki et al., 2002), (ii) ternary (water–sulphuric acid–ammonia) nucleation (Coff-
man and Hegg, 1995; Korhonen et al., 1999; Kulmala et al., 2002; Napari et al., 2002), (iii)
ion-induced nucleation (Laakso et al., 2002), (iv) low-pressure organic vapours nucleation
(Marti et al., 1997; Zhang et al., 2004), and (v) halogen oxide nucleation (Hoffmann et al.,
2001); but still fail to explain some of the field observations. Semi-empirical new mechanisms
such as cluster activation and kinetic nucleation have been developed to explain the observed
measurements (Laakso et al., 2004; Kulmala et al., 2006; Metzger et al., 2010). The growth
step occurs under certain scenarios, when clusters are activated to result in stable aerosols
with a size≥ 50 nm (i.e. during the so-called ‘banana-type’ events; Fig. 5B). Proposed mech-
anisms for growth include: (i) condensation of sulphuric acid–sulphate and low-volatility
organic vapours, including biogenic volatile compounds such as isoprene and monoterpenes
(Laaksonen et al., 2008; Kulmala et al., 2013; Patoulias et al., 2015) and (ii) acid–organics
heterogeneous reactions (Zhang and Wexler, 2002). Understanding how nucleated clusters
grow is important to study the influence of aerosols on climate, as it depends on particle size.
Particles able to grow beyond 50 nm may act as Cloud Condensation Nuclei (CCN), and may
consequently increase the indirect aerosol-cloud interaction (McMurry et al., 2011). In fact,
NPF is the source of over half of the atmosphere’s CCN (Merikanto et al., 2009).

NPF has been studied in different locations: from polluted urban areas (e.g. Dunn et al.,
2004), rural environments (e.g. Rodrı́guez et al., 2005; Hamed et al., 2007), coastal areas
(e.g. Lee et al., 2008), forests (e.g. Dal Maso et al., 2005), to remote high-mountains (e.g.
Venzac et al., 2008) and recently, even in the free troposphere (e.g. Rose et al., 2015; Bianchi
et al., 2016). Typical values for formation and growth rates of new particles are within the
range ∼ 0.01–3 cm−3·s−1 and ∼ 0.4–10 nm·h−1 in remote and ∼ 1–70 cm−3·s−1 and ∼ 2–
40 nm·h−1 in polluted environments, respectively (Kulmala et al., 2004 and references there
in; Yli-Juuti et al., 2011 and references there in; Järvinen et al., 2013).

In the continental boundary layer at mid-latitudes, NPF is frequently observed under the
clean air conditions that occur after cold front passages and/or rainfalls, normally associated
with low relative humidity and high solar radiation (Rodrı́guez et al., 2005; Wu et al., 2007).
However, in high-mountains reaching the free troposphere, NPF has been observed in differ-
ent contexts. For instance, Weber et al. (1995, 1999) found that NPF in the remote Pacific
Ocean (Mauna Loa, 3400 m a.s.l.), was led by sulphuric acid, whereas Boulon et al. (2011)
did not find any correlation between sulphuric acid and NPF events in continental Europe
(Puy de Dome, 1465 m a.s.l). Although it is accepted that pre-existing particles behave as
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Figure 5: (A) New particle formation steps. Figure adapted from Kulmala et al. (2003). (B) New
Particle Formation or ‘banana type’ event where the above named steps are pointed. Black dots

indicate the growth of the particle geometric mean diameter. The gray line is the linear
least-squares fit to these points. Figure adapted from Kulmala et al. (2012).

a condensation sink for the vapour phase and, consequently, for freshly new particles – as
observed in Norikura mount in Asia, 2770 m a.s.l. (Nishita el al., 2008) –, NPF has been ob-
served under high concentrations of pre-existing particles in Europe (Jungfraujoch, 3580 m
a.s.l, Boulon el al., 2010) and Antarctica (Dome C, 3200 m a.s.l., Järvinen et al., 2013); meas-
urements performed by Nie el al. (2014) in South China (Mount Heng, 1290 m a.s.l.), even
evidenced how NPF and growth were enhanced by heavy dust plumes mixed with anthro-
pogenic pollution as a result of dust-induced heterogeneous photochemical processes. UV
radiation also plays a key role for oxidizing SO2 to form sulphuric acid and prompt NPF (e.g.
Boulon et al., 2010; Hallar et al., 2011). Bianchi et al. (2016) found that – in addition to
sulphuric acid-ammonia nucleation – NPF in the free troposphere mainly occurs by condens-
ation of highly oxygenated organic molecules; they observed that neutral nucleation is more
than 10 times faster than ion-induced nucleation and that NPF occurs from 1 to 2 days after
contact of the air masses with the planetary boundary layer, the time needed for oxidation
of organic compounds. Long-term records (≥ 1 y) of aerosol size distribution and of other
parameters involved in NPF (e.g. sulphur dioxide and UV radiation) at high-mountain sites
that reach the free troposphere are scarce, and are needed to understands the context in which
NPF take place. According to the long term record at Izaña Observatory:

• In what context does new particle formation occur?

• Is there an interannual variability in NPF?

• Is NPF influenced by the Saharan Air Layer?
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CHAPTER

2
Objectives

Taking into consideration the previous studies performed in the North Atlantic Ocean
and in view of the current shortcomings in the knowledge of (i) the sources of the organic
aerosols, (ii) the origin of the aerosols in the westerlies and (iii) the new particle formation at
Izaña, the present study aims to fill these research gaps related to the origin of the atmospheric
aerosol in the North Atlantic free troposphere. The specific objectives are:

1. To assess the relevance of new particle formation processes.
More specifically:

(a) Identifying the context in which NPF occurs.

(b) Identifying factors affecting interannual variability.

2. To study the origin of the aerosols in the North Atlantic free troposphere westerlies.
More specifically:

(a) Identifying the source regions of each aerosol component.

(b) Identifying the meteorological processes that modulate the aerosols transatlantic
transport

3. To study the origin of organic aerosols in the Saharan Air Layer.

Obtained results will allow (i) progressing in the knowledge of the chemical character-
istics of background aerosol and of the context involved in the formation of new particles,
which will help in a better estimation of aerosols effects on climate, (ii) identifying potential
source regions of background atmospheric particles, which will help in further development
of climate change policies, and (iii) understanding how large-scale meteorological processes
influence long-range transport from regional to global scales, which will improve our under-
standing of trans-boundary pollution transport processes.
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CHAPTER 2. OBJECTIVES

This thesis presents a high multidisciplinarity involving a combination of atmospheric
chemistry, meteorology and computational methods. The research topic is highly import-
ant within the context of aerosols-climate interactions and trans-boundary pollution and it is
motivated by the potential impact of atmospheric aerosols on climate.

24



CHAPTER

3
Methodology

The present thesis is mostly based on aerosol data collected at the Izaña Observatory. This
data set was complemented with other atmospheric measurements at Izaña, meteorological
products and additional observations. A brief description of the methodology used for each
objective is shown:
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Collected at Izaña:

• Aerosol size distribution
• Reactive gases

• UV radiation

• In-situ meteorology

• Identification of New particle

formation (NPF) events.
• Determination of the NPF

parameters :

− condensation sink
− coagulation sink

− formation rate
− growth rate

− contribution of H2SO4

1-To assess the relevance of new

particle formation processes

Collected at Izaña:

• Aerosol chemical composition
(inorganic and carbonaceous)

Complementary data:

• Back-trajectories-FLEXTRA

• Meteorological re-analysis
• Aerosol satellite observations

• Global fires emissions

• USA tornado climatology

• Identification of the westerlies

air masses by means of the
back-trajectories.

• Identification of transport

routes thought the TRF and
MCAR plots

2-To study the origin of the

aerosols in the North Atlantic

free troposphere westerlies

Collected at Izaña:

• Aerosol chemical composition
(inorganic and carbonaceous)

• Organic speciation

Complementary data:

• Back-trajectories-HYSPLIT

• Sources identification by

means of MCR-ALS
• Source apportionment by

means of MLRA.

3-To identify the origin of

organic aerosols in the Saharan

Air Layer

The methods used to measure the chemical and physical properties of the aerosols are
the recommended and reference methods of the Global Atmospheric Watch program, which
ensure traceability and comparability of measurements. A detailed description of the meas-
urement site, data set and analysis is given in the following sections.
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CHAPTER 3. METHODOLOGY

3.1 Sampling and measurement site

Sample collection was performed at the Izaña Global Atmospheric Watch (GAW) Obser-
vatory (16◦ 29′N 58”W, 28◦ 18′N 32”N; Tenerife, Canary Islands, Spain; Fig. 6A) at 2367 m a.
s.l. The Izaña Observatory is located in the subtropical North Atlantic Ocean, above an al-
most permanent temperature inversion layer (TIL) which separates two well differentiated
air masses (Fig. 6B): the moist and cool marine boundary layer (MBL) and the dry free tro-
posphere (FT); these two airflows are differentiated fundamentally by their relative humidity
(MBL� FT; Rodrı́guez et al., 2009). The MBL top (frequently located just below the TIL)
is characterized by the formation of a stratocumulus layer as a result of the condensation of
water vapour onto the available pre-existing particles.

The wind regime in the FT is dominated by NW dry subsiding airflows (connected to
the westerlies circulation) throughout the year except in summer, when they are frequently
alternated with SE airflows from North Africa (associated with the Saharan Air Layer). In
the moist and cool MBL, the NNE trade winds prevail.

The Canary 

Islands

NW subsidence

NE trade winds

FT

MBL

TIL

Sc

Teide peak, 3718 m a.s.l.

IZAÑA, 2367 m a.s.l.

Teide peak
J.M. Prospero 

ARL

B)A)

C)

Figure 6: (A) Location of the Canary Islands. (B) Vertical cross-section of Tenerife, where the
altitude of the Izaña Observatory and the Teide peak are indicated; the stratification of the
troposphere at the Island and the wind regimen are also represented. Figure adapted from

Rodrı́guez et al., 2009. (C) View of Izaña GAW Observatory; the main building of the aerosol
program (J.M. Prospero Aerosol Research Laboratory) is highlighted.

Izaña is within the pre-national park (Teide National Park) close to the Mount Teide –
the highest peak of the Island – (Fig. 6B–6C). The area is environmentally protected by the
‘Sky Law’ and was declared a UNESCO World Heritage Site in 2007. The Observatory
is surrounded by a forest of an endemic specie of pine (Pinus canariensis Chr, Sm.ex DC)
limited between ∼500–2300 m a.s.l.

During daytime, heating of terrain prompts upslope winds that may transport trace amounts
of chemical compounds that are emitted by biogenic and anthropogenic sources in the MBL.
Although the impact is minimum for the aerosol mass concentration (Rodrı́guez et al., 2009),
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it is substantial for the number of ultrafine particles, reactive gases and water vapour concen-
trations (Rodrı́guez et al., 2009).

Administratively, the Izaña Atmospheric Research Centre belongs to the State Meteorolo-
gical Agency of Spain (AEMET) and is a join research unit of the National Research Council
of Spain (CSIC), through the Institute of Environmental Assessment and Water Research (ID-
AEA). Since 1989, the Izaña Observatory is one of the 31 super-site stations (Fig. 7) which
form part of the Global Atmosphere Watch (GAW) programme coordinated by the World
Meteorological Organization. The main objective of the GAW aerosol program is ‘to determ-
ine the spatio-temporal distribution of aerosol properties related to climate forcing and air
quality up to multi-decadal time scales’ (http://www.wmo.int/pages/prog/arep/gaw/aerosol.
html). The data collected at the GAW monitoring stations are particularly essential to further
understanding of the relationship between changing atmospheric composition and changes of
global and regional climate.

Figure 7: Global Atmospheric Watch (GAW) stations (http://www.wmo.int/pages/prog/
arep/gaw/measurements.html); Izaña GAW Station is highlighted in red.

3.2 Data Set

The aerosol instrumentation is located in a 6 m-high building (Fig. 6C), where the indoor
temperature is set to 20◦C. Temperature, relative humidity (RH) and pressure are monitored in
the aerosol flow (stretch of sampling pipe into the building, just before the aerosol monitors)
and in the outdoor ambient air. Outdoor ambient RH is usually low (70 th percentile is∼ 40 %
for hourly annual data). Because of the higher indoor temperature, the RH in the sample
is usually much lower, within the range 10–25 % (25 th–75 th percentiles for annual hourly
data). Thus, dry aerosol measurements are performed without using any system for reducing
RH (membrane/nafion driers, or dilutors). The filter treatment is performed at the weighing
room, where the indoor temperature is set to 20◦C and the relative humidity between 30 and
35 %.
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CHAPTER 3. METHODOLOGY

3.2.1 Size distribution

Particle size distribution within the range 10–600 nm was measured with a Scanning Mo-
bility Particle Sizer (SMPS, model 3996, TSI). The SMPS spectrometer (Fig. 8A) is formed
by an Electrostatic Classifier (EC; Fig. 8B) and a Condensation Particle Counter (CPC). The
EC uses a bipolar charger to ionize the particles to a known charge distribution for which the
equilibrium is reached (Fuchs, 1963; Wiedensohler, 1988; Reischl et al., 1996). The sample
(charged and neutral particles) is then conducted to a Differential Mobility Analyzer (DMA),
where particles are classified according to their electrical mobility, which is proportional to
the particle diameter. The complete particle size distribution is obtained by applying a ramp
of voltages. Particles in the size-classified monodisperse aerosol, coming out the DMA, are
counted by a Condensation Particle Counter (CPC). Two different CPCs were used as detect-
ors: a CPC-3025A (diameter cut-off: 3 nm) from June 2008 to March 2009 and a CPC-3010
(diameter cut-off: 10 nm) from March 2009 on. The Aerosol Instrument Manager® Software
for SMPS spectrometer collects and stores sample data. Correction for diffusion losses in the
sampling pipe and inside the SMPS was applied (Hinds, 1999).

A) B) 

Figure 8: (A) Scanning Mobility Particle Sizer (SMPS, model 3996, TSI™). (B) Schematic
diagram of the electrostatic classifier (TSI, 2009).

The SMPS has been subjected to several quality assurance and quality control activities:

(i) The 50 % efficiency diameters (Dp50) were determined in the World Calibration
Centre for Aerosol Physics (WCCAP, Institute for Tropospheric Research, Leipzig,
Germany). Dp50 = 2.4 nm for the CPC-3025A unit (SN: 1160; September 2002) and
Dp50 = 9.6 nm for the CPC-3010 unit (SN: 70431239; September 2011).

(ii) The SMPS was intercompared, measuring ambient air aerosol, with similar TSI
SMPS instruments in April 2010 and November 2012 within the REDMAAS net-
work (www.redmaas.com; Gómez-Moreno et al., 2013). In these exercises the siz-
ing accuracy was also assessed with monodisperse polystyrene latex spheres of 80
and 190 nm; a discrepancy of -1 and -1.2 % was found, respectively.
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(iii) During the regular operations at Izaña, the SMPS is subject to weekly checks of
aerosol and sheath airflows, zeroes and leak tests using absolute filters.

Particle size distribution within the range 0.7–20 µm aerodynamic diameter was measured
with an Aerodynamic Particle Sizer (APS, model 3321, TSI). The APS (Fig. 9A) classifies
the particles according to their time-of-flight (Fig. 9B). An inner nozzle focuses the aerosol
flow, which is surrounded by the sheath air flow, to be accelerated through the outer nozzle.
Particle with different aerodynamic diameters have different acceleration rates directly behind
the nozzle, with larger particles accelerating more slowly due to increased inertia. Two laser
beams are positioned directly behind the outer nozzle and the time-of-flight – time difference
between the two pulse maxima – is recorded and converted to aerodynamic diameter using a
calibration curve.

A) B)

Figure 9: (A) Aerodynamic Particle Sizer (APS, model 3321, TSI™). (B) Schematic diagram of
the APS (TSI, 2005).

The APS has been subjected to several quality assurance and quality control activities:

(i) During the regular operations at Izaña, the APS is subject to weekly checks of aero-
sol and sheath airflows, zeroes and leak tests using absolute filters.

(ii) The APS was intercompared, measuring ambient air aerosol, with the gravimetry
of the samples collected in quartz micro fibber filters (R2:∼ 0.9) during the study
period.

3.2.2 Particulate Matter

Particulate matter (PM) was gathered in several size fractions. Total Particulate Matter
(PMT), and PM smaller than 10 µm (PM10) and 2.5 µm (PM2.5) aerodynamic diameters were
collected on pre-heated (205◦C during 5 h to remove potentially adsorbed volatile carbon)
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quartz micro fibber filters (Pall Science, 150 mm diameter) with high volume air samplers
(Fig. 10A; Hi-Vol, MCZ; 30 m3·h−1 of flow rate). Concentrations of PMx were gravimetric-
ally determined in the weighing room (Fig. 10B) following the EN-14907 procedure (except
that filter conditioning was performed at 30–35 % relative humidity instead of 50 %). The
manual gravimetric method is considered optimal for PM concentrations> 10 µg·m−3 (EN-
14907), so uncertainties are significant below this threshold value.

A) B) 

Figure 10: (A) High volume air samplers (HVS; MCZ) and (B) the weighing room.

The combined standard uncertainty (uc), associated with a specific PMx concentration, is
expressed as the combination of the individual sources of uncertainty identified in EN-14907;
by multiplying uc by the coverage factor k = 2, the expanded uncertainty (U) is obtained.
U implies that there is a 95 % probability that the true value lies within ±U of the meas-
ured value and it was calculated for individual samples, with the Izaña sampling conditions
(sampling time: 8h; sampler flow: 30 m3·h−1), as represented in Fig. 11. The expanded un-
certainty associated for PMx <10 µg·m−3 is ± 5 µg·m−3. U ( %) will depend on the sample
mass, with U>50 % for PMx <10 µg·m−3.
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Figure 11: Expanded uncertainty (U) of the gravimetric method for individual PMx samples as
described in EN-14907.

Blank weighing room and blank field filters (treated like the samples regarding prepar-
ation, transport and storage) were collected and weighed as part of the quality assurance /
quality control (QA/QC) protocol.
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From September to July, PM10 and PM2.5 samples were collected every 3 days at night
(22–6 GMT; FT conditions), whereas in August, PMx were gathered daily as part of the
annual aerosol summer campaign. During the 2013 campaign, a set of PM2.5 samples were
collected during the day (10–16 GMT; FT potentially mixed with MBL) at non-consecutive
days. In August, additional PMx samples were collected with Low Volume Samplers (LVS)
to assess the accuracy of the High Volume Samplers (HVS) measurements.

3.2.3 Chemical composition

3.2.3.1 Inorganic and carbonaceous species

Filter samples gathered during the study period (2008–2013) were stored and sent peri-
odically to the Institute of Environmental Assessment and Water Research (IDAEA-CSIC)
in Barcelona for the inorganic and carbonaceous chemical analysis (Fig. 12). The methods
used for the chemical analysis are described in detail in previous articles (Querol et al., 2001;
Rodrı́guez et al., 2015).

ICP-AES: 

major elements

ICP-MS: 

trace elements

Ion 

chromatography: 

SO4
=, NO3

-, Cl-

Selective electrode: 

NH4
+ 

TOT:

OC, EC

¼
kept for organic 

analysis

Figure 12: Scheme of the inorganic and carbonaceous species analyzed and the amount of filter
used. TOT: thermal-optical transmittance; ICP-AES: Inductively Coupled Plasma Atomic

Emission Spectrometry; ICP-MS: Inductively Coupled Plasma Mass Spectrometry.

One quarter of the filter was leached with de-ionized water to extract soluble species. The
solution was subsequent heated at 60◦C for 6 h and filtered for the analysis of SO=

4 , NO–
3, Cl–

by high-performance liquid chromatography (HPLC, ICpakTM anion column and 432 con-
ductivity detector, WATERS; detection limits 0.113, 0.113 and 0.505 µg·m−3, respectively)
and NH+

4 by selective electrode (SE, 710 A+, THERMO Orion; detection limit 0.056 µg·m−3)
(Fig. 12).

Other quarter of the filter was acid digested (HF and HNO3) at 90◦C for 8 h to dissolve
elemental and trace elements. Once the solution was cooled, HClO4 was added to dissolve
the organic matter resistant to HNO3. The acids were evaporated on a heating plate at 230◦C
and the remaining dry residue dissolved with HNO3 and de-ionized water. The resulting
solution was analysed to determine elemental composition by Inductively Coupled Plasma
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Atomic Emission Spectrometry (ICP-AES, IRIS Advantage TJA Solutions, THERMO; de-
tection limit 0.4 ng·m−3) and trace elements by Inductively Coupled Plasma Mass Spectro-
metry (ICP-MS, X Series II, THERMO; detection limit 0.02 ng·m−3) respectively (Fig. 12).

Two punches (1 cm x 1.5 cm) of the filter were used to determine organic and elemental
carbon by thermal-optical transmittance (TOT, Sunset Laboratory Inc.; detection limits 0.8
and 0.032 µg·m−3 respectively) (Fig. 12) following the EUSAAR2 protocol (Cavalli et al.,
2010). The thermal-optical method analyse the carbonaceous material according to a pre-
arranged temperature protocol, first in an inert atmosphere (He), where the organic carbon
(OC) is desorbed in 4-steps (OC1, OC2, OC3 and OC4) and then in an oxidizing atmosphere
(He/O2), where the elemental carbon (EC) combust in 4-steps (EC1, EC2, EC3 and EC4).
Under the inert He atmosphere the temperature set points and residence times are the fol-
lowings: (i) 200◦C for 120 s, (ii) 300◦C for 150 s, (iii) 450◦C for 180 s and (iv) 650◦C for
180 s, whereas under the oxidizing atmosphere He/O2 the temperature set points and resid-
ence times are: (i) 500◦C for 120 s, (ii) 550◦C for 20 s, (iii) 700◦C for 70 s and (iv) 850◦C
for 80 s. During the analysis in the inert atmosphere, some thermally unstable organic com-
pounds pyrolyse and form pyrolytic carbon (Py), which is desorbed off the filter in the ox-
idizing atmosphere; to correct for pyrolysis, a laser beam monitors the optical properties of
the sample before and during the analysis. The carbonaceous species desorbed from the filter
are converted to CO2, which is reduced to CH4 and subsequent quantified into a flame ioniz-
ation detector (FID). At Izaña, OC and EC concentration are relatively low and artefacts are
important. To identify possible artefacts – related to filter treatment, sampling, transport and
storage – a short-campaign was performed in 2013. Results indicated that quartz microfiber
filters may adsorb volatile carbon very easily due to the high active surface – as previously
indicated by Chai et al. (2012) – and the more unstable part of the organic carbon (OC1 and
OC2) was decided to be discarded to calculate OC.

The following empirically determinations were done:

• Organic matter (OM) was determined by using the ratio OM/OC = 1.8 observed in the
North American aerosol collected at Pico Observatory in the Azores (Dzepina et al.,
2015).

• Sulphate was split into sea salt sulphate (ss-SO=
4) and non-sea salt sulphate (nss-SO=

4)
using the empirical ratio of marine Na and sulphate (SO=

4 /Na+= 0.25) in seawater (Graven-
horst, 1978).

• Sea salt was calculated as ss-Cl + 1.47·ss-Na (Holland, 1978).

• CO3-
2 was calculated from the amount of Ca not present as Ca-sulphate and Ca-nitrate,

and then assuming this fraction of Ca is present as calcite (CaCO3; CO=
3 = 1.5·Ca;

Rodrı́guez et al., 2011).

• SiO2 was determined from the Al content on the basis of prior experimental equations
(SiO2 =3·Al2O3, see Querol et al., 2001).

• Mineral dust was calculated as the sum of Al2O3 + SiO2 + Fe + CaCO3 + K + nss-Na +
P + Ti + Sr (see details in Rodrı́guez et al., 2011, 2015) and normalized so Al accounts
for 8 % of the dust mass (see discussion in Pérez et al., 2016).
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3.2.3.2 Organic species

The speciation of the organic matter was performed for a set of PM10 and PM2.5 samples
collected during August 2013. The analytical procedure was carried at the Institute of En-
vironmental Assessment and Water Research (IDAEA) during a short-term research stay in
the course of this thesis. A detailed description of the analytical method is given elsewhere
(Fontal et al. 2015, Van Drooge and Grimalt 2015). One quarter of the filter sample was used
for the organic compounds speciation by gas-chromatography coupled to mass-spectrometry
(GC-MS) (Fig. 13).

Surrogate
standards
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I. Polar compounds

II. PAH, n-alkanes 
and hopanes

Derivatize to  

trimethylsilyl
esters and ethers 

Clean-up by adsorption 
column chromatography

GC-MS

Inorganic

analysis

ORGANIC 

SPECIATION

Inorganic

analysis

Carbonaceous
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Figure 13: Scheme of the organic speciation analysis.

Briefly, before extraction, surrogate standards levoglucosan-D7, n-C24-D50 (Cambridge
Isotopic Laboratories, UK), succinic acid-D4 (Sigma Aldrich, Steinheim, U.S.A.), anthracene-
D10, benz[a]anthracene-D12, benzo[b]fluoranthene-D12, benzo[a]pyrene-D12 and benzo[ghi]
perylene-D12 (Dr. Ehrenstorfer, Ausburg, Germany) were added on the filters. Filter samples
were ultrasonically extracted three times in 15 ml of a solvent mixture of dichloromethane and
methanol (2:1 (v/v); Merck, Germany) for 15 min and filtered over 0.45 µm glass-fiber filter
(Whatman, U.S.A.) to remove insoluble particles. Extracts were then concentrated to 1 ml by
rotovap and to 0.5 ml using a gentle nitrogen stream.

For the analysis of polar compounds, i,e. acids and saccharides, a 25 µl aliquot of
the extract was evaporated until dryness, and 25 µl of bis-(trimethylsilyl)-trifluoroacetamide
(BSFTA) + trimethylchlorosilane (99:1) (Supelco, Bellefonte, PA, U.S.A.) and 10 µl of pyrid-
ine (Merck, Darmstadt, Germany) were added and left overnight to derivatize the polar com-
pounds to their trimethylsilyl esters and ethers in order to analyse them by GC-MS. The
remaining extract was used for the analysis of polycyclic aromatic hydrocarbons (PAH), n-
alkanes and hopanes, and was clean-up by adsorption column chromatography, packed with
1 g of aluminium oxide (Merck, Germany). The analytes were eluded with 10 ml of hexane:
dichloromethane (1:2 (v/v), Merck, Germany) solvent, which was collected and concentrated
to 1 ml by rotovap and to 25 µl under a gentle nitrogen stream for quantification by GC-MS.

All prepared extracts were injected into a Thermo GC-MS (Thermo Trace GC Ultra-
DSQ II). For derivatized polar compounds, the GC-MS was equipped with a 60 m fused
capillary column; while non-polar compounds were analysed using a 30 m column (HP-5MS,
0.25 mm x 25 µm film thickness). The oven temperature program started at 60◦C for the polar
compounds and 90◦C for the non-polar compounds (holding time 1 min) and then heated to
120◦C at 12◦C·min−1 and to 310◦C at 4◦C·min−1, at which point it was held for 10 min.
The injector, ion source, quadrupole and transfer line temperatures were 280, 200, 150 and
280◦C, respectively. Helium was used as a carrier gas at 0.9 ml·min−1. The MS detector
was operated in full scan (m/z from 50 to 650) and electron impact (70 eV) ionization mode
for the polar compounds. The sample extracts for the analysis of non-polar compounds was
performed in selected ion monitoring mode for the corresponding ions.
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Organic species were identified by their GC retention time and characteristic ions in the
MS. Retention time was compared to those of the standards or with literature and the National
Institute of Standards and Technology (NIST) library data (Claeys et al., 2007; Kourtchev et
al., 2005; Clements and Seinfeld, 2007; Medeiros and Simoneit 2007; Fontal et al., 2015).
The organic species analyzed and their characteristic ions are:

(i) Dicarboxylic acids
succinic acid (m/z 247), glutaric acid (m/z 261), adipic acid (m/z 275), pimelic acid
(m/z 289), suberic acid (m/z 303), azelaic acid (m/z 317), malic acid (m/z 233),
phthalic acid (m/z 295).

(ii) Saccharides
α- and β -glucose (m/z 204), mannitol (m/z 319), sucrose and fructose (m/z 361).

(ii) Levoglucosan (m/z 204)

(iii) Secondary aerosols from isoprene oxidation (SOA ISO)
2-methylglyceric acid (2-MGA; m/z 219), 2-methylthreitol (2-MT1) and 2-methyl-
erythritol (2-MT2; m/z 219).

(iv) Secondary aerosols from α-pinene oxidation (SOA PIN)
cis-pinonic acid (m/z 171), 3-hydroxyglutaric acid (3-HGA; m/z 349), 3- methyl-
1,2,3-butanetricarboxylic acid (MBTCA; m/z 405).

(v) n-alkanes (m/z 71).

(vi) Hopanes
17(H)α ,21(H)β -29-Norhopane, 17(H)α ,21(H)β -hopane (m/z 191).

(vii) Polycyclic aromatic hydrocarbon (PAH)
benz[a]anthracene (m/z 228), chrysene (m/z 228), benzo[b+k]fluoranthene (m/z 252),
benzo[e]pyrene (m/z 252), benzo[a]pyrene (m/z 252), indeno[1,2,3-cd] pyrene (m/z
276), benzo[ghi]perylene (m/z 276).

The limits of quantification in the applied methodologies were 0.02 ng·m−3 for the sac-
charides, 0.01 ng·m−3 for the acids and 0.002 ng·m−3 for PAHs, hopanes and n-alkanes. The
concentrations were corrected by the recoveries of the above mentioned surrogates. The re-
coveries of the surrogate standards were higher than 60 %. The field blanks concentrations
of the reported compounds were between 1 and 30 % of the sample concentration. Organic
compounds, such as carboxylic acids are not reported due to higher blank concentrations. No
corrections for the blank concentrations were applied on the sample concentrations.

3.2.4 Meteorological products

3.2.4.1 In-situ meteorology at Izaña

Meteorological parameters were provided by the Izaña Observatory. Pressure was meas-
ured with a Setra 470, temperature and relative humidity with a Rotronic, and wind with a
Thies sonic anemometer. Vertical wind was only recorded from June 2011 to October 2011.
Concentrations of water vapour were calculated from the improved Magnus equation (Goff
and Gratch, 1946).
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3.2.4.2 Back-trajectories

The air mass origin and transport was tracked by means of backward trajectory analysis.
Three-dimensional ten-days back-trajectories arriving at 2400 m.a.s.l were computed at 00
GMT for Izaña with:

(i) The FLEXible TRAjectories model (FLEXTRA; https://folk.nilu.no/∼andreas/flex-
tra/flextra3.html; Stohl et al., 1995; Sthol and Seibert., 1998), developed at the In-
stitute of Meteorology and Geophysics in Vienna. FLEXTRA was run with the
European Centre for Medium-Range Weather Forecasts (ECMWF) data set and
back-trajectories were used as input in a self-developed Matlab script (The Math-
works, Natick, U.S.A.) which segregates air masses coming from North America
and the North Atlantic, from those of Africa, attending to its latitude and longitude
values along the transport path towards Izaña.

(ii) The HYbrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT,
http:// ready.arl.noaa.gov/HYSPLIT.php; Draxler and Hess, 1998; Draxler and Rolph,
2003; Stein et al., 2015), developed by the National Oceanic and Atmospheric Ad-
ministration (NOAA). HYSPLIT was run with the National Centre for Environ-
mental Prediction’s (NCEP) Global Data Assimilation System (GDAS, 1 degree)
data set.

The use of FLEXTRA or HYSPLIT back-trajectories was subject to their availability
during the course of the thesis. Both lagrangian models show a good agreement when their
trajectories are compared (e.g. Klein et al., 2011; Madonna et al., 2013), but they were
applied separately and not mixed: FLEXTRA back-trajectories were used to reach objective-
2 and HYSPLIT back-trajectories were used to reach objective-3.

3.2.4.3 NCAR/NCEP re-Analysis data

Meteorological re-analysis data for the period 2008–2013 was downloaded from the Na-
tional Centre for Environmental Prediction and the National Centre for Atmospheric Research
(NCEP/NCAR; https://www.esrl.noaa.gov; Kalnay et al., 1996); both divisions are part of the
National Oceanic and Atmospheric Administration (NOAA). The NCEP/NCAR Re-analysis
Project produces a retroactive – 1948 on – record of global analyses of atmospheric fields.
To achieve this goal the recovery of land surface, ship, rawinsonde, pibal, aircraft, satellite
and other data is needed (Kistler et al., 2001). These data are quality controlled and assim-
ilated with a data assimilation system (DAS) which is kept unchanged over the re-analysis
period. This avoids the problem of inhomogeneous meteorological analyses, which had to
support real-time weather forecasting, due to the changes in the DAS. The output consists
of a globally gridded data set of the chosen variables (e.g. precipitation, vector winds, etc.).
The analysis in the present thesis includes geopotential heights, winds and omega (vertical
wind) at several standard levels (925, 850 and 700 hPa) as well as precipitations rates. Data
was used to study the processes involved in the export and transatlantic transport of aerosols
from North America.
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3.2.5 Additional parameters

3.2.5.1 Radiation

Radiation data was provided by the Baseline Surface Radiation Network (BSRN). The
Izaña observatory has been part of the BSRN since 2009 (Garcı́a, 2011). We used short-
wave downward radiation (SDR) irradiance (global, direct and diffuse), and UV-A and UV-B
measurements. The global and diffuse SDRs were measured with unshaded and shaded Kipp
Zonen CM-21 pyranometers, respectively. The spectral range covers 335–2200 nm (95 %
points), and the expected uncertainty is ±2 % for hourly totals. The direct SDR is measured
with a Kipp Zonen CH1 pyrheliometer, with a field of view limited to 5◦± 0.2◦, placed
on a sun tracker with a tracking accuracy of 0.1◦. The spectral range goes from 200 to
4000 nm (50 % points), and the uncertainty of this measurement is ±2 % for hourly totals.
The UV-A is measured with Kipp Zonen UVS-A-T radiometer. The spectral range covers
315–400 nm with daily uncertainty lower than 5 %. The UV-B is measured with Yankee
Environmental System (YES) UV-B-1 pyranometer. The spectral range goes from 280 to
320 nm. All radiation parameters are measured with 1 min resolution. Radiation was used to
study the context in which NPF takes place.

3.2.5.2 Reactive gases

Reactive gases (RG) were provided by the Izaña Reactive gases GAW program. RG
measured using different principle of measurements: UV fluorescence analyser for SO2
(Thermo™, model 43C-TL), UV absorption for O3 (Thermo™, model 49C) and chemilu-
minescence for NO, NO2 and NOx (Thermo™, model 42C-TL). In order to avoid the NO2
overestimation linked to the use of molybdenum converters, a photolytic NO2 to NO con-
verter was used (Parrish and Fehsenfeld, 2000; Steinbacher et al., 2007). Quality assurance
and quality control activities included (i) 15 min zero measurements, performed every 24 h
in the SO2 and O3 and every 6 h in the NOx analysers; (ii) the use of linear fittings between
consecutive zeros for applying zero correction to data; (iii) five-point span calibrations every
3 months with certified SO2 and NOx concentrations; and (iv) calibration of the O3 analyser
versus an O3 primary standard (49C PS). A high linearity was commonly observed in these
calibrations (R2∼0.999). Detection limit is 60 ppt for SO2, 50 ppt for NO and NOx (5 min
average) and 1 ppb for O3 (1 min average). Reactive gases were used to study the context in
which NPF takes place.

3.2.5.3 Global fires

The Global Fire Emissions Database Version 4 including small fires data (GFEDv4.1s;
Randerson et al., 2015; http://www.globalfiredata.org/index.html) was downloaded from the
Oak Ridge National Laboratory Distributed Active Archive Centre for biogeochemical dy-
namics (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds id=1293), which is one of the NASA
Earth Observing System Data and Information System data centres. The data set has 0.25◦

latitude by 0.25◦ longitude spatial resolution and provides global estimates of monthly burned
area (i.e. the fraction of each grid cell that burned in that month) derived from the 500-m
direct broadcast burned area product (MCD64A1) combined with 1-km thermal anomalies
(active fires) of the Moderate Resolution Imaging Spectroradiometer (MODIS). GFEDv4.1s
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was used to estimate the monthly average burned fraction – of each 0.25◦ x 0.25◦ grid cell –
in North America from 2008 to 2013.

3.2.5.4 Aerosol Index

Level 3 UV Aerosol Index (AI) data, from the Ozone Monitor Instrument spectrometer
onboard satellite Aura, was downloaded from the Giovanni online data system of the NASA
Goddard Earth Sciences Data and Information Services Centre (http://disc.sci.gsfc.nasa.gov/).
AI was used to study the spatial and temporal variability of dust in North America from 2008
to 2013. Graphs were provided by the Izaña aerosol group.

3.2.5.5 Tornado climatology

The Severe Weather Database Files (1950–2015) for U.S. tornadoes were downloaded
from the Storm Prediction Centre (http://www.spc.noaa.gov/) as part of the NOAA National
Weather service. The data set contains several fields such as date of occurrence and starting
latitude and longitude. The tornado climatology was used to study convective processes in
Central and Northeastern United States.

3.3 Data Analysis

3.3.1 Size distribution

3.3.1.1 Classification of events

The SMPS aerosol number size distribution (10–600 nm) was plotted for each day of
the period 2008–2012, visually analysed and classified to distinguish NPF – or ‘banana-
type’ events – following the criteria of Dal Maso et al., (2005). Seven types of events were
considered (Table 1 and Fig. 14). In class I and II events a clear particle formation and growth
was observed for at least 4 and 2 h, respectively. In class III events no particle growth was
observed after the particle burst (apple-type events; Yli-Juuti et al., 2009). The remaining
data were sorted as follows: non-event (no increase in the concentration of particles <25 nm
was observed), undefined (event was not clearly observed) or bad data (invalid or missing
data). We attempted to determine the Formation Rate (FR) and Growth Rate (GR) for all
class I events. However, this was not possible for a set of episodes in which a noisy signal
was observed, mostly induced by a significant variability in the horizontal and/or vertical
components of wind. Thus, events in which the FR and GR could be determined were sub-
classified as class Ia; the remaining events were labelled as class Ib (Table 1).

3.3.1.2 Size distribution–dependent particle loss parameters

When analyzing NPF events, losses of new particles during the formation and growth
steps have to be taken into account. Condensation Sink (CS) describes how fast condensable
vapour is removed by collisions with the pre-existing aerosol particles, which is the main
sink for the smallest particles, and Coagulation Sink (CoagS) represents the self-coagulation
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Figure 14: Examples of type of events and cases identified in the data analysis.

of the growing particle population. CS and CoagS were calculated for each size distribution
following the equations described by Kulmala et al., (2012).

CS = 2πD·∫ ∞
0 Dp ·βm(Dp) ·n(Dp) ·dDp

= 2πD·∑i Dpi ·βm,Dp,i ·NDp,i·,
(3.1)

where D is the condensable vapour (assumed to be sulfuric acid) diffusion coefficient,
Dpi and NDpi the particle diameter and concentration in the size section i, and βm,Dp,i the size
dependent transitional correction factor in the size section i calculated as (Fuchs and Sutugin,
1971):

βm =
1+Kn

1+1.677Kn+1.333Kn2 , (3.2)

where Kn is the Knudsen number = 2λ /dp. Particles between 10 nm and 20 µm were used
to calculate the CS. CoagS is linked to CS by the simplified relation (Lehtinen et al., 2007):

CoagSnuc = (
Dp
0.71

)m ·CS, (3.3)

where Dp is the geometric mean diameter of the nucleation mode and m is an empirical
factor that generally can be assumed to be constant (m≈ –1.7; Dal Maso et al., 2008).

3.3.1.3 Determination of Formation and Growth Rates

The FR and GR were calculated for the nucleation mode particles (Dp< 25 nm) using
equations described by Kulmala et al. (2012):
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Table 1: Type of events considered in this study. FR: formation rate. GR: growth rate.

Type Criteria

Class Ia A new mode with growing mean diameter under 25 nm is observed.
(banana type) The growth is observed during at least 4 h. FR and GR can be calculated.
Class Ib A new mode with growing mean diameter under 25 nm is observed.
(banana type) The growth is observed during at least 4 h, but FR and GR could not be calculated.
Class II A new mode with growing mean diameter under 25 nm is observed.
(short banana type) The growth period lasts from 2 to 4 h.
Class III A new mode with growing mean diameter under 25 nm is observed.
(apple/burst) The growth period is lower than 2 h.
Non-event No new particle mode with mean diameter under 25 nm is observed.
Undefined Event is not clearly observed.
Bad data Missing or invalid data.

FR =
∆Nnuc

∆t
+CoagSnuc ·Nnuc +

GR
∆Dp

·Nnuc +Slosses, (3.4)

where the first term is the temporal variation of nucleation mode particles number con-
centration; it is the slope obtained from the first-order polynomial fitting during the episode
when representing the nucleation mode particle concentration as a function of time (Fig. 15).
The second term is the self-coagulation loss, i.e. the mean coagulation sink of nucleation
mode particles. The third term is the flux of particles growing out of the nucleation mode
size range, with GR being the growth rate and ∆Dp the particle diameter increase during the
growth. Slosses takes into account additional losses, but neglected in this study. Similarly,

GR =
dDp
dt

=
∆Dp
∆t

=
Dp2−Dp1

t2− t1
, (3.5)

where dp1 and dp2 are the representative particle diameters at times t1 and t2. GR is the
slope obtained from the first-order polynomial fitting during the episode when representing
the nucleation mode geometric mean diameter as a function of time (Fig. 15). The FR and
GR were determined using Eqs. (1) and (2) in two different approaches.

Method 1: SMPS data

The FR and GR were determined for the nucleation mode particles (Dp< 25 nm) using
the number concentration (Nnuc; Dal Maso et al., 2005) and the geometric mean diameter
(GMD, Dpnuc; Järvinen et al., 2013) of the 5 min resolution SMPS data. We used the GMD
to avoid the human bias associated with other methods such as visual determination of the
mode size change. Figure 15 shows an illustration of the linear fittings used for determining
the slopes FR (Eq. 1) and GR (Eq. 2).
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Figure 15: (A) Example of type Ia event. (B) Time evolution of the number of particles and of
the geometric mean diameter (GMD) for the nucleation mode. Lines illustrate the fitting that are

performed for determining the formation (blue) and growth (green) rates.

Method 2: lognormal size distribution

This method was implemented in two steps. First, each 5 min average size distribution
was fitted to a linear combination of lognormal distributions:

dN
dlnDp

= Σn
(i=1)

Ni√
2π lnσ(g,i)

exp(−
(lnDp− lnDp(g,i))

2

2ln2 σ(g,i)
),

Each lognormal distribution is characterized by three parameters: (i) mean number con-
centration Ni, (ii) geometric variance σ 2

(g,i) and (iii) the geometric mean diameter Dp(g,i).
The fitting procedure was performed using a self-developed software in MATLAB 7.4 (The
Mathworks, Natick, U.S.A.) within the frame of this thesis. The fitting accuracy was assessed
by the least squares quadratic (LSQ) value between the measured particle number size dis-
tribution and its fitting. This method is usually applied considering a single nucleation mode
(< 25 nm) (e.g. Dal Maso et al., 2005; Boy et al., 2008; Yli-Juuti et al., 2009; Salma et al,.
2011). However, we observed that, in many cases, the LSQ value was significantly reduced if
the nucleation mode was fitted with 2 lognormal fittings instead of 1. In many cases a simple
visual analysis of the 5 min size distributions evidenced that the nucleation mode growth was
prompted by one of these lognormal distribution. In a second step, GR was determined using
Eq. (2).
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3.3.1.4 Determination of sulfuric acid contribution

In order to quantify the contribution of H2SO4 to particle growth, we determined the
experimental Concentration of Condensable Vapour (Cv) and its Source Rate (Q) (Dal Maso
et al., 2005) as well as the theoretical H2SO4 proxy.

Cv = A · dDp
dt

, (3.6)

where A is a constant for a vapour with molecular properties of sulfuric acid (A = 1.37·10−7

h·cm−3·nm−1; Dal Maso et al., 2005). If changes in the source rate are slow compared to the
characteristic lifetime of the vapour, we can assume a steady-state situation, resulting in the
following equation for Q:

Q =CS ·Cv =CS ·A · dDp
dt

, (3.7)

For estimating the theoretical concentrations of H2SO4 by the proxy of Petäjä et al.
(2009), we used experimental data of SO2 and UV-B radiation at Izaña with Hyytiälä’s para-
meters (k = 9.9 x 10−7 m2 W−1 s−1); the use of this value for k instead of the actual (unknown)
value at Izaña could have an influence on the absolute value of the H2SO4 concentration, but
not on the correlations.

Proxy[H2SO4] = k · SO2 ·UV B
CS

, (3.8)

This proxy and the Cv equation were used to calculate the theoretical growth rate due to
sulfuric acid (GRSA) (Nieminen et al., 2010).

3.3.2 Median Concentration At Receptor Plots

The possible source regions of the main PM10 chemical components (i.e. nss-SO=
4 , NO–

3,
NH+

4 , OM, EC, Ca, Al, dust and sea salt) arriving in Izaña in the period 2008–2013, were
identified by means of the Median Concentrations At Receptor (MCAR) plots.

MCAR plots were built with a software using the method described by Rodrı́guez et
al. (2011). These plots have 1◦ latitude by 1◦ longitude spatial resolution and show the
typical (median) concentration of each aerosol component recorded at Izaña when the air
mass has passed by each grid cell. Briefly, the software (i) build a 3D matrix where X, Y
and Z dimensions correspond to longitude, latitude and the number of samples respectively,
(ii) intersects the latitude-longitude cell grids (i.e. X–Y) with the FLEXTRA 10-days back-
trajectory, for each Z value (i.e. back-trajectory of a specific sample), assigning to these X–Y
cells the value corresponding to the aerosol concentration of the plotted specie, (iii) calculates
the median concentration of each Z vector (i.e. concentration for a latitude-longitude cell
grid), and (iiiv) plots the resulting matrix of median concentrations with a smoothly coloured
outputs.

The MCAR plots were fed with FLEXTRA back-trajectories representative of transat-
lantic transport from North America (westerlies air masses) for the sampled days. Wester-
lies (WES) and Saharan Air Layer (SAL) air masses were separated with a software which
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scanned the latitude and longitude points for each day classifying samples, as WES or SAL,
depending on if the air masses passed over Africa or came from North America and the At-
lantic Ocean. Events linked to (i) back-trajectories from North Africa or (ii) associated with
Saharan dust re-circulated over the North Atlantic (exported from North Africa westward
and then re-circulated eastward, e.g. as described by Ancellet et al., 2016) were removed; for
visually identifying these latter type of events we used the forecast of the BSC-DREAM8b
model (Pérez et al., 2006; Basart et al., 2012) storages in the Barcelona Supercomputing
Centre web site (http://www.bsc.es/earth-sciences/mineral-dust-forecast-system/bsc-dream8b-
forecast/ north-africa-europe-and-middle-ea-1).

Similar plots were used to analyse the seasonality of the westerlies frequency arriving
in Izaña, which is linked to the export North American pollutants. The monthly Transport
Route Frequency (TRF) plots of the period 2008–2013 were calculated in a similar way to the
MCAR plots, but instead of the median concentration, the total number of back-trajectories
passing for each 1◦x1◦ cell grid (i.e. the sum in each Z vector instead of the median) is rep-
resented. TRF plots were fed with FLEXTRA back-trajectories representative of transatlantic
transport from North America for all days from 2008 to 2013.

The software packages used to build the MCAR and TRF plots, as well as to sort the
Westerlies and Saharan Air Layer air masses, were self-developed in MATLAB 7.4 (The
Mathworks, Natick, U.S.A.) within the scope of this thesis.

3.3.3 Multivariate Curve Resolution Alternating Least Squares / Mul-
tilinear Regression Analysis

Potential OA sources and processes were identified by merging organic compounds con-
centrations for evaluation with Multivariate Curve Resolution Alternating Least Squares (MCR-
ALS) and the OM was apportioned between the OA sources using receptor modelling. This
technique was applied to the PMT (22–6 GMT) and PM2.5 (10–16 GMT) samples collected
in August 2013.

The joint dataset was imported into MATLAB 7.4 (The Mathworks, Natick, U.S.A.)
for subsequent calculations using MATLAB PLS 5.8 Toolbox (Eigenvector Research Inc,
Masson WA, U.S.A.) (Jaumot et al. 2005). The MCR-ALS method decomposes the data
matrix using an Alternating Least Squares algorithm under a set of constraints such as non-
negativity, unimodality, closure, trilinearity or selectivity (Tauler et al., 1995 a, b). The MCR-
ALS method has been applied successfully in previous studies on organic aerosol in urban
and rural areas (Alier et al. 2013; Van Drooge and Grimalt 2015). The explained variance
by the different components is similar to a Principal Components Analysis (PCA), but not
orthogonal. Since natural sources in the environment are rarely orthogonal, the MCR-ALS
method provides more realistic descriptions of the components than the orthogonal database
decomposition methods.

The data matrix was decomposed in two factors: loadings (i.e. the relative amount of
the chemical compounds in the source) and scores (i.e. the relative contribution of the po-
tential sources to the organic aerosol) (Tauler et al., 2009). The loading factors obtained
in the MCR-ALS were used to identify OA sources, whereas the score factors were used
as independent variables in the Multilinear Regression Analysis (MLRA) to apportion the
determined fraction of OM between the identified sources.
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Results

The present thesis is the result of the compilation of three peer-reviewed articles pub-
lished in atmospheric science journals. The articles and their corresponding authors are the
followings:

Article 1

Title: Climatology of new particle formation at Izaña mountain GAW observatory
in the subtropical North Atlantic.

Authors: M. I. Garcı́a, S. Rodrı́guez, Y. González, R. D. Garcı́a.

Reference: Garcı́a, M. I., Rodrı́guez, S., González, Y., and Garcı́a, R. D.: Climato-
logy of new particle formation at Izaña mountain GAW observatory in
the subtropical North Atlantic, Atmos. Chem. Phys., 14, 3865-3881,
doi:10.5194/acp-14-3865-2014, 2014.

In this article, a climatology of new particle formation at Izaña is presented. The events
of new particle formation are identified and described, along with the context in which take
place and the factors affecting the interannual variability. This article covers the objective 1.
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Article 2

Title: Impact of North America on the aerosol composition in the North Atlantic
free troposphere.

Authors: M. I. Garcı́a, S. Rodrı́guez, A. Alastuey.

Reference: Garcı́a, M. I., Rodrı́guez, S., and Alastuey, A.: Impact of North America
on the aerosol composition in the North Atlantic free troposphere, Atmos.
Chem. Phys. Discuss., doi:10.5194/acp-2017-60, in review, 2017.

In this article, the composition of the aerosols transported in the westerlies and its seasonal
variability is presented. The potential aerosol source regions in North America are identified
along with the meteorological processes that modulate the aerosols transatlantic transport.
This article covers the objective 2.

Article 3

Title: Speciation of organic aerosols in the Saharan Air Layer and in the free
troposphere westerlies.

Authors: M. I. Garcı́a, B. L. Van Drooge, S. Rodrı́guez and A. Alastuey.

Reference: Garcı́a, M. I., Van Drooge, B. L., Rodrı́guez, S., and Alastuey, A.: Spe-
ciation of organic aerosols in the Saharan Air Layer and in the free tropo-
sphere westerlies, Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-
108, in review, 2017.

In this article, the speciation of the organic aerosols in the Saharan Air Layer and in the
westerlies is presented. The contribution of the analyzed organic groups to the Izaña organic
matter is analized, along with the identification of potential sources and the source apportion-
ment to the Izaña organic matter. This article covers the objectives 2 and 3.
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4.1 Article 1

Graphical abstract:

DATA SET (2008-2012) 
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Abstract. A climatology of new particle formation (NPF)
events at high altitude in the subtropical North Atlantic
is presented. A 4-year data set (June 2008–June 2012),
which includes number size distributions (10–600 nm), re-
active gases (SO2, NOx, and O3), several components of
solar radiation and meteorological parameters, measured
at Izaña Global Atmosphere Watch (GAW) observatory
(2373 m above sea level; Tenerife, Canary Islands) was anal-
ysed. NPF is associated with the transport of gaseous precur-
sors from the boundary layer by orographic buoyant upward
flows that perturb the low free troposphere during daytime.
On average, 30 % of the days contained an NPF event. Mean
values of the formation and growth rates during the study pe-
riod were 0.46 cm−3 s−1 and 0.42 nm h−1, correspondingly.
There is a clearly marked NPF season (May–August), when
these events account for 50–60 % of the days per month.
Monthly mean values of the formation and growth rates ex-
hibit higher values in this season, 0.49–0.92 cm−3 s−1 and
0.48–0.58 nm h−1, respectively. During NPF events, SO2,
UV radiation and upslope winds showed higher values than
during non-events. The overall data set indicates that SO2
plays a key role as precursor, although other species seem
to contribute during some periods. Condensation of sulfu-
ric acid vapour accounts for most of the measured particle
growth during most of the year (∼ 70 %), except for some pe-
riods. In May, the highest mean growth rates (∼ 0.6 nm h−1)
and the lowest contribution of sulfuric acid (∼ 13 %) were
measured, suggesting a significant involvement of other con-
densing vapours. The SO2 availability seems also to be the

most influencing parameter in the year-to-year variability in
the frequency of NPF events. The condensation sink showed
similar features to other mountain sites, showing high values
during NPF events. Summertime observations, when Izaña is
within the Saharan Air Layer, suggest that dust particles may
play a significant role acting as coagulation sink of freshly
formed nucleation particles. The contribution of dust parti-
cles to the condensation sink of sulfuric acid vapours seems
to be modest (∼ 8 % as average). Finally, we identified a set
of NPF events in which two nucleation modes, which may
evolve at different rates, occur simultaneously and for which
further investigations are necessary.

1 Introduction

The growth of nucleated clusters is an important source of
atmospheric aerosols (Kulmala, 2003). It is considered that
the so-called new particle formation (NPF) is a two-step (de-
coupled) process: nucleation and growth. It has been pro-
posed that the nucleation of sulfuric acid gas molecules re-
sults in the formation of clusters (< 2 nm size;Kulmala et al.,
2006; Kulmala and Kerminen, 2008) that are simultaneously
being stabilized by amines, ammonia, or organic vapours
(Kulmala et al., 2013). Under certain scenarios these clus-
ters are activated in such a way that they grow up to result
in stable aerosols with a size≥ 50 nm (e.g. during the so-
called “banana-type” growth events). Processes involved in
the NPF (nucleation and growth up to stable sizes) are not
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fully understood. For the first phase, or nucleation, the most
studied mechanisms are binary (water–sulfuric acid), ternary
(water–sulfuric acid–ammonia) and ion-induced nucleation
(see theKulmala, 2003, discussion), but fail to explain field
observations. Semi-empirical new mechanisms such as clus-
ter activation and kinetic nucleation have been developed to
explain the observed measurements (Kulmala et al., 2006;
Laakso et al., 2004; Metzger et al., 2010). For the second
phase, or growth, the proposed mechanisms include conden-
sation of sulfuric acid – sulfate and organic vapours (Laak-
sonen et al., 2008; Kulmala et al., 2013).

Understanding how nucleated clusters and particles grow
is important for studying the influence of aerosols on climate,
including feedbacks (IPCC, 2007). This influence depends
on particle size. Nucleation not followed by growth processes
(e.g. bursts, also so-called “apple”-type events) typically re-
sults in high concentrations of particles< 20 nm size. These
particles have a short lifetime (∼ hours), have a low ability
to act as cloud condensation nuclei (McFiggans et al., 2006)
and exhibit Rayleigh scattering features (as gases). In con-
trast, accumulation mode particles (100–1000 nm) are long-
lived (∼ few weeks), are good condensation nuclei and scat-
ter light more efficiently. Because of the influence of thermo-
dynamic variables (e.g.T and RH), UV radiation and mete-
orology on the NPF processes, climate may also affect NPF.
Emission rates of gaseous precursors also play a key role.
The decadal decrease (2001–2010) in the total particle num-
ber concentration (a metric dominated by particles< 20 nm)
observed at background and remote sites in Europe, North
America and the Pacific has been attributed to a decrease of
anthropogenic emissions of gaseous precursors (Asmi et al.,
2012). In contrast,Dal Maso et al.(2005) observed how the
frequency of NPF events increased from 1998 to 2003 in the
Finnish boreal forest.

Long-term studies (≥ 1 yr) on NPF, which include the
determination of the new particle formation rate (FR) and
growth rate (GR), at mountain sites that reach the free tro-
posphere are scarce (Fig. 1; see alsoKulmala et al., 2004).
These long-term studies have mostly been performed in the
continental boundary layer (e.g.Birmili and Wiedensohler,
2000; Dal Maso et al., 2005; Hamed et al., 2007). Studies of
NPF at mountain sites are of interest for several reasons. Be-
cause mountain upslope winds are frequently linked to high
ultrafine particle concentrations (Weber et al., 1995; Ven-
zac et al., 2008), elevated mounts may act as source regions
for new particles in the free troposphere (FT), where these
grown particles may experience long-range transport due to
the much higher wind speeds and the longer lifetime of par-
ticles than in the boundary layer.

The objective of this work is to study the origin and pro-
cesses that influence the NPF at high altitude in the subtropi-
cal North Atlantic. We analysed and interpreted the variabil-
ity in the NPF frequency, growth rates and formation rates,
and estimated the contribution of sulfuric acid to particle
growth. As the study region is within the Saharan Air Layer
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Fig. 1. (A) Global map highlighting the location of Izaña and of
other high-altitude observatories where studies on NPF have been
performed. From west to east: Mauna Loa, Hawaii (3400 m a.s.l.;
Weber et al., 1995, 1999); Storm Peak Laboratory, Colorado
(3210 m a.s.l.; Hallar et al., 2011); Mount Lemmon, Arizona
(2700 m a.s.l.; Shaw et al., 2007); Rocky Mountains, Colorado
(2900 m a.s.l.; Boy et al., 2008); Izaña, Tenerife (2373 m a.s.l.;
this study); Puy de Dôme, France (1465 m a.s.l.; Venzac et al.,
2007; Boulon et al., 2011); Jungfraujoch, Swiss Alps (3580 m a.s.l.;
Boulon et al., 2010); Mukteshwar, Indian Himalayas (2180 m a.s.l.;
Neitola et al., 2011); Pyramid, Nepal (5079 m a.s.l.; Venzac et al.,
2008); Norikura, Japan (2770 m a.s.l.; Nishita et al., 2008); and
Dome C, Antarctica (3200 m a.s.l.; Järvinen et al., 2013).(B) View
of the PARTILAB (particles laboratory) from the Izaña observatory
main building.

in summer, we also investigated how dust particles may in-
fluence NPF.

2 Methodology

2.1 Study area

Izaña Global Atmosphere Watch (GAW) observatory
(16◦29′58′′ W, 28◦18′32′′ N) is located in Tenerife island, at
2373 m a.s.l (Fig.1a). The observatory (Fig.1b) remains
almost permanently above the marine stratocumulus layer
typical of the subtropical oceans. NW dry subsiding air-
flows dominate throughout the year except in summer, when
they are frequently alternated with SE airflows from North
Africa. Below the stratocumulus layer, the humid and cool
NNE trade winds dominate. The development of orographic
thermal-buoyant upward flows during daytime results in the
upward transport of water vapour and trace gases emitted at
low altitudes by biogenic and anthropogenic sources (see de-
tails inRodríguez et al., 2009).
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2.2 Measurements

This study is based on a 4 yr data set (June 2008–June 2012)
of particle size distributions (10–600 nm), reactive gases
(SO2, NOx, O3), meteorological parameters (temperature,
humidity, water vapour, wind speed, wind direction) and ra-
diation (global, direct, diffuse, UV-B, UV-A).

2.2.1 Particle size distribution

Particle size distribution within the range 10–600 nm was
measured with a TSI™ Scanning Mobility Particle Sizer
(SMPS, model 3996). Two different condensation particle
counters (CPCs) were used as detectors: a CPC-3025A from
June 2008 to March 2009 and a CPC-3010 from March 2009
on. These instruments have been subjected to several qual-
ity assurance and quality control activities. The 50 % effi-
ciency diameters (Dp50) were determined in the World Cal-
ibration Centre for Aerosol Physics (WCCAP, Institute for
Tropospheric Research, Leipzig, Germany): 2.4 nm for the
CPC-3025A unit (SN: 1160; September 2002) and 9.6 nm for
the CPC-3010 unit (SN: 70431239; September 2011). The
SMPS was intercompared, measuring ambient air aerosol,
with similar TSI™ SMPS instruments in April 2010 and
November 2012 within the REDMAAS network (www.
redmaas.com; Gómez-Moreno et al., 2013). In these exer-
cises the sizing accuracy was also assessed with monodis-
perse polystyrene latex spheres of 80 and 190 nm; a discrep-
ancy of−1 and−1.2 % was found, respectively. During the
regular operations at Izaña, the SMPS is subject to weekly
checks of aerosol and sheath airflows, zeroes and leak tests
using absolute filters.

At Izaña, the aerosol instrumentation (SMPS and other de-
vices) is located in a 6 m-high building called PARTILAB
(particles laboratory; Fig.1b), where the indoor temperature
is set to 20◦C. Temperature, relative humidity (RH) and pres-
sure are monitored in the aerosol flow (stretch of sampling
pipe into the building, just before the aerosol monitors) and in
the outdoor ambient air. Temperature and RH in the aerosol
flow and in the outdoor ambient air are shown in Fig.2. Out-
door ambient RH is usually low (70th percentile is∼ 40 %
for hourly annual data). Because of the higher indoor tem-
perature, the RH in the sample is usually much lower, within
the range 10–25 % (25th–75th percentiles for annual hourly
data). Thus, dry aerosol measurements are performed with-
out using any system for reducing RH (membrane/nafion dri-
ers, or dilutors).

The SMPS data availability is 74 % for the study period
(June 2008–June 2012). Non-valid data were flagged and not
analysed. Correction for diffusion losses in the sampling pipe
and inside the SMPS was applied (Hinds, 1999).
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Fig. 2. Hourly mean values of temperature and relative humidity in
the outdoor ambient air and in the aerosol flow of the SMPS during
2011.

2.2.2 Reactive gases and dust

Reactive gases were measured using different princi-
ple of measurements: UV fluorescence analyser for
SO2 (Thermo™, model 43C-TL), UV absorption for O3
(Thermo™, model 49C) and chemiluminescence for NO,
NO2 and NOx (Thermo™, model 42C-TL). In order to avoid
the NO2 overestimation linked to the use of molybdenum
converters, a photolytic NO2 to NO converter was used (Par-
rish and Fehsenfeld, 2000; Steinbacher et al., 2007). Quality
assurance and quality control activities included (i) 15 min
zero measurements, performed every 24 h in the SO2 and O3
and every 6 h in the NOx analysers; (ii) the use of linear fit-
tings between consecutive zeros for applying zero correction
to data; (iii) five-point span calibrations every 3 months with
certified SO2 and NOx concentrations; and (iv) calibration of
the O3 analyser versus an O3 primary standard (49C PS). A
high linearity was commonly observed in these calibrations
(r2

∼ 0.999). Detection limit is 60 ppt for SO2, 50 ppt for NO
and NOx (5 min average) and 1 ppb for O3 (1 min average).

As Izaña is within the Saharan Air Layer in summer, the
measurement programme includes (1) size distributions with
the Aerodynamic Particle Sizer (APS, TSI™) for the range
0.7–20 µm aerodynamic diameter (∼ 0.7–12 µm geometric
diameter for dust) and (2) dust concentrations with the meth-
ods described byRodríguez et al.(2011).

2.2.3 Radiation

The Izaña observatory has been part of the Baseline Sur-
face Radiation Network (BSRN) since 2009 (García, 2011).
We used short-wave downward radiation (SDR) irradiance
(global, direct and diffuse), and UV-A and UV-B measure-
ments. The global and diffuse SDRs were measured with
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Fig. 3.Examples of type of events and cases identified in the data analysis.

unshaded and shaded Kipp & Zonen CM-21 pyranometers,
respectively. The spectral range covers 335–2200 nm (95 %
points), and the expected uncertainty is±2 % for hourly
totals. The direct SDR is measured with a Kipp & Zonen
CH1 pyrheliometer, with a field of view limited to 5◦

± 0.2◦,
placed on a sun tracker with a tracking accuracy of 0.1◦. The
spectral range goes from 200 to 4000 nm (50 % points), and
the uncertainty of this measurement is±2 % for hourly to-
tals. The UV-A is measured with Kipp & Zonen UVS-A-T
radiometer. The spectral range covers 315–400 nm with daily
uncertainty lower than 5 %. The UV-B is measured with Yan-
kee Environmental System (YES) UV-B-1 pyranometer. The
spectral range goes from 280 to 320 nm. All radiation param-
eters are measured with 1 min resolution.

2.2.4 Meteorology

Meteorological parameters were measured using a Setra 470
instrument for pressure, a Rotronic for temperature and rela-
tive humidity, and a Thies sonic anemometer for wind. Con-
centrations of water vapour were calculated with the Magnus
equation. Vertical wind was only recorded from June 2011 to
October 2011.

2.3 Characterization of NPF events

2.3.1 Classification of events

Daily aerosol number size distribution plots were visually
analysed for identifying the “banana-type” NPF events (Dal
Maso et al., 2005). Seven types of events were considered
(Table1 and Fig.3). In events class I and II a clear particle
formation and growth was observed for at least 4 and 2 h,
respectively. In class III events no particle growth was ob-
served after the particle burst (apple-type events;Yli-Juuti et

al., 2009). The remaining data were sorted as follows: non-
event (no increase in the concentration of particles< 25 nm
was observed), undefined (event was not clearly observed) or
bad data (invalid or missing data).

2.3.2 Determination of formation (FR) and growth
rate (GR)

We attempted to determine the FR and GR for all class I
events. However, this was not possible for a set of episodes
in which a noisy signal was observed, mostly induced by a
significant variability in the horizontal and/or vertical com-
ponents of wind. Thus, events in which the FR and GR could
be determined were sub-classified as class Ia; the remaining
events were labelled as class Ib (Table 1).

The FR (JD) and GR were calculated for the nucleation
mode particles (Dp< 25 nm) using equations described by
Kulmala et al.(2012):

JD =
1NDp, Dpmax

1t
+CoagSDp·NDp+

GR

1Dp
·NDp+Slosses, (1)

where the first term is the slope obtained from the first-order
polynomial fitting during the episode when representing the
nucleation mode particle concentration as a function of time
(Fig. 4). CoagS is the coagulation of particles in the size
range [Dp, Dpmax]. Dpmax is the maximum size that the crit-
ical clusters may reach because of their growth during1t

(GR). Slossestakes into account additional losses, neglected
in this study. Similarly,

GR=
dDpm

dt
=

1Dpm

1t
, (2)

where Dpm belongs to the size range [Dp, Dpmax]. GR is the
slope obtained from the first-order polynomial fitting during
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Table 1.Type of events considered in this study. FR: formation rate. GR: growth rate.

Type Criteria

Class Ia (banana type) A new mode with growing mean diameter under 25 nm is observed.
The growth is observed during at least 4 h. FR and GR can be calculated.

Class Ib (banana type) A new mode with growing mean diameter under 25 nm is observed.
The growth is observed during at least 4 h, but FR and GR could not be calculated.

Class II (short banana type) A new mode with growing mean diameter under 25 nm is observed.
The growth period lasts from 2 to 4 h.

Class III (apple/burst) A new mode with growing mean diameter under 25 nm is observed.
The growth period is lower than 2 h.

Non-event No new particle mode with mean diameter under 25 nm is observed.

Undefined Event is not clearly observed.

Bad data Missing or invalid data.
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Fig. 4.Example of type Ia event.(A) Time evolution of the particle
size distribution of the number of nucleation particles and(B) of
the geometric mean diameter for the nucleation mode. Lines illus-
trate the fitting that are performed for determining the formation and
growth rates.

the episode when representing the nucleation mode geomet-
ric mean diameter as a function of time (Fig.4). The FR and
GR were determined using Eqs. (1) and (2) in two different
approaches.

Method 1: SMPS data

The FR and GR were determined for the nucleation mode
particles (Dp< 25 nm) using the number concentration
(Nnuc; Dal Maso et al., 2005) and the geometric mean diam-
eter (GMD, Dpnuc; Järvinen et al., 2013) of the 5 min resolu-
tion SMPS data. We used the GMD to avoid the human bias
associated with other methods such as visual determination

of the mode size change. Figure4b shows an illustration of
the linear fittings used for determining the slopes FR (Eq. 1)
and GR (Eq. 2).

Method 2: lognormal size distribution

This method was implemented in two steps. First, each 5 min
average size distribution was fitted to a linear combination of
lognormal distributions:

dN

dlnDp
= 6n

(i=1)

Ni√
2π lnσ(g,i)

exp(−
(lnDp − lnDp(g,i))

2

2ln2σ(g,i)

). (3)

Each lognormal distribution is characterized by three pa-
rameters: mean number concentrationNi , geometric vari-
anceσ 2

(g,i) and the geometric mean diameterDp(g,i). The
fitting procedure was performed in a script programmed in
Matlab™. The fitting accuracy was assessed by the least
squares quadratic (LSQ) value between the measured particle
number size distribution and its fitting. This method is usu-
ally applied considering a single nucleation mode (< 25 nm),
e.g. byBoy et al.(2008); Dal Maso et al.(2005); Salma et al.
(2011); Yli-Juuti et al.(2009). However, we observed that, in
many cases, the LSQ value was significantly reduced if the
nucleation mode was fitted with 2 lognormal fittings instead
of 1. In many cases a simple visual analysis of the 5 min size
distributions evidenced that the nucleation mode growth was
prompted by one of these lognormal distribution. In the sec-
ond step, GR was determined using Eq. (2).

2.3.3 Determination of event parameters

In order to quantify the contribution of H2SO4 to particle
growth, we determined the following parameters: condensa-
tion sink (CS) and coagulation sink (CoagS) for each size
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distribution (Kulmala et al., 2012); and concentration of con-
densable vapour (Cv) and its source rate (Q) (Dal Maso et
al., 2005). For estimating concentrations of H2SO4 by the
proxy of Petäjä et al.(2009), we used experimental data of
SO2 and UV-B radiation at Izaña with Hyytiälä’s parameters
(k = 9.9× 10−7 m2 W−1 s−1); the use of this value fork in-
stead of the actual (unknown) value at Izaña could have an
influence on the absolute value of the H2SO4 concentration,
but not the correlations. This proxy and the Cv equation were
used to calculate the theoretical growth rate due to sulfuric
acid (GRSA) (Nieminen et al., 2010).

3 Results and discussion

3.1 Upward transport of particle precursors

The daily evolution (hourly mean values throughout the day)
of the particle size distribution, particle concentration and ge-
ometric mean diameter of the nucleation mode, SO2, NOx,
UV-B radiation and some meteorological parameters, aver-
aged for each season is shown in Fig.5. At Izaña, the num-
ber of particles exhibits strongly marked daily cycles, with
much higher values during daytime than at night (Fig.5b).
This daytime increase is associated with a parallel increment
in the RH and in the concentrations of SO2, NOx and RH,
which is prompted by the arrival of air from lower altitudes
due to the development of orographic buoyant upward flows.
The influence of these upward airflows on the concentrations
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Table 2.Total number and percentage of events observed from June
2008 to June 2012.

Event type Number of events %

Class Ia 109 9.3
Class Ib 26 2.2
Class II 227 19.3
Class III 101 8.6
Non-event 514 43.6
Undefined 50 4.2
Bad data 151 12.8

Total days 1178 100.0

of precursors and nanoparticles (< 10 nm) at Izaña was pre-
viously described in detail byRodríguez et al.(2009). These
upward airflows were also observed in other mountain obser-
vatories located on islands, such as Pico in Azores (Kleissl
et al., 2007) and Mauna Loa in Hawaii (Weber et al., 1995,
1999). This ascent of air masses tends to occur during day-
time linked to the heating of the terrain (Fig.5F3 and F4).
Previous studies at Mauna Loa and Izaña concluded that NPF
is favoured in the boundary layer to the free troposphere tran-
sition region due to the low surface area of pre-existing par-
ticles (prompted by in-cloud particle scavenging), the high
solar radiation conditions above the marine cloud layer and
the gaseous precursor supply by the upward flows.

The high frequency of NPF events at Izaña results in a
strongly marked daily cycle in the mean particle size distri-
butions (Fig.5a and b): after the increase in the number of
particles< 25 nm (hereinafter so-called nucleation particles,
Nnuc) typically observed between 10:30 and 13:30 GMT (de-
pending on the season), a progressive increase in the geo-
metric mean diameter is observed, in some cases even un-
til the evening. These observations indicate that formation
and growth of new particles> 10 nm tend to occur during
the daytime upward flow period. This evidences that the
nanoparticles (< 10 nm) observed byRodríguez et al.(2009)
at Izaña frequently grow up to reach higher and stable diam-
eters.

3.2 Classification of episodes

A total of 1178 days were classified in the study period
(June 2008 to June 2012). The distribution of these events
among the seven considered categories is shown in Table2.
Figure6 shows the monthly distribution of episodes. Events
in which a burst of nucleation particles (< 25 nm) followed
by particle growth (banana events) was observed during at
least 2 h (type Ia+ Ib + II; examples in Fig.3) accounted
for ∼ 30 % of the 4 yr observations. Events with a dura-
tion longer than 4 h (I= Ia+ Ib) accounted for∼ 11 % of
the days. These banana events (I+ II) mostly occurred from
May to October, when they accounted for more than 30 %
of the days of each month (Fig.6a). The frequency of these
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Fig. 6. (A, and C–E) Number of days per month (%) in which
each event (Ia, Ib, II, III, undefined, non-event and bad data) was
observed.(B) Accumulated number of days (for the period 2008–
2012) in which an event (Ia, Ib and II) was observed in each month.

events was at a maximum from June to August, when they
accounted for 50–60 % of the days per month (Fig.6a). In
each of these months, the accumulated number of events ob-
served during the 4 study years was 50–75 (Fig.6b). Events
type III (burst of nucleation particles not followed by particle
growth, also so-called apple-type events) occurred through-
out the year, with a frequency within the range 5–12 %, with-
out any significant seasonal behaviour (Fig.6c). This indi-
cates that although the formation of nucleation particles oc-
curs throughout the different seasons (Fig.6c), conditions
for the particle growth mostly occur from May to October
(Fig. 6a and b). Undefined events showed a higher frequency
in July–August (Fig.6d), whereas non-events mostly oc-
curred from November to March (Fig.6d).

The percentage of event days (I+ II) we observed
(∼ 30 %; Table 2) is somewhat lower than that observed
at 3210 m a.s.l. on the summit of Mount Werner in North
America (∼ 50 %;Hallar et al., 2011), at 5079 m a.s.l. in the
Nepal Himalayas (∼ 43 %;Venzac et al., 2008) and in Puy de
Dôme (∼ 38 %;Manninen et al., 2010), but higher than those
observed at 2180 m a.s.l. in the Indian Himalayas (∼ 11 %;
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Neitola et al., 2011) and at 3580 m a.s.l. in the Swiss Alps
(∼ 20 %; Jungfraujoch;Boulon et al., 2010; Manninen et al.,
2010).

At Izaña site, the NPF season occurs from May to August,
when events (I+II) present a frequency of∼ 50 % (Fig.6a).
At Jungfraujoch these events occur from the end of spring
to early autumn (∼ 25 % frequency during the season) as
well, linked to the transport of precursors from the bound-
ary layer (Boulon et al., 2010; Manninen et al., 2010). In
the European continental boundary layer, these events are
mostly observed in spring (Dal Maso et al., 2005; Hamed
et al., 2007; Manninen et al., 2010), although in NW Italy
they were mostly observed in autumn linked to specific north
foëhn meteorological conditions (Rodríguez et al., 2005).
In Puy de Dôme mount the maximum frequency of events
was found during early spring and early autumn (Boulon et
al., 2011). In the Nepal Himalayas these events were ob-
served in the monsoon (July–September) and post-monsoon
(October–December) seasons (∼ 50 %), whereas in the In-
dian Himalayas they occur in spring (∼ 80 % from March
to June;Neitola et al., 2011). In the upper plateau of East
Antarctica,Järvinen et al.(2013) reported that these events
take place more often during summer.

3.3 Formation and growth rates of new particles

Figure7 shows the monthly averages of the formation rates
(FRs), growth rates (GRs) and other parameters during NPF
events at Izaña from June 2008 to June 2012. As already de-
scribed above, the FRs and GRs of the nucleation particles
(< 25 nm) could only be calculated for a set of events class I,
which were labelled as class Ia. These determinations were
performed for a total of 109 Ia events using the method 1
described in Sect. 2.3.2. At Izaña, NPF class Ia events (a) ex-
hibit higher monthly averaged FR from April to September
(0.43–0.92 cm−3 s−1) than from October to March (0.19–
0.27 cm−3 s−1; Fig. 7a), (b) show slightly higher GR from
April to July (0.48–0.58 nm h−1) than from August to March
(0.26–0.44 nm h−1; Fig. 7b), and (c) are longer from April
to October (6–7 h) than from November to March (5–6 h;
Fig. 7c). This shift in the duration is also associated with a
shift in the starting and ending time of the events, clearly
linked with the seasonal shift in the daytime length (Fig.7d).

Mean values of FR and GR at Izaña were compared with
those observed at other mountain sites (Table3). Unfortu-
nately, because of the lack of long-term studies, just mean
values (and not seasonal behaviour) could be compared in
most of the cases. GRs at Izaña and Mauna Loa are quite
similar (∼ 0.4 nm h−1). These are significantly lower than
those observed in mountains located in continental areas (2–
12 nm h−1), where the higher regional emission of gaseous
precursors and the enhanced vertical transport over the conti-
nental platform may account for the significantly higher GRs.
FRs at Izaña and Mauna Loa are also similar; however, the
low number of reported observations at mountain sites does
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Fig. 7. Monthly mean± standard deviation values, during Ia
episodes, of(A) formation rates (FRs),(B) growth rates (GRs),
(C) start (tS) and end (tE) time of the events,(D) nucleation par-
ticle concentration at the start (Nnuc start) and burst peak of the
event (Nnuc end), and(E) duration of events.

not allow reaching any conclusion about differences between
remote islands and continental areas. The amplitude of the
seasonal variation of the FR at Izaña (min: 0.19 cm−3 s−1;
max: 0.92 cm−3 s−1) is higher than that observed at Pyra-
mid, Himalayas (min: 0.14 cm−3 s−1; max: 0.20 cm−3 s−1;
Venzac et al., 2008), with max-FR to min-FR ratios equal to
4.7 at Izaña and 1.4 at Pyramid, Himalayas.

3.4 Context during NPF events

3.4.1 Type Ia events

In order to identify the parameters that influence, the NPF a
set of analyses were performed. Mean values of the reactive
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Table 3.Values of formation rates and growth rates observed in this and in other studies at mountain sites. Footnotes indicate the references.

Mount/ FR, Size range GR, Size range CS× 10−3, Cv× 107, Q × 105, Region Altitude,
observatory cm−3 s−1 nm h−1 s−1 molecules cm−3 molecules cm−3 s−1 m a.s.l.

Izaña 0.46± 0.571 10–25 nm 0.43± 0.211 10–25 nm 1.551 0.61 0.0951 Atlantic Ocean 2400
Mauna Loa 0.50± N/A2a 3–10 nm 0.40± N/A2b 3–10 nm Pacific Ocean 3400

Jungfraujoch 0.90± N/A3a 2–3 nm 6.00± N/A3a,3b 7–20 nm 0.293b 0.0513b Europe 3580
Puy de Dôme 1.38± 0.204a 2–3 nm 6.20± 0.124a 1.3–20 nm 5.804b Europe 1465

Pyramid 0.18± N/A5 10–20 nm Asia, Everest 5079
Mukteshwar 0.40± N/A6 15–20 nm 2.43± N/A6 15–20 nm 7.306 Asia, Himalaya 2180
Norikura 2.85± N/A7 10–20 nm 2.007 2–37 0.1–17 Asia, Japan 2770

Mount Lemmon 12.00± N/A8 > 16 nm 1–108 1–108 North America 2790
Rocky Mountains 3.96± N/A9 1–15 nm 5.609 North America 2900
Storm Peak
Laboratory 7.47± 5.110 6–10 nm 0.65± 0.1410 > 8 nm 1.2010 North America 3210

Dome C 0.023± N/A11 10–25 nm 2.50± N/A11 10–25 nm 0.1811 5.711 Antarctica 3200
1 this study;2a Weber et al. (1999);2b Weber et al. (1995);3a Manninen et al. (2010);3b Boulon et al. (2010);4a Boulon et al. (2011);4b Venzac et al. (2007);5 Venzac et al. (2008);6 Neitola et al. (2011);7 Nishita et
al. (2008);8 Shaw (2007);9 Boy et al. (2008);10 Hallar et al. (2011);11 Järvinen et al. (2013).
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Fig. 9. (A) Growth rates of sulfuric acid (GRSA) versus experimental growth rates (GRE) in type Ia events.(B) Time series of monthly mean
values of GRSA and GRE. (C) Monthly mean values of GRSA versus GRE in type Ia events; fitting was performed excluding February and
May.

Table 4.Mean values of a set of parameters in three different periods: (a) from 11:00–16:00 GMT for days with no particle formation (non-
events), (b) during the formation (F ) of the nucleation mode particles step in the NPF episodes, (c) during the particle growth (G) step in the
NPF episodes. Ratios of the mean “F step to non-events” data, and of “G step to non-events”. Ratios> 1.2 are highlighted in italic.

Parameter (a) Non-events, (b)F step, (c)G step, F step, G step,
mean mean mean ratio ratio

Ozone (ppb) 43.3 42.3 42.9 1.0 1.0
SO2 (ppt) 83.2 238.3 233.7 2.9 2.8
NOx (ppt) 317.9 204.0 196.7 0.6 0.6
Global (W m−2) 719.2 881.5 833.1 1.2 1.2
Diffuse (W m−2) 796.1 940.4 884.0 1.2 1.1
Direct (W m−2) 160.2 128.4 129.5 0.8 0.8
UV-B (W m−2) 1.2 1.7 1.6 1.4 1.3
UV-A (W m−2) 46.2 56.3 53.4 1.2 1.2
T (◦C) 10.9 18.4 18.1 1.7 1.7
Relative humidity (%) 44.8 29.2 32.0 0.7 0.7
Water vapour (g cm−3) 3.2 2.8 3.1 0.9 1.0
Wind speed (m s−1) 8.9 4.6 4.7 0.5 0.5
Wind X component (m s−1) 2.6 0.8 1.1 0.3 0.4
Wind Y component (m s−1) −4.2 0.0 −0.4 0.0 0.1
Vertical wind (m s−1) 0.8 2.7 3.2 3.5 4.3

gases (SO2, NOx and O3), dust concentrations, radiation
components (global, diffuse, direct, UV-A and UV-B) and
meteorological parameters (T , RH, water vapour, wind vec-
tor components, speed and direction) were determined dur-
ing the two steps of each NPF episode: (1) step 1 – formation
of the nucleation particles and (2) step 2 – subsequent parti-
cle growth. These determinations were performed for the 109
events of type Ia. The resulting database was then subjected
to different analysis (Tables 4 and 5; Figs.8–12).

Table 4 shows the ratios of the mean value of each pa-
rameter during the formation (F ) and growth (G) steps to
the average value at Izaña for non-event days from 11:00 to
16:00 GMT. The same parameters show high ratios (> 1.2)
during the formation and during the growth steps: sulfur
dioxide (2.9–2.8), vertical wind component (3.5–4.3) and
UV-B (1.4–1.3) radiation. This supports the idea that upward
transport of sulfur dioxide (from the boundary layer) and its
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further photo-oxidation by UV radiation is a key process in
the NPF.

Mean values of the study parameters during the formation
and growth steps were plotted against wind direction (Fig.8).
Most of the formation step and growth step in the events oc-
cur under northern (N–NNE) wind conditions (∼ 50 % for
theF and 27 % forG steps, respectively) and secondarily un-
der eastern (ENE–E) and western (WNW–W) winds (∼ 10 %
for both directions; Fig.8A2 and B2).

The highest FRs and GRs are observed when air blows
from the eastern side (0–180◦), which is the sector associ-
ated with the highest SO2 concentrations (Fig.8A3 and B3).
This precursor also influences the number of nucleation par-
ticles formed during the formation step (1Nnuc); the highest
concentrations are recorded during NE winds (Fig.8A4).

Different studies in mountain sites show the same be-
haviour for SO2 (Boy et al., 2008), radiation (Boulon et al.,
2010; Salma et al., 2011; Venzac et al., 2008), O3 (Hallar
et al., 2011) and relative humidity (Boy et al., 2008) when
evaluating event and non-event days. In the boundary layer,
in the Po Valley (northern Italy),Hamed et al.(2007) ob-
served that temperature, wind speed, solar radiation, SO2
and O3 concentrations were on average higher on nucleation
days than on non-event days, whereas relative humidity and
NO2 concentration were lower. These conditions are simi-
lar to those we observed at Izaña, except for wind speed and
ozone (Table4). At Izaña, a moderate correlation between
the concentration of nucleation particles with ozone was ob-
served only in spring, when biogenic emissions tend to in-
crease. Oxidation products of biogenic volatile organic com-

pounds could also take part in the growth processes (Held et
al., 2004; Yli-Juuti et al., 2011).

3.4.2 Contribution of sulfuric acid to particle growth

The contribution of sulfuric acid to particle growth was esti-
mated for Ia events using the theoretical equations described
above. The GR resulting from this sulfuric acid concentra-
tion (GRSA) is plotted versus the experimental GR (GRE) in
Fig. 9a. The whole data set is comprised between two well-
defined lines with slopes 0.08 and 1.42. These results show
that the sulfuric acid condensation accounts for 8–100 % of
the observed GR, depending on the event (Fig.9a). Time se-
ries of monthly mean values of GRE and GRSA are plotted
in Fig. 9b. Growth rates of sulfuric acid account for most of
the observed growth rates during most of the time. Observe
in Fig. 9c how monthly mean values of GRE and GRSA tend
to show a high correlation throughout the year. As average,
GRSA accounted for 69 % of GRE (Fig.9c), excluding Febru-
ary and May. In these 2 months, GRSA accounted for 15 %
of GRE as average. An interesting behaviour is observed in
May, when the highest GRE (∼ 0.6 nm h−1) and the lowest
contribution of sulfuric acid (13 %) to particle growth were
observed (Fig.9b and c). This strongly suggests a signifi-
cant involvement of other condensing vapours in this period.
Similar conclusions were reached after analysing the parti-
cle growth rates in Dome C mount in Antarctica (Järvinen
et al., 2013) and in Fichtelgebirge mountains in Germany
(Held et al., 2004). A number of studies have shown that
oxidation products of monoterpenes may contribute to par-
ticle growth (e.g.Held et al., 2004). In Tenerife, these emis-
sions occur in the forest pine that is present between 500 and
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2000 m a.s.l. around the island and that affects Izaña during
the upward flow diurnal periods.

The variability of the GR depends on the balance between
the rate at which condensable vapours are supplied from their
source (Q) and the rate at which these vapours condense onto
pre-existing particles (CS). The larger the degree of CS, the
faster new formed nuclei must grow to survive scavenging
onto larger pre-existing particles (Kulmala et al., 2004). At
Izaña it seems that there is high vapour source rate and low
enough CS to allow rather slowly growing nucleation mode
to survive to larger sizes (Table3).

We analysed two specific issues concerning the CS. First,
we quantified how the presence of Saharan dust influences
the CS. Figure10a shows the CS calculated for the size
range 10–600 nm (SMPS data) versus the CS for the size
range 10 nm–12 µm (SMPS+ APS data). The contribution
of the particles with a geometric diameter 0.7–12 µm (APS
range) to the CS is relatively low (∼ 8 %). Because of this,
the GR vs. CS scatter plot (not shown for the sake of brevity)
did not change significantly when the CS included the APS
data. This result is consistent with the poor correlation ob-
served between GR and dust concentrations discussed above
(Fig. 10b). In contrast, FR shows a significant negative cor-
relation with dust (Fig.10c). This suggests that Saharan dust
may play an important role in scavenging freshly formed nu-
cleation particles. This mechanism could contribute to the
observed coating of dust by sulfate in Saharan dust parti-
cles emitted in desert regions affected by SO2 emissions
(Rodríguez et al., 2011).

Second, in order to assess how the condensation of vapours
onto pre-existing particles influences NPF, we compared the
evolution of CS during NPF events with that during non-
events (Fig.10d). In NPF events, CS at the beginning of the
episode is lower than during the growth step. Moreover, CS is

higher during NPF than during non-events in the same period
(11:00–16:00 GMT). These results are similar to those ob-
served in other mountain sites such as Jungfraujoch (Boulon
et al., 2010) and the Rocky Mountains (Boy et al., 2008).
An opposite behaviour has been observed in the continental
boundary layer, where condensation onto pre-existing par-
ticles and nucleation are competing processes that influence
the day-to-day variability in the NPF events (Rodríguez et al.,
2005; Hamed et al., 2007). This is not observed in mountain
sites due to the low backgrounds of aerosols and vapours.

3.4.3 Type Ia versus other type events

The context in which type Ia events occur was compared
with that in which the other events (Table1) occur. For this,
the monthly mean value (from 11:00 to 16:00 GMT) of a
set of parameters during the different types of events (Ia,
Ib, II, III and non-event) was compared with the monthly
mean value (from 11:00 to 16:00 GMT) for these parame-
ters (Fig.11). Some features that differentiate the events are
as follows: (a) the highest concentrations of nucleation par-
ticles were observed during NPF events (Ia, Ib and II), when
Nnuc concentrations are 2–3 times higher than during burst
(III) episodes (Fig.11a), and (b) length of the NPF events
seems to be conditioned by SO2 availability, which in turn is
influenced by wind. Observe how SO2 concentrations dur-
ing events type I (which last at least 4 h) are higher than
during events II (which last 2–4 h) and burst episodes (III;
Fig. 11b) and how wind speed decreases throughout the se-
quence of episodes non-event, burst (III) and banana types II
and I (Fig.11c) – a trend opposite to that of SO2 (Fig. 11b).

Other features commonly reported for NPF events are also
observed at Izaña: (c) except for a few cases, concentra-
tions of NOx tend to be lower during type I banana events
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Fig. 12.Number of banana-type events (I+ II) and mean values (11:00–16:00 GMT) of SO2 and direct radiation per season for the period
June 2008–June 2012 at Izaña: winter (Jan–Mar), spring (Apr–Jun), summer (Jul–Sep) and autumn (Oct–Dec).

(Fig. 11d; Boy and Kulmala, 2002; Hamed et al., 2007).
(d) Temperature is higher and relative humidity is lower dur-
ing events type I (Ia+ Ib) than monthly mean values and
lower than during burst (III) and non-event episodes (Fig.11e
and f;Rodríguez et al., 2005; Hamed et al., 2007). (e) Global,
UV-A and UV-B radiation during events type I (banana> 4h)
tend to be higher than during the other event types (II, III and
non-event;Birmili and Wiedensohler, 2000; Boy and Kul-
mala, 2002; Hamed et al., 2007; Manninen et al., 2010).

3.5 Year-to-year variability

Processes that influence the year-to-year variability of the
frequency of each type of episode (Table1) were studied. For
this purpose, the frequency of each type of event was corre-
lated with the reactive gases, condensation sink, sulfuric acid
proxy, radiation and meteorological parameters for each sea-
son from June 2008 to June 2012. Here we focus just on the
key issues for the sake of brevity.

The year-to-year variability in the the frequency of NPF
events (I+ II) for each season, for the period 2008–2012,
showed the highest correlation with SO2. The correlation was
higher from autumn to spring (r: 0.70–0.92) than in sum-
mer (r: 0.05; Fig.12a–d). This indicates that other processes
apart from transport of precursors influence NPF in sum-
mertime. In this season, the number of banana-type events
(I + II) exhibited a significant correlation with direct radia-
tion (Fig. 12g), and an evident negative correlation with dif-
fuse radiation (not shown in plots). Because diffuse radiation
is dominated by Saharan dust at Izaña (García et al., 2014),
direct radiation is indicative of clean (dust free) conditions.
This indicates that the presence of dust may influence the
year-to-year variability in the NPF frequency. This may oc-
cur by two processes: first, reducing the amount of radiation
reaching the surface (negative forcing) and, second, acting

as a sink of freshly formed nucleation particles and vapours.
The number of banana-type NPF events (I+ II) also exhib-
ited a significant correlation with UV-B radiation during au-
tumn and winter (r: +0.9), when they showed their lowest
seasonal levels (∼ 1 W m−2; not shown in plots). This sug-
gests that UV-B radiation (which drives photochemical reac-
tions, leading to oxidation of SO2) may be an important in-
fluencing parameter in autumn–winter, but not in summer be-
cause of the persistently high day-to-day levels (∼ 2 W m−2).

3.6 Some considerations about the nucleation mode

The determination of the formation and growth rates is usu-
ally performed assuming that the size distribution in the nu-
cleation range (< 25 nm) is constituted by a single mode
(Boy et al., 2008; Dal Maso et al., 2005; Salma et al., 2011;
Yli-Juuti et al., 2009). In many of the type Ia events we anal-
ysed, this hypothesis is supported. However, we detected a
significant number of events type Ia in which two nucle-
ation modes were clearly observed. Moreover, the evolution
and growth rates of these two modes were in many cases
markedly different. Observe in the example shown in Fig.13
how the nucleation mode 2 (orange arrow) experiences a
faster development than the nucleation mode 1 (green arrow).

In a selection of four type Ia events, the growth rates were
calculated with three different techniques: (i) directly with
the SMPS data (as for data of Figs.7–8), (ii) after performing
a fitting to 3 lognormal distributions (1 nucleation, 1 Aitken
and 1 accumulation mode), and (iii) after performing a fit-
ting to 4 lognormal distributions (2 nucleation, 1 Aitken and
1 accumulation mode). GRs obtained from the “1 lognormal
mode nucleation fitting” are higher than those obtained di-
rectly from the SMPS data (Table5). Differences in the GR
when comparing different techniques were also described by
Yli-Juuti et al.(2009). When considering the two nucleation
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Table 5. Mean values of growth rates during four type Ia determined with three methods: (1) SMPS data, (2) fitting to 3 lognormal mode
with 1 nucleation mode, and (3) fitting to 4 lognormal mode with 2 nucleation mode.

GR, nm h−1 GR, nm h−1 GR, nm h−1 GR, nm h−1

Day Method

SMPS data 1 nuc. 2 nuc. mode fitting 2 nuc. mode fitting
mode fitting (nuc. mode 1) (nuc. mode 2)

30 May 2009 0.98 1.40 0.27 0.58
5 Jul 2009 0.46 1.74 1.01 0.55

16 Aug 2010 0.39 1.40 0.83 0.56
20 Aug 2010 0.90 3.44 0.59 1.59

mode fittings, in some cases the GR of mode 1 is higher than
that of mode 2, and the opposite. This illustrates how the
two nucleation modes may have markedly different evolu-
tion. The second nucleation mode was present in 47 % of 55
events observed from April 2009 to August 2010. A more
detailed analysis is needed to describe the context in which
these episodes take place.

4 Summary and conclusions

We studied new particle formation (NPF) at high altitude
in the subtropical North Atlantic, at the Izaña Global At-
mosphere Watch observatory (2373 m a.s.l.; Tenerife, Canary
Islands). NPF is associated with the transport of gaseous
precursors from the boundary layer by orographic buoyant
upward flows that perturb the low free troposphere during

daytime. In the 4-year study period, NPF events took place
during 30 % of the days with a clearly marked NPF season
(May–August), where monthly mean values of the formation
and growth rates exhibited high values, 0.49–0.92 cm−3 s−1

and 0.48–0.58 nm h−1, respectively. At Izaña, growth rates
are significantly lower than those observed in mountain sites
located in continental areas. Formation and growth rates are
similar to those reported for remote mountains located in
oceanic areas (e.g. Mauna Loa, Hawaii). The results of our
analysis show that sulfur dioxide accounts for most of the ob-
served particle growth during most of the year (∼ 70 %), ex-
cept for February and May when other vapours seem to con-
tribute to the particle growth as well. The availability of SO2
(typical concentrations within the range 60–300 ppt) seems
also to be the most influencing parameter in the year-to-year
variability in the frequency of NPF events.
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Summertime observations, when Izaña is within the Saha-
ran Air Layer, suggest that dust particles may play a signif-
icant role acting as coagulation sink of freshly formed nu-
cleation particles. As a novel finding, a set of NPF events
in which two nucleation modes may evolve at different
rates was identified. Further studies are needed to investi-
gate aerosol dynamical processes involving two nucleation
modes.
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Abstract. In the AEROATLAN project we study the composition of aerosols collected over ~5 years at Izaña Observatory 

(located at ~2400 m a.s.l. in Tenerife, the Canary Islands) under the prevailing westerly airflows typical of the North Atlantic 

free troposphere at subtropical and mid-latitudes. Mass concentrations of sub10-µm aerosols (PM10) carried by westerly 

winds to Izaña, after transatlantic transport, are typically within the range 1.2 and 4.2 µg·m
-3

 (20
th

 and 80
th

 percentiles). The 15 

main contributors to background levels of aerosols (PM10 within the 1
st
 - 50

th
 percentiles = 0.15 – 2.54 µg·m

-3
) are North 

American dust (53%), non-sea-salt-SO4
=
 (14%) and organic matter (18%). High PM10 events (75

th
 - 95

th
 percentiles ≈ 4.0 – 

9.0 µg·m
-3

) and are prompted by dust (56%), organic matter (24%) and nss-SO4
=
 (9%). These aerosol components 

experience a seasonal evolution explained by (i) their spatial distribution in North America and (ii) the seasonal shift of the 

North American outflow, which migrates from low latitudes in winter (~32ºN, January–March) to high latitudes in summer 20 

(~52ºN, August–September). The westerlies carry maximum loads of nss-sulphate, ammonium and organic matter in spring 

(March–May), of North American dust from mid-winter to mid-spring (February–May) and of elemental carbon in summer 

(August–September). Our results suggest that a significant fraction of organic aerosols may be linked to sources other than 

combustion (e.g. biogenic); further studies are necessary for this topic. The present study evidences how long-term evolution 

of the aerosol composition in the North Atlantic free troposphere will be influenced by air quality policies and the use of 25 

soils (potential dust emitter) in North America. 

1 Introduction 

The export of aerosols from their source areas impacts on air quality (Chin et al., 2007) and also on climate related processes 

(Ramanathan et al., 2001) in downwind receptor regions. Exposure to aerosols – or particulate matter (PM) – and reactive 

gases in ambient air pollution is associated with ~3.7 million deaths a year
-1

, mostly due to ischaemic heart disease (~40%), 30 

stroke (~40%), chronic obstructive pulmonary disease (~11%), lung cancer (~6%) and acute lower respiratory infections in 
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children (~3%) according to the World Health Organization (WHO, 2014). Aerosols are of special interest as they may have 

an influence on direct radiative transfer and cloud properties by altering the radiative effect and on rain. It is estimated that 

globally, this influence results in mean radiative forcing due to aerosol-radiation and aerosol-cloud interaction of about -0.9 

W·m
-2

, with aerosol-radiation contribution of -0.35 W·m
-2

 as a result of net sulphate contributions (-0.4 ), black carbon 

(+0.4), nitrate (-0.11), dust (-0.1) and organics (-0.12), according to the Intergovernmental Panel on Climate Change (IPCC, 5 

2013; Myhre et al., 2013).  

North America is a major source of aerosols and trace gases (Li et al., 2004; Park et al., 2003, 2004). The export of trace 

gases to the North Atlantic in the so-called North American outflow (Li et al., 2005) is enhanced by mid-latitude cyclones 

(Dickerson et al., 1995; Merrill and Moody, 1996; Moody et al., 1996). These cyclones frequently form on the lee side of the 

Rocky Mountains and propagate eastward, with associated cold fronts southeastward across the eastern United States (US; 10 

Whittaker and Horn, 1984; Zishka and Smith, 1980). The cyclones occur every 5 days – on average – in summer (Li et al., 

2005), although in spring that frequency may be even higher. Four airstreams are associated with mid-latitude cyclones: the 

warm conveyor belt ahead of the cold front, the cold conveyor belt, the dry airstream subsiding behind the cold front, and the 

post cold front boundary layer airstream (Cooper et al., 2002a, 2002b). The northeastward ascending airstream represented 

by the warm conveyor belt prompts the upward transport of pollutants from North America to the free troposphere over the 15 

North Atlantic (Eckhardt et al., 2004), where it may connect with the westerly circulation at the north of the Azores High (Li 

et al., 2005) prompting the transatlantic transport of pollutants; this has been documented for relatively long lifetime (LT) 

trace gases, such as CO (LT~ 60 days) and O3 (LT~25 days) (Honrath et al., 2004; Owen et al., 2006). Convection is also an 

important mechanism for ventilation of the boundary layer; the convective outflow prompts the upward transport of 

pollutants (Dickerson et al., 1987; Talbot et al., 1998), which may remain over North America for several days prompting 20 

ozone production and its subsequent export to the North Atlantic (Li et al., 2005). This mechanism is important in the south-

eastern United States in summer, as the warm conveyor belt of the mid-latitude cyclones is shifted northward (Li et al., 

2005). There are a number of observation-based evidences on the large-scale impact of the CO and O3 pollution events in the 

North Atlantic linked to North American fires and pollution export (Parrish et al., 1998; Moody et al., 1996; Honrath et al., 

2004; Owen et al., 2006). 25 

Although aerosols have been less studied, some research has found evidence of their export to the Atlantic in the cyclone 

modulated North American outflow (Li et al., 2005), even if they have a relatively short lifetime (LT~15 days). By ground 

based and airborne lidar measurements, Ancellet et al. (2016) detected the transatlantic transport of North American biomass 

burning aerosols and dust to the Mediterranean. At Pico Observatory in the Azores, free troposphere transport of North 

American black carbon aerosols linked to boreal fires (Val Martin et al., 2006) and sulphate, nitrate, elemental carbon and 30 

organic aerosols (such as biomass burning) has been detected (Dzepina et al., 2015). Modelling studies have also shown 

interest in intercontinental transport of aerosols (Park et al., 2004; Chin et al., 2007). 
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Previous studies on transatlantic transport of North American aerosols have reported on events detected in intensive 

campaigns, typically lasting from weeks to a few months. In this study we have used a complementary approach, based on 

long-term records. We analysed the long-term aerosol chemistry register of the Izaña Observatory – located at ~2400 m a.s.l. 

on the island of Tenerife – with the aim of identifying the composition, potential sources and origin of the aerosols 

transported by westerly winds across the North Atlantic. To our knowledge, this is the first study addressing the issue. 5 

2 Methods 

2.1 Sampling site 

The Izaña Global Atmospheric Watch (GAW) observatory is located on a mountain ridge (~2400 m.a.s.l.) lying almost 

permanently above the temperature inversion and marine stratocumulus layer typical of the marine boundary layer (MBL) 

top in the subtropics. Buoyant upslope winds develop during daylight, with minimum impact on the aerosol mass 10 

concentrations (Rodríguez et al., 2009). At night, upslope winds cease and Izaña is basically exposed to the prevailing 

westerly free troposphere subsiding airflow. 

2.2 Sampling and chemical composition 

This study is based on a long-term record of chemical composition of PM smaller than 10 µm (PM10) and 2.5 µm (PM2.5) 

aerodynamic diameters at Izaña Observatory. A total of 401 PM10 and 315 PM2.5 samples were collected and chemically 15 

analysed from February 2008 to August 2013.  

The samples of PM10 were collected on quartz micro fibber filters (150 mm diameter) pre-heated at 205ºC for 5 hours; this 

procedure removes potentially adsorbed volatile carbon. Aerosol sampling was performed at 30 m
3
·h

-1
 flow rate overnight 

(22:00 to 06:00 GMT), under the influence of free troposphere airflows. One PMx sample was collected every 3 days, except 

in August, when sampling was daily. Concentrations of PMx were determined by gravimetry following the EN-14907 20 

procedure (except that filter conditioning was performed at 30–35% relative humidity instead of 50%). The manual 

gravimetric method is considered optimal for PM concentrations > 10 µg·m
-3

 (EN-14907), so uncertainties are higher below 

this threshold value (details in section S1 of the supplement). Blank weighting room and blank field filters were collected 

and weighted as part of the quality assurance / quality control (QA/QC) protocol. 

The methods used in the long-term (30-years) aerosol chemical composition record of Izaña Observatory are described in 25 

detail in previous articles (Rodríguez et al., 2015). Briefly, in the study period (2008–2013) soluble species were determined 

by ion chromatography (SO4
=
, NO3

-
, Cl

-
;
 
detection limits 0.113, 0.113 and 0.505 µg·m

−3
, respectively) and selective 

electrode (NH4
+
;
 
detection limit 0.056 µg·m

−3
). Elemental composition was determined by Inductively Coupled Plasma 

Atomic Emission Spectrometry (ICP-AES, IRIS Advanta e TJA Solutions, THERMO™) and Inductively Coupled Plasma 
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Mass Spectrometry (ICP-MS, X Series II, THERMO™) after acid digestion of the samples. Organic and elemental carbon 

(detection limits 0.8 and 0.032 µg·m
−3

,
 
respectively) were analysed by thermal-optical transmittance (TOT, Sunset 

Laboratory Inc.™) followin  the EUSAAR2 protocol (Cavalli et al., 2009). Because quartz microfiber filters may adsorb 

volatile carbon very easily due to the high active surface (Chai et al., 2012), the more unstable part of the organic carbon was 

discarded based on the results of the field blank filters analysis. Sulphate was split into sea salt sulphate (ss-SO4
=
) and non-5 

sea salt sulphate (nss-SO4
=
) using the empirical ratio of Na and sulphate (SO4

=
/Na

+
 = 0.25) in seawater (Gravenhorst et al., 

1978), which assumes there is no sulfate enrichment due to gas-to-particle conversion of the oxidation of marine SO2 

(Bonsang et al., 1980). Organic matter (OM) was determined by using the ratio OM/OC = 1.8 observed in the North 

American aerosols collected at Pico Observatory in the Azores (Dzepina et al., 2015). Blank field filters were subject to 

gravimetry and chemical analysis, and mean values were subtracted from the PMx samples. 10 

The chemical composition data were used for a mass closure of PMx (table 1). The undetermined fraction of PM, i.e. the 

difference between the gravimetrically determined PMx and the sum of the chemical compounds, increased under low PMx 

conditions. This has already been observed in previous studies (Ripoll et al., 2015) and is attributed to inaccuracies of the 

manual gravimetric method under low PM concentrations (< 10 µg·m
-3

) and to the relatively higher contribution of water not 

fully removed during filter conditioning. 15 

2.3 Meteorology, back-trajectories and MCAR plots 

We analyzed meteorological re-analysis data from the National Centre for Environmental Prediction / National Centre for 

Atmospheric Research (NCEP/NCAR) (Kalnay et al., 1996) to study the processes involved in the export and transatlantic 

transport of aerosols from North America. The analysis includes geopotential heights, winds and omega (vertical wind) at 

several standard levels (925, 850 and 700 hPa) and precipitation rates.  20 

Three-dimensional 10-day back-trajectories were computed at 00:00 GMT for Izaña using the meteorological input data 

from the European Centre for Medium-Range Weather Forecasts (ECMWF) and Lagrangian model FLEXTRA (Stohl et al., 

1995; Sthol and Seibert., 1998). These back-trajectories were used as input in a self-developed Matlab script (The 

Mathworks, Natick, USA) which segregates air masses coming from North America and the North Atlantic, from those from 

Africa, attending to the latitude and longitude values along the transport path towards Izaña (details in section S2 of the 25 

supplement). The frequency of the westerlies and of the Saharan Air Layer at Izaña is shown in Fig. 1C. Samples of PM10 

and PM2.5 were associated with westerlies and SAL according to the back-trajectories (Fig. S2). 

We determined the Median Concentrations At Receptor (MCAR) plots for the main PM10 chemical component using the 

method described by Rodríguez et al. (2011). In these MCAR, the typical (median) concentration of each aerosol component 

recorded at Izaña, when the air mass has passed by each pixel of the study region, is shown. The MCAR plots were 30 
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calculated with back-trajectories representative of transatlantic transport from North America. Events linked to (i) back-

trajectories from North Africa or (ii) associated with Saharan dust re-circulated over the North Atlantic (exported from North 

Africa westward and then re-circulated eastward, e.g. as described by Ancellet et al., 2016) were removed; to identify the 

latter type of events we also used the output forecasts of the BSC-DREAM8b model (Pérez et al., 2006; Basart et al., 2012) 

storages at the Barcelona Supercomputing Centre website (http://www.bsc.es/earth-sciences/mineral-dust-forecast-5 

system/bsc-dream8b-forecast/north-africa-europe-and-middle-ea-1). Similar plots were used to analyse seasonality of the 

frequency of westerlies reaching Izaña, which is linked to the export of North American pollutants. Monthly Transport Route 

Frequency (TRF) plots for the period 2008–2013 were calculated in a similar way to the MCAR plots, but instead of the 

median concentration, the total number of back-trajectories passing by each cell grid is represented. 

2.4 Complementary data 10 

We used the Global Fire Emissions Database Version 4 including small fires data (GFEDv4.1s; Randerson et al., 2015) to 

estimate the average burned fraction of each 0.25º x 0.25º grid cell in North America during the study period (2008–2013). 

The data set was downloaded from the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC) 

for biogeochemical dynamics (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1293). We also made use of Level 3 UV 

Aerosol Index (AI) data, from the Ozone Monitor Instrument spectrometer onboard satellite Aura (OMI 2008–2013), to 15 

study the spatial and temporal variability of dust in North America during the study period (2008–2013). The data set was 

downloaded from the Giovanni online data system of the NASA Goddard Earth Sciences Data and Information Services 

Center (GES DISC; http://disc.sci.gsfc.nasa.gov/). 

3 Results and discussion 

3.1 Chemical characterisation 20 

This study focuses on aerosols transported by the westerlies, i.e. the westerly airstream that flows from North America 

across the North Atlantic at subtropical and mid-latitudes. Previous studies have shown that the Saharan Air Layer (SAL), 

i.e. the dusty airstream that expands from North Africa to the Americas, is the most important carrier of aerosols in the 

tropical and subtropical North Atlantic (Prospero and Carlson, 1972); so first we did a brief comparison of the characteristics 

of the aerosol composition in these two air streams, with the aim of illustrating the huge differences between them. The 25 

frequency of the westerlies and of the Saharan Air Layer at Izaña is shown in Fig. 1C; the westerlies occur with high 

frequency throughout the year, with a maximum in April–May and a minimum in July–August when Izaña is mostly within 

the SAL.  

Table 1 shows the median chemical composition and mass closure of the PM10 and PM2.5 aerosols in samples collected at 

Izaña under the SAL and the westerlies (Fig. 1A–B). The transport of particulate pollutants in the SAL had already been 30 
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studied by Rodríguez et al. (2011). The SAL impacts on Izaña in July and August, and is linked to the northern shift of the 

Harmattan – trade winds (Fig. 1A). The summer SAL occurs 1–5 km a.s.l. off North Africa; it is associated with air from the 

Mediterranean flowing south-westward to the Sahara resulting in the emissions and export of dust to the Atlantic above the 

marine boundary layer. The westerlies occur throughout the year and are associated with airstreams from North America 

that, in some cases, may have circulated around the Azores High (Fig. 1A). 5 

Concentrations of bulk PM10 and PM2.5 are ~ 20 and 10 times higher in the SAL than in the westerlies, respectively (table 1). 

Mass closure of PMx accounts for a rather low fraction of the gravimetrically determined PMx concentrations under westerly 

conditions (~ 50–70% of PMx, table 1), compared to the SAL (70–90% of PMx). This is attributed to the relatively high 

inaccuracy of the manual gravimetric method under low PMx concentrations described above (see details in section S1 of the 

supplement). Thus, the sum of the main chemical components (∑ in table 1) is probably a better proxy of the actual bulk 10 

PMx concentrations in the westerlies than the gravimetric PM concentrations. 

In the SAL, the PM10 aerosol population (median of ∑ – sum of the main chemical components – ~ 41 µg·m
-3

; table 1) is 

basically constituted by dust (78%: 36 µg·m
-3

) mixed with organic matter (4.5%: 2.1 µg·m
-3

), sulphate (3.8%: 1.8 µg·m
-3

), 

nitrate (1.8%: 0.8 µg·m
-3

) and ammonium (0.4%: 0.2 µg·m
-3

). In contrast, PM10 aerosol in the westerlies (median of ∑ – sum 

of the main chemical components – ~ 1.8 µg·m
-3

) is predominantly constituted by dust (44.5%: 1.1 µg·m
-3

), organic matter 15 

(12.4%: 0.32 µg·m
-3

), nss-SO4
=
 (9.8%: 0.25 µg·m

-3
) and ammonium (2.2%: 0.06 µg·m

-3
). Nitrate in the SAL mostly occurs 

in the coarse range as non-ammonium salt coating dust particles (see details in Rodríguez et al. 2011). In the westerlies 

nitrate concentrations tend to be extremely low; in the few observed nitrate events, it tended to occur in the sub-2.5 µm 

range, attributed to an ammonium salt. In the SAL, about ¼ of non-sea-salt-sulphate (nss-SO4
=
) is present as ammonium 

sulphate (as-SO4
=
) linked to anthropogenic sulphur emissions, with the remaining ¾ being non-ammonium sulphate (na-20 

SO4
=
) most probably linked to soil emissions of gypsum / anhydrite soil minerals in beds of Saharan dry lakes (Rodríguez et 

al., 2011).  

Aerosols in the SAL and in the westerlies also exhibit differences in terms of size distribution. PM mass mostly occurs in the 

sub-2.5µm in the westerlies and in the coarse 2.5–10 µm range in the SAL (table 1). 

3.2 North American large-scale meteorology and airstreams 25 

The meteorological scenarios that prompt pollutant export events from North America are described in previous studies 

(Merril and Moody, 1996; Moody et al., 1996; Stohl et al., 2002; Li et al., 2005; Owen et al., 2006); here a complementary 

view is provided. We analysed how large-scale circulations over North America evolve over the year, more specifically how 

they may influence on the export of aerosols to the Atlantic. The monthly values of key meteorological fields (geopotential 

heights, winds and omega at several standard levels, 925, 850 and 700 hPa and precipitation rates, e.g. Fig. 2A) were 30 
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determined with the National Center for Environmental Prediction/National Center for Atmospheric Research 

(NCEP/NCAR) reanalysis data (Kalnay et al., 1996). To facilitate interpretation on how the variability in meteorology may 

influence the export of aerosols we also plotted (i) the latitudinal range of the westerlies over the eastern coast of North 

America (observed in the monthly NCEP/NCAR wind fields; Fig. 3A), (ii) the spatial distribution of SO2 according to 

Fioletov et al. (2016) (Fig. 3B) and of major aerosol components according to Park et al. (2003, 2004) (Fig. 4) and (iii) the 5 

monthly mean values of the omega vertical component of wind in selected domains (Fig. 3C and 3D). Finally, in order to 

link the export of North American pollutants with transatlantic transport, the Transport Route Frequency (TRF) field was 

determined for each month based on back-trajectories (Fig. 2B). Figure 2 shows examples for illustrative months (January, 

April, August and November); additional material is presented in the Supplement (Fig. S3). 

During January and February, the North Atlantic anticyclone shifts southward, expanding over the Caribbean, resulting in an 10 

intense geopotential / pressure gradient (Fig.S2A) and westerly winds over most North America (Fig.2A1). The main stream 

of the westerlies (which we will refer to as ‘westerly jet’) flows from Western Canada (~55ºN) to Eastern US enterin  the 

North Atlantic at relatively low latitudes (36–38ºN in the 850hPa standard level; Fig. 2A1). We refer to the westerly jet over 

the eastern coast of North America as ‘North American outflow’, whose latitudinal position over the year is plotted in Fig. 

3A. The TRF analysis shows that during this period air from Central and Southern US reaches Izaña (Fig. 2B1). 15 

From March to June, the North Atlantic anticyclone progressively intensifies (Fig.S2B) and the western side of its clockwise 

atmospheric circulation expands from the inner Gulf of Mexico northward to Central and then to Eastern US, resulting in an 

airstream that we have called ‘the Gulf inflow’, which is observed in the wind fields at the 925, 850 and 700hPa levels (Fi . 

2A2). The Gulf inflow is observed from March, when the trade winds building up results in an northward inflow across the 

coast of Texas, which subsequently turns northeastward over Central US (Arkansas to Tennessee–Indiana) and then eastward 20 

resulting in a westerly outflow to the Atlantic by the Eastern coast of North America following the clockwise circulation of 

the North Atlantic high (Fig. 2B2). The analysis of the (vertical) omega component, at the 925, 850 and 700 hPa levels, 

shows that upward movement of air occurs in the regions affected by the Gulf inflow of warm and humid air from Texas to 

Indiana, in such a way that air masses from the continental boundary layer of Central to North-eastern US may be exported 

in the westerlies to the North Atlantic free troposphere (Fig. S3B). Observe in Fig. 3C how omega decreases to negative 25 

values (net upward movements) from March to May in Central US (domain 1 in Fig. 3D) under the influence of the Gulf 

inflow; the decrease in omega in this season is also observed to the East (domain 2 in Fig. 3D). This is consistent with the 

fact that the storm season occurs in this period (March to June) between Central US (Northern Texas–Kansas) to the west of 

the Appalachians (Tennessee–Kentucky–Indiana), as reported by NOAA (section S4 of the supplement). Along the path of 

the Gulf inflow there are a number of sources of aerosols and their precursors – including coal-fired power plants (Fioletov 30 

et al., 2016) – whose emissions may be lifted to the mid-troposphere during convective processes (Dickerson et al., 1987; 

Talbot et al., 1998), and then exported to the North Atlantic free troposphere by the westerly circulation, which in this period 
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tends to occur 35–45ºN (Fig. 3A). The export of pollutants from Eastern US to the Atlantic is enhanced by eastward moving 

cyclones, whose tracks typically occur south of 40ºN in this season (Cooper et al., 2002a); Fig. 3B shows an illustration of 

this scenario (Cooper et al., 2002a, 2002b) and the mean SO2 spatial distribution observed by satellite (Fioletov et al., 2016); 

a dotted blue line shows the typical eastward track of the cyclones typical in March–April, whereas the blue arrows indicate 

a simplified scheme of the associated circulation; the satellite detection of SO2 over the ocean off the coast of Virginia to 5 

New Jersey (35–40ºN in Fig. 3B) evidences the importance of the export of this aerosol sulphate precursor to the Atlantic. 

The back-trajectory based TRF analysis shows that air masses from Central US (e.g. domain 1 in Fig. 3D) and Eastern US 

(e.g. domain 2 in Fig. 3D) are regularly transported to Izaña (Fig. 2B2). This is the season of maximum frequency of 

westerlies at this observatory (23–27 days·month
-1

; Fig. 1C1) and that has implications for the export of major aerosol 

components, whose concentrations are high in North-eastern US (Fig. 4).  10 

In July and August, the North Atlantic anticyclone shifts northward (Fig.S2C) resulting in intense trade winds over the 

Caribbean; the Gulf inflow continues blowing northward across the great plains up to Canada where it connects with the 

main westerlies jet, whereas southern winds prevail along the Eastern coast of the US (Fig. 2A3). In September, the trade 

winds, the resulting Gulf inflow and southern winds over the Eastern coast weaken. In this season, the westerlies and the 

resulting North American outflow shift northward (45–55ºN; Fig. 2A3–2B3, Fig.3A); this is consistent with previous studies 15 

showing that cyclone tracks and the resulting warm conveyor belts linked to the export of pollutants tend to occur over 

Canada (Merry and Moody, 1996; Cooper et al., 2002a). This scenario is illustrated in Fig. 3B, where the cyclone track is 

highlighted by a dotted red line and the circulation by the red arrow. This is consistent with the seasonal evolution of the 

omega vertical wind component, which shows the lowest (and negative) values in August and September in Eastern Canada 

(domain 4 in Fig. 3C and Fig. 3D), indicating upward movements of the North American outflow. At Izaña, the westerlies 20 

occur with a minimum frequency in July (12 days) and August (9 days; Fig.1C1), the period in which the observatory is 

frequently within the easterly Saharan Air Layer (Rodríguez et al., 2011, 2015). Observe how the air masses from inner 

North America have a lower impact at Izaña compared to at other periods (Fig.2B3).  

From October to December, the North Atlantic high shifts southward, expanding over Southeastern US (Fig.S1D); the Gulf 

inflow weakens and the westerly wind band shifts progressively southward prompting the transport of air from Central US to 25 

the North Atlantic (Fig. 2A4–2B4). 

An overall analysis indicates marked seasonality in the atmospheric circulations with potential implications for the export 

and transatlantic transport of major aerosol components. The westerlies (Fig. 2A–2B), including the North American outflow 

(Fig. 3), occur at lower (subtropical) latitudes in winter than in summer (mid latitudes). This seasonal shift is also associated 

with the upward transport of air, which is important in Central US to Eastern US in March–May (domains 1 and 2 in Fig. 3C 30 

and 3D) and shifts northward along Eastern North America through spring and summer (domains 2 to 4 in Fig. 3C and 3D), 

reaching maximum intensity when the North American outflow occurs over Eastern Canada in August and September 
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(domains 4 in Fig. 3D). This affects which source regions of North America impact downwind North Atlantic free 

troposphere; air masses from Southern US are transported across the Atlantic in winter (Fig. 2B1), from Central US in spring 

(Fig. 2B2) and from Canada in summertime (Fig. 2B3). This is consistent with the seasonal shift of cyclone tracks, 

westerlies and warm conveyor belt described in previous studies (Stohl, 2001; Cooper et al., 2002a). Of special relevance is 

the spring, when the westerly jet blows over SO2 source regions coupled with upward movements able to transport aerosols 5 

emitted near ground to altitude above the boundary layer (Fig. 3B). 

3.3 Transatlantic transport of North American aerosols 

We studied the seasonal variability of the sub-10 µm aerosol components under westerly airflow conditions at Izaña and its 

connection to the transatlantic transport from North America. The chemical composition of 126 samples of PM10 collected at 

Izaña (2008–2013) under westerly airflow conditions, whose back-trajectories are plotted in Fig.S1A, were used. 10 

Under westerly airflow conditions, the time series of the aerosol components typically show a low background level and 

sporadic peak episodes; for example, nss-SO4
=
 shows a background of 0.05–0.15 µg·m

-3
 and peak events 0.5–1.5 µg·m

-3
, 

organic matter increase from 0.01–0.2 µg·m
-3

 background level to 1–2.5 µg·m
-3

 peak events, whereas elemental carbon has a 

background < 0.01 µg·m
-3

 and peak events within the range 0.03–0.1 µg·m
-3

. For each aerosol component, we determined 

the seasonal evolution of the monthly 30
th

, 50
th

 and 80
th

 percentiles as representative of the background levels, central 15 

position of concentration distribution and high concentration episodes, respectively. The 30
th
 and 80

th
 percentiles plots are 

presented in the supplement (S5). The Median Concentrations at Receptor (MCAR) plots were determined for the study of 

the connection of peak events of aerosol components at Izaña with episodes of North American aerosol export. 

 3.3.1 Sulphate 

Figure 5A1 shows the MCAR plot for nss-SO4
=
, whereas Fig. 5B1 shows the value of the 50

th
 percentile (50

th
P) 20 

concentration for each month at Izaña. The monthly 50
th

P of nss-SO4
=
 shows high levels from March to July (0.28–0.41 

µg·m
-3

), with a maximum in March–May (0.33–0.41 µg·m
-3

), and low levels from September to February (0.06–0.24 

µg·m
3
). The March to July period can be considered the high-sulphate concentration season, given that both the monthly 

background (30
th

P) and median (50
th

P) levels are high in this period (Fig. S5A). 

The MCAR plot represents the nss-SO4
=
 concentration recorded at Izaña (median value, i.e. 50

th
P) when the airflows 25 

(tracked by back-trajectories) have passed by each pixel of the study domain (Fig.5A1). Regions with relatively high nss-

SO4
=
 concentrations (0.3–0.5 µg·m

-3
 in yellow to red scale) compared to the background (< 0.1 µg·m

-3
 in blue) are connected 

to potential transport routes. The MCAR plot suggests that there are two preferential transport paths. The first route points to 

the transport of nss-SO4
=
 from the North-East US at ~40ºN; this is consistent with the high SO2 emissions (Fig. 3B) and high 

nss-SO4
=
 concentrations (Fig. 4A) typical of this region (Fig. 3B) associated with coal burning power plants (Mann et al., 30 
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2010; Fioletov et al., 2011, 2016) and the North American outflow (Fig. 3). Because the North American outflow occurs 

over this region (NE–US) during a great part of the year (Fig. 3), this is probably the most important nss-SO4
=
 export region 

to the Atlantic. The correlated seasonal evolution of omega in this region (domain 2 in Fig. 3C and 3D) and nss-SO4
=
 at 

Izaña (Fig. 5B1) indicates enhanced upward movements of air from March to July enrich the North Atlantic free troposphere 

in sulphate aerosols. Maximum nss-SO4
=
 occurs from March to May (Fig. 5B1), when upward air movements associated 5 

with the Gulf inflow (Fig. 3), cyclones (Cooper et al., 2002b) and the occurrence of the North American outflow over this 

region enhances the export of regional pollutants (Fig. 3A and Fig. 4A). A second transport pathway is associated with 

transatlantic transport at higher latitudes (50ºN) and anticyclonic circulation around the Azores High (Fig. 5A1); this route is 

associated with the occurrence of the North American outflow over Northern US and Canada, from mid-summer (August) to 

mid-autumn (November; Fig. 3A1). Observe how the drop in the median (50
th

P: from 0.30 to 0.20 µg·m
-3

 Fig. S5A2) and of 10 

the background (30
th

P: from 0.26 to 0.16 µg·m
-3

; Fig. S5A3) nss-SO4
=
 concentrations from July to August is associated with 

the northward shift of the main westerly stream and the North American outflow (Fig. 3A1); from August on the westerly jet 

occurs at higher latitudes, over Canada, in regions depleted in nss-SO4
=
 compared to NE–US (Fig. 4A), as a result less nss-

SO4
=
 is exported and transported across the Atlantic. 

3.3.2 Nitrate 15 

The MCAR plot and the monthly 50
th

P of NO3
-
 at Izaña are plotted in Fig. 5A2 and 5B2, respectively. Nitrate was present in 

extremely low concentrations most of the time. Concentrations were < 0.05 µg·m
-3

 in 97 samples, and > 0.1 µg·m
-3

 in only 

21 samples; for this reason the 50
th

P was ~zero for most months (Fig. 5B2). High NO3
-
 concentration events (80

th
P > 0.1 

µg·m
-3

) were mostly recorded in winter and early spring (January–April, Fig.5B2), when high NO3
-
 was within the range 

0.2–0.8 µg·m
-3

. This is typical behaviour for ammonium nitrate, which mostly forms under low temperature conditions, 20 

whereas gaseous nitric acid prevails in warmer environments (Squizzato et al., 2013). The MCAR plot shows transport of 

NO3
-
 at low latitudes 30–35ºN (Fig.5A2), which is consistent with the circulation of the westerlies (e.g. Fig.2A1 and Fig 

2B1) and the North American outflow in winter months (e.g. Fig. 3A1), when most of the above-described high NO3
-
 events 

occur (Fig 5B2). The highest concentrations of nitrate in North America occur in the Central North region (Fig.4B); our 

results suggest that nitrate export events from North America may be associated with NW winds (e.g. as the main stream of 25 

the westerlies in winter, Fig.2A1) over this high nitrate region (Fig.4B) followed by export at 35–30 ºN (Fig. 5B1) under 

geopotential / pressure systems that should be studied in future research. The MCAR plot also suggests a second transport 

route similar to that observed for nss-SO4
=
, i.e. transatlantic transport at high latitudes (50ºN) and circulation around the 

Azores High (Fig. 5B1) which is probably associated with the autumn events (Fig. 5B2), when the North American outflow 

occurs over Canada (Fig. 3A1). The nitrate concentrations we observe at Izaña are similarly low to those registered by 30 

Dzepina et al. (2015) at the Pico free troposphere site in the Azores linked to long range transport from North America; 

because nitrate may experience negative artefacts during sampling (Schaap et al., 2004; Vecchi et al., 2009), we cannot 
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discard underestimations and believe that further intercomparison with artefact-free real-time nitrate measurements should be 

carried out. 

3.3.3 Ammonium 

The MCAR plot and the monthly 50
th

P of NH4
+
 at Izaña are shown in Fig. 5A3 and 5B3, respectively. Median (50

th
P) and 

80
th

P concentrations present a maximum in April–May (Fig. 5B3 and Fig. S5C1), as nss-SO4
=
. The MCAR plot for NH4

+
 5 

shows two main transport pathways which resemble those of nss-SO4
=
; one transport pathways from North-eastern US at 

~40 ºN and a second transport route pointing to the occurrence of the North American outflow by Canada and subsequent 

transatlantic transport at high latitudes and circulation around the Azores High (Fig. 5A3). Because of the prevalent 

extremely low levels of nitrate, ammonium is attributed to ammonium-sulphate in most events. The transport (north-

eastward export) routes we observe for nss-SO4
=
 and NH4

+
 in Eastern US (Alabama–Tennessee–Virginia; Fig. 5A1 and 5A3) 10 

are similar to those associated with the passage of spring cyclones and front in the region, prompting the export of pollutants 

to the Atlantic (Cooper et al., 2002b). 

3.3.4 Elemental Carbon 

Figures 6A1 and 6B1 show the MCAR plot and the monthly 50
th

P and 80
th
P of EC, respectively. The analysis of the monthly 

50
th

P and 80
th
P values discloses two relevant periods, associated to high (May–September) and low (January–April) EC 15 

events. We associated this seasonal variability of the EC transported by the westerlies to Izaña (i) with the spatial distribution 

of the EC source regions in North America (Fig. 4D) and (ii) with the seasonal shift of the westerlies (Fig.2A1–2A4) and the 

North American outflow (Fig. 3). The highest surface concentrations of EC are estimated to occur in what we have called 

“EC-rich NE–US re ions”, which include large urban areas placed 40–45 ºN south of the great lakes to the Atlantic coast 

(e.g. Chicago, Detroit, New Jersey, Philadelphia and New York; Fig. 4D), linked to fossil fuel combustion (mostly diesel 20 

exhaust emissions and coal burning) according to Park et al. (2003). 

The season of high EC concentrations at Izaña occurs from May to September, when the westerlies shift northward from 

40ºN to 55ºN (Fig. 3A) affectin  the “EC-rich NE–US re ions” (40–45ºN, Chicago to New York, Fig. 4D). This seasonal 

shift is associated with a rise of the upward air movements in Eastern US (domains 2 and 3 in Fig. 3C and 3D), including the 

“EC-rich NE–US re ions” (domain 3 in Fi . 3C and 3D), that enhances the export of EC to the North Atlantic free 25 

troposphere in the North American outflow. The highest median EC concentrations at Izaña are observed in August and 

September (~0.03 µg·m
-3

; Fig. 6B1 and Fig. S5D1), when the eastward propagating cyclones over Canada prompt the export 

of pollutants from these “EC-rich NE–US re ions” to the Gulf of Maine and the Atlantic (Merrill and Moody, 1996), in a 

scenario illustrated in Fig 3B; the lowest values of omega in Eastern Canada (domain 4 in Fig. 3C and 3D) occur in August 

and September, which indicates a great potential to lift boundary layer air to the North Atlantic free troposphere. This 30 
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interpretation is consistent with the MCAR plot for EC, which shows a clear transport pathway (at high latitudes, ~50ºN) 

from Canada and these “EC-rich NE–US re ions” to the Gulf of Maine and then to the Atlantic with subsequent circulation 

around the Azores High (Fig. 6A1); this EC transport route is similar to the prevalent transport pathway of August and 

September (Fig. 2B3).  

Low EC concentrations at Izaña occur between January and April, when the westerlies and the North American outflow 5 

occur at low latitudes (<40ºN; Fig. 3A), to the south of the EC source regions (40–45ºN; Fig. 4D).   

Figure 7 shows the mean burnt fraction (%) of each 0.25º x 0.25º grid cell associated with fires, which occur mainly in 

Southeastern US in January–February (Fig. 7A); it then spreads northward from March on over Central US to Southern 

Canada (Fig. 7B) and over Canada and NW US in June–September (Fig. 7C) and then shifts southward to US (Fig. 7D). 

Boreal fires prompt high EC concentrations in Canada (Park et al., 2005) in NW and North-Central US (Washington, Oregon 10 

and Nevada; Park et al., 2003) that can be exported to the Atlantic in the uplifting North American outflow, potentially 

contributing to the EC records at Izaña in August and September (Fig. 6B1). 

3.3.5 Organic Matter 

Figures 6A2 and 6B2 show the MCAR plot and the monthly 50
th

P of OM. This aerosol component shows very marked 

seasonal evolution, with high levels from January to July, and a maximum from March to May (Fig. 6B2, Fig. S5E1–E3). 15 

This is consistent with the MCAR plot (Fig. 6A2), which shows a transport route from Southeastern US to Izaña at low 

latitudes (30–40ºN), a common circulation of winter and spring (Fig. 2A1–2A2). From August to December, OM 

concentrations transported by the westerlies to Izaña are low, associated with the occurrence of the westerlies over North 

America at high latitudes (Fig.2A3–2A4).  

The seasonal evolution of OM is very different (~opposite) to that of EC (Fig. 6A2 and 6B2). Air masses transported from 20 

Southeastern US to Izaña (January to April) are rich in OM and relatively poor in EC (Fig. 6A2 and 6B2), whereas the air 

transported from NE US to Izaña (typically from July to September) is poor in OM and rich in EC (Fig. 6A2 and 6B2). This 

is consistent with the spatial distribution of these aerosol species in the US (Fig. 4D and 4E) and suggests that in 

Southeastern US there are sources of OM that are not, on the other hand, important in EC, and are most probably biogenic 

emissions. Globally, biogenic volatile organic carbon emissions (BVOCs), i.e. precursors of secondary OA, are comprised of 25 

isoprene (~50%), methanol, ethanol, acetaldehyde, acetone, α-pinene, β-pinene, t-β-ocimene, limonene, ethene, and propene 

(~30%), and other compounds (mostly terpenoids; ~17%) (Guenther et al., 2012). Biogenic emissions are the principle 

source of OM in the US, followed by three combustion sources that also emit EC (wildfires, fossil-fuel and bio-fuel) (Park et 

al., 2003); specifically, in South-eastern US, BVOC emissions are mainly isoprene (81%) and monoterpenes (19%) 

(Goldstein et al., 2008), with biogenic secondary OA predicted to contribute around 10-20% of PM2.5 mass (Liao et al., 30 
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2007). A scenario of biogenic emissions higher in SE–US than in NE–US is consistent with global distribution of the 

secondary organic aerosols, whose concentrations are usually higher near to the tropics than at mid latitudes (Guenther et al., 

2012; Sindelarova et al., 2014). The importance of the spatial variability of the OM and EC sources and the latitudinal shift 

of the westerlies over Eastern North America is illustrated from July to August, when a drop in OM concentrations (0.85 to 

0.20 µg·m
-3

; Fig. 6B2) and an increase in EC concentrations (0.005 to 0.03 µg·m
-3

; Fig. 6B1) is associated with the northern 5 

shift of the North American outflow (43º to 50ºN; Fig. 3A). 

3.3.6 Mineral dust 

Figures 8A and 8B show the MCAR plot and the monthly 50
th

P of calcium, aluminium and the associated bulk dust 

concentrations. These aerosol components exhibit high concentrations from February to May (Fig. 8B1–B3; Fig. S5F–S5H). 

The MCAR plot shows a pattern of North American dust export at low latitudes (~35ºN, through North Carolina) towards 10 

the north-east which, once over the Atlantic, follow the anticyclonic circulation around the Azores High to Izaña (Fig. 8A1–

A3). We attribute these events to dust emissions in a region that expands from SW Texas northward throughout the High 

Plains, and subsequent dust export to the Atlantic. Figure 8C shows the Major Dust Activity Frequency (MDAF) detected by 

satellite; dust activity is observed in SW Texas (Chiguagua–Big Bend Desert) in February, through March to May the 

activity expands northward across the High Plains (western Texas to Nebraska); other dust sources with lower potential to 15 

impact on the North Atlantic are also observed in western US (Great Basin, Mojave Desert and Colorado Plateau). The High 

Plains are among the major dust sources in North America, and these sources are considered anthropogenic (linked to 

agriculture), with maximum activity between February and May (Ginoux et al., 2012). Dust emissions and eastward 

mobilisation is associated with the intense westerly winds linked to eastward moving cyclones, which also prompt the 

upward transport of dust to several kilimetres above ground, according to Novlan et al. (2007); this scenario is illustrated in 20 

Fig. 8A3, showing how the associated air mass track is consistent with the dust export and transatlantic transport route to 

Izaña observed in our analysis. During these spring events high dust concentrations (100s of µg·m
-3

) are lifted to altitudes 6–

12 km a.s.l. over Southern US (Talbot et al., 1998). Upward transport of dust is also associated with convective activity in 

Central US, Colorado and Oklahoma, in May-June (Corr et al., 2016). The correlation we found between the seasonal 

evolution of omega in domain 1 (Fig.3C and 3D) and dust at Izaña (Fig.8B3) supports the idea that from February to May 25 

westerly winds and the uplifting of air in the High Plains enrich the North American outflow and the westerly jet in the in 

dust aerosols. 

3.3.7 Sea salt 

Sea salt concentrations at Izaña are extremely low, with monthly 50
th

P values 0.07 to 0.22 µg·m
-3 

between December and 

May (Fig. 9). These low concentrations are typical of free troposphere sites; in fact, sea salt at Izaña (average = 0.25 µg·m
-3

, 30 

median 0.16 µg·m
-3

) is about two orders of magnitude lower than in the marine boundary layer of the Canary Islands 
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(average ~ 11 µg·m
-3

, Querol et al., 2004). The extremely low concentrations of this marine aerosol at Izaña supports our 

interpretations, i.e. the aerosols transported by the westerlies to Izaña are mostly linked to emissions and upward transport in 

continental regions of North America, and not over the ocean. 

3.3.8 Mass closure of aerosols 

Fig. 10 shows the contribution of each species to bulk PM10 aerosol mass in samples collected in the westerlies at Izaña; data 5 

are classified from the highest to the lowest levels. We considered two approaches: including and excluding mineral dust. 

When mineral dust is not included (Fig. 10A), the most important contributors to bulk PM10 are by far nss-SO4
=
 and OM. In 

the 1
st
–50

th
 percentile range for the sum of aerosol components (a proxy of background levels) - 0.05 to 1.0 µg·m

-3
 - the most 

important contributors are nss-SO4
=
 (0.19 µg·m

-3 
on average, accounting for 38% of the sum of chemical species) and OM 

(0.14 µg·m
-3

, 30%). In the 75
st
–95

th
 percentile range (a proxy of high load of aerosol events) - ~2.0 to 3.6 µg·m

-3
 - the most 10 

important contributors are OM (1.43 µg·m
-3

, 57%) and then nss-SO4
=
 (0.48 µg·m

-3
, 19%). These results are consistent with 

previous studies that did not include dust, such as Park et al. (2004, 2005), who focused on the composition of aerosols in the 

background boundary layer of US, and Dzepina et al. (2015), who studied the aerosols transported from North America to 

the North Atlantic free troposphere at Pico observatory in the Azores. 

When mineral dust is considered, it becomes the most important contributor to sub-10µm aerosol mass (Fig. 10B). In the 1
st
–15 

50
th

 percentile range (a proxy of background levels), bulk PM10 = 0.15 – 2.54 µg·m
-3

, the most important contributors to bulk 

aerosol mass are dust (0.78 µg·m
-3 

on average, accounting for 53% of bulk mass), nss-SO4
=
 (0.21 µg·m

-3
, 14%), OM (0.27 

µg·m
-3

, 18%) and NH4
+
 (0.07 µg·m

-3
, 5%). In the 75

th
–95

th
 percentile range (a proxy of aerosol events), bulk PM10 = 3.9–8.9 

µg·m
-3

, the most important contributors to bulk aerosol mass are dust (2.8 µg·m
-3

, 56%) and OM (1.23 µg·m
-3

, 24%) 

followed by nss-SO4
=
 (0.47 µg·m

-3
, 9%) and NH4

+
 (0.1 µg·m

-3
, 2%). The lack of previous studies on transatlantic transport 20 

of North American dust make the comparison with previous data difficult; it should be highlighted that Ancellet et al. (2016) 

detected this transatlantic transport in June (out of the seasonal maximum). 

Our overall results evidence that dust and organic matter are the most abundant aerosols transported from North America to 

the North Atlantic free troposphere. 

4 Conclusions 25 

A ~5-year record of aerosol chemistry at Izaña Observatory (located at ~2400 m.a.s.l. in Tenerife, the Canary Islands) was 

used to study the transatlantic transport of aerosols. This study shows that North America is a major source of aerosols, 

which are transported by the westerly winds across the North Atlantic free troposphere at subtropical and mid-latitudes. The 

composition of aerosols carried by the westerlies experiences a marked seasonal evolution which is influenced by (i) the 

spatial distribution of the aerosol sources in North America and (ii) the seasonal variability of the large-scale meteorology in 30 
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North America. Of special meteorological relevance is the seasonal shift in the westerly jet and the North American outflow, 

which migrate from low latitudes in winter (~32ºN, January–March) to high latitudes in summer (~52ºN, August–

September). The export of boundary layer air laden in aerosols to the North Atlantic free troposphere is enhanced by the 

occurrence of cyclones that move eastward with the westerly atmospheric circulation. 

We found that the westerlies carry high loads of: 5 

 mineral dust from February to May, associated with dust emissions in a region that expands from SW Texas 

(Chiguagua–Big Bend Desert) northward through the High Plains (western Texas to Nebraska), and subsequent dust 

export to the Atlantic associated with eastward moving cyclones, westerly winds and the North American outflow, 

which in this period migrate from 35ºN in February to 40ºN in May, 

 non sea-salt-sulphate and ammonium from March to May, when cyclones and the associated outflow occur over 10 

North-eastern US, where the highest SO2 emissions occur in North America, 

 organic matter from February to May, when cyclones and the associated outflow occur over regions of Eastern US 

rich in organic aerosols according to previous studies, 

 elemental carbon in August and September, when cyclones, the westerly jet and the North American outflow occur 

at high latitudes (50 to 55ºN) favouring the export of boundary layer air from the regions where the highest 15 

concentrations of elemental carbon occur in North America according to previous studies (Chicago to New York, 

40–45ºN), 

The concentrations of sub10-µm aerosol mass (PM10) that reach Izaña Observatory after transatlantic transport typically 

range between 1.2 and 4.23 µg·m
-3

 (20
th

 and 80
th

 percentiles). The most important contributors to background aerosols (when 

PM10 is within the 1
st
–50

th
 percentiles = 0.15–2.54 µg·m

-3
) are North American dust (53%), organic matter (18%) and non 20 

sea-salt-SO4
=
 (14%). High PM10 events (75

th
 –95

th
 percentiles = 3.9–8.9 µg·m

-3
) are prompted by dust (56%), organic matter 

(24%) and nss-SO4
=
 (9%). Our results suggest that a significant fraction of organic aerosols may be linked to sources other 

than combustion (e.g. biogenic) and that North American dust may be linked to anthropogenic dust sources linked to the use 

of soil. 

The overall results indicate that future long-term evolution of the aerosol composition in the North Atlantic free troposphere 25 

will be influenced by air quality policies, with implications for the emissions of aerosol precursors, and the use of potential 

dust emitter soils in North America. The conversion of natural lands to agriculture and pasturage fields have had a number of 

environmental implications in North America (Nordstrom et al., 2004, Wu et al., 2007). Research has suggested that this 
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change of land use may increase (MNP, 2006, Lawler et al., 2014 ) and this would have implications for dust emission, air 

quality and dust impacts on the North Atlantic free troposphere". 
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Table 1. Mass closure and median concentrations of PM10 and PM2.5 components in samples collected when Izaña was (i) 

within the Saharan Air Layer (SAL) and (ii) within the westerlies (WES). Only days when PM10 and PM2.5 were sampled 

simultaneously were taken into account. The percentage of the corresponding parameter with respect to the PM is shown. 5 

 

 Saharan Air Layer westerlies 

 
PM10 % PM2.5 % PM10 % PM2.5 % 

NS 146  146  96  96  

mass closure         

PM, µg·m
-3

 46.42 
 

21.27 
 

2.54 
 

2.19 
 

∑, µ ·m
-3

 40.87 88 15.59 73 1.78 70 1.05 48 

undetermined, µg·m
-3

 5.55 12 5.68 27 0.75 30 1.14 52 

median concentrations         

dust, µg·m
-3

 36.07 77.7 13.18 62.0 1.13 44.5 0.50 22.8 

sea salt, µg·m
-3

 < 0.01 ~0 < 0.01 ~0 0.01 0.5 0.01 0.5 

EC, µg·m
-3

 < 0.01 ~0 < 0.01 ~0 0.02 0.6 0.01 0.3 

OM, µg·m
-3

 2.07 4.5 1.00 4.7 0.32 12.4 0.26 11.7 

NH4
+
, µg·m

-3
 0.18 0.4 0.17 0.8 0.06 2.2 0.06 2.7 

NO3
-
, µg·m

-3
 0.82 1.8 0.17 0.8 < 0.01 ~0 < 0.01 ~0 

SO4
=
, µg·m

-3
 1.73 3.8 1.06 5.0 0.25 10.0 0.22 10.0 

sulphate speciation         

ss-SO4
=
, µg·m

-3
 < 0.01 0 < 0.01 0 < 0.01 0 < 0.01 0.1 

nss-SO4
=
, µg·m

-3
 1.72 3.7 1.05 4.9 0.25 9.8 0.22 10.0 

a-SO4
=
, µg·m

-3
 0.48 1.0 0.45 2.2 nd nd nd nd 

na-SO4
=
, µg·m

-3
 1.22 2.6 0.55 2.6 nd nd nd nd 

NS: number of samples. PM: Particulate matter obtained with the gravimetric method. ∑: 

summation of the major chemical species (dust + sea salt + EC + OM + NH4
+ 

+ NO3
- 
+

 
SO4

=
). nd: 

not determined. 
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Figure 1. (A) Location of the Izaña Observatory with an illustration of the Saharan Air Layer and the westerlies. (B) View 

from the Izaña Observatory to the west under the westerly and Saharan Air Layer conditions. (C) Monthly frequency 

(number of days per month) of westerly and Saharan Air Layer at Izaña based on backtrajectories. 
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Figure 2. (A) Wind vector at 850 mb and (B) Transport Route Frequency (TRF) for January (Jan), April (Apr), August 

(Aug) and November (Nov) of the period 2008–2013. The Gulf inflow is highlighted. 
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Figure 3. (A) Latitudinal ranges at which the westerlies occurs over the Eastern coast of North America. Grey circles: 

maximum and minimum latitude of the outflow. Red circles: centre of the outflow (B) Meteorological scenarios associated 

with export of pollutants (according to Cooper et al., 2002a, 2002b, Merry and Moody, 1996) and circulations (blue: Jan-

May, red: Jul–Aug) illustrated over mean SO2 values observed by satellite by Fioletov et al., (2016) -Copyright by Author(s) 5 

2016. CC Attribution 3.0 License-. (C) Monthly average values of the omega vertical wind component at the 850hPa level 

(negative values indicate upward movements) illustrated in plot (D). (D) Domains 1 (32–40º N, 90–100º W), 2 (35–40º N, 

75–90º W), 3 (40–43º N, 70–80º W) and 4 (46–60º N, 70–80º W). 
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Figure 4. Mean surface concentrations of the (A) SO4
=
, (B) NO3

-
, (C) NH3

+
, (D) EC and (E) OC in North America obtained 

in previous studies by GEOS-CHEM modelling validated with the observations in the network IMPROVE (Park et al. 2003, 

2004, Copyright by the American Geophysical Union). 
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Figure 5. (A) Median Concentration At Receptor (MCAR) plots and (B) Monthly median distribution for nss-SO4
=
, NO3

-
, 

and NH4
+ 

for the study period. Percentiles 50 and 80 are shown for NO3
-
. The MCAR plots maximum concentration tick 

label includes concentration higher than this upper limit. 
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Figure 6. (A) Median Concentration At Receptor (MCAR) plots and (B) Monthly median distribution for elemental carbon 

(EC) and organic matter (OM) for the study period. Percentiles 50 and 80 are shown for EC. The MCAR plots maximum 

concentration tick label includes concentration higher than this upper limit. 
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Figure 7. Burned fraction (BF) – of each 0.25º x 0.25º grid cell – and vector wind at 850 mb averaged from 2008 to 2013 for 

(A) January, (B) April, (C) August and (D) November. The Global Fire Emissions Database Version 4 including small fires 

data (GFEDv4.1s; Randerson et al., 2015) was downloaded from the Oak Ridge National Laboratory Distributed Active 

Archive Centre (ORNL DAAC) for biogeochemical dynamics (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1293).  5 
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Figure 8. (A) Median Concentration At Receptor (MCAR) plots and (B) monthly median distribution for calcium (Ca), 

aluminium (Al) and dust, and (C) Mean 2008-2013 Aerosol index averaged (data source: http://disc.sci.gsfc.nasa.gov/). The 

MCAR plots maximum concentration tick label includes concentration higher than this upper limit. 
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Figure 9. (A) Median Concentration At Receptor (MCAR) plots and (B) Monthly median distribution for sea salt for the 

study period. The MCAR plots maximum concentration tick label includes concentration higher than this upper limit. 
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Figure 10. Contribution of each aerosol specie to bulk PM10 in samples collected at Izaña under westerly airflow conditions; 

data classified from the highest to the lowest levels. (A) Considering mayor components except dust. (B) Considering all 

mayor components including mineral dust. 
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2 M. I Garcı́a et al.: Supplement of ‘Impact of North America on the aerosol composition in the North Atlantic FT’

S1. Uncertainty of the gravimetric method

Concentrations of PMx were determined by gravimetry fol-
lowing the EN-14907 procedure (except that filter condition-
ing was performed at 30–35 % relative humidity instead of
50 %). The combined standard uncertainty (uc), associated
to a specific PMx concentration, is expressed as the combina-
tion of the individual sources of uncertainty identified in EN-
14907; by multiplying uc by the coverage factor k = 2, the
expanded uncertainty (U) is obtained. U implies that there
is a 95 % probability that the true value lies within ±U of
the measured value and it was calculated for individual sam-
ples, with the Izaña sampling conditions (sampling time: 8 h;
sampler flow: 30 m3·h−1), as represented in Fig. S1. The
expanded uncertainty associated for PMx <10 µg·m−3 is ±
5 µg·m−3. U ( %) will depend on the sample mass, with
U>50 % for PMx <10 µg·m−3.
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Figure S1: Expanded uncertainty (U) of the gravimetric method
for individual PMx samples as described in EN-14907.

The European standard procedure sets the relative humidity
(for filter conditioning and during weighing) to 50 % to avoid
the effect of water absorption by the filter material, and there-
fore in the filter mass. The conditioning to 30–35 % used in
the long-term program of Izaña is suitable for the low rel-
ative humidity of the ambient air and is consistent with the
measurements of other aerosol properties (optical properties
and number size distribution) that are performed after condi-
tion the aerosol sample at relative humidity lower than 40 %
according to GAW standardization.

S2. Westerlies and Saharan air Layer

Westerlies (WES) and Saharan Air Layer (SAL) air masses
were separated attending to the back-trajectories computed
with FLEXTRA. A self-developed software, programmed in
MATLAB 7.4 (The Mathworks, Natick, USA), scanned the
latitude and longitude points for each day classifying sam-
ples as WES or SAL. This sorting depended on if the air

masses passed over Africa or came from North America and
the Atlantic Ocean. After the classification, we used the out-
put of the Barcelona Supercomputing Centre-DREAM8b –
atmospheric dust forecast system – in order to verify that
the westerlies associated back-trajectories were not Saharan
dust re-circulated events. From the total of the 401 PM10
samples, 126 were collected under the westerlies (Fig. S2A),
177 under the SAL (Fig. S2B) and 98 were Saharan dust
re-circulated events (Fig. S2C). Figure S1A shows the back-
trajectories used as input for the Median Concentrations At
Receptor (MCAR) plots of the PM10 samples collected under
the westerlies influence.
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Figure S2: 10 days back-trajectories from 2008 to 2013 of the
chemically analyzed samples collected under (A) the westerlies, (B)
the Saharan Air Layer and (C) Saharan dust re-circulated over the
North Atlantic conditions.

S3. Meteorological scenario

Monthly values of key meteorological fields – geopotential
heights, winds and omega (at 925, 850 and 700 hPa stan-
dard levels) and precipitations rates – were determined with
the National Centre for Environmental Prediction/National
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Centre for Atmospheric Research (NCEP/NCAR) reanaly-
sis data. Figure S3 shows the averaged (2008–2013) geopo-
tential height at 850 hPa for the most representative months
(January, May, August and November) in order to illustrate
the latitudinal shift in the North Atlantic anticyclone.
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Figure S3: Geopotential Height at 850 mb averaged from 2008 to
2013 for (A) January, (B) May, (C) August and (D) November. The
location of Izaña is highlighted (black circle).

S4. North America storm season

The records of tornado climatology provided by the Na-
tional Weather Service (National Oceanic and Atmospheric
Administration, NOAA) show that North America is af-
fected by a ‘tornado season’, which usually occurs from
spring to early summer (March to July). The regional

frequency of the tornados is related to the progression of
the warm season, moving north from spring to summer
(http://www.ncdc.noaa.gov/climate-information/extreme-
events/us-tornado-climatology) (Fig. S4A). In early spring,
tornados affects to Gulf States – such as Mississippi and
Louisiana – and then moves northward affecting Kansas,
Nebraska, and the Tennessee Valley region during late
spring. Into summer, most of ‘Tornado Alley’ – south
central United States – is active, and then shifts back
southward into the late autumn. Tornados, the most violent
of atmospheric convective storms, significantly influence the
vertical distribution of aerosols by transporting them from
the boundary layer to the troposphere (Barth et al., 2015).
Ginoux et al. (2012) identified the Great Plains – located be-
tween the east of the Rocky Mountains and the Mississippi
River – as the largest dust source in United States with a main
anthropogenic origin. The maximum monthly average of tor-
nadoes occurrence, from Southern (Texas, Oklahoma, New
Mexico) to Central (Kansas, Colorado) plains, is from April
to June (Fig. S4B) – during the study period (2008–2013) –
according with the maximum recorded high dust concentra-
tions at Izaña.
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Figure S4: (A) Tornadoes which took place in U.S.A dur-
ing the study period (2008–2013). The starting point is rep-
resented by colours depending on the season of occurrence.
(B) Monthly average number of tornadoes during the study pe-
riod (2008–2013) in the selected States and the whole Re-
gion (TX, NM, OK, KS and CO). TX: Texas; OK: Oklahoma;
NM: New Mexico; KS: Kansas; CO: Colorado. Data source:
http://www.spc.noaa.gov/wcm/index.htmldata.
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Figure S5: Monthly distribution of the percentiles 80, 50 and 30 for the concentrations of (A) nss-SO=
4 , (B) NO–
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OM, (F) Ca, (G) Al and (H) sea salt, from Jan 2008 to Aug 2013.
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S5. Percentiles of the inorganic compounds
concentration

To explain the seasonal evolution of the background (30thP),
median (50thP) and high (80thP) concentration events,
monthly distribution for the aerosol components concentra-
tions are shown in Fig. S5. The aerosol background (30thP)
composition changes significantly thought the year, although
nss-SO=

4 , NH+
4 and Al are always part of the total bulk. The

remaining chemical species exhibit certain seasonality. Two
seasons – associated to the latitudinal ranges of the North
American outflow and the spatial distribution of the source
regions – can be well differentiated: (i) Jan-May (∼35–
40◦N) and Jun-Dec (∼ 40–55◦N). The first season is char-
acterized by an increase of the concentrations of most chem-
ical species (nss-SO=

4 , NH+
4 , OM, Ca, Al and dust), whereas

the second season is mainly associated to an increase in the
concentration of EC.
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Graphical abstract:

DATA SET (Aug 2013) 

 

Collected at Izaña: 

• Aerosol chemical composition 

  (inorganic and carbonaceous)  

• Organic speciation  

 

Complementary data: 
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Speciation of organic aerosols in the Saharan Air Layer and in the 

free troposphere westerlies 

M. Isabel García
1,2

, Barend L. van Drooge
3
, Sergio Rodríguez

1
 and Andrés Alastuey

3 

 
1
 Izaña Atmospheric Research Centre, AEMET, Associated Unit to CSIC “Studies on Atmospheric Pollution”, Santa Cruz de  5 

Tenerife, 38001, Spain 
2
 Department of Chemistry (T.U. Analytical Chemistry), Faculty of Science, University of La Laguna, La Laguna, 38206,  

Spain 
3
 Institute of Environmental Assessment and Water Research, CSIC, Barcelona, 08034, Spain 

Correspondence to: Sergio Rodríguez (srodriguezg@aemet.es) 10 

Abstract. We focused this research on the composition of the organic aerosols transported in the two main airflows of the 

subtropical North Atlantic free troposphere: (i) the Saharan Air Layer – the warm, dry and dusty airstream that expands from 

North Africa to the Americas at subtropical and tropical latitudes – and (ii) the westerlies – which flows from North America 

through the North Atlantic at mid and subtropical latitudes –. We determined the inorganic compounds (secondary inorganic 

species and elemental composition), elemental carbon and the organic fraction (bulk organic carbon and organic speciation) 15 

present in the aerosol collected at Izaña Observatory, ~2400 m a.s.l.. in Tenerife Island. The concentrations of all inorganic 

and almost all organic compounds were higher in the Saharan Air Layer than in the westerlies, with bulk organic matter 

concentrations within the range 0.02–4.0 µg·m
-3

. In the Saharan Air Layer, the total aerosol population was by far dominated 

by dust (93% of bulk mass), which was mixed with secondary inorganic pollutants (<5%) and organic matter (~1.5%). The 

chemical speciation of the organic aerosols (levoglucosan, dicarboxylic acids, saccharides, n-alkanes, hopanes, polycyclic 20 

aromatic hydrocarbons and those formed after oxidation of α-pinene and isoprene, determined by gas-chromatography 

coupled to mass-spectrometry) accounted for a 15% of the bulk organic matter (determined by the thermo-optical 

transmission technique); the most abundant organic compounds were saccharides (associated with surface soils), secondary 

organic aerosols linked to oxidation of biogenic isoprene (SOA ISO) and dicarboxylic acids (linked to several primary 

sources and SOA). When the Saharan Air Layer shifted southward, Izaña was within the westerlies stream and the organic 25 

matter accounted for ~28% of bulk mass of the aerosol cocktail. In the westerlies, the determined organic aerosol species 

accounted for 64% of the bulk organic matter, being SOA ISO and dicarboxylic acids the most abundant; the highest 

concentration of organic matter (3.6 µg·m
-3

) and of some organic species (e.g. levoglucosan and some dicarboxylic acids) 

were associated with biomass burning linked to a fire in North America. In the Saharan Air Layer, the correlation found 

between SOA ISO and nitrate suggests a large-scale impact of the enhancement in the formation of secondary organic 30 

aerosols due to interaction with anthropogenic NOx emissions. 
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1 Introduction 

Atmospheric aerosols, or particulate matter, influence on processes affecting climate, on continental and marine ecosystems, 

and on human health. The magnitude of these effects depends on the aerosols composition, which may include secondary 

inorganic species (e.g. sulphate, nitrate, ammonium and sea salt), mineral dust, elemental carbon and a number organic 

species constituting the so-called organic aerosols (OA) (IPCC, 2013). OA account for an important fraction of particulate 5 

matter, ranging from ~20% (continental mid-latitudes) to ~90% (tropical forested areas) (Kanakidou et al., 2005). As other 

aerosol components, OA also contributes to (i) light scattering and absorption (Kirchstetter and Novakov, 2004), (ii) cloud 

formation providing cloud condensation and ice nuclei (Sun and Ariya, 2005), and (iii) heterogeneous chemical reactions in 

the atmosphere (Kanakidou et al., 2005).  

Principal sources of Primary OA (POA) include vegetation, fossil fuel combustion, biomass burning, biological aerosols and 10 

particles from soils. Precursors of Secondary OA (SOA) include natural and anthropogenic sources (Volkamer, et al., 2006; 

Gouw and Jimenez, 2009); emissions of biogenic volatile organic compounds (VOCs) significantly contribute to the global 

budget of SOA (Guenter et al., 2012). An important factor influencing SOA formation are reactive nitrogen species, 

specifically NOx and NO3 (Presto et al., 2005; Ng et al., 2007, 2008) interacting with VOCs in gas-phase, likely having an 

impact in global OA levels as indicated by modelling (Pye et al., 2010) and experimental work (Surratt et al., 2006). In 15 

remote environments, VOCs enhance condensational growth of new particles which can enter to the free troposphere (FT) by 

means of elevated mounts (García et al., 2014). These tropospheric aerosols are subject to much greater lifetimes and wind 

speed than in the planetary boundary layer (BL), favouring long-range atmospheric transport and aerosol impacts (Winker et 

al., 2013). The aged and processed long-range transported OA is of particular interest, as is spatially representative of the 

remote background conditions having important implications for global air quality and climate. 20 

The most extended technique to quantify the amount of bulk organic and elemental carbon in the atmospheric aerosols is the 

thermo-oxidant combustion and optical detection (Birch and Cary, 1996; Cavalli et al., 2010; Karanasiou et al., 2015). This 

is a useful method for mass closure, but does not provide information on OA speciation and consequently on OA sources and 

properties related to impacts. Alternatively, gas-chromatography coupled to mass-spectrometry analysis of aerosol samples 

allows the speciation of the organic compounds and the quantification of many of those identified as tracers for distinguish 25 

sources and processes contributing to the budget of OA (Bauer et al. 2008; Mazurek et al. 1989; Claeys et al., 2007; 

Hallquist et al., 2009; Howsam and Jones 1998; Iinuma et al., 2007; Kawamura and Kaplan, 1987; Medeiros and Simoneit 

2007; Narukawa et al., 1999; Rogge et al., 1993; Shauer et al. 2002; Simoneit et al. 1991; Simoneit et al. 2004a; Simoneit, 

2002; Szmigielski et al., 2007). A number of studies have focused on OA speciation in urban areas (Alier et al., 2013; 

Kawamura and Kaplan, 1987; Puxbaum et al., 2007; Schauer et al., 1996; Simoneit et al., 1991; Van Drooge and Grimald, 30 

2015) compared to remote environments. Studies in the free troposphere are scarce (Simoneit et al. 2004b; Fu et al., 2008, 
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2014; Wang et al., 2009; van Drooge et al., 2010; Meng et al., 2014), even if they are of interest due to the long-range 

transport potential linked to the high wind speeds above the boundary layer. 

In this study we focused on the OA transported from inner Sahara over the North Atlantic in the so-called Saharan Air Layer 

(SAL; Prospero and Carlson, 1972). In summertime, the continental BL depth grows up to 5 km a.s.l. over the Sahara 

(Cuesta et al., 2009) and the prevailing easterly winds prompt the export of the warm Saharan air to the North Atlantic above 5 

the cool NNE trade winds that blows in the marine boundary layer. This results in the development of the SAL – a warm, dry 

and stable air stream that expands from North African coast, at altitudes 2 to 5 km a.s.l., to the Americas (Prospero and 

Carlson, 1972; Tsamalis et al., 2013) –. Because of the high stability associated with the warm air above the cool marine air, 

the SAL acts as a band conveyor that transport continental Saharan dusty air – originally placed near ground – over the 

North Atlantic; in addition to dust, other substances such as pollutants, vegetation debris or microorganisms are carried 10 

mixed with dust. 

OA in the SAL has received little attention, even if its impacts are of interest. Anthropogenic bioaccumulative and toxic 

organic compounds (including organochlorine and organophosphate pesticides, polycyclic aromatic hydrocarbons, 

polychlorinated biphenyl) are transported from Western Sahara to the Caribbean within the SAL (Garrison et al., 2013). 

Viruses, bacteria, fungal and pollens also travels mixed with dust across the Atlantic (Griffin et al., 2007; Izquierdo et al., 15 

2011). Field measurements in the SAL at Izaña Observatory found dust being the major ice nuclei at temperatures colder 

than -30ºC (Boose et al., 2016), whereas the observed ice nuclei at -8ºC points to a role of OA as ice nuclei at warm 

temperatures (Conen et al., 2015). 

In this study we primarily focused on the origin of OA in the SAL. We collected in-situ aerosol samples directly into the 

high-altitude SAL at Izaña Observatory, located at ~2400 m a.s.l. in Tenerife Island. The profile of the organic species was 20 

used for a source apportionment of the bulk organic matter. The results were compared with a similar data set obtained 

during the same campaign under the westerlies (WES) airflow that regularly brings air from North America across the North 

Atlantic. The observed differences illustrate the diversity of OA sources over the North Atlantic free troposphere. 

2 Methodology 

2.1 Sampling site 25 

Sample collection was performed at the Izaña Global Atmospheric Watch (GAW) Observatory in Tenerife island (Fig. 1; 

16º29’58”W, 28º18’32”N). The site is located on a mountaintop (2373 m a.s.l), surrounded by a pine forest (limited between 

~500–2300 m). The Observatory remains almost permanently above the temperature inversion layer associated to the trade 

winds, which separates the moist marine BL from the dry FT avoiding vertical mixing before sunrise. Sunlight during 
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daytime activate thermal convection, developing an orographic thermal-buoyant upslope winds, that transport species 

emitted in the BL by biogenic and anthropogenic sources (see details in Rodríguez et al., 2009).  

2.2 Sampling  

Samples were collected within the annual aerosols summer campaign of the Izaña Observatory in August 2013. Particulate 

Matter (PM) was collected on pre-heated (at 205ºC) quartz filters (Pall Science 150 mm diameter) on high volume air 5 

samplers (Hi-Vol; MCZ) at a flow rate of 30 m
3
·h

-1
. 30 samples of total particulate matter (PMT) were collected daily during 

nightime (22:00–6:00 GMT; FT) and 12 samples of particulate matter smaller than 2.5 µm (PM2.5) in non-consecutive days 

during daytime (10:00–16:00 GMT; BL). Field blanks were collected weekly and treated like the samples regarding 

preparation, transport and storage, as part of the quality assurance / quality control (QA/QC) protocol. 

2.3 Chemical Analysis 10 

2.3.1 Organics 

One quarter of the filter sample was used for the organic compounds speciation by gas-chromatography coupled to mass-

spectrometry (GC-MS). A detailed description of the analytical method is given elsewhere (Fontal et al. 2015, van Drooge 

and Grimalt 2015). Briefly, filters were spiked with deuterated standards of acids, anhydro-saccharides, alkanes, and PAHs, 

and extracted ultrasonically in a mixture of dichloromethane and methanol. Extracts were filtered and concentrated until 0.5 15 

mL. For the analysis of polar compounds, i,e. acids and saccharides, a 25 µL aliquot of the extract was evaporated until 

dryness, and 25 µL of bis-(trimethylsilyl)-trifluoroacetamide (BSFTA) + trimethylchlorosilane (99:1) (Supelco, Bellefonte, 

PA, USA) and 10 µl of pyridine (Merck, Darmstadt, Germany) were added and left overnight to derivatize the polar 

compounds to their trimethylsilyl esters and ethers in order to analyse them by GC-MS. The remaining extract was used for 

the analysis of polycyclic aromatic hydrocarbons (PAH), n-alkanes and hopanes, and was clean-up by adsorption column 20 

chromatography, packed with 1 g of aluminium oxide (Merck, Germany). The analytes were eluded with 10 ml of hexane: 

dichloromethane (1:2 (v/v), Merck, Germany), which was collected and concentrated to 1 ml by rotovap and to 25 µl under a 

gentle nitrogen stream for quantification by GC-MS (Thermo Trace GC Ultra – DSQ II). The MS detector was operated in 

full scan (m/z from 50 to 650) and electron impact (70 eV) ionization mode for the polar compounds. The sample extracts 

for the analysis of non-polar species was performed in SIM mode for the corresponding ions of the compounds. Organic 25 

species were identified by their GC retention time and characteristic ions in the MS (see section S1 of the supplement).  

2.3.2 OC and EC  

Organic and elemental carbon (OC and EC) were analysed by thermal-optical transmittance (TOT, Sunset Laboratory Inc. 

™) by using the EUSAAR2 protocol (Cavalli et al., 2010). The method provided four OC fractions (OC1, OC2, OC3 and 
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OC4), from which the more volatile were discarded based on the results of the field blank filters analysis. Organic Matter 

(OM) was determined by using the ratio OM/OC = 1.8 for remote places (Pitchford et al. 2007; Dzepina et al. 2015). 

2.3.3 Inorganics 

The methodology used for the inorganic speciation is described in detail in Rodríguez et al. (2015). Briefly, soluble species 

were determined by ion chromatography (SO4
=
, NO3

-
, Cl

-
) and selective electrode (NH4

+
) after water leaching a fraction of 5 

filter. Elemental composition was determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES, 

IRIS Advantage TJA Solutions, THERMO™) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS, X Series II, 

THERMO™) after acid digestion of the sample. Mineral dust was calculated as the sum of Al2O3 + SiO2 + Fe + CaCO3+ K 

+ Na + Mg + P + Ti + Sr (see details in Rodríguez et al., 2011, 2015) and normalized so Al accounts for 8% of the dust mass 

(see details in Pérez et al., 2016). SO4
=
 was split in non-sea salt sulphate (nss-SO4

=
) and sea salt sulphate (nss-SO4

=
 = SO4

=
 - 10 

ss-SO4
=
) through the relation between marine Na and SO4

=
. Blank field filters were subject to gravimetric and chemical 

analysis and mean values subtracted to the PMx samples. 

2.4 Meteorology 

The air mass origin and transport was tracked by means of backward trajectory analysis. Calculations were performed with 

the HYbrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT, http://ready.arl.noaa.gov/HYSPLIT.php; 15 

Draxler and Rolph, 2003; Draxler and Hess, 1998; Stein et al., 2015) developed by the National Oceanic and Atmospheric 

Administration (NOAA). HYSPLIT was run with the National Centre for Environmental Prediction’s (NCEP) Global Data 

Assimilation System (GDAS, 1 degree) data set. Ten days back-trajectories arriving at 2400 m a.s.l were computed daily (00 

UTC) for August 2013. 

2.5 Data treatment 20 

In order to observe the similarities and differences among the chemical composition of the samples, the experimental organic 

compound data were merged for evaluation with Multivariate Curve Resolution Alternating Least Squares (MCR-ALS). The 

joint dataset was imported into MATLAB 7.4 (The Mathworks, Natick, USA) for subsequent calculations using MATLAB 

PLS 5.8 Toolbox (Eigenvector Research Inc, Masson WA, USA) (Jaumot et al. 2005). The MCR-ALS method decomposes 

the data matrix using an Alternating Least Squares algorithm under a set of constraints such as non-negativity, unimodality, 25 

closure, trilinearity or selectivity (Tauler et al., 1995a, b). The MCR-ALS method had been applied successfully in a 

previous study on organic aerosol in urban and rural areas (Alier et al. 2013; Van Drooge and Grimalt 2015). The explained 

variance by the different components is similar to a PCA, but not orthogonal. Since the natural sources in the environment 

are rarely orthogonal, the MCR-ALS method provides more realistic descriptions of the components than the orthogonal 
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database decomposition methods. Multilinear regression tools were applied to quantify the contribution of the identified 

sources to the total OM. 

3 Results and Discussion 

We collected aerosol samples in four different airflows: 2 FT airflows and other 2 airstreams potentially mixed with BL air. 

Samples collected at night (PMT) are representative of the two FT airflows that prevail in this region: the WES and the SAL. 5 

As already described, the WES flow from North America across the North Atlantic at mid-latitudes, with their southern edge 

shifting to the subtropics in winter, and flow over Canada (Merry and Moody, 1996) reaching Izaña after circulation around 

the Azores high in summer (see backtrajectories of the samples collected from 26Aug to 30Aug – with "ddmmm" referred to 

ending sampling day – in Fig.1A). The SAL expands from North Africa to the Americas at subtropical latitudes in 

summertime (see backtrajectories associated during the study period in Fig. 1B), season in which the Izaña Observatory is 10 

mostly within this dusty airstream and the presence of the WES is associated with southern shifts of the SAL.  

Samples collected during daylight (PM2.5) are representative of the FT potentially mixed with BL air, more specifically the 

BL-SAL mixing and BL-WES mixing. The presence of BL air is associated with the development of buoyant upslope winds 

caused by the heating of terrain, which typically results in increases of primary gaseous pollutants and new particle 

formation at Izaña (García et al, 2014; Rodríguez et al., 2009).  15 

Thus, in this study we differentiate between 4 scenarios: PMT (FT, nightime) within (i) the SAL (FT-SAL) and (ii) the WES 

(FT-WES), and PM2.5 (BL, daytime) within (iii) the SAL (BL-SAL) and (iv) the WES (BL-WES). 

3.1 Major Components 

Table 1 shows the composition of the aerosol samples collected at Izaña. Concentrations of aerosol major components are 

the same order to those found in previous studies (Maring et al., 2000; Rodríguez et al., 2011). All species present much 20 

higher concentrations within the SAL than within the WES. Some species shows slightly higher concentrations during the 

day linked to the upslope winds and boundary layer air. 

3.2 Organic molecular tracers 

In the next sections, organic speciation results are described. Table 2 shows the average concentrations of the 40 organic 

compounds analysed in this study under the different scenarios (SAL and WES) for PMT and PM2.5. In order to improve the 25 

insight on the origin and sources of some FT organic aerosol, correlations among the organic groups and the major species 

are evaluated (Table 3). 
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3.2.1 Levoglucosan 

Levoglucosan (1,6-anhydro-β-D-glucopyranose) is emitted during biomass burning as a consequence of the thermal 

alteration of cellulose and hemi-cellulose present in vegetation (Simoneit, 2002). It is considered a particle-phase marker for 

the identification of wood combustion because of its source specific emission, but its atmospheric stability is still a matter of 

discussion. Experiments carried out by Hennigan et al. (2010) and Hoffmann et al. (2010) showed that levoglucosan reacts 5 

with gas‐phase hydroxyl radicals (OH), especially under high relative humidity conditions. However, studies performed by 

Fraser and Lakshmanan (2000) demonstrated no degradation of levoglucosan under acidic conditions over a period of 10 

days.  

Levoglucosan daily values measured at Izaña within the FT and the BL were < 1.5 ng·m
-3

 for all samples, except on 28Aug 

when ~9 ng·m
-3

 was measured. Hysplit back-trajectories and the Atmospheric Infrared Sounder (AIRS) satellite images 10 

(NASA) indicate the North America origin of the air masses, where several wildfires – as the Rim Fire – were affecting 

western USA 10 days before the arriving of the air mass towards Izaña (detailed information not provided for sake of 

brevity). We detected a long-range transport biomass burning plume within the FT from the fires originated in North 

America. Other studies performed at Pico Mountain Observatory (Azores, 2225 m a.s.l.) have also detected the impact of 

other biomass burning plumes by means of the levoglucosan detection (Dzepina et al, 2015). These results give support to 15 

the atmospheric stability of levoglucosan, for the specific conditions of the atmospheric long-range transport. Due to the 

particular composition of this biomass burning event (BBE), we will discuss this sample separately (Table 2) and the sample 

will not be included when describing the general composition of the samples collected at night under conditions of the 

westerlies (FT-WES; Table 2). Levoglucosan concentration, measured at Izaña during the BBE (9.3 ng·m
-3

), is similar to the 

average levels detected in the marine BL on the Azores in the North Atlantic (5.2 ng·m
-3

) or at free tropospheric site in the 20 

European continent (7.8 ng·m
-3

), but much lower than those found in sites under influence of local BB or continental sites in 

winter (653–1290 ng·m
-3

) (Puxbaum et al. 2007).  

3.2.2 Dicarboxylic acids 

Dicarboxylic acids can be emitted in small quantities from several natural and anthropogenic primary sources such as 

vegetation, meet cooking and motor exhaust emissions (Kawamura and Kaplan, 1987, Narukawa et al., 1999), although 25 

atmospheric photochemical transformation of volatile and semi-volatile organic compounds is considered to be an important 

source for the presence of these aged compounds in the atmosphere (Alier et al. 2013, Jang and McDow, 1997; Kleindienst 

et al. 2012; Paulot et al. 2011). This oxidative degradation of VOCs by tropospheric oxidants may be responsible for the 

similar mean ∑dicarboxylic acids concentrations within the FT (SAL: 14.4 ng·m
-3

; WES: 16.7 ng·m
-3

) and the BL (SAL: 

11.1 ng·m
-3

; WES: 12.9 ng·m
-3

) at Izaña.  30 
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Succinic (suc) and phthalic (pth) acids were the most abundant dicarboxylic acids (Table 2) with FT and BL average values 

(suc: 6.5–3.7 and pth: 3.2–2.8 ng·m
-3 

for the FT-BL) much lower than this found for PM2.5 in the FT Mount Tai (suc: 30; 

Wang et al., 2009), similar to those observed in PMT in the Himalayas (4276 m a.s.l.) (suc: 13.7 and pth: 9.5 ng·m
-3

; Cong et 

al., 2015), but higher than those detected for PMT in the North Pacific remote marine (suc: 2.8 and pth: 0.66 ng·m
-3

; 

Kawamura and Sakaguchi., 1999). Malic acid within the BL (the third most abundant poly-acid at Izaña; Table 2) might 5 

have a photochemical origin via OH oxidation of the surrounding biogenic compounds transported by the day-time upslope 

winds. The Izaña Observatory is surrounded downhill by a forest ring – an important source of biogenic volatile organic 

compounds (BVOCs) – which contributes significantly to the measured concentrations at Izaña. Oxidation of these biogenic 

precursors may also provide important amounts of C7–C9 dicarboxylic acids.  

High concentrations of dicarboxylic acids have been reported in plumes from BB (Narukawa et al., 1999; Gao et al., 2003), 10 

which is in agreement with the observed values for the long-range transport BBE (82 ng·m
-3

). Concentrations of succinic, 

glutaric and malic acids were high (~33 ng·m
-3

, ~7 ng·m
-3 

and ~32 ng·m
-3

, respectively; Table 2), compared to the rest of the 

period, surely as a consequence of the lofted concentration emitted in the open fire and long-range transport photochemical 

aging processes. 

3.2.3 Saccharides 15 

Primary saccharides and polyols are tracer compounds of surface soils (Medeiros and Simoneit 2007; Simoneit et al. 2004a), 

related to plant tissue and microorganisms. Glucose (α, β), fructose and sucrose are important constituents of OM in soils 

(Simoneit et al. 2004a), whereas mannitol is related to airborne fungal spores (Bauer et al. 2008). They are completely water-

soluble, contributing to water soluble organic carbon (WSOC) in aerosols (Simoneit et al. 2004a). Wind erosion and up 

whirling of soil dust emit these compounds to the atmosphere (Simoneit et al. 2004a). 20 

The average concentration of the saccharides exhibits a marked difference within the FT-PMT (23.5 ng·m
-3

) and the BL-

PM2.5 (3.5 ng·m
-3

). Previous studies have shown that some organic compounds are strongly particle size dependent (Yttri et 

al., 2007; Van Drooge and Grimalt, 2015), with special emphasis in sugars and sugar alcohols which are present mostly in 

very large particles (Graham et al., 2003; Mochida et al., 2003). This size-segregation is clearly seen for the PM2.5 samples 

collected within the BL, that cut off an important fraction of the coarse organic soil dust aerosol, showing similar 25 

concentrations under SAL and WES influence (BL-SAL = 3.3 ng·m
-3

; BL-WES = 4.0 ng·m
-3

). A different scenario takes 

place with the PMT samples, for which concentrations rise one order of magnitude from SAL influence to clean conditions 

(FT-SAL = 27 ng·m
-3

; FT-WES = 2.5 ng·m
-3

) linked to Saharan dust contribution. The average saccharides levels in the FT-

SAL are higher than these observed in a natural forest area in tropical India (12.78 ng·m
-3

; Fu et al., 2010) and a rural 

background in Norway (10.4 ng·m
-3

; Yttri et al., 2007), but very similar to the average concentrations measured in the FT 30 

over central china (28.1 ng·m
-3

; Fu et al., 2014). 
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Glucose (α+β) was the predominant saccharide within the SAL, with mean FT concentration of ~10 ng·m
-3 

(Table 2); both 

isomers showed a good correlation (R
2
= 0.998) consistent with their relation in the soil (Simoneit et al. 2004a). Under the 

WES airflows, glucose (α+β), sucrose and mannitol were slightly higher during the day (BL; Table 2), suggesting that there 

might be some soil contribution of transported terrestrial OM by land breeze. This load is more evident in the sucrose (FT-

WES = 0.3 ng·m
-3

; BL-WES = 1.3 ng·m
-3

; Table 2), which is a predominant sugar in the phloem of plants playing a key role 5 

in developing flowers (Bieleski et al., 1995) and has been suggested as a tracer for airborne pollen grains (Fu et al., 2012).  

3.2.4 n-Alkanes 

n-Alkanes, or aliphatic hydrocarbons, are a result of biogenic and anthropogenic emissions such as plant waxes and fossil 

fuel combustion products (Mazurek et al. 1989; Simoneit et al. 1991; Shauer et al. 2002). In the present study n-alkanes from 

nC24 to nC34 were quantified, with total n-alkanes mean concentrations (~8 ng·m
-3 

in the FT and in the BL) much lower than 10 

this measured in the tropical Indian summer (126 ng·m
-3

; Fu et al., 2010), but similar to this found in rural Spain during the 

warm period (12 ng·m
-3

; Van Drooge and Grimalt, 2015).  

Information about the possible source can be provided by the carbon number maximum (Cmax). In general, nC27, nC29 and 

nC31 are related to waxes from terrestrial higher plants, whereas low-molecular-weight alkanes (C22–C25) are more associated 

to combustion sources (Mazurek et al. 1989). At Izaña, the most abundant n-alkanes within the FT-SAL were nC27, nC29 and 15 

nC31 (~1.0 ng·m
-3

, ~1.4 ng·m
3 

and ~1.8 ng·m
-3

 respectively; Table 2) reflecting a vegetative source as previously described 

for Saharan dust samples measured in the North Atlantic (Simoneit et al., 1977), whereas within the BL nC24–nC25 presented 

the higher concentrations (Table 2) linked to anthropogenic emissions carried by the upslope winds. Another indicator that 

can be used to show the type of source is the carbon preference index (CPI = ∑odd n-alkanes / ∑even n-alkanes) with CPI > 

1 related to biogenic origin and CPI ≈1 to combustion processes (Mazurek et al. 1989; Simoneit, 2002). In this study, CPI 20 

values ranged from 0.9 to 6.3 with average values for the FT-SAL (~2) higher than for the BL (~1.7) and the FT-WES 

(~1.2), reflecting the larger influence of vegetation within the FT-SAL and the predominance of combustion contribution 

within the BL and FT-WES samples. Although the vegetative source dominates in the FT, there is a significant correlation 

between n-alkanes and NO3
- 
(r = 0.8, p<0.01; Table 3), mostly due to its anthropogenic fraction (C24–C25). 

3.2.5 Hopanes 25 

Hopanes (17α(H),21β(H)-29-norhopane and 17α(H),21β(H)-hopane) are linked to mineral oil and related to unburned 

lubricating residues from primary vehicles emissions (Rogge et al., 1993; Schauer et al., 1996, 2002). ∑Hopanes mean 

concentrations were 0.13 and 0.08 ng·m
-3 

within the FT and BL respectively, values much higher than the 7·10
-4

 ng·m
-3

 

measured by von Schneidemesser et al. (2009) in remote Greenland (3200 m a.s.l.) where anthropogenic emissions in the 

surrounding region are minimal. Under the WES airflows, hopanes concentrations were slightly higher during the day, 30 
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suggesting influence of pollution transported within the BL, related to motorized vehicle emissions. The quantified hopane 

and norhopane showed very good linear correlations (R
2
= 0.95), pointing to the same emission sources. 

A strong correlation is observed in the FT between hopanes and NO3
- 
(r = 0.8, p<0.01; Table 3) suggesting that most of NO3

-
 

in the FT has its origin in on-road vehicle emissions instead of the industry. Anthropogenic sources of NOx (the major NO3
-
 

precursor) include fossil fuel emitted from agriculture, power plants, industry and transport. The latter one covers almost a 5 

50% of the nitrogen oxides emissions (http://www. eea.europa.eu/data-and-maps/indicators/eea-32-nitrogen-oxides-nox-

emissions-1/assessment.2010-08-19. 0140149032-3), with on-road transport in 2010 being the highest (25.2 Tg·year
−1

) 

compared to non-road (10.1 Tg·year
−1

), shipping (16.2 Tg·year
−1

), aviation (3.0 Tg·year
−1

) or rail (1.6 Tg·year
−1

) (Yan et al., 

2014).  

3.2.6 Polycyclic aromatic hydrocarbons 10 

Polycyclic aromatic hydrocarbons (PAH) are organic pollutants generated during incomplete combustion of organic material 

natural (e.g. forest fires, volcanic activity) and anthropogenic (e.g. fossil fuels combustion, coke production) sources 

(Howsam and Jones 1998; Iinuma et al., 2007; Rogge et al., 1993; Schauer et al., 1996, 2002). PAHs are composed of two or 

more fused aromatic rings and some of them have carcinogenicity, genotoxicity, and potential endocrine disruptiveness, 

affecting human health. At Izaña mean values of the total PAHs exhibited higher values in the BL (24 pg·m
-3

) than in the FT 15 

(16.3 pg·m
-3

), reflecting the contribution of the upslope winds as described for other organic compounds.  

Similar PAHs concentrations were previously found by van Drooge et al. (2010) who measured an average PAHs 

concentration of 33.1 pg·m
-3

 at Izaña. In general, all individual PAHs decreased its concentration except benz(a)anthracene 

that increased by a factor of 1.5 and 1.35 with respect to the mean concentrations of the FT and BL correspondingly. Much 

higher concentrations have been reported in other remote FT locations as Mt. Tai (1534 m a.s.l.) where ~9 ng·m
-3 

were 20 

measured (Fu et al., 2008). In the FT there is a strong correlation between PAHs and EC (r = 0.7, p<0.01; Table 3), which 

points to the incomplete combustion of fossil fuels (Frenklach., 2000).  

During the detected North America wildfire event (28Aug), PAHs concentration was 9.4 pg·m
-3

, which is much lower than 

levels measured in Thailand for PMT samples during BBEs in the dry season (1150 to 4140 pg·m
-3

; Chuesaard et al., 2014). 

The concentrations of PAHs measured in the sample corresponding to the fire event were not higher than those observed in 25 

the other samples, which may be due to photochemical transformations of PAH in the atmosphere during long-range 

transport.  

3.2.7 Tracers of α-pinene oxidation (SOA PIN) 
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Vegetation emit large quantities of biogenic volatile organic compounds (BVOCs) into the atmosphere compared to 

anthropogenic VOCs (Guenter et al., 2006, 2012; Lamarque et al., 2010), particularly monoterpenes and isoprene. The most 

abundant volatile monoterpene, emitted mainly by coniferous trees (i.e. Pinus canariensis) is α-pinene (Andreani-Aksoyoglu 

and Keller, 1995; Rinne et al., 2009; Smolander et al., 2014) and the tracers related to its photochemical oxidation (SOA 

PIN) are cis-pinonic acid, 3-hydroxyglutaric acid (3-HGA) and 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA) (Claeys 5 

et al., 2007; Szmigielski et al., 2007).  

SOA PIN organic tracers were not detected in all samples, with values in the FT influenced by a couple of extreme points 

that increased their average concentration. SOA PIN exhibited the lowest concentration in the FT-WES (1.2 ng·m
-3

) with a 

predominance of cis-pinonic acid (Table 2). Aircraft measurements in the FT over central China (Fu et al., 2014) recorded 

higher concentrations of 3-HGA (8.5 ng·m
-3

) and MBTCA (1.9 ng·m
-3

) than measure in the present study (Table 2). Further 10 

generation oxidation products (3-HGA and MBTCA) were higher in the BL (0.51 and 0.24 ng·m
-3

 correspondingly; Table 

2), with a significant correlation (R
2
 = 0.81) that points to a same precursor. Monoterpenes reacts relatively fast, with 

atmospheric lifetimes ranging from minutes to hours (Saxton et al., 2007), resulting in α-pinene emitted in the ring forest that 

reacts along its upward transport to the Observatory. Daytime emissions of gaseous α-pinene at Izaña were measured by 

Fisher at al. (1998) with concentration in the range of 0.011–0.102 ppbv (mean: 0.028 ppbv), supporting the evidence of its 15 

origin close to the Observatory during the day.  

3.2.8 Tracers of isoprene oxidation (SOA ISO) 

It is estimated that about a half of the total global BVOCs emission is due to isoprene (535 Tg·y
-1

; Guenter et al., 2012), 

making it the largest BVOC emitted from land vegetation (Guenter et al., 2006). Isoprene emission is limited to a number of 

species in the plant kingdom, contrary to many other BVOCs that are emitted from most plants (Guenter et al., 2012). 20 

Secondary products of isoprene oxidation (SOA ISO) evaluated in the present study are 2-methylglyceric acid (2-MGA), 2-

methylthreitol (2-MT1) and 2-methylerythritol (2-MT2) (Claeys et al., 2004; Hallquist et al., 2009).  

Analogous FT concentrations of 2-methylthreitol and 2-methylerythritol were measured in the present study under the SAL 

(7.3 and 16.8 ng·m
-3

; Table 2) and over the central China FT (8 and 17 ng·m
-3

; Fu et al., 2014), one of the most important 

source regions of isoprene emission in the world during summertime (Guenther et al., 1995). Similar SOA ISO 25 

concentrations were found in the BL within the SAL and the WES (~17 and ~16 ng·m
-3

 respectively) revealing the emission 

and following ascending transport of biogenic or anthropogenic compounds, as found in previous studies performed at Izaña, 

which observed emissions of isoprene during daytime associated to anthropogenic compounds (Salisbury et al., 2006). A 

significant correlation among 2-MT1 and 2-MT2 was found for individual values (R
2
 = 0.94) as previously observed in other 

studies (Ion et al., 2005; El Haddad et al., 2011), but with a mass concentration ratio 2-MT1 vs. 2-MT2 (slope from linear 30 
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regression=2.3) slightly lower than this found by El Haddad et al. (2011). This correlation between the two diastereoisomers 

indicates a same origin thought the same photo-oxidation process. 

The highest concentration of SOA ISO was measured under the FT-SAL (~28 ng·m
-3

), associated to Saharan dust, as was 

observed for SOA PIN (~33 ng·m
-3

). However, global estimations of isoprene and α-pinene emissions and sources show they 

are diverse and not equally distributed in the globe (Luo et al., 2010; Guenther et al., 2012; Sindelarova et al., 2014). 5 

Correlation between total concentration of SOA ISO and total concentration of SOA PIN (Fig. 2) exhibits two distinct trends 

in the FT that might be associated to different global sources of the precursor volatile compounds, although the trajectories 

of the sampled air mass does not distinguish clearly between different origins. Some species with a high isoprene emission 

potential have been identified in central and western Africa, but quantification of isoprene emissions are largely unverified 

for West Africa (Saxton et al., 2007). Several evaluations of isoprene and α-pinene global emissions (Luo et al., 2010; 10 

Guenther et al., 2012; Sindelarova et al., 2014) confine the North Africa sources to a small belt over the northern part of 

Morocco, Algeria and Tunez, whereas Europe is pointed as a potential source. Some episodes, for which SOA PIN and SOA 

ISO were measured, do not have a trajectory over this African belt – based on the Hysplit model – , suggesting that air 

masses from Europe can also incorporate gaseous precursors and oxidized species previous to its pass over Africa and Izaña 

in the Atlantic Ocean.  15 

Rodríguez et al. (2011) previously reported high concentrations of SO4
=
, NO3

-
 and NH4

+
 for air masses arriving to Izaña from 

the Atlantic coast of Morocco, Eastern Algeria, Northern Algeria and Tunisia. Industrial states with sources of gaseous 

precursors (SOx, NOx and NH3) of these aerosol compounds were identified. Although African emissions seem to be 

responsible of the pollutants arriving to the North Atlantic FT, Europe could also contributes with an amount of pollutants 

that should not be neglected as evidenced by the concentration of SOA PIN and SOA ISO arriving to Izaña. These species 20 

could play a key role in secondary organic aerosol formation, as some studies point to the influence of anthropogenic 

emission on secondary organic aerosol formation (El Haddad et al., 2011; Hoyle et al., 2011). SOA ISO seems to depend 

strongly on the conditions (NOx concentrations and aerosol acidity) used to oxidize isoprene (Surratt et al., 2006; 2007). We 

found the relation among SOA ISO and NO3
- 
within the FT-SAL (Fig.3) present three tendencies which might be associated 

to the ratio isoprene:NOx in the source.  25 

Significant correlations in the FT between biogenic secondary organic compounds and NO3
-
 (r SOA PIN–NO3

- 
= 0.6, 

p<0.01; Table 3) and nss-SO4
= 

(r SOA ISO–nss-SO4
= 

= 0.6, p<0.01; Table 3), point to its formation from the oxidation of 

their gaseous precursors NOx and SO2 respectively. Dust transformation in the FT is also evidenced by its highly significant 

correlation with SOA PIN (r = 0.7, p<0.01; Table 3) as well as both saccharides (r = 0.6, p<0.01) and hopanes (r = 0.9, 

p<0.01) showing that natural and anthropogenic substances might be mixed after aging processes. 30 

3.2.9 Determined fraction of OM 
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Bulk organic carbon (OC) determined for every single day (thermo-optical transmittance method) at Izaña during this study 

was within the range 0.01–2.20 µg·m
-3

, which is of the order to that found in other FT studies (e.g. 1.4 µg·m
-3

 at 

Qomolangma, Mt. Everest, 4276 m a.s.l. by Cong et al., 2015 and 4 µg·m
-3 

at NW Pacific, 2–6.5 km column by Heald et al., 

2005). FT-PMT OC under SAL conditions (0.77 µg·m
-3

) was higher than under WES (0.52 µg·m
-3

, including the BBE) 

events. Figure 4 shows the mass closure (sum of the organic species determined by speciation) of bulk organic matter OM 5 

(determined as OC·1.8); this mass closure accounts for 2 to 100 % of the OM for every single day, depending on the sample 

and the airflows. 

Concentrations of OM were much higher in the FT-SAL (1.39 µg·m
-3

) than under FT-WES (0.04 µg·m
-3 

without the BBE; 

0.94 µg·m
-3 

including the BBE) conditions. The selected tracers (levoglucosan, SOA ISO, SOA PIN, n-Alkanes, saccharides, 

dicarboxylic acids, hopanes and PAHs) represents as average: 10 

(i) a 15% of the OM (Fig. 4), under FT-SAL conditions (when mean OM was 1.39 µg·m
-3

). This determined 

fraction is mainly composed by SOA ISO (30%), saccharides (27%) and dicarboxylic acids (18%). 

(ii) a 84% of the OM (Fig. 4), in the FT-WES airflows without the BBE (when mean OM was 0.04 µg·m
-3

). This 

determined fraction is constituted by dicarboxylic acids (44%; mainly succinic and phthalic, indicating aged 

aerosols after the long-range atmospheric transport), and SOA ISO (34%) with a minor presence of saccharides 15 

(8%). Biogenic SOA represent an important fraction of the OM at Izaña (~40%), as seen in other remote high 

altitude regions (Xu et al. 2015). 

(iii) a 3% of the OM (Fig. 4) in the FT-WES during the BBE (when mean OM was 3.64 µg·m
-3

). The determined 

fraction of OM for 28Aug (3%) contained a 68% of dicarboxylic acids (mostly succinic and malic acids) and an 

8% of the BB tracer levoglucosan. This sample has the OM profile with the highest contribution of aged SOA 20 

(di-acids), formed during the long-range atmospheric transport, and the lowest contributions of SOA PIN (4%) 

and SOA ISO (12%), which could indicate the further oxidation of these products under the BBE air masses 

conditions. 

(iv) a 64% of the OM in the FT-WES including the BBE (when mean OM was 0.94 µg·m
-3

). This determined 

fraction is constituted mainly by dicarboxylic acids (50%), and SOA ISO (28%). 25 

The determined OM composition within the BL (PM2.5; BL-FT: 9% of the OM and BL-WES: 77% of the OM; Fig. 4) 

remains almost the same under both airflows, but with higher concentrations of SOA ISO and n-alkanes under the SAL. 

However, due to the PM2.5 cut-off of the collected particles, the influence of the dust-associated organic compound is 

probably not well represented since these products are situated in the coarse fraction of the PM.  

3.3 Sources of OM 30 
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We used receptor modelling for apportioning OM between the OA sources traced by the species included in the speciation 

performed in this study. This analysis is complementary to the mass closure performed above (Fig.4). The loading factors 

obtained in the MCR-ALS were used to identify OA sources (Fig.5A1–5C1), whereas the score factors were used as 

independent variables in the Multilinear Regression Analysis (MLRA) to apportion the determined fraction of OM between 

the identified sources. Three components (sources) were identified (Fig. 5), which accounted by 81% of the total variance. 5 

MCR-ALS method was also applied only to PMT samples to verify the influence of PM2.5 in the final results; no significant 

differences were observed as shown in Fig. S1 of the supplement. 

3.3.1 Biomass Burning (BB) 

The major component (accounting for 63% of the total variance) is associated with levoglucosan, dicarboxylic acids, 

phthalic acid, SOA PIN, C24–C28 alkanes and hopanes and PAHs to a lesser extent (Fig. 5A). This factor represents biomass 10 

burning aerosols (BB). The peak event in the score factor observed the 28Aug (Fig. 5A2) is associated with the episode of 

levoglucosan linked to the long-range transport of BB from North America. SOA PIN indicates photochemical oxidation of 

biogenic volatile organic compounds during the wild fire. The presence of short-chain dicarboxylic acids, along with 

important amounts of malic acid, suggests the effective oxidation of organic species to shorter di-acids chains during long-

range atmospheric transport. PAH contribution in this component is low, despite potential emissions of PAHs during 15 

biomass burning. The low PAH contributions could be the result of photochemical degradation during long-range transport, 

which on their term could be related to the presence of higher contributions of phthalic acid in this component. BB in the FT 

is significantly associated to the OM (r-FT = 0.40, p < 0.05; Table S1) and EC (r-FT = 0.65, p < 0.01; Table S1) 

concentrations. 

3.3.2 Combustion POA 20 

The second component (accounting for 21% of the total variance) is associated with long-chain dicarboxylic acids, SOA 

ISO, C24 – C29 n-alkanes and PAHs (Fig. 5B). This factor is related to the primary organic aerosols linked to combustion 

sources. This is the component that best represents the variability of PM2.5 samples collected during daylight, when the BL 

may reach Izaña under the slope wind regime. High loadings of suberic (C8) and azelaic acids (C9) indicate the presence of 

oxidized compounds in the early stage of photochemical transformation processes, such as the ozonolysis of oleic acid 25 

(Moise and Rudich, 2002). Organic species supporting the anthropogenic contribution are lower-molecular-weight n-alkanes 

(C24 – C25) and PAHs (from incomplete combustion processes). FT aerosol is also described by this component with the 

exception of low-molecular-weight alkanes (C24–C25) which is the main feature of the BL samples. The component is 

significantly representative of the measured EC for all samples, and highly representative for the BL, as shown by its 

Pearson correlation coefficient (r-All = 0.36 and r-BL = 0.71, p < 0.05; Table S1). 30 
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3.3.3 Organic dust 

The third component, accounting for 16% of the total variance, is composed by short-chain dicarboxylic acids, SOA ISO, 

saccharides, C26–C34 alkanes, hopanes, and PAHs to a lesser extent (Fig. 5C). This component, identified as organic dust, is 

associated with soil re-suspension as evidenced by the saccharides and mannitol high loadings. The predominant presence of 

the soil OM related compounds, those form fungi and terrestrial higher plants (C27, C29 and C31), suggest fresh and primary 5 

OA. Notwithstanding, glutaric, adipic and pimelic acids indicate oxidation products, suggesting the aging of the samples. As 

a consequence of this aging, natural and anthropogenic markers are mixed in this component. The biogenic influence is 

indicated by the presence of soil related markers and oxidation products from isoprene (2MGA, 2MT-1 and 2MT-2), 

whereas the anthropogenic influence is well defined by the presence of hopanes (primary vehicle emissions) and high 

molecular weight PAH (products of incomplete combustion). The scores of this component display the highest correlation 10 

with dust (r-All = 0.84, p < 0.01; Table S1) and OM (r-All = 0.64, p < 0.01; Table S1) concentrations for all samples. 

Although this component is not relevant for the BL-PM2.5 samples – because of part of the compounds are present in the 

larger particle size fractions – the correlation with dust (r-BL = 0.73, p < 0.01; Table S1) and OM (r-BL = 0.75, p < 0.01; 

Table S1) are highly significant due to the mixing of dust with the anthropogenic compounds. 

3.3.4 Source apportionment of OM in the SAL and the westerlies 15 

The source apportionment of OM was performed by the multilinear regression technique described above. The difference 

between the bulk OM (determined by thermo-optical method) and the sum of the organic species (determined with the 

speciation) was labelled as undetermined fraction. Figure 6 shows the time series of the daily contribution of each source to 

the determined OM and Fig. 7 shows the average source contribution to total OM in the aerosol samples collected in the 

different airstreams. The correlation between the sum of the three components scores and the OM within the FT (OM r-FT = 20 

0.63; Table S1) indicates that the identified sources might describe, not only the determined fraction of the OM but also the 

total OM. This significant correlation is not seen for the BL (OM r-BL = 0.33; Table S1), where there could be additional 

sources. 

In the FT-SAL airflow, most of OM was undermined (~85, Fig.7). The three identified sources, i.e. the organic dust, 

combustion POA and biomass burning, accounts for 8%, 6% and 1% of the bulk OM, respectively (62%, 34% and 4% of the 25 

determined OM, respectively). The presence of biogenic SOA products mixed with combustion POA was also found in 

previous studies which suggested that biogenic SOA formation may be more efficient in polluted atmospheres (Gouw and 

Jiménez., 2009 and references therein).  

In the FT-WES, the undermined fraction accounts for ~36% of the OM (Fig.7). The contribution of the three identified 

sources, i.e. the organic dust, combustion POA and biomass burning, is 22%, 19% and 23% to the bulk OM, respectively 30 
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(28%, 23% and 49% to the determined OM, respectively). Yttri et al. (2007) proposed biomass burning as a source of 

saccharides in the OA and Fraser and Lakshmanan (2000) found that some saccharides resist degradation in the atmosphere 

over a period of 10 days, being able to be transported over long distances; this may be the source of the organic fraction of 

dust we detected in the FT-WES. 

For the BL samples, the dust related component is not well represented (Fig. 6), because the coarse fraction was not sampled 5 

here. On the other hand, combustion POA explains a 6 and 41 % (Table S2) of the bulk OM for the SAL and WES, 

respectively. Background regional fires also affect the BL as described by the BB component, which represent a 2 and 36 % 

(Table S2) of the bulk OM for the SAL and WES, respectively. 

4 Conclusions  

The present study is focused on the organic aerosol composition within the two main airflows of the subtropical North 10 

Atlantic free troposphere: (i) the Saharan Air Layer – the warm, dry and dusty airstream that expands from North Africa to 

the Americas at subtropical and tropical latitudes – and (ii) the westerlies – which flows from North America through the 

North Atlantic at mid and subtropical latitudes –. Atmospheric particulate matter was analysed on secondary inorganic 

species, elemental composition, elemental and organic carbon and 40 organic tracer species (levoglucosan, dicarboxylic 

acids, saccharides, n-alkanes, hopanes, polycyclic aromatic hydrocarbons and those formed after oxidation of α-pinene and 15 

isoprene) in order to distinguish possible sources for the organic aerosol. The organic particulate aerosol speciation and its 

subsequent source apportionment was performed for 42 filter samples collected in summer at the Izaña Observatory (~2400 

m a.s.l.) in Tenerife, Spain.  

The levels of all inorganic and almost all organic tracers were generally higher under the Saharan Air Layer influence in 

comparison to the pristine conditions of the Westerlies and the differences in the composition of the determined organic 20 

matter under these two air masses were important.  

In the Saharan Air Layer, the aerosol composition was dominated by dust (93%), secondary inorganic pollutants (<5%) and 

organic matter (~1.5%). The organic compounds (determined by gas-chromatography coupled to mass-spectrometry) 

accounted for a 15% of the bulk organic matter and were related to soils (saccharides), biogenic secondary organic aerosols 

linked to isoprene oxidation (SOA ISO) and natural and anthropogenic primary sources such as vegetation and motor 25 

exhaust emissions (dicarboxylic acids).  

In the Westerlies, the organic matter represented a higher fraction of the total aerosol bulk (~28%) and the determined 

organic compounds accounted for an 64% of the organic matter with dicarboxylic acids and SOA ISO being the most 

abundant. In this airstream, a long-range atmospheric transport of a biomass burning plume from North America was 
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detected (with organic matter representing a 53% of the total aerosol bulk), supporting the atmospheric stability of 

levoglucosan over transport and time under certain conditions. 

Three sources of organic aerosol, which contribute to the organic matter composition in this part of the North Atlantic, could 

be resolved in multivariate analysis: one biomass burning-related, one primary combustion-related and one organic dust-

related. In the Saharan Air Layer, the organic matter comes from organic dust (8% of the bulk OM; 63% of the determined 5 

OM) and combustion (6% of the bulk OM; 34% of the determined OM) sources, whereas under the westerlies comes from 

organic dust (22% of the bulk OM; 28% of the determined OM), biomass burning (23% of the bulk OM; 49% of the 

determined OM) and combustion (19% of the bulk OM; 23% of the determined OM) sources, showing that the free 

troposphere is highly influenced by combustion and biomass burning compounds. 

A comprehensive knowledge of the organic aerosol chemistry is of high importance for assessing anthropogenic influences 10 

and evaluating the effect of radiative forcing. The work presented here offers new insights into the organic composition of 

the North Atlantic free troposphere as well as the trans-boundary origin of some compounds. Further studies are needed to 

understand the main mechanisms by which the aerosol is lofted into the free troposphere and transported over long distances. 
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Table 1. Average concentration of the chemical major compounds for (i) FT-PMT and BL-PM2.5 having into account all samples, (ii) FT-

PMT and BL-PM2.5 collected within the Saharan air layer (SAL) , (iii) FT-PMT and BL-PM2.5 collected within the Westerlies (WES) 

without the FT-PMT biomass burning event and (iv) FT-PMT biomass burning event (BBE). 

 5 

 

 

 

∑CC: sum chemical composition; OM: organic matter; EC: elemental carbon; nss-SO4
=: non sea salt 

sulphate; ss-SO4
=: sea salt sulphate. 10 

 

  

 
FT-PMT 

ALL 

BL-PM2.5 

ALL 

FT-PMT 

SAL 

FT-PMT 

WES 

BL-PM2.5 

SAL 

BL-PM2.5 

WES 

FT-PMT 

BBE 

∑ CC, µg·m-3 78.98 13.70 92.74 2.16 17.07 4.70 6.84 

Dust, µg·m-3 73.61 11.18 86.71 1.51 14.10 3.39 1.66 

Sea Salt, µg·m-3 0.53 0.36 0.59 0.27 0.25 0.66 < 0.01 

OM, µg·m-3 1.32 0.47 1.39 0.04 0.61 0.09 3.64 

EC, µg·m-3 0.04 0.07 0.03 < 0.01 0.08 0.05 0.29 

NO3
-, µg·m-3 0.73 0.08 0.87 < 0.01 0.11 < 0.01 < 0.01 

NH4
+, µg·m-3 0.33 0.25 0.35 0.14 0.32 0.07 0.54 

nss-SO4
=, µg·m-3 2.42 1.28 2.80 0.19 1.61 0.43 0.71 

ss-SO4
=, µg·m-3 0.02 0.01 0.02 0.01 0.01 0.03 < 0.01 
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Table 2. Average concentration of the selected organic species for (i) FT-PMT and BL-PM2.5 having into account all samples, (ii) FT-PMT 

and BL-PM2.5 collected within the Saharan air layer (SAL), (iii) FT-PMT and BL-PM2.5 collected within the Westerlies (WES) without the 

FT-PMT biomass burning event and (iv) FT-PMT biomass burning event (BBE).  

 

 5 
 

B[a]A: benz[a]anthracene; Chr: chrysene; B[b+j+k]F: benzo[b+k]fluoranthene; B[e]P: 

benzo[e]pyrene; B[a]P: benzo[a]pyrene; In[123cd]P: indeno[1,2,3-cd]pyrene; B[ghi]Per: 

benzo[ghi]perylene; 3-HGA: 3-hydroxyglutaric acid; MBTCA: 3-methyl-1,2,3-
butanetricarboxylic acid; 2MGA: 2-methylglyceric acid; 2MT-1: 2-methylthreitol; 2MT-2: 10 
2-methylerythritol.  

 

 
FT-PMT 

ALL 

BL-PM2.5 

ALL 

FT-PMT 

SAL 

FT-PMT 

WES 

BL-PM2.5 

SAL 

BL-PM2.5 

WES 

FT-PMT 

BBE 

Levoglucosan 
       

Levoglucosan, ng·m-3 0.75 0.53 0.41 0.40 0.34 1.04 9.33 

Dicarboxylic acids 
       

Succinic, ng·m-3 6.51 3.70 5.70 3.52 4.03 2.80 33.35 

Glutaric, ng·m-3 1.97 0.83 1.90 0.74 0.85 0.77 7.23 

Adipic, ng·m-3 1.43 0.69 1.53 0.62 0.72 0.60 1.71 

Pimelic, ng·m-3 0.83 0.35 0.92 0.37 0.33 0.39 0.17 

Suberic, ng·m-3 0.48 0.30 0.50 0.29 0.29 0.31 0.39 

Azelaic, ng·m-3 0.88 0.79 0.93 0.57 0.78 0.82 0.71 

Malic, ng·m-3 2.01 2.15 0.75 1.20 1.67 3.43 32.21 

Phthalic, ng·m-3 3.18 2.77 2.19 9.43 2.38 3.80 6.21 

Saccharides  
       

α-glucose, ng·m-3 9.26 0.90 10.79 0.62 0.90 0.89 1.65 

β-glucose, ng·m-3 9.13 1.00 10.63 0.61 1.01 0.98 1.65 

Fructose, ng·m-3 2.02 1.01 2.23 0.95 1.10 0.76 0.69 

Sucrose, ng·m-3 2.72 0.47 3.18 0.27 0.18 1.26 0.01 

Mannitol, ng·m-3 0.35 0.12 0.40 0.08 0.12 0.12 0.07 

n-Alkanes 
       

nC24, ng·m-3 0.72 1.63 0.75 0.48 1.87 0.97 1.01 

nC25, ng·m-3 0.93 2.93 0.95 0.40 3.26 2.05 2.09 

nC26, ng·m-3 0.60 0.64 0.65 0.26 0.69 0.49 0.54 

nC27, ng·m-3 0.89 0.95 0.98 0.24 0.94 0.98 0.76 

nC28, ng·m-3 0.37 0.32 0.39 0.17 0.38 0.17 0.36 

nC29, ng·m-3 1.18 0.42 1.34 0.25 0.48 0.25 0.63 

nC30, ng·m-3 0.45 0.14 0.51 0.07 0.16 0.10 0.18 

nC31, ng·m-3 1.55 0.31 1.77 0.37 0.33 0.25 0.29 

nC32, ng·m-3 0.39 0.10 0.45 0.05 0.11 0.06 0.08 

nC33, ng·m-3 0.48 0.10 0.55 0.06 0.12 0.06 0.13 

nC34, ng·m-3 0.29 0.05 0.34 0.02 0.05 0.04 0.01 

Hopanes 
       

Hopane, ng·m-3 0.06 0.02 0.07 0.01 0.03 0.01 0.03 

nor-Hopane, ng·m-3 0.07 0.05 0.08 0.02 0.07 0.02 0.03 

PAHs 
       

B [a] A, pg·m-3 1.48 1.48 1.58 0.80 1.61 1.13 1.37 

Chr, pg·m-3 4.27 4.37 4.63 1.92 5.12 2.39 3.38 

B [b+j+k] F, pg·m-3 3.67 5.74 4.20 0.66 6.69 3.21 1.13 

B [e] P, pg·m-3 1.36 1.94 1.50 0.47 2.22 1.20 0.83 

B [a] P, pg·m-3 0.78 1.21 0.89 0.18 1.25 1.08 0.29 

In[123cd] P, pg·m-3 1.47 2.33 1.65 0.46 2.18 2.74 0.56 

B [ghi] Per, pg·m-3 3.29 6.94 3.56 1.73 6.37 8.46 1.84 

SOA PIN 
       

Cis-Pinonic, ng·m-3 27.83 15.24 32.72 0.89 13.23 20.59 1.00 

3-HGA, ng·m-3 0.21 0.51 0.09 0.24 0.39 0.81 2.88 

MBTCA, ng·m-3 0.03 0.24 0.01 0.05 0.13 0.54 0.27 

SOA ISO 
       

2MGA, ng·m-3 4.22 2.38 4.46 1.63 2.65 1.65 6.56 

2MT-1, ng·m-3 6.64 4.94 7.27 3.40 5.16 4.33 2.40 

2MT-2, ng·m-3 15.45 9.53 16.79 8.95 9.24 10.31 5.53 
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Table 3. Pearson correlation coefficients matrix of the organic and inorganic compounds within the free troposphere (PMT). Highly 

statistically significant correlations (p-value < 0.01) are highlighted. BBE was excluded in this analysis. 

 

 

OM: organic matter; EC: elemental carbon; nss-SO4
=: non sea salt sulphate; ss-SO4

=: sea salt sulphate. 5 
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PAHs 0.3 0.3 0.2 0.3 0.3 1.0           

SOA PIN -0.1 0.2 0.3 0.6 0.5 0.1 1.0          

SOA ISO 0.2 0.3 0.2 0.3 0.3 0.6 0.4 1.0         

Dust 0.0 0.7 0.6 0.7 0.9 0.2 0.7 0.2 1.0        
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OM -0.1 0.3 0.3 0.7 0.8 0.2 0.8 0.4 0.9 0.0 1.0      

EC 0.2 0.1 -0.1 -0.1 -0.2 0.7 -0.2 0.3 -0.3 0.3 -0.2 1.0     

NO3
- 0.0 0.4 0.7 0.8 0.8 0.5 0.6 0.4 0.8 -0.1 0.8 0.0 1.0    

NH4
+ 0.1 0.1 0.2 0.2 0.3 0.6 -0.1 0.3 0.2 0.0 0.2 0.5 0.5 1.0   

nss-SO4
= 0.1 0.2 0.6 0.5 0.6 0.5 0.5 0.6 0.5 0.1 0.6 0.1 0.8 0.7 1.0  

ss-SO4
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Figure 1: Ten-day back-trajectories based on HYSPLIT model for the samples collected within the (A) Westerlies (26Aug–30Aug) and 

(B) the Saharan Air Layer (01Aug–25Aug and 31Aug–01Sep); with “ddmmm” referred to ending sampling day. 
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Figure 2: Scatter plot between total concentration of SOA ISO and total concentration of SOA PIN within the FT (PMT collected during 

the night). Two tendencies can be distinguished: tendency-1 (t1; circles) and tendency-2 (t2; squares). Filled markers correspond to 

measurements within the SAL and open markers to measurements within the WES. 5 

 

 

 

 

 10 

  

S
O

A
  
IS

O
, 
n

g
·m

-3

SOA  PIN, ng·m-3

120

60

0
0 25 50

y1 = 9.8x 

R1
2 = 1.0 

y2 = 1.4x 

R2
2 = 0.9 

SAL WES SAL WES

t1-FT: t2-FT:

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-108, 2017
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 27 February 2017
c© Author(s) 2017. CC-BY 3.0 License.

CHAPTER 4. RESULTS

134



29 

 

  

 

 

Figure 3: Scatter plot between SOA ISO and nitrate within the SAL under FT conditions (FT-PMT samples collected during the night). 

Three tendencies can be distinguished: tendency-1 (t1; circles), tendency-2 (t2; squares) and tendency-3 (t3; triangles). Westerlies were 5 

excluded when calculating the regression coefficients as values were under the detection limit.  
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Figure 4: Contribution of the eight analysed organic groups to the Izaña OM composition within the FT and the BL under the SAL (FT-

SAL and BL-SAL) and the WES (FT-WES, BL-WES, BBE). Average total OM for each air mass is on top. FT-PMT samples were 

collected during the night (22–6 GMT) and BL-PM2.5 samples were collected during the day (10–16 GMT). 5 
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Figure 5: FT-PMT (night) and BL-PM2.5 (day) loadings and scores of the three components from MCR-ALS resolved profiles. Filled 

markers correspond to FT-PMT and open markers to BL-PM2.5. Grey lines separate the compounds belonging to the different organic 

groups: dicarboxylic acids, SOA PIN, SOA ISO, levoglucosan, saccharides, n-alkanes, hopanes and PAHs (from left to right). 5 
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Figure 6: Time series of the total organic matter (OM; circle markers) and the source contribution (SC; square markers) to the determined 

organic matter for the FT-PMT (filled markets) and the BL-PM2.5 samples (open markers). Sources: (A) biomass burning (BB), (B) 

combustion (comb.) POA and (C) organic dust.  5 
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Figure 7: Contribution of the identified organic aerosol sources to the total organic matter within the FT and the BL under the SAL (FT-

SAL and BL-SAL) and the WES (FT-WES, BL-WES, BBE). Average total OM for each air mass is on top. FT-PMT samples were 

collected during the night (22–6 GMT) and BL-PM2.5 samples were collected during the day (10–16 GMT). 5 
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2 M. I Garcı́a et al.: Supplement of ‘Speciation of organic aerosols in the SAL and in the FT westerlies’

S1. Organic compounds

Organic species were identified by their GC retention time
and characteristic ions in the MS. Retention time was com-
pared to those of the standards or with literature and NIST
library and literature data (Claeys et al., 2007; Kourtchev et
al., 2005; Clements and Seinfeld, 2007; Medeiros and Si-
moneit 2007; Fontal et al. 2015). The organic species an-
alyzed and their characteristic ions are: succinic acid (m/z
247), glutaric acid (m/z 261), adipic acid (m/z 275), pimelic
acid (m/z 289), suberic acid (m/z 303), azelaic acid (m/z 317),
malic acid (m/z 233), phthalic acid (m/z 295), cis-pinonic
acid (m/z 171), 3-hydroxyglutaric acid (3-HGA; m/z 349), 3-
methyl-1,2,3-butanetricarboxylic acid (MBTCA; m/z 405),
2-methylglyceric acid (2-MGA; m/z 219), 2-methylthreitol
(2-MT1) and 2-methylerythritol (2-MT2; m/z 219); lev-
oglucosan (m/z 204), α- and β -glucose (m/z 204), man-

nitol (m/z 319) and sucrose (m/z 361); benz[a]anthracene
(m/z 228), chrysene (m/z 228), benzo[b+k]fluoranthene (m/z
252), benzo[e]pyrene (m/z 252), benzo[a]pyrene (m/z 252),
indeno[1,2,3-cd]pyrene (m/z 276), benzo[ghi]perylene (m/z
276); 17(H)α ,21(H)β -29-Norhopane and 17(H)α ,21(H)β -
hopane (m/z 191); n-alkanes (m/z 71). The limits of
quantification (LOQ) in the applied methodologies were
0.02 ng·m-3 for the saccharides, 0.01 ng·m-3 for the acids and
0.002 ng·m-3 for PAHs, hopanes and n-alkanes. The concen-
trations were corrected by the recoveries of the above men-
tioned surrogates. The recoveries of the surrogate standards
were higher than 60 %. The field blanks concentrations of the
reported compounds were between 1 and 30 % of the sam-
ple concentration. Organic compounds, such as carboxylic
acids are not reported due to higher blank concentrations. No
corrections for the blank concentrations were applied on the
sample concentrations.
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Figure S1: PMT samples loadings and scores of the three components from MCR-ALS resolved profiles. Grey lines separate the compounds
belonging to the different organic groups: dicarboxylic acids, SOA PIN, SOA ISO, levoglucosan, saccharides, n-alkanes, hopanes and PAHs
(from left to right). FT-PMT samples were collected during the night (22 to 06 GMT). BB: biomass burning; comb. POA: Primary organic
aerosol from combustion.
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S2. Sources of organic aerosol

Multivariate Curve Resolution (MCR-ALS) was applied to
identify potential contribution sources to the OM. In order
to evaluate possible changes in the sources profiles whether
the method was applied to the free troposphere (FT-PMT)
and boundary layer (BL-PM2.5) samples separately, we per-
formed MCR-ALS only for the FT-PMT samples. Figure S1
shows the sources profiles, which did not vary greatly from
those obtain when having both sample sets (FT-PMT and BL-
PM2.5) into account. The main differences are seen in the n-
alkanes and saccharides distributions, between combustion
POA (Fig. S1B1) and organic dust (Fig. S1C1), as combus-
tion POA is not affected by BL-PM2.5.

S3. Evaluation of the MCR-ALS results

Table S1. Pearson correlation coefficients of the components scores and
organic matter, elemental carbon and dust. Statistically significant corre-
lations (p-value< 0.05) are highlighted. FT-PMT samples were collected
during the night (22 to 06 GMT) and BL-PM2.5 samples were collected
during the day (10 to 16 GMT).

BB Com.
POA

Organic
dust

Σ SS

All
dust 0.05 -0.27 0.84 0.53
OM 0.20 -0.28 0.64 0.44
EC 0.57 0.36 -0.38 0.51
FT-PMT

dust 0.14 -0.13 0.84 0.63
OM 0.40 -0.12 0.55 0.63
EC 0.65 0.24 -0.38 0.49
BL-
PM2.5

dust -0.08 -0.08 0.73 0.10
OM -0.56 0.36 0.75 0.33
EC -0.10 0.71 -0.50 0.67

BB: biomass burning; comb. POA: Primary organic aerosol
from combustion; Σ SS: sum scores of the three components;
OM: organic matter; EC: elemental carbon.

Scores obtained from the Multivariate Curve Resolution
(MCR-ALS) applying non-negativity constraints, for both
FT-PMT and BL-PM2.5, were correlated with dust, organic
matter (OM) and elemental carbon (EC). The correlation
was done for all-samples, FT-samples and BL-samples, to

verify there was a statistical relationship between the se-
lected sources and the above mentioned variables. Over-
all, the correlation of the components sum with the total
OM (r-All = 0.44, p< 0.01; Table 1S) and EC (r-All = 0.51,
p< 0.01; Table 1S) concentrations is significant for all sam-
ples. The correlation holds for the FT (OM r-FT = 0.63 and
EC r-FT = 0.49, p< 0.05; Table 1S) and BL (EC r-BL = 0.67,
p< 0.05; Table S1) separately, revealing that the identified
sources might describe, not only the determined fraction of
the OM but also the total OM.

S4. Sources contribution

To evaluate the contribution of each source to the determined
OM, a multilinear regression analysis (r2 = 0.84) was per-
formed with the scores – obtained in the MCR-ALS – as
independent variables and the sum of the organic tracer com-
pounds as the dependent variable. Average source contribu-
tion to the determined OM was calculated for the four studied
air masses. The biomass burning event is enclosed in the free
troposphere under the Westerlies influence (FT-WES).

Table S2. Contribution of the three identified sources to the OM fraction
for the studied air masses: free troposphere under the SAL (FT-SAL) and
WES (FT-WES) influence and BL under the SAL (BL-SAL) and the WES
(BL-WES) influence. FT-PMT samples were collected during the night (22
to 06 GMT) and BL-PM2.5 samples were collected during the day (10 to
16 GMT).

BB, % Com.
POA, %

Organic
dust, %

Undetermined,
%

FT-SAL 1.1 6.1 8.2 84.6
FT-WES 22.5 19.4 22.2 35.8
BL-SAL 2.3 6.1 0.8 90.8
BL-WES 35.7 40.8 0.2 23.4

BB: biomass burning; comb. POA: Primary organic aerosol
from combustion.
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CHAPTER

5
Discussion

The results of this study provide new insights on the processes that contribute to the
variability of the aerosols composition in the North Atlantic free troposphere. This variability
is linked to (i) the spatial distribution of the continental aerosol sources, (ii) the seasonal shift
of meteorological processes involved in the export and transatlantic transport of aerosols and
(iii) the atmospheric processes affecting the aerosol composition.

Meteorology

The tools developed in this study have allowed investigating the aerosol composition in
the main two airflows of the North Atlantic free troposphere: the westerlies and the Saharan
Air Layer. The westerlies flow from North America across the North Atlantic at subtropical
and mid-latitudes, whereas airstreams from the Mediterranean flow to North Africa and then
to the North Atlantic resulting in the Saharan Air Layer airstream. This conceptual model
is extremely useful for understanding the long-term variability of the composition of the
atmosphere. The role of the Saharan Air Layer as a carrier of not only desert dust, but also
compounds from Europe (e.g. sulphate, Prospero et al., 1995; Gangoiti et al., 2006; Kallos
et al., 1998, 2007), the Mediterranean basin (e.g. water vapour, González et al., 2016) and
North Africa (e.g. sulphate, nitrate, fungi and other biogenic material, Griffin et al., 2003;
Rodrı́guez et al., 2011; Izquierdo et al., 2011) to the Americas has been discussed in previous
studies.

The present study shows novel results on how the large scale meteorology over North
America influences on the aerosol composition in the North Atlantic remote free troposphere.
Preceding studies showed that the export, from North America to the North Atlantic, of
boundary layer air enriched in carbon monoxide and other reactive gases (such as ozone)
is a regular phenomenon, prompted by the air streams – specially the warm conveyor belt
(Eckhardt et al., 2004) – linked to mid-latitudes cyclones (Dickerson et al., 1995; Merrill and
Moody, 1996; Moody et al., 1996) and convective processes (Dickerson et al., 1987; Talbot
et al., 1998); the results of the present study are consistent with these previous investigations.
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This thesis has shown that the export and transatlantic transport of aerosols is also a regular
phenomenon. This study even has demonstrated how the latitudinal migration of the west-
erly jet from low-latitudes in winter (∼ 32◦N January–March) to high-latitudes in summer
(∼ 52◦N, August–September), coupled with the spatial distribution of the aerosol sources,
induces a seasonal variability in the composition of the aerosol in the westerlies, which carry
maximum loads of North American dust from mid-winter to mid-spring (February–May),
of non-sea-salt-sulphate, ammonium and organic matter in spring (March–May) and of ele-
mental carbon in summer (August–September). This implies that the seasonal evolution of
the aerosol composition is significantly influenced by the large-scale meteorology and that
the long-term evolution of the aerosol composition in the remote downwind free troposphere
will be influenced, not only by the emission rate, but also by the long-term evolution of air
streams, a topic that should be subject of future studies.

The results of the present research also support the idea that upward movements linked
to convection in inner continental areas and further advections, coupled with subsidence over
the oceans, plays a key role on the intercontinental transport of pollutants (e.g. from North
America to Europe). In North America, these processes prompt (i) the emissions and upward
transport of dust from Central–Southern United States (30–35◦N) to the Atlantic from ending-
winter to mid-spring, (ii) the upward transport of sulphate and its precursors from North-
eastern United States (30–40◦N) to the Atlantic in spring, and (iii) the upward transport and
advection of elemental carbon from the North Eastern edge of United States (∼ 45◦N) to the
Atlantic in summer. In this study, a conceptual model for understanding how the variability
of the large-scale meteorology over North America influences on the export of aerosols, and
their composition after transatlantic transport, has been proposed for the first time.

Aerosol composition in the westerlies

This study has provided novel results on the composition of aerosols linked to transat-
lantic transport from North America in the westerlies.

The export of North American aerosols to the Atlantic was identified in a few previous
studies based on rather short-term studies: (i) at Pico Observatory in the Azores, Val Mar-
tin et al. (2006) identified events of black carbon particles, CO and NOx linked to boreal
fires of Canada during August 2004, (ii) also at Pico Observatory, Dzepina et al. (2015)
identified, from June to September 2012, organic aerosols and elemental carbon linked to
wildfires in North-western North America, (iii) by remote sensing techniques, Ancellet et
al. (2016) identified the transport of biomass burning aerosols and dust from North America
across the North Atlantic in June 2013. In this study, a complementary approach is used
based on long-term records. The 5 years observations of aerosol chemistry used in this study
have allowed obtaining, for the first time, the climatology of aerosol composition in the North
Atlantic free troposphere. The amount of aerosols that reaches Izaña after long-range trans-
port typically ranges between 1.2 and 4.2 µg·m−3 (20th and 80th percentiles of bulk PM10).
The bulk sub-10 µm aerosol mass is dominated by North American dust, organic matter and
non-sea-salt-sulphate, which contributes with a 53 %, 18 % and 14 % under aerosol back-
ground concentration conditions (PM10 within the 1st–50th percentiles = 0.15–2.54 µg·m−3)
and with a 56 %, 24 % and 9 % under high aerosol concentration conditions (PM10 within the
1st–50th percentiles = 4.0–9.0 µg·m−3). Dzepina et al. (2015), who did not determined the
dust amount in their aerosol samples, concluded that organic aerosols, sulphate and nitrate
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dominated the aerosol mass.

The transatlantic transport of North American dust has been observed from February
to May in the present study, associated with dust emissions in a region that expands from
South-western Texas northward throughout the High Plains, and subsequent dust export to
the Atlantic (linked to eastward moving cyclones, westerly winds and the North American
outflow, which in this period migrate from 35◦N in February to 40◦N in May). Dust emissions
in the High Plains are attributed to the change in the use of soils due to agriculture activities
(Ginoux et al., 2012). It has been pointed that conversion of land from natural vegetation to
agriculture or pasturage could adversely affect surface levels of mineral dust by modifying
surface sediments and soil moisture; as a result, the frequency and amount of airborne dust
increase (Nordstrom et al., 2004). This practise, of agricultural land-use, is expected to in-
crease over United States in the period 2000–2050 (MNP, 2006), mainly related to changes
in population, economic developments and energy crops demands (i.e. biofuels). Regulating
land management can reduce the production, emission and transport of this anthropogenic
dust. Another feature influenced by human activities is the land-cover (i.e. include grass,
asphalt, trees, bare ground), which is indeed closely related to land-use.

Organic matter has been identified as the second most abundant aerosol component, es-
pecially from February to May, when cyclones and the associated outflow occur over regions
of Eastern United States rich in organic aerosols according to previous studies (Park et al.
2003). Biogenic emissions are the principal source of organic matter in the United States,
followed by three combustion sources that also emit elemental carbon (i.e. wildfires, fossil-
fuel and bio-fuel) (Park et al., 2003). South-eastern United States dominates the emissions
of biogenic volatile organic compounds (Lee et al., 2010 and references there in), which are
mainly isoprene (81 %) and monoterpenes (19 %) (Goldstein et al., 2008). This scenario of
higher biogenic emissions in South-eastern than in North-eastern United States is consistent
with global distribution of the secondary organic aerosols, whose concentrations are usually
higher near the tropics than at mid-latitudes (Guenther et al., 2012; Sindelarova et al., 2014).
The present thesis has also resolved ∼ 64 % of the organic aerosol transported in the west-
erlies in summer. The most abundant organic compounds are (i) secondary organic aerosols
from isoprene oxidation (i.e. 2-methylglyceric acid, 2-methylthreitol and 2-methylerythritol)
and (ii) dicarboxylic acids (mainly succinic and phthalic, indicating aged aerosols after the
long-range atmospheric transport); saccharides (i.e. α ,β -glucose, fructose, sucrose and man-
nitol) are found but in minor presence. High concentrations of organic matter and of some
organic species (e.g. levoglucosan, succinic and malic acids) have been associated with a
North America fire; this sample had the highest contribution of aged organic aerosols (di-
acids formed during the long-range atmospheric transport) and the lowest contributions of
secondary organic aerosols from oxidation of isoprene and α-pinene (further oxidized under
the biomass burning air). These organic aerosols, transported by the westerlies, would be
affected by changes in land-cover and climate change. Changes in land-cover are expected to
decrease the biogenic volatile organic compounds (e.g. isoprene and monoterpenes) (Wu et
al., 2012), which are important precursors of secondary organic aerosols as described above.
Climate change is already affecting forest in Canada (which represents one-quarter of global
boreal forests, Mouillot and Field, 2005) by increasing the frequency and severity of fires
(Flannigan et al., 2009). In addition, in Western United States the number of large fires per
year increased in the period 1984–2011, mainly related to an increase in drought severity
(Dennison et al., 2014). These facts may have an impact on the organic matter concentrations
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in the North Atlantic.

None-sea-salt-sulphate and ammonium concentrations have been found to be high from
March to May, linked to cyclones and the associated outflow over North-eastern United
States, where the highest SO2 and NH3 emissions in North America are produced. These
emissions are linked to coal burning power plants (Mann et al., 2010; Fioletov et al., 2011,
2016), livestock and fertilizers (Park et al., 2003; Mann et al., 2010; Fioletov et al., 2011,
2016), respectively. United States is the second coal producer in the World, with this energy
source responsible of ∼ 50 % of its electricity production (Heinberg, 2009); most of coal re-
sources are located in Eastern United States, with three states (Pennsylvania, Kentucky and
West Virginia) producing ∼ 52 % of the higher-quality coal (Heinberg, 2009). The air qual-
ity policies implemented in the United States in 1970s to reduce emissions of air pollutants
(throught the federal law to control air pollution: The Clean Air Act), resulted in a decrease
of SO2 emissions by a 90 % in the period 1980–2016 (U.S. EPA 2016); this trend has been
confirmed by several studies (e.g. 2000–2010, Klimont et al., 2013; 1990–2016, Maas et al.,
2016). Concretely, Hand et al. (2012) observed a drop off in the annual SO2 emissions from
power plants (1990–2010); this decline, in the period 2001–2010, and the decline of sulphate
concentration, occurred at a similar rate pointing to a linear relationship between SO2 emis-
sions and sulphate concentrations (Hand et al., 2012). Modelling simulations performed by
Xing et al. (2015) successfully reproduced the above named SO2 decreasing tendency over
1990–2010. Long-term monitoring of atmospheric aerosols allows understanding the effect-
iveness of historical implementation of legislation on the variability of the emissions, which
will be affected by the human-derived activities and the implemented legislation to control
them.

Elemental carbon, according to the present study, experiences a significant transatlantic
transport in summertime, when the meteorological conditions – discussed above – enhance
the export from the northeast extreme of the United States. This result is consistent with those
of Park et al. (2003), who estimated that the highest surface concentrations occurs in the large
urban areas from Chicago to New York (40–45◦N), according to emissions inventories and
modelling. Major sources of elemental carbon in the United States are those associated with
fossil fuel combustion (i.e. diesel exhaust emissions and coal burning, Park et al., 2003; Bond
et al., 2004), wild and controlled burning of vegetation (Bond et al., 2004), and wood stoves
and other biofuels to a lesser extent (Bond et al., 2004). The analysis of the transport path-
ways of elemental carbon based on median concentration at receptor plots, performed in the
present research, could not identify the impact of fires. However, the speciation of organic
aerosols in the samples collected in the westerlies has evidenced the impact of this source.
Simple methods for distinguishing the contributions of fires and of fossil fuel combustions
on elemental carbon need to be developed in futures studies. Many authors have observed
a decreasing trend in elemental carbon emissions in the States of New Mexico (1989–1995;
Junker et al., 2004), California (1963–2000; Kirchstetter et al., 2008) and New York (1835–
2005; Husain et al., 2008); observations performed by Murphy et al. (2011), at national parks
and other remote sites in the United States, reported a decrease over 25 % of the average con-
centration of elemental carbon (1990–2004), with this percentage being much larger in winter
than in summer. Xing et al., (2015) also confirmed by modelling simulation the decreasing
tendency over the period 1990–2010. Future trends in the concentration of the elemental
carbon in the North Atlantic would be linked to the emissions controls of human-derived
activities and climate change affecting the frequency and severity of wildfires.
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These overall results indicate that aerosol impacts in the North Atlantic free troposphere
will be influence not only by the air quality policies, but also for the consequences of climate
change and long-term management of soils.

Organic aerosols in the Saharan Air Layer

This study provides novel results on the composition and sources of organic aerosols
exported to the Atlantic Ocean in the Saharan Air Layer. In summertime, organic aerosols
are mixed with dust in the Saharan Air Layer, even if dust emissions occur in areas where not
significant sources of organic aerosols, other than soil, are expected.

Previous studies observed that the Saharan Air Layer carries biogenic materials such
as pollen (Izquierdo et al., 2011), viruses, bacteria and fungal (Griffin et al., 2001), an-
thropogenic bio-accumulative and toxic organic compounds (e.g. organochlorine and or-
ganophosphate pesticides, polycyclic aromatic hydrocarbons and polychlorinated biphenyl)
(Risebrough et al., 1968; Prospero and Seba, 1972; Van Drooge et al., 2001, 2010; Garrison
et al., 2014). These studies focused on specific groups of organic species and not in a whole
characterization of the organic matter. Moreover, the presence of organic aerosols has been
attributed as the source of ice nuclei at warm temperatures (-8◦C) observed in the summer
Saharan Air Layer at Izaña (Conen et al., 2015).

Studies on the organic aerosols have mostly focused in the winter dry season, when the
Saharan Air Layer expands at low latitudes (<15◦N; Tsamalis et al., 2013) to the tropical
North Atlantic (Capes et al., 2008). In winter dust is mainly emitted in sub-Sahara and Sahel
region (<20◦N) and subsequently mixed with biomass burning emissions. Previous research
identified that the organic aerosol species are linked to fossil fuel and biomass (Formenti et al.,
2003; Hand et al., 2010; Kandler et al., 2011; Salvador et al., 2016). In addition, Simoneit
et al. (1977) also observed n-alkanes, n-carboxylic acids and n-fatty alcohols associated
with higher plants, Garrison et al. (2014) persistent organic contaminants probably linked
to agriculture, numerous small fires, vehicle exhaust, unpaved roads, small garden plots, and
industry, and Gonçalves et al. (2014) n-alkanols related to biogenic contributions of microbial
or epicuticular plants.

The results of this study show that the organic aerosols mixed with dust – mostly emit-
ted in inner subtropical Sahara (20–30◦N) – in the summer Saharan Air Layer are asso-
ciated with (i) primary compounds of surface soils (i.e. saccharides such as α ,β -glucose,
fructose, sucrose and mannitol) and terrestrial higher plants (i.e. nC27, nC29 and nC31 n-
alkanes), which were essentially associated with the coarse fraction, (ii) secondary organic
aerosols linked to oxidation of biogenic isoprene (i.e. 2-methylglyceric acid, 2-methylthreitol
and 2-methylerythritol) and α-pinene (i.e. cis-pinonic acid, 3-hydroxyglutaric acid and 3-
methyl-1,2,3-butanetricarboxylic acid), (iii) primary vehicles emissions (i.e. 17α(H),21β (H)-
29-norhopane and 17α(H),21β (H)-hopane), and (iv) toxic organic compounds (i.e. polycyc-
lic aromatic hydrocarbons), although these latter compounds appeared generally in very low
concentrations (< 5 pg·m−3). The mixture of organics from different sources along the at-
mospheric transport is likely occurring, but the presence of substantial higher concentrations
of saccharides and odd numbered alkanes in combination with biogenic secondary organic
aerosols in the Saharan Air Layer points to a dominating biogenic contribution to organic
matter. Nevertheless, the mixture of anthropogenic and biogenic source emissions may lead
to synergistic aerosol processing. Of special relevance is the correlation found between ni-
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trate and secondary organic aerosols linked to oxidation of biogenic isoprene, which suggests
a large-scale impact, of the enhancement in the formation of secondary organic aerosols due
to interaction with anthropogenic nitric oxides emissions, as a result of the synoptic scale of
the Saharan Air Layer.

Processes

Results of this study have also allowed understanding some of the microphysical pro-
cesses influencing on the aerosol composition and aerosol properties in the North Atlantic
free troposphere.

The climatology of the new particle formation events at Izaña shows that these events
occur with a frequency of ∼ 30 % of the days·y−1; they have a seasonality with a maximum
frequency from May to August. Monthly mean values of the formation and growth rates were
within the ranges of 0.20–0.92 cm−3·s−1 and 0.26–0.58 nm·h−1, respectively. Formation rates
are of the same magnitude as those found in other high-mountain sites (e.g. 0.9 cm−3·s−1

at Jungfraujoch–Switzerland, Manninen et al., 2010; 0.5 cm−3·s−1 at Mauna Loa–Hawaii,
Weber et al., et al., 1999). Growth rates are significantly lower than those observed in moun-
tain sites located in continental areas (e.g. 6.0 nm·h−1 at Jungfraujoch–Switzerland, Boulon
et al., 2010; Manninen et al., 2010; 6.2 nm·h−1 at Puy de Dôme–France, Boulon et al., 2011)
– probably because of the lower concentrations of the gas phase precursor –, but similar
to those reported for remote mountains located in oceanic areas (e.g. 0.4 nm·h−1 at Mauna
Loa–Hawaii, Weber et al., 1995).

According to the Izaña data records analysed in this study, the year-to-year variability
of the frequency of new particle formation events is correlated with mean concentrations
of sulphur dioxide. This is consistent with the idea that sulphuric acid plays a key role in
the formation (e.g. Coffman and Hegg, 1995; Nilsson and Kulmala, 1998) and growth of
the clusters as condensing gas together with other organic species (e.g. Laaksonen et al.,
2008; Kulmala et al., 2013). Moreover, this also points that sulphur dioxide may significantly
influence the number of new particles in the ambient air, which has implications on climate,
since about half of the cloud condensation nuclei are originated by new particle formation
processes (Merikanto et al., 2009). Asmi et al. (2013) analysed a decadal record (2001–2010)
of the number of particles at remote-background observatories across Europe, North America,
Antarctica and Pacific Ocean islands, finding a decreasing trend in most of sites linked to a
decrease in anthropogenic emissions of primary particles, SO2 or some co-emitted species.
The results of the present thesis support that sulphur-modulated new particle formation may
have played a significant role.

An exhaustive research on the role of some biogenic organic species on new particle
formation (e.g. Marti et al., 1997; Zhang et al., 2004; Laaksonen et al., 2008; Kulmala
et al., 2013; Patoulias et al., 2015) and secondary organic aerosol formation (e.g. Gouw
et al., 2009; Hallquist et al., 2009; Jimenez et al., 2009) has been conducted in the last
decade, more especially how organic gases emitted by vegetation (e.g. isoprene, terpenes
such as α-pinene and sesquiterpenes) are oxidized and converted to aerosols (e.g. Carlton
et al., 2009; Ehn et al., 2014). The organic speciation performed in this study has shown
that concentrations of the oxidation products of biogenic volatile organic compounds (i.e.
isoprene and α-pinene) at Izaña are higher during daylight than at night (seen under the clean
condition of the westerlies), as a result of the biogenic emissions from the boundary layer
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carried by the diurnal upslope winds. This is consistent with previous studies at Izaña, that
observed short-lived gaseous species α-pinene (Fisher at al., 1998) and isoprene (Salisbury
et al., 2006) during daytime linked to the emissions of the surrounding ring forest. Bianchi
et al., (2016) studied new particle formation in the interface of the free troposphere and the
boundary layer, concluding that these events may occur 1–2 days after the free troposphere
air entered in contact with the planetary boundary layer, the time needed for the oxidation of
organic compounds to form highly oxygenated molecules. The overall results support the idea
that anthropogenic (i.e. SO2) and biogenic (e.g. isoprene and α-pinene) emissions interact,
resulting in new particle formation observed in rather short-time scales during upslope winds
in this study.

The interaction of biogenic with anthropogenic emissions may also occur with nitro-
genous compounds, more specifically the reaction of nitrogen oxides (whose emissions are
dominated by vehicle exhaust and other combustion sources) and biogenic volatile organic
compounds, to enhance the secondary organic aerosol formation (Surratt et al., 2006, 2007;
El Haddad et al., 2011; Hoyle et al., 2011). As already cited above, the correlation observed
in this study between nitrate and oxidation products of isoprene, in the Saharan Air Layer,
suggests a large-scale impact of this process. The interaction between nitric oxides and bio-
genic volatile organic compounds may potentially occur over the Mediterranean and North
Africa resulting in secondary organic aerosols that are spread over the North Atlantic to the
Americas.

This study also has found an interaction between dust and the freshly formed new particles
in the Saharan Air Layer. More specifically, the negative correlation observed between the
formation rates of new particles and low-polluted dust suggest that this latter aerosol type acts
as a coagulation sink of new particles. Opposite results have been found in highly-polluted
dust plumes, where new particle formation and growth was promoted as a consequence of
dust-induced heterogeneous photochemical processes (e.g. the photodecomposition of coated
nitrate releasing NO3 radical to oxidize volatile organic carbons; Nie el al., 2014). These in-
teractions may lead to the so-called ‘dust processing’, a set of processes – including acid
process – that may change some of the physicochemical properties of dust which are relevant
for some climate processes (Baker and Croot, 2010; Shi et al., 2012). Because new particles
are rather rich in sulphuric acid–sulphate, the internal mixing of dust with these components
may be prompted, resulting also in ‘dust processing’. In the present study, this interaction has
been observed at Izaña Observatory; however, these processes may also occur in inner Sahara
before dust export. In a study performed by the Izaña in-situ aerosols group, Rodrı́guez et al.
(2011) found high concentrations of ammonium sulphate and nitrate mixed with dust in the
Saharan Air Layer when air had previously flown over industrial areas of North Africa. In a
more recent study, lead by the same group (and in which this PhD candidate has also parti-
cipated), Ravelo et al. (2016) found an enhancement in the solubility of the iron present in
sub-micron dust particles due to the mixing of dust with sulphate. This increase in iron-dust
solubility has important implications on climate related processes, since soluble iron is con-
sidered a phytoplankton fertilizer and may consequently influence on the ocean-atmospheric
CO2 exchanges (e.g. Martin and Fitzwater, 1990; De Baar et al., 2005; Schulz et al., 2012).

The influence of dust deposition on marine biogeochemistry and on atmospheric-ocean
CO2 exchanges, and the modification of dust properties by atmospheric processing are now-
adays hotspot topics on climate research (e.g. GESAMP, 2011; Shao et al., 2011; Schulz et
al., 2012; Abdelkader et al., 2017).
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CHAPTER

6
Conclusions

The present thesis has lead to the following conclusions:

• The studies of aerosols and other atmospheric constituents in the North Atlantic
free troposphere should differentiate between measurements performed within
the westerlies and the Saharan Air Layer.
The composition of the westerlies is sensitive to emissions in North America, whereas
the Saharan Air Layer is sensitive to emissions in North Africa, the Mediterranean
and Europe. This differentiation is of special interest in future studies on long-term
chemical variability of the atmosphere.

• Aerosols emitted in the boundary layer of North America are regularly exported
to the North Atlantic free troposphere, where they experience transatlantic trans-
port in the westerlies.
As far as known, this study has presented the first climatology of the composition of
the aerosols transported by the westerlies across the North Atlantic.

– The composition of the aerosols in the westerlies experience a marked sea-
sonal evolution that is influenced by (i) the spatial distribution of their sources
in North America, and (ii) the seasonal shift of the westerly jet and the asso-
ciated eastward moving cyclones.
The westerlies carry maximum loads of:

(i) mineral dust from February to May, associated with the occurrence of the
westerly jet at rather low latitudes (35◦–40◦N), dust emissions in a region
that extends from Southwest Texas to the High Plains, and subsequent dust
export to the Atlantic,
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(ii) none-sea-salt-sulphate and ammonium from March to May, linked to the
presence of the westerly jet and to the export of polluted air from Northeast-
ern Unites States, where the highest SO2 emissions in North America occur,

(iii) organic matter from February to May, associated with the westerly jet and
export from regions of Eastern Unites States rich in organic aerosols,

(iv) elemental carbon in August and September, associated with the occurrence
of the westerly jet at rather high latitudes (50◦–55◦N) and the consequent
export from the regions (Chicago to New York) where the highest concen-
trations of elemental carbon occur in North America.

– Dust is a major component of the aerosols transported from North America
across the North Atlantic free troposphere.
Mass concentrations of sub-10 µm aerosols that reach the Izaña Observatory, after
transatlantic transport, typically range between 1.2 and 4.2 µg·m−3 (20th and 80th

percentiles). The main contributors to background levels (1st–50th percentiles
= 0.15–2.54 µg·m−3) are North American dust (53 %), non-sea-salt-SO=

4 (14 %)
and organic matter (18 %), whereas aerosol composition during high PM10 events
(75th–95th percentiles = 3.9–8.9 µg·m−3) is dominated by North American dust
(56 %), organic matter (24 %) and nss-SO=

4 (9 %).

• The main sources of organic aerosols in the subtropical North Atlantic free tropo-
sphere in summertime are: biomass burning, fossil fuel combustion and soil dust.

– About the half of the organic matter in the North Atlantic has a natural ori-
gin.
The comprehensive characterization of the organic aerosols obtained in this study
has shown that:

(i) in the Saharan Air Layer, the determined 15 % of the total organic matter is
formed by secondary organic aerosols from the isoprene oxidation (29 %),
saccharides (27 %), dicarboxylic acids (18 %), secondary organic aerosols
from the α-pinene oxidation (13 %), n-alkanes (12 %), levoglucosan (0.6 %),
hopanes (0.2 %) and polycyclic aromatic hydrocarbons (0.03 %),

(ii) in the westerlies, the determined 64 % of the total organic matter is formed by
dicarboxylic acids (50 %), secondary organic aerosols from the isoprene ox-
idation (28 %), saccharides (7 %), n-alkanes (7 %), levoglucosan (3 %), sec-
ondary organic aerosols from the α-pinene oxidation (3 %), hopanes (0.1 %)
and polycyclic aromatic hydrocarbons (0.02 %).

– The main sources of organic aerosols in the Saharan Air Layer are soil dust
and fossil fuel combustion.
These sources account for 8 % and 6 % of the bulk organic matter and for 63 %
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and 34 % of the determined fraction of the organic matter, respectively.

– The main sources of organic aerosols in the westerlies are biomass burning,
fossil fuel combustion and soil dust.
These sources account for 23 %, 19 % and 22 % of the bulk organic matter and
49 %, 23 % and 28 % of the determined fraction of the organic matter, respect-
ively.

– The enhancement in the formation of secondary organic aerosols due to in-
teraction with anthropogenic NOx emissions exerts a large-scale impact.
The correlation between secondary organic aerosol from the oxidation of iso-
prene and nitrate, within the Saharan Air Layer, might be associated with the
ratio isoprene:NOx in the source; secondary organic aerosol from the oxidation
of isoprene depend strongly on the conditions (NOx concentrations and aerosol
acidity) during the oxidation process.

– Levoglucosan is a stable biomass burning tracer under certain atmospheric
conditions.

• New particle formation is a frequent source of aerosols above Tenerife.

– New particle formation is observed during periods of upslope winds that bring
gaseous precursors from the boundary layer to the interface with the low free
troposphere.

– New particle formation occurs a 30 % of the days as average. There is a clearly
marked new particle formation season (May–August), when monthly mean val-
ues of the formation and growth rates are within the range 0.49–0.92 cm−3·s−1

and 0.48–0.58 nm·h−1, respectively.

– Sulphuric acid plays a key role as gas precursor, contributing with ∼ 70 % to the
observed growth rate. Organic species, such as oxidation products of biogenic
volatile organic compounds, probably also contribute.

– Sulphur dioxide influences the long-term interannual variability in the frequency
of new particle formation at Izaña.

– The presence of dust influence on new particle formation, acting as coagulation
sink of freshly formed nucleation particles.
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CHAPTER

7
Future Prospects

The research developed in the present thesis can be continued by means of the following
tasks:

1. Identification of the transport routes, sources and seasonal evolution of the trace ele-
ments transported in the westerlies.

2. Description of the size distribution of the aerosol population transported in the wester-
lies.

3. Segregation of natural and anthropogenic source regions of the organic aerosol trans-
ported by the westerlies.

4. Determination of the seasonal contribution of natural and anthropogenic sources to the
organic matter transported in the westerlies.

5. Identification and quantification of the organic species contribution to new particle
formation.

6. Quantification of the change in dust properties, relevant to climate, during transatlantic
transport.
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A
Annex I

Introduction

In parallel to the development of the final part of the present thesis, the PhD candidate
started a new research focused on studying the change in the microphysical properties of dust
during transatlantic transport. This section presents preliminary results of this research.

The Saharan Air Layer expands from the North African coast, as far as the Caribbean Sea,
Central America, and the Gulf of Mexico. During this transatlantic transport, dust undergoes
heterogeneous reactions on its surface as a consequence of the condensation of atmospheric
acids (e.g. nitric acid), acidic gases (e.g. sulphur dioxide) and pollutants (e.g. ammonium
sulphate). This chemical aging, or atmospheric processing, changes the dust original physi-
cochemical properties (e.g. light scattering efficiency, Li et al., 2009; cloud scavenging effi-
ciency, Lance et al., 2013; iron solubility, Ravelo et al., 2016; ice nuclei availability, Boose et
al., 2016), having implications on how dust minerals influence on climate-related processes.

This research has been developed in collaboration with the University of Miami. To this
end, additional research carried in a four-month stay performed at the Rosenstiel School of
Marine and Atmospheric Science (University of Miami, U.S.A.) has focused on the Saharan
dust export from North Africa across the Canary Islands and the subsequent changes in dust
properties during its transatlantic transport to the Caribbean.

The objective is to assess to what extent are the changes in the physicochemical proper-
ties of dust affecting climate-related processes during the transatlantic transport.
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Methodology

The research is centred on the summertime season, when dust emissions and impacts
throughout the North Atlantic are at a maximum strength. During July and August 2015, filter
samples of aerosols were collected every day at Izaña Observatory (2367 m a.s.l., Tenerife)
off North African coast, at Barbados (∼ 50 m a.s.l.) in the eastern Caribbean, and at Miami
(∼ 25 m a.s.l.) in the eastern coast of the Unites States. Samples at Izaña were gathered within
the high altitude Saharan Air Layer; they are representative of the fresh dust recently exported
from the Sahara. In contrast, samples collected at Barbados and Miami are representative of
aged dust, after about a week of transport across the Atlantic.

Filter samples (Whatman-41 cellulose filters) were analyzed to obtain bulk dust con-
centrations by means of the ashed-filter method (Prospero et al., 1999), soluble ions (Ca2+,
K+, Na+ and Li+) by flame photometry, and elemental composition (Al and Ca) by proton-
induced X-ray emission (PIXE) analysis. Briefly, one quarter of each filter was extracted
with 20 ml of deionised water (10+5+5 ml) in a centrifuge (3x10 min) to remove soluble ions.
The extract was kept in totally dried vials for its subsequent analysis by atomic absorption
spectroscopy. The extracted filter was placed in a crucible into an oven for 8 h at 500◦C. After
reaching room temperature, crucibles were introduced in a desiccator for 24 h and weighed
with and without sample. The ash residue (less blank) is assumed to be mineral dust. The
remaining extract, with the soluble ions, was analyzed by flame photometry. A portion of
each filter (∼ 173 cm2) was sent to the National Institute of Nuclear Physics (INFN, Italy) for
the PIXE analysis.

These data have been complemented and interpreted by using meteorological NCEP/
NCAR re-analysis data (https:// www.esrl.noaa.gov), output of the model forecast Skiron
(http://forecast.uoa.gr/dustindx.php), and satellite observations (Aerosol Optical Depth from
the Moderate Resolution Imaging Spectroradiometer, https://modis.gsfc.nasa.gov/ and Ultra
Violet Aerosol Index from the Ozone Monitor Instrument Spectrometer, http://disc.sci.gsfc.
nasa.gov/). Some preliminary results are presented below.

Preliminary results: El Niño 2015

In a first stage, the climatological context of dust export and transport (July–August 2015)
has been identified. The interannual variability in summer dust export is connected to vari-
ability in large-scale meteorology in North Africa, more specifically to the variability in the
North African Dipole Intensity (NAFDI; Rodrı́guez et al., 2015), i.e. the difference of geopo-
tential height anomalies averaged over the subtropics (30–32◦N) and the tropics (10–13◦N)
close to the Atlantic coast (at 5–8◦W). Summers with high NAFDI values (e.g. >+0.8) are
associated with strong Harmattan winds, northern shifts of the SAL and enhanced dust ex-
port to the subtropics resulting in high dust impacts at subtropical latitudes including Izaña.
In contrast, low NAFDI (e.g. < -1.0) summers are associated with a weakness in the Harmat-
tan and southern shifts of the SAL, resulting in low dust impacts at Izaña and at subtropical
latitudes. Variations in the NAFDI are connected to variations in winds over western North
Africa and monsoon rainfall (affecting the Sahel region), pointing to a connection between
Saharan dust export and climate variability in the last decades (Rodrı́guez et al., 2015). In
addition, during intense El Niño-summers, the NAFDI weakens and the northern edge of the
SAL shifts southward (e.g. 1897, 1997 and 2009), resulting in low dust summer at Izaña
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attributed to the weakness of Harmattan winds at the north of the ITCZ.
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Figure 16: Summer mean dust at Izaña(August) vs. MEI·(-1) – Multivariate ENSO Index –
averaged for Jul–Aug–Sep for Intense El Niño Events (1987, 1997, 2009 and 2015).

El Niño-2015 has been considered a strong event based in the analysis of the Southern
Oscillation Index time series for the period 1876–2015 (Varotsos et al., 2016). Winds in the
Subtropical Saharan Stripe (SSS, where Harmattan winds result in Saharan dust emissions)
typically weaken during El Niño events, resulting in low dust summer in Izaña. Despite
the higher intensity of El Niño-2015 in summertime, dust at Izaña was higher than in some
previous El Niño events (dust-2015 = 18.9 µg·m−3; dust-1987 = 15.7 µg·m−3; dust-1997 =
13.2 µg·m−3). This is consistent with the Multivariate El NiñoSouthern Oscillation (ENSO)
Index (MEI; Fig. 16) and with winds in the SSS, which were not as low as in previous El
Niño episodes (Rodrı́guez et al., 2015).

It worth to highlight that:

The preliminary results of this study are consistent with the idea (originally detected
by this research group, Rodrı́guez et al., 2015) that ENSO has an important influence
on dust export. This research will allow assessing the sensitivity of dust export from
North Africa to climate variability related large-scale changes of meteorology.

Preliminary results: meteorology

In order to assess the degree of comparability of dust samples collected across the North
Atlantic, the export and transatlantic transport of dust was studied. Results shows that dust
events may be tracked from North Africa across the North Atlantic.

Daily bulk dust concentrations at Izaña, Barbados and Miami (July–August 2015; Fig. 17)
have allowed identifying that dust export frequently occurred by ‘pulse’ events prompted by
intensification of winds in the SSS. Satellite observations, meteorological fields and dust
modelling show that these dust export ‘pulses’ can be tracked across the North Atlantic to
Barbados and Miami. These pulses are modulated by the variability of the North African
Dipole Index by mechanism described by Cuevas et al. (2016). The transatlantic transport
may last about a week to Barbados and more than a week to Miami. Figure 17 shows as

161



APPENDIX A. ANNEX I

3
0
/0

6
0
2
/0

7
0
4
/0

7
0
6
/0

7
0
8
/0

7
1
0
/0

7
1
2
/0

7
1
4
/0

7
1
6
/0

7
1
8
/0

7
2
0
/0

7
2
2
/0

7
2
4
/0

7
2
6
/0

7
2
8
/0

7
3
0
/0

7
0
1
/0

8
0
3
/0

8
0
5
/0

8
0
7
/0

8
0
9
/0

8
1
1
/0

8
1
3
/0

8
1
5
/0

8
1
7
/0

8
1
9
/0

8
2
1
/0

8
2
3
/0

8
2
5
/0

8
2
7
/0

8
2
9
/0

8
3
1
/0

8

A) Izaña

B) Barbados

C) Miami

D
u

st
, 
µ

g
·m

-3

180

90

0

180

90

0

180

90

0

09 Jul

14 Jul

18 Jul

Figure 17: Summer 2015 (Jul–Aug) total dust concentrations at (A) Izaña, (B) Barbados and (C)
Miami. ‘Dust impact’ days of the dust episode that started on 09 July at Izaña and finished on 18

July at Miami, are highlighted.

example one of these events: dust exported impacted at Izaña the 09 of July (Fig. 17A and
Fig. 18 column left for satellite, modelling and meteorology), at Barbados the 14 of July
(Fig. 17B and Fig. 18 column centre for satellite, modelling and meteorology) and at Miami
the 18 of July (Fig. 17C and Fig. 18 column centre for satellite, modelling and meteorology).

During transatlantic transport the properties of the dust particles population may change,
as previously described; coarse dust particles will deposit whereas smaller dust particles may
experience aging processes (including acid processing, in cloud processing and changes in
surface properties due to oxidation or exposure to sunlight), that may increase dust solubility.
The identification of the dust pulses will allow, in a third stage of the research, assessing
how size distribution, dust composition and dust mixing with pollutants may change during
transatlantic transport.

These preliminary results allow to highlight that:

Dust events tend to occur as pulses that can be tracked across the North Atlantic.
The methodology used here allows to track these events across the North Atlantic
and to properly compare the properties of dust samples collected across the different
sites.
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Figure 18: Tracking of the dust episode that started on 09 July at Izaña and finished on 18 July at
Miami. Only days of ‘dust impact’ in each station are shown for the sake of brevity. Sources:

https://worldview.earthdata.nasa.gov/ (Modis), http://giovanni.gsfc.nasa.gov/giovanni/
(Giovanni), http://forecast.uoa.gr/dustindx.php (Skiron forecast) and

http://www.cpc.ncep.noaa.gov/ (NCAR / NCEP).
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Preliminary results: Calcium solubility

Mineral components of dust includes illite, hematite, kaolinite, smectite, quartz, feld-
spars, calcite and gypsum, whose global distributions are presented in Scanza et al., 2015.
The most abundant elements in the above named minerals are Silicon, Aluminium and Cal-
cium (Zhang et al., 2015), with the latter one involved in dust aging as a consequence of
the reaction of Ca bearing minerals (e.g. calcite) with acids (e.g. nitric or sulphuric acids),
which results in the neutralization product calcium-nitrate (Laskin et al., 2005; Gibson et al.,
2006; Karydis et al., 2016). Calcium might serve as a proxy for the overall dust processing
during its transatlantic transport. By comparing the variation of the ratio of soluble calcium
(Ca-sol) to mineral calcium (Ca-min) and dust at Izaña, Barbados and Miami, the degree to
which Ca-min is transformed during transatlantic transport by atmospheric processing will
be asses. These ratios have been calculated for three identified and tracked episodes during
July–August 2015 (Table 2).

Table 2: Ratio soluble calcium to mineral calcium (Ratio-1) and soluble calcium to dust
concentration (Ratio-2) at Izaña, Barbados and Miami for three identified dust pulses.

Izaña Barbados Miami Izaña Barbados Miami
Ratio-1 Ratio-1 Ratio-1 Ratio-2 Ratio-2 Ratio-2

Pulse-1 0.08 0.32 0.52 0.003 0.036 0.040
Pulse-2 0.10 0.19 0.22 0.005 0.017 0.018
Pulse-3 0.11 0.50 0.40 0.004 0.036 0.017

A first approach has evidenced how the ratios Ca-sol/Ca-min and Ca-sol/dust increases
during transatlantic transport. It clearly shows that Ca present in dust becomes more soluble
during the transatlantic transport. Next steps will include a deeper meteorological and chem-
ical analysis of the samples tracked by each pulses, and probably the study of other chemical
compounds which have not been analysed yet.

These preliminary results allow to highlight that:

Calcium tends to be more soluble during the transatlantic transport. This supports
the importance of dust aging during transatlantic transport. Further steps should
include other properties relevant for climate related processes.
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Garcı́a, O. E., and Alonso-Pérez, S.: Pivotal role of the North African Dipole Intens-
ity (NAFDI) on alternate Saharan dust export over the North Atlantic and the Mediter-
ranean, and relationship with the Saharan Heat Low and mid-latitude Rossby waves, At-
mos. Chem. Phys. Discuss., doi:10.5194/acp-2016-287, 2016.

Dal Maso, M., Kulmala M., Riipinen, I., Wagner, R., Hussein, T., Aalto, P. P., and Lehtinen,
K. E. J.: Formation and growth of freshatmospheric aerosols: eight years of aerosol size
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Gómez-Moreno, F. J., Sorribas, M., Alonso, E., Artı́ñano, B., Juncal, V., Piñeiro, M.,
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Piñeiro; P. López; N. Pérez; J. Pey; A. Alastuey; M. Sorribas; B. A. de la Morena; M.
I. Garcı́a; S. Rodrı́guez; G. Titos; H. Lyamani; L. Alados-Arboledas.

Characterization of new particles formation events at Izaña Mountain Observatory (Ten-
erife, Canary Islands): formation, growth rates and influencing atmospheric paramet-
ers, European Aerosol Conference, 2012. M. I. Garcı́a; S. Rodrı́guez; Y. González; R.
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