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Abstract

Atmospheric aerosols are the major component in the shorter-term variability govern-
ing the radiative balance of the climate system, particularly on regional scales. How-
ever, knowledge of the myriad of properties and processes associated with aerosols is
often limited, which results in major uncertainties when assessing their climate effects.
One such aspect is the chemical make-up of the atmospheric aerosol burden.

Airborne measurements of aerosol properties across Northern Europe are presented
here in order to facilitate constraint of the properties, processes and effects of aerosols
in this highly populated and industrialised region. An Aerodyne Aerosol Mass Spec-
trometer (AMS) delivered highly time-resolved measurements of aerosol chemical
components, which included organic matter, sulphate, nitrate and ammonium.

The chemical composition of the aerosol burden was strongly determined by the
dominant meteorological conditions in Northern Europe. Pollution loadings in North-
Western Europe were strongly enhanced when air masses originated from Continental
Europe. Conversely, much cleaner conditions were associated with air masses from the
Atlantic Ocean.

Organic matter was found to be ubiquitous across Northern Europe and predomi-
nantly secondary in nature, which is consistent with other analyses in polluted regions
of the Northern Hemisphere. Furthermore, its concentration was generally comparable
to, or exceeded that of, sulphate. Significant chemical processing of the organic aerosol
component was observed. Highly oxidised secondary organic aerosol dominated, as the
distance from source and photochemical processing increased.

Ammonium nitrate was found to be a major component of the aerosol burden in
Northern Europe, with peak contributions occurring in North-Western Europe, due to
the co-location of its emission precursors (NH3 and NOx) in the region. Ammonium
nitrate was found to be the dominant sub-micron chemical constituent during peri-
ods associated with enhanced pollution episodes. Its concentration was shown to be
modulated by the thermodynamic structure of the lower troposphere, with enhanced
concentrations prevalent at the top of the boundary layer. This phenomenon greatly en-
hanced the radiative impact of the aerosol burden; the increased mass and water uptake
by the aerosol significantly amplified the aerosol optical depth in the region.

The results presented in this thesis highlight a highly dynamic region, where major
changes in emissions have played a significant role in determining the chemical com-
position of the aerosol burden. As substantial reductions in sulphur dioxide emissions
have occurred over the past two decades in Northern Europe, the relative contribution
of sulphate aerosols to the regional aerosol burden has decreased. Consequently, it is
more pertinent to consider the roles of organic matter and ammonium nitrate, as their
influence becomes more pronounced than sulphate on regional and global climate.
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Chapter 1

Introduction

1.1 Motivation & Scope

The complexity surrounding anthropogenic perturbation of global climate is vast and
far-reaching. The many inter-related processes and mechanisms at work make quantifi-
cation of both past and future changes extremely challenging. The huge range of spatial
scales involved, which encompasses the microscopic world through to changes in solar
output is one of the most challenging aspects. Detailed knowledge of the processes
involved at all of these scales is paramount if we are to accurately judge the impact of
close to two centuries of fossil fuel dependence. The question of scale is particularly
relevant at present as a result of the advent of sophisticated numerical models capable
of resolving atmospheric processes at the regional level. Such techniques are capa-
ble of representing atmospheric phenomena on the scale of cities through to individual
countries, which is the scale of key relevance to both legislators and the general public.
Consequently, accurate knowledge of atmospheric processes that govern the radiative
balance of the climate system at the regional scale is required. While rising levels
of greenhouse gases dominate changes on the long-term global scale, the atmospheric
aerosol burden is the major component in shorter-term variability on regional scales.
Thus accurate representation of the processes governing the life cycle of atmospheric
aerosol and its impact upon the climate system at this scale is required.

The impact of atmospheric aerosols on the Earth’s climate, specifically its radia-
tive effect, has historically received much interest. This is a result of the evidence that
human activity has increased the atmospheric aerosol concentration (Haywood and
Boucher, 2000). Furthermore, changes in land use and climate may also have altered
the natural aerosol fraction (e.g. Denman et al., 2007). Such activity is of particular
interest when attempting to unravel the complex issue of anthropogenic-induced cli-
mate change. Greenhouse gases act to warm the climate system via the retention of
longwave radiation by the atmospheric greenhouse effect. Human activity has also led

10



to a substantial increase in their concentrations (e.g. Penner et al., 2001; Forster et al.,
2007). As a result, it is ‘extremely likely’ that humans have exerted a substantial warm-
ing influence on the Earth’s climate since the pre-industrial era (Forster et al., 2007).
Aerosols are of particular interest as they act in opposition to this warming influence
via a myriad of processes.

Atmospheric aerosols exhibit a highly heterogeneous distribution both temporally
and spatially on a global scale due to their relatively short lifetime when compared to
greenhouse gases. Consequently, their impacts are often most keenly felt on regional
scales. On such scales, aerosols are capable of reducing the radiative impact of green-
house gases due to their respective cooling and warming effects (Forster et al., 2007).
Essentially, anthropogenic activities have increased the aerosol burden to such an ex-
tent that the flux of shortwave radiation reaching the Earth’s surface is reduced over
extensive areas of the globe. One such region is Northern Europe where the aerosol
chemical composition is known to be extremely complex (Putaud et al., 2004). Fur-
thermore, the radiative effect of aerosols in this region is uncertain (Myhre et al., 2009).
The measurements presented here provide vital elucidation of the complex processes
governing the aerosol chemical composition, which plays a direct role in the regional
radiative impact of the European aerosol burden. Aerosol chemical composition mea-
surements using the Aerodyne Aerosol Mass Spectrometer (AMS, Jayne et al., 2000;
Canagaratna et al., 2007) in combination with other measurements of aerosol proper-
ties will form the major part of this work. Such measurements will concentrate upon
the spatial distribution and evolution of aerosol chemical composition in Northern Eu-
rope and its role in perturbing the so-called direct radiative forcing by aerosols, which
will be discussed in the following sections.

1.2 Atmospheric aerosols and climate

1.2.1 Background

Aerosols are defined as the suspension of a solid or liquid particle within a gaseous
medium and may be derived from both natural and man-made sources. They may
be emitted directly to the atmosphere in particulate form or they may form in the at-
mosphere itself, via gas-to-particle conversion processes. Aerosols act as an essential
ingredient in transitions between the gas and particulate phase in the ambient atmo-
sphere. Furthermore, they are fundamental in the formation of clouds and ultimately
precipitation. This is a result of their ability to act as the surface area upon which water
is able to transfer from the vapour to liquid phase. Consequently, categorisation of their
form and subsequent assessments of their impacts often proves complex. Such impacts
include, but are not limited to, adverse effects upon human health (e.g. Dockery et al.,
1993), disruption of natural ecosystems (e.g. Andreae and Crutzen, 1997), visibility
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levels (e.g. White and Roberts, 1977) and the degradation of buildings (e.g. Grossi and
Brimblecombe, 2002). Additionally, aerosols are of intrinsic importance for future cli-
mate projections and when assessing historical climate change, especially during the
20th Century (e.g. Charlson et al., 1992; Haywood and Boucher, 2000). Consequently,
understanding the processes governing the formation, transformation and deposition
of atmospheric aerosols are of fundamental importance. The current discussion will
focus upon properties of atmospheric aerosol and their role in perturbing the radiative
balance of the climate system, specifically via the scattering and absorption of solar
radiation.

Aerosols are known to significantly alter the Earth’s climate on regional to global
scales (e.g. Charlson et al., 1992; Haywood and Boucher, 2000; Penner et al., 2001;
Forster et al., 2007). Aerosols can scatter and absorb solar and longwave radiation,
inducing changes in the atmosphere’s radiative balance. This perturbation is known
as the direct radiative effect of aerosols (Charlson et al., 1992). Aerosols may also
perturb the hydrological cycle via the modification of the microphysical properties of
clouds. Consequently, the amount, lifetime and radiative properties of clouds may be
modified. This is known as the indirect effect of aerosols (e.g. Haywood and Boucher,
2000; Penner et al., 2001; Forster et al., 2007). Absorbing aerosol species, such as
Black Carbon (BC), may also exhibit an effect on clouds. A local warming of the at-
mosphere, induced by absorption of shortwave radiation by aerosols, can result in an
alteration of the relative humidity and stability of the atmosphere. Such changes may
alter cloud formation processes and lifetimes which is known as the semi-direct effect
of aerosols (e.g. Hansen et al., 1997; Ackerman et al., 2000; Cook and Highwood, 2004;
Johnson et al., 2004). Aerosols arise from both anthropogenic and biogenic sources,
which makes elucidation of their impacts particularly difficult. Furthermore, aerosol
emission sources, subsequent processes in the atmosphere and their removal from it,
are a function of meteorological parameters such as temperature, wind and moisture
content. Consequently, perturbation of such parameters under both past and future
climate change scenarios may stimulate potentially significant alterations in aerosol
concentrations (e.g. Denman et al., 2007). Additionally, aerosols themselves may per-
turb meteorological conditions such as circulation patterns (e.g. Denman et al., 2007).
Aerosols are thus a considerable component in the issue of anthropogenically-induced
climate change.

The effect of aerosol upon the Earth’s climate can be represented via several met-
rics. One such metric is the concept of radiative forcing. This is defined as ‘the change
in net (down minus up) irradiance (solar plus longwave; in Wm−2) at the tropopause
after allowing for stratospheric temperatures to readjust to radiative equilibrium, but
with surface and tropospheric temperatures and state held fixed at the unperturbed val-
ues’ (Ramaswamy et al., 2001). Essentially, the Earth system’s energy balance in an
unperturbed state is held in an equilibrium between the flux of incoming solar energy
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and the outgoing flux of longwave radiation. Changes within the climate system intro-
duce a perturbation to this equilibrium by altering the balance between the incoming
and outgoing flux. In terms of the direct effect, aerosols act to reflect incoming solar
radiation back to space. This reduces the amount of solar (incoming) radiation incident
upon the surface, causing a negative radiative forcing resulting in a cooling of the cli-
mate system. This is in contrast to the radiative forcing of greenhouse gases, which act
to increase the equilibrium temperature of the Earth via retention of outgoing longwave
radiation. The concept of radiative forcing is used as a means of comparing and quan-
tifying the relative impacts of both anthropogenic and natural climate perturbations.
Conceptually it is an attractive metric as it can be related to a global mean equilibrium
temperature change at the surface, ∆T eq

s , by the following relation:

∆T eq
s = λ∆F (1.1)

where ∆F is a change in radiative forcing and λ is the climate sensitivity parameter (e.g.
Ramaswamy et al., 2001). However, calculation of the climate sensitivity parameter is
challenging as a result of the uncertainty surrounding calculation and representation
of various climate feedbacks (e.g. Ramaswamy et al., 2001; Forster et al., 2007). The
effects of aerosols on the radiative balance of the Earth make up a component of the
radiative forcing term in equation 1.1.

Atmospheric aerosols exhibit a highly inhomogeneous distribution on a global
scale. Consequently, their impact reflects this distribution. This is particularly evi-
dent over industrialized regions of the Northern Hemisphere such as North America,
Europe and South-East Asia. Regions in the tropics, for example in Indonesia, South
America and Central Africa, where significant seasonal biomass burning occurs, have
a similar effect. These spatial patterns are illustrated in Figure 1.1. Thus, the concept
of a ‘surface forcing’ is a particularly useful metric for assessing the impact of aerosols
on climate. Surface forcing refers to the ‘instantaneous perturbation of the surface
radiative balance by a forcing agent’ (Forster et al., 2007). Such a perturbation will
induce changes in the latent and sensible heat fluxes in addition to changes in solar and
longwave irradiance. Consequently, its properties, magnitude and spatial variability
will be distinct from those pertaining to radiative forcing (Forster et al., 2007). Forster
et al. (2007) concluded that ‘wherever aerosol presence is considerable (namely the
Northern Hemisphere), the surface forcing is negative, relative to pre-industrial times’.

The spatial distribution and properties of atmospheric aerosols have a major im-
pact upon the climate system. In particular, the life cycle of aerosols is often poorly
represented in global and regional aerosol models (Textor et al., 2006). Consequently,
accurate knowledge regarding its properties and the spatial distribution of such proper-
ties represents a key area of uncertainty regarding the impact of atmospheric aerosols.
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Figure 1.1: Global maps of aerosol optical depth at 550 nm for the year 2000 for sul-
phate (top) and particulate organic matter (bottom) derived from the AeroCom exercise
(Kinne et al., 2006; Textor et al., 2006). The data is the median value across 10 global
aerosol models operating in their standard configurations. Images were downloaded
from the AEROCOM website (http://nansen.ipsl.jussieu.fr/AEROCOM/).
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1.2.2 Life cycle and properties of atmospheric aerosol

The myriad of processes that govern the sources, formation pathways and removal
mechanisms of atmospheric aerosols lead to substantial complexity when determining
their properties. This complexity is particularly important when attempting to ascertain
the potential impact of the aerosol burden, particularly on the Earth’s climate. Studies
of the perturbation of the Earth’s radiative balance usually aim to distinguish the an-
thropogenic impact that is superimposed upon the natural background. Thus the fact
that aerosol particles arise both from natural and anthropogenic sources presents a sig-
nificant challenge. For example, sulphate aerosol may be formed from both natural
sources from sea surface emissions of dimethyl sulphide (DMS) or from subsequent
oxidation of SO2 emitted from fossil fuel combustion in power stations. Thus such
source profiles need to be constrained in order to establish the anthropogenic contri-
bution. Other examples of natural sources include wind blown mineral dust, sea spray
from the ocean’s surface and volcanoes. The combustion of fossil fuels, such as in
power stations and motorised vehicles, contribute a substantial percentage of anthro-
pogenic emission of aerosols. Agricultural practices, such as biomass burning and the
use of fertilisers, can also contribute significantly to the aerosol burden of the atmo-
sphere.

Figure 1.2 comprehensively illustrates the complex task inherent in attempts to
constrain the impacts of atmospheric aerosols. As well as being regarded as either of
anthropogenic or natural origin, aerosols are also classified according to their method
of formation or emission to the atmosphere. Aerosols directly emitted in the particulate
phase are known as primary aerosols (e.g. Pandis et al., 1995). Examples of primary
particles include wind blown dust, BC and primary organic matter generated during
combustion processes. Those formed via gas-to-particle conversion processes within
the atmosphere itself are known as secondary aerosols (e.g. Pandis et al., 1995). An
example of the formation of secondary aerosol is the formation of Secondary Organic
Aerosol (SOA) from condensation of Volatile Organic Compounds (VOCs) which may
arise from natural emissions from vegetation or anthropogenic emissions such as com-
bustion. Generally, such transitions occur via gas-phase oxidation causing the for-
mation of low vapour pressure products. The formation of new particles may then
occur when the gaseous partial pressure of a compound exceeds its equilibrium pres-
sure above the aerosol surface (e.g. Raes et al., 2000). Low volatility compounds will
readily partition to the particle phase. Semi-volatile compounds distribute between the
gas and particle phases in order to achieve thermodynamic equilibrium. Similarly to
the necessity to separate anthropogenic aerosol from natural sources, it is equally de-
sirable to characterise aerosol sources to primary and secondary sources in order to
effectively regulate their emission sources.

Size distributions of aerosols in the atmosphere span several orders of magnitude
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Figure 1.2: Sources of typical aerosol species. The figure is adapted from Pandis et al.
(1995). OC refers to Organic Carbon and EC refers to Elemental Carbon.

(e.g. Pandis et al., 1995). An aerosol’s size is of major importance when considering
its potential impact; categorisation on the basis of size is therefore necessary. Gener-
ally, a distinction is made between particles larger than 2.5 µm, so called coarse mode
particles and those smaller than 2.5 µm, which are known as fine mode particles.

Coarse mode particles are generally produced mechanically, whilst there are a num-
ber of formation pathways for fine mode particles. The coarse mode contains a signif-
icant fraction of the total aerosol mass, although particles in this mode are present in
very low number concentrations. Furthermore, particles are efficiently removed from
this mode via dry deposition due to their high sedimentation velocities (e.g. Pandis
et al., 1995).

The fine mode is further sub-divided between the nucleation mode, for particles
smaller than 0.01 µm, the Aitken mode, from 0.01 to 0.1 µm, and the accumulation
mode, for particles between 0.1 to 2.5 µm. The accumulation mode overlaps both the
fine and coarse modes at approximately 1 µm. The nucleation mode comprises freshly
produced aerosol formed via the emission of gaseous precursors (Kulmala, 2003; Kul-
mala et al., 2004). The Aitken mode consists of relatively fresh particles often associ-
ated with combustion sources, such as vehicle exhausts, and the coagulation of smaller
particles (e.g. Pandis et al., 1995). The Aitken mode dominates the aerosol number
distribution; however, the small size of these particles typically results in this mode
accounting for a small percentage of the mass concentration in the atmosphere (e.g.
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Pandis et al., 1995). The accumulation mode accounts for the majority of the aerosol
surface area and makes up a significant proportion of the number distribution (e.g. Pan-
dis et al., 1995). The differing formation and growth processes in the atmosphere lead
to preferential accumulation of particles in this mode. Coagulation and condensation
processes involving existing particles are the primary sources of particles in this mode.
Furthermore, particles in this mode are somewhat insusceptible to dry deposition pro-
cesses. Consequently, particles in the accumulation mode reside in the atmosphere on
significantly longer time scales (e.g. Pandis et al., 1995).

The removal of aerosols from the atmosphere is governed by two processes: dry
and wet deposition (e.g. Pandis et al., 1995). The dry process constitutes deposition to
the Earth’s surface. Wet deposition occurs as a result of the scavenging of aerosol by
cloud droplets and subsequent loss via precipitation. Another form of wet deposition is
the capture of aerosol by falling precipitation, a process often referred to as "washout".
The relatively short residence time of aerosols in the troposphere is a consequence of
the efficiency of these processes. The lifetime of tropospheric aerosols ranges from less
than a day up to two weeks in the boundary layer, while aerosols in the free troposphere
can reside for up to a month (e.g. Pandis et al., 1995; Raes et al., 2000).Coupled with
the inhomogeneities in the distribution of aerosol sources, aerosols in the troposphere
vary markedly in both composition and concentration (e.g. Pandis et al., 1995). Conse-
quently, the impacts of tropospheric aerosols are usually confined to local to regional
scales.

The key parameters for determining the direct radiative effect of aerosols are the
optical properties of the aerosol population. The principal optical characteristics are
described by the single scattering albedo, the specific extinction coefficient and the
scattering phase function (e.g. Haywood and Boucher, 2000). Such optical properties
are determined by the physical and chemical characteristics of the aerosol burden. The
single scattering albedo represents the absorbing nature of a particle. It is the ratio
of the scattering efficiency of a particle to its extinction efficiency, where the latter is
defined as the sum of the absorption and scattering efficiencies. The specific extinc-
tion coefficient relates how incident light is attenuated by an aerosol population as it
interacts with it. As with the extinction efficiency, this may be defined as the combined
effect of a scattering and absorption coefficient. The value of the extinction coefficient
for an aerosol layer can be coupled with the depth of the layer to prescribe an Aerosol
Optical Depth (AOD e.g. Haywood and Boucher, 2000). The scattering phase function
relates how light scattered by an aerosol particle has an angular dependency. Parti-
cles scatter primarily in the forward direction. However, this asymmetry does not hold
for small particles with diameters approximately less than 0.1 µm (e.g. Seinfeld and
Pandis, 1998). The scattering phase function can be integrated in order to calculate
the asymmetry parameter or the backscatter fraction (e.g. Charlson et al., 1992). Such
properties are a function of the particle’s size, the refractive index of the particle pop-
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ulation and the wavelength of the incident light upon it. The effect of composition is
important as different chemical species have different complex refractive indices. The
effect of internal mixing of chemical species within an aerosol particle is particularly
complicated when assessing the refractive index. Radiative impacts are also dependent
upon the solar zenith angle and the nature of the surface underlying the aerosol.

The residence of aerosol species in the accumulation mode is particularly impor-
tant with regard to its interaction with solar radiation. The mass scattering efficiency
of ambient aerosol particles is most efficient between 0.1 and 1.0 µm (Seinfeld and
Pandis, 1998). Thus, the accumulation mode covers this more efficient range. Parti-
cles residing in the accumulation mode are also adept at taking up water at a given
relative humidity. Such hygroscopic aerosol particles can significantly alter the size
and chemical composition of the aerosol. Water associated with the aerosol burden can
greatly exacerbate the aerosol direct effect, particularly via increasing the AOD. Con-
sequently, precise measurements of the size distributions and chemical composition of
ambient aerosol, particularly of the accumulation mode particles, is required in order to
assess their climate effect. Coupled with their prolonged residence in the atmosphere
compared to particles in smaller or larger size ranges, accumulation mode particles are
particularly important in terms of the climatic impact of atmospheric aerosol.

1.2.3 Aerosol chemical composition

The effects of chemical composition on the direct effect are particularly important in
terms of attribution of climate change and have direct policy implications. Measure-
ments of the chemical composition of the aerosol population, particularly as a function
of size are required in order to constrain the estimates for the radiative impacts of in-
dividual species. Furthermore, the effects of mixing state and relative humidity upon
aerosol properties is a key aspect relating to aerosol chemical composition. The fol-
lowing discussions will focus upon accumulation mode aerosol and the major inorganic
and carbonaceous species present in this size range, namely sulphate, nitrate, organic
carbon/matter and BC.

The composition of atmospheric aerosols may be broadly categorised as having
an inorganic and an organic fraction. The organic fraction refers to carbon contain-
ing compounds. Conversely, the inorganic fraction refers to compounds that do not
contain carbon. The variation in aerosol chemical composition is dependent upon a
number of factors including location, season and source strength. The processes which
govern the formation and transformation of the aerosol species are also of paramount
importance. Pandis et al. (1995) state that the aerosol chemical components present in
the troposphere includes “sulphate, ammonium, nitrate, sodium, chloride, trace metals,
carbonaceous material, crustal elements and water”. BC and organic carbon make up
the carbonaceous fraction of the aerosol population.
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Sulphate aerosol particles present in the troposphere can exist in a range of partic-
ulate forms, including sulphuric acid (H2SO4), ammonium bisulphate ((NH4)HSO4)
and ammonium sulphate ((NH4)2HSO4). Sulphate aerosol is particularly efficient at
acquiring water. This hygroscopic nature determines its ability to grow via condensa-
tional processes and also its removal from the atmosphere via its scavenging by cloud
droplets. The acidity of sulphate aerosol particles in the atmosphere is governed by the
presence of ammonia; ammonia either partly or completely neutralises the H2SO4 par-
ticles. Sulphate aerosols are formed via a number of processes, including; oxidation of
sulphur dioxide (SO2) via gas phase reactions with the hydroxyl radical, OH, aqueous
phase reactions within cloud droplets and via condensational growth onto pre-existing
particles. As such, it is present as either a liquid droplet or in a partly crystallised form.
Sulphate aerosol sources include sulphur dioxide emissions from fossil fuel burning,
volcanoes and biomass burning and DMS from oceanic biogenic sources. Sulphate
scatters radiation across the solar spectrum, with some small absorption in the near
infra-red spectrum (e.g. Forster et al., 2007).

Ammonium nitrate aerosol is a semi-volatile inorganic salt. Its formation is gov-
erned by the relative concentrations of nitric acid, ammonia and sulphate species.
When sulphate is fully neutralised and an excess of ammonia is present, ammonium
nitrate may form in the particle phase (e.g. Stelson and Seinfeld, 1982a). An alterna-
tive route for its formation is the deposition of nitric acid onto coarse mode particles
such as sea-salt and alkaline mineral particles, which rather than forming ammonium
nitrate, forms sodium nitrate. Nitric acid (HNO3) is formed during the day when ni-
trogen oxides are oxidised by OH. Alternatively, it may form in the absence of solar
radiation, when the nitrate (NO3) radical is able to form. The NO3 radical forms via
the oxidation of oxides of nitrogen by ozone. A further reaction with NO2 forms N2O5,
which is then able to form nitric acid when water is present. Deposition or condensation
of this gas phase nitric acid may then occur, again forming ammonium nitrate in the
particle phase. Partitioning between the gas and particle regimes is strongly dependent
upon temperature and relative humidity (Stelson and Seinfeld, 1982b; Mozurkewich,
1993). The partitioning is biased towards the particle phase at lower temperatures and
high relative humidity. In common with sulphuric acid, nitric acid is highly soluble, re-
sulting in ammonium nitrate aerosols displaying hygroscopic tendencies (Tang, 1996).
Ammonium nitrate aerosol is essentially non-absorbing in the visible spectrum whilst
exhibiting highly scattering properties across the solar spectrum (Forster et al., 2007).

Carbon-containing compounds are ubiquitous in the atmosphere. A distinction is
usually made between organic carbon and BC. An organic carbon aerosol is a complex
mixture of chemical compounds composed of carbon-carbon bonds. Sources include
both anthropogenic, for example, from fossil fuel and bio-fuel combustion, and natu-
ral biogenic emissions. Hundreds of different organic compounds have been detected
in the atmosphere (e.g. Hamilton et al., 2004; Murphy, 2005). Compounds may be
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emitted in a primary form or in-situ via secondary processes, referred to as Primary
Organic Aerosol (POA) and SOA respectively. Its in-situ formation occurs via con-
densation of semi or low volatility organic gases. Organic carbon aerosols undergo
substantial chemical processing subsequent to emission (e.g. Kanakidou et al., 2005;
Jimenez et al., 2009). This chemical processing by OH, O3 and NO3 results in sub-
stantial changes to the particle’s chemical makeup. For example, such processing may
alter the particle’s hygroscopicity (e.g. Jimenez et al., 2009). A considerable fraction
of the atmosphere’s organic content is known to be soluble to some degree (McFiggans
et al., 2005). At low relative humidity, water is often associated with the organic frac-
tion rather than the inorganic fraction. At higher relative humidity, the hygroscopicity
of organic compounds is considerably less than sulphate aerosol (Kotchenruther and
Hobbs, 1998; Kotchenruther et al., 1999).

BC is a primary aerosol emitted directly to the atmosphere during incomplete com-
bustion processes. BC is strongly absorbing in the solar spectrum (e.g. Forster et al.,
2007). It is emitted as a complex chain structure (e.g. Posfai et al., 2003) such as
long chain agglomerates. However, these structures tend to collapse as a particle ages
(e.g. Abel et al., 2003). BC is assumed to exist entirely in the particle phase due to its
non-volatile nature.

One of the many complicating properties of atmospheric aerosols is the distribution
of their chemical components, known as the mixing state. An externally mixed aerosol
is one where the components are present as pure particles. Nucleation and primary
emissions result in the production of externally mixed particles. When the components
are mixed within a single particle, the aerosol is said to be internally mixed. Aerosols
are subjected to a myriad of processes; the majority of processes compel the aerosol to
form an internal mixture. The mixing state of a particle is significant when deducing
its potential impact. One example involves the coating of an absorbing aerosol, such
as BC, with a relatively non-absorbing aerosol, such as sulphate or organic carbon.
Such a mixing state induces an optical lensing effect whereby the absorption of the
composite aerosol increases (e.g. Chylek et al., 1995; Jacobson, 2002; Schnaiter et al.,
2005; Schuster et al., 2005; Bond and Bergstrom, 2006). Bond et al. (2006) showed that
such a coating can theoretically increase absorption by a BC-containing particle by 50-
100% for particle core and coating sizes present in the atmosphere. A further example
is a coating of organic carbon around a hygroscopic aerosol such as sulphate. This may
induce a suppression of the hygroscopic nature of the composite aerosol, resulting in
suppressed water uptake by the aerosol (Quinn et al., 2005). Furthermore, a reduction
of its probability of activating to form a cloud droplet may also occur (Xiong et al.,
1998; Chuang, 2003). Consequently, quantitative understanding of a particle’s mixing
state is of primary importance.

The effects of composition have a substantial impact upon the resultant climate
effects. As detailed in the examples in this section, the composition determines the
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absorption or scattering nature of the aerosol population. Furthermore, the interaction
of the aerosol population with water vapour has a substantial impact upon its size, re-
moval and ultimately, its ability to form cloud droplets and precipitation. Its ability for
water uptake in sub-saturated environments also increases its radiative scattering po-
tential. This property, termed the hygroscopicity, is crucial as it determines effects such
as deliquescence, crystallisation and hysterisis. The ambient relative humidity controls
these properties, as increases in the relative humidity lead to the deliquescence point
of a particle; the point at which a particle is able to take up water. If the ambient
relative humidity were to then decrease, a particle may crystallise. However, this pro-
cess displays a phenomenon known as hysterisis (Seinfeld and Pandis, 1998), thus the
crystallisation relative humidity does not match the deliquescence relative humidity.
The mixing state of the particles will also modulate these properties. Consequently,
the detailed representation of the chemical composition is of central importance when
assessing the climate impact of aerosol particles.

1.2.4 Quantifying the aerosol direct effect

Sophisticated methods are required to characterise the radiative forcing of anthro-
pogenic aerosols relative to pre-industrial emissions. In addition, historical anthro-
pogenic radiative forcing estimates are often desired in order to test climate models
against past climate change. Thus knowledge of the temporal evolution of aerosol
species on decadal to centennial time scales is required. Currently, remote sensing and
in-situ measurements cannot provide the required temporal and spatial characteristics
across the whole globe either for the present day or for past changes. Consequently,
advanced aerosol modules are required in order to estimate the global forcing. Such
models use information regarding the atmospheric aerosol life cycle, its optical proper-
ties and its spatial and temporal variation to derive an estimate of the radiative perturba-
tion. The results of such models are then constrained by comparison with observations.
Forster et al. (2007) reported that more complete aerosol modules are now present in a
number of General Circulation Models (GCMs). Some have resolutions exceeding 2◦

by 2◦ in the horizontal direction coupled with greater than 30 vertical levels. In terms
of representing the microphysical properties of aerosols and how the spatial variabil-
ity in their concentrations and chemical composition changes, such a resolution is far
too coarse. Consequently, many aerosol processes require parameterisation in order to
represent them in such models. These are able to provide estimates of the direct radia-
tive forcing from anthropogenic aerosol species, as well as representing natural aerosol
species. Such models provide valuable assessments of the climate impact of aerosols
and their gaseous precursors (Textor et al., 2006).

The development of long term remote sensing surface measurements provides de-
tailed climatological information regarding aerosol parameters. The AErosol RObotic
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NETwork (AERONET, Holben et al., 1998) of sun photometers provides more than
150 operational sites worldwide. The networks principal measurement is that of AOD
as a function of wavelength. This has been supplemented recently by the development
of algorithms to retrieve sky radiance as a function of scattering angle (Dubovik and
King, 2000). Such a measurement allows determination of the size distribution, aver-
aged over the column, and the single scattering albedo. During periods of enhanced
aerosol loading (AOD>0.5), the refractive index for a particular wavelength may also
be determined. As a result of the long term nature of the measurements, these aerosol
properties may be determined on varying time scales, from daily to inter-annual time
scales. Aerosol LIDAR (LIght Detection And Ranging) systems have also been es-
tablished for the European Aerosol Research LIdar NETwork (EARLINET, Matthias
et al., 2004), the Micro-Pulse Lidar NETwork (MPLNET, Welton et al., 2001) and the
Asian Dust NETwork (ADNET Murayama et al., 2001). Of particular note is the sit-
uating of such LIDAR sites with collocated AERONET sites, which provides detailed
remote sensing information on the aerosol vertical column.

Satellite-based retrievals of aerosol parameters have undergone extensive devel-
opment recently. The installation of LIDAR systems on board satellites, such as the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), pro-
vides the possibility to probe the vertical structure of aerosol particles on previously
unobtainable spatial scales. CALIPSO is part of the so-called A-train constellation of
satellites, which operate in formation, providing information on several atmospheric
variables with high time resolution. Measurements of AOD are also performed by
several satellite instruments. These include the Advanced Very High Resolution Ra-
diometer (AVHRR), the MOderate Resolution Imaging Spectrometer (MODIS), the
POLarization and Directionality of the Earth’s Reflectances (POLDER) and the Multi-
angle Imaging Spectro-Radiometer (MISR). However, such measurements are often
biased towards retrievals over ocean surfaces due to the complexity of changing sur-
face characteristics over land. Furthermore, clouds are also a significant problem, thus
calibration and screening for the effects of clouds is required. Despite such problems,
the AOD retrieved from satellites has been shown to agree fairly well with data from
AERONET sites (Myhre et al., 2005). However, this study concentrated on compar-
ing satellite derived measurements over ocean with AERONET data on islands or near
coastal areas. The MODIS and MISR instruments’ performance is generally in better
agreement with the AERONET data compared to the other satellite instruments high-
lighted. These instruments are designed with aerosol retrievals in mind and are able to
resolve AOD over land, thus such an agreement is to be expected (Myhre et al., 2005).

Murphy et al. (2009) presented a purely observational-based estimate of the Earth’s
energy balance in order to potentially constrain the radiative forcing by tropospheric
aerosols. This was based upon measured changes in surface temperature, ocean heat
content and satellite observations of radiative fluxes since 1950. They estimated a
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residual forcing between 1970 and 2000 mainly due to direct and indirect aerosol im-
pacts of -1.1 ± 0.4 Wm−2, which is consistent with the Inter-governmental Panel on
Climate Change (IPCC) estimates given by Forster et al. (2007). A key result of this
analysis was that very large negative estimates for the indirect aerosol forcing could be
ruled out by such an observationally-based estimate.

While satellites have shown the capability to derive aerosol parameters pertinent
to the aerosol direct effect, recent advances have allowed estimates of the radiative
effect of both all aerosols and also the anthropogenic component to take place (e.g.
Bellouin et al., 2005; Chung et al., 2005; Yu et al., 2006). However, such attempts
currently require improvement, especially in constraining the radiative effect over land
(Yu et al., 2006). Significant discrepancies also exist between different approaches (Yu
et al., 2006). In this regard, satellites and models are similar, as the uncertainties are
greater for estimates on a regional basis than on a global basis (Yu et al., 2006). A
significant source of uncertainty for the satellite retrievals is the vertical distribution of
aerosol properties and the effect of cloudy conditions (Yu et al., 2006). Consequently,
observations of such properties are of great importance in attempts to constrain the
direct radiative effect of aerosols estimated by satellites.

Separating the anthropogenic component of aerosol forcing from naturally occur-
ring aerosol species presents a particularly significant challenge. SOA for instance
can form as a result of the mixing of biogenic VOCs with anthropogenic pollutants.
Goldstein et al. (2009) showed that such a process was prevalent in the South-Eastern
United States and that it led to significant AOD values to be measured by remote sens-
ing systems onboard satellite platforms. The seasonal AOD cycle in the region was
shown to peak in summer during the period of enhanced emissions of biogenic VOCs
which accompanies increased temperature. Such a result raises questions for attribut-
ing aerosol radiative forcing, which by convention is defined as being anthropogenic
in origin. Furthermore, linkages between temperature and aerosol emission sources
suggest possible future feedbacks arising due to future climate warming.

In order to successfully represent the global distribution of aerosol radiative im-
pacts and also its temporal evolution since pre-industrial times, sophisticated aerosol
modules are required. A particularly important advance is the representation of key an-
thropogenic and natural aerosol species in models. These include sulphate, BC, organic
carbon/matter, nitrate, sea salt and mineral dust. Such species dominate the aerosol bur-
den in the atmosphere on a mass basis. Consequently, explicit representation of these
species is beneficial for determining the aerosol direct effect and subsequent policy
implications. As a result of the complexity in representing atmospheric aerosols and
their impact, numerical models often produce widely varying results. The AeroCom
exercise assessed the differences between model outputs from sixteen global aerosol
models (Kinne et al., 2006; Schulz et al., 2006; Textor et al., 2006). Textor et al. (2006)
focused upon differences in the aerosol life cycles, as such differences will have a large
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impact upon the simulated aerosol fields and thus the radiative effect. The study found
several areas where there were significant deficiencies when comparing the models.
The hygroscopic nature of the aerosol species showed particularly high diversity. Fur-
thermore, the dispersal of aerosols in both the vertical and horizontal directions showed
significant differences between the compared models. Such factors would benefit from
constraint by observations in order to improve their representation and subsequently
enhance estimation of the radiative effects.

The recent IPCC assessment of the scientific basis for climate change included a
chapter on the ‘Changes in Atmospheric Constituents and in Radiative Forcing’ by
Forster et al. (2007). This collated past results of both observational and modelling
studies relevant to climate change studies in order to assess the current state of knowl-
edge regarding anthropogenic climate change. The best estimate of the aerosol direct
radiative forcing from 1750 to 2005 was given as -0.50 Wm−2 with an estimated error
of ± 0.40 Wm−2. The level of scientific understanding attributed to the direct effect
of aerosols was given as medium-to-low. This reflects the large error associated with
the estimate due to the spread of results indicated by both modelling and observational
studies. The direct effect of sulphate aerosol was given as -0.40 ± 0.20 Wm−2, where
the magnitude of the forcing remained the same as previous IPCC assessments but the
uncertainty was much better constrained. Organic carbon (from fossil fuel aerosols)
was given as -0.05 ± 0.05 Wm−2. This estimate was weaker than previous estimates
by the IPCC and the uncertainty was again constrained. The evaluation of the direct
effect of BC (from fossil fuel aerosols) was estimated at +0.20 ± 0.15 Wm−2, which
was better constrained than previous assessments. A best estimate was given for an-
thropogenic mineral dust aerosols of -0.10 ± 0.20 Wm−2. Forster et al. (2007) also
included estimates for nitrate aerosols of -0.10 ± 0.10 Wm−2 and for biomass burn-
ing aerosols of +0.03 ± 0.12 Wm−2. Comparing the total and species/source specific
estimates is difficult due to the large uncertainties in all cases coupled with the effects
of aerosol mixing state. While progress has certainly been made as regards estimates
of the global mean radiative forcing, large uncertainties are still attached to these esti-
mates. Consequently, significant advancements in both measurements and modelling
of atmospheric aerosol are required.

Figure 1.3 summarises estimates of the direct radiative forcing by aerosols that
were detailed by Forster et al. (2007). These values include estimates based on satellite
retrievals and several aerosol models. On average, the satellite derived estimates show
stronger negative forcing than the model estimates. A key factor identified regarding
the discrepancy was the representation of absorbing aerosol components, particularly
in the presence of cloud. As well as the differences between the model and measured
radiative forcing, there is also significant divergence between the models themselves.
Such a divergence is due to a compendium of uncertainties regarding emission sources,
aerosol properties and factors external to the aerosol burden such as surface albedo and
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Figure 1.3: Estimates of the direct aerosol radiative forcing taken from Forster et al.
(2007). The values are taken from observationally-based studies (Bellouin et al., 2005;
Chung et al., 2005; Yu et al., 2006), independent modelling studies (Jacobson, 2001;
Koch, 2001; Kirkevag and Iversen, 2002; Reddy and Boucher, 2004; Hansen et al.,
2005; Liao and Seinfeld, 2005; Takemura et al., 2005) and AeroCom (Schulz et al.,
2006). The AeroCom results are retrieved using identical aerosol and aerosol precur-
sor emissions. The two model results provided by Liao and Seinfeld (2005) refer to
different simulations using an internal mixture of aerosol (GISS-1) versus an external
mixture (GISS-2). The acronyms for the models are as follows - GISS: Goddard In-
stitute for Space Studies; LOA: Laboratoire d’Optique Atmospherique; SPRINTARS:
Spectral Radiation-Transport Model for Aerosol Species; UIO-GCM: University of
Oslo GCM; GATORG: Gas, Aerosol, Transport, Radiation, and General circulation
model; UMI: University of Michigan; UIO-CTM: University of Oslo CTM; LSCE:
Laboratoire des Sciences du Climat et de l’Environnement; ECHAM5-HAM: Euro-
pean Centre Hamburg with Hamburg Aerosol Module; ULAQ: University of L’Aquila.
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the general state of the atmosphere. A stark example of the impact of uncertainties
regarding representation of aerosol processes is the result from two simulations from
the Goddard Institute for Space Studies (GISS) model presented by Liao and Seinfeld
(2005). They compared the model using an internal mixture of aerosol and an external
mixture, which resulted in a weakly positive and a relatively strong negative radia-
tive forcing respectively. Such an exercise signifies how large uncertainties in aerosol
processes can result not only in significant changes in the modelled magnitude of the
aerosol radiative forcing but also its sign.

The distribution, makeup and magnitude of aerosol emission sources are a key un-
certainty regarding efforts to model the aerosol radiative forcing. An interesting aspect
of the AeroCom exercise summarised in the bottom panel of Figure 1.3 is that the
included models were run using identical aerosol species (namely sulphate, BC, or-
ganic carbon/matter, sea salt and mineral dust) and aerosol precursor emissions. Such
a comparison eliminates these key differences and uncertainties that are usually in-
herent when comparing aerosol models. However, the models still show significant
divergence between their global mean radiative forcing estimates. The ensemble av-
erage of the model does show encouraging agreement with the observationally-based
estimates, with the sign of the forcing reproduced although the magnitude is reduced
by approximately a factor of two. A key feature of the AeroCom models was the major
diversity in the regional representation of aerosol properties and radiative impact across
the models (Kinne et al., 2006; Schulz et al., 2006; Textor et al., 2006). Furthermore,
significant discrepancies were found when comparing to regional observations. Schulz
et al. (2006) concluded that dedicated studies were required on the regional scale in
order to resolve such discrepancies. The key areas highlighted were South-East Asia,
African biomass burning areas, the European plume reaching out over the Eurasian
continental area and the plume from Eastern North America into the Atlantic.

1.3 Thesis overview

A key theme of the previous discussion is the uncertainty governing representation of
aerosol properties and impacts upon the regional scale. This is particularly pertinent
as attention upon the regional scale impacts of climate change receives an increasing
focus. Consequently, the diverse spatial extent of aerosol species requires characterisa-
tion of their microphysical, chemical and optical properties. Areas of uncertainty may
be identified and targeted by observations in order to improve their representation in
numerical models. Observations also provide important validation products to test the
performance of numerical models.

Of particular relevance to this study are the properties of atmospheric aerosol on
a range of scales. Aerosol measurements may be made from the microphysical scale,
on the order of nanometres, up to regional scales, on the order of hundreds of kilome-
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tres. Characterisation of the vertical distribution of aerosol species within the bound-
ary layer and free troposphere require determination; there are significant deficiencies
regarding these aspects. This thesis will utilise measurements from onboard the BAe-
146 research aircraft, which is operated by the United Kingdom’s Natural Environment
Research Council (NERC) Facility for Airborne Atmospheric Measurement (FAAM).
Measurements will be supported by ground-based measurements where pertinent.

No single study regarding atmospheric aerosol can possibly investigate the multi-
tude of pathways through which it may manifest itself upon the Earth’s climate. Con-
sequently, this study will centre upon the assessment of aerosol chemical composition
upon a range of spatial scales throughout Northern Europe. Such findings will then
be used in tandem with measurements of aerosol optical properties in order to explore
their relationship.

The instrumentation, infrastructure and methods employed in this thesis will be
explored in the following section. Subsequent to this, a discussion of the evolution of
aerosol microphysical and chemical properties in polluted environments, particularly
in the Northern (industrialised) Hemisphere will be presented. The impact of such
properties and processes relevant to the optical and radiative properties of the aerosol
burden will also be highlighted.
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Chapter 2

Infrastructure, instrumentation
and analysis techniques

The Facility for Airborne Atmospheric Measurement (FAAM) BAe-146 houses a suite
of novel aerosol related instrumentation which have been utilised throughout this study.
The following chapter will discuss several of the instruments used, with particular em-
phasis upon the Aerodyne Aerosol Mass Spectrometer (AMS, Jayne et al., 2000; Cana-
garatna et al., 2007). An AMS has been operated on board the BAe-146 on a number
of projects since the aircraft’s inception as an atmospheric research aircraft. From July
2004 to August 2007, a quadrupole-based instrument was often part of the instrumen-
tation fit on the aircraft. From November 2007, the mass spectrometer was upgraded
to a time-of-flight variant, which greatly enhanced the sensitivity of measurements of
the size-resolved chemical composition on the aircraft. Specific details regarding the
AMS will be discussed in Section 2.2. Advanced factor analysis techniques regarding
AMS organic aerosol data will also be discussed in Section 2.3.

2.1 The Facility for Airborne Atmospheric Measure-
ment (FAAM)

The facility provides a BAe-146 aircraft in order to facilitate atmospheric research led
by the UK research community. Significant spatial coverage is possible using the air-
craft as it has a typical range of 1800 nautical miles (over 3000 km) and a height ceiling
of 35,000 feet (over 10 km). The aircraft has a cruising speed of up to 796 km hr−1,
with a science speed of approximately 100 ms−1. The maximum duration of a science
flight is approximately five hours. The aircraft can accommodate a scientific payload
of 4600 kg, thus it is able to house several alternative configurations of instruments.
FAAM therefore provides a multi-functional platform capable of conducting studies
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of a range of atmospheric phenomena. Operations are conducted all over the world,
although many focus on the UK.

The FAAM BAe-146 research aircraft houses a suite of instruments capable of
resolving the chemical composition, microphysical, optical and hygroscopic proper-
ties of the in-situ aerosol population. Further remote sensing instruments applicable
to aerosol measurements are also included in the scientific payload. The facility also
provides aircraft position information and measurements of standard atmospheric vari-
ables, such as temperature and relative humidity. Inboard aerosol instrumentation sam-
ple via stainless steel tubing from Rosemount inlets (Foltescu et al., 1995). Sub-micron
particle losses have been shown to be negligible (Osborne et al., 2007). The follow-
ing section will summarise some of the instrumentation utilised on the aircraft, with
particular focus upon the in-situ aerosol instrumentation.

2.1.1 Aerosol chemical composition

Black Carbon (BC) mass and the number of particles containing a BC core are char-
acterised as a function of particle size using a Droplet Measurement Technologies
(DMT) Single Particle Soot Photometer (SP2, Stephens et al., 2003; Baumgardner
et al., 2004). The SP2 operated onboard the BAe-146 is modified to include a four-
element avalanche photodiode to improve determination of the shape of the scatter-
ing pulses of absorbing particles (Gao et al., 2007). The SP2 derives the diameter,
mass and incandescence temperature of individual aerosol particles via the principles
of light scattering, absorption and emission for particles between 0.15 and 1 µm diam-
eter (Baumgardner et al., 2004). Furthermore, it can provide information on the coating
of the single particles of BC, a highly important variable in terms of aerosol-climate
investigations.

Bulk samples of aerosol composition are also collected using sub-micron and super-
micron filters. These filter samples can be analysed post flight in order to derive addi-
tional chemical composition. Determination of the concentrations of refractory aerosol
components, such as aluminium, silicon, iron, calcium and sea salt, are particularly de-
sirable as these are not measured by the AMS. These additional measurements related
to the composition of the aerosol population are particularly useful as they comple-
ment the AMS instrument and provide additional information pertinent to the study of
atmospheric aerosol.

2.1.2 Aerosol microphysical properties

A Condensation Particle Counter (CPC) provides total particle counts above a given
threshold size. The main principal of operation with such instruments is that particles
are grown by passing them through a saturated vapour chamber prior to cooling. The
resultant grown particles are consequently large enough to be detected and counted by
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a laser beam. Currently, an Aerosol Dynamics Inc. Water-based Condensation Particle
Counter (WCPC, Model 3786-LP, Hering et al., 2005) modified for operation at low
pressure is used, which as the name suggests, uses water as the vapour in the saturation
chamber. Prior to the WCPC model, a TSI 3025A CPC was operated on the aircraft
as one of the core instruments since the facility’s inception. The vapour used by the
3025A CPC was butanol. Both instruments had a low size cut-off of approximately 3
nm.

Number size distributions are measured via a wing-mounted Particle Measurement
Systems (PMS) Passive Cavity Aerosol Spectrometer Probe 100X (PCASP, Liu et al.,
1992; Strapp et al., 1992) and an inboard Scanning Mobility Particle Sizer (SMPS,
Wang and Flagan, 1990). The SMPS provides size distributions between 10-350 nm.
The SMPS sizes particles according to their electrical mobility, while continually ramp-
ing the classifying voltage of a Differential Mobility Analyser (DMA). Particles within
the mobility range of the applied voltage are separated from the main flow and trans-
ported to a detector. Particles in each mobility bin are then counted using an identical
WCPC model to the core FAAM instrument. The PCASP instrument uses the principle
of light scattering intensity to measure the size of a particle and segregates these into
one of fifteen size bins, which span the diameter range of 0.1-3 µm diameter. Par-
ticle size is determined via experimental calibrations using Di-Ethyl-Hexyl-Sebacate
(DEHS), which is converted to a Polystyrene Latex Sphere (PSL) equivalent size. Via
combination of the SMPS and PCASP measurements, size distributions from 10-3000
nm may be determined yielding significant information on the sub-Aitken and accu-
mulation mode aerosol.

A DMT Cloud Condensation Nuclei (CCN) counter (Roberts and Nenes, 2005)
has recently been added to the aircraft payload. The instrument comprises two con-
stant flow longitudinal thermal gradient columns, which operate at a controlled super-
saturated humidity in the range 0.07-2%. Particles which ‘activate’ at the given super-
saturation are then detected by an optical particle counter, thus the number concentra-
tion of CCN is determined. The two columns allow two different super-saturations to
be studied in parallel.

2.1.3 Aerosol optical properties

The Radiance Research Particle Soot Absorption Photometer (PSAP) measures the ab-
sorption intensity at 567 nm via monitoring the rate of decay of light transmission due
to accumulation of absorbing particles upon a filter. Several corrections to the PSAP
absorption coefficient are required (Bond et al., 1999). These include misinterpreta-
tion of scattering as absorption by purely scattering particles and overestimation of
the absorption intensity as a result of multiple scattering due to external mixtures of
absorbing and scattering particles.
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Complementary to the measurement of absorption coefficient by the PSAP is the
TSI 3563 Nephelometer (Anderson et al., 1996), which measures the total scattering
and hemispheric backscattering coefficients of dry aerosol particles at 450, 550 and
700 nm. The nephelometer system onboard the BAe-146 comprises two separate in-
struments operating in series (Osborne et al., 2007; Haywood et al., 2008). The first
nephelometer measures the sample aerosol in a ‘dry’ condition. The aerosol sample
is then passed through a controlled humidifier, which cycles between a 20-90% Rel-
ative Humidity (RH) range prior to being sampled by the second instrument in order
to measure the scattering intensity as a function of RH. This allows determination of
the hygroscopic scattering enhancement, f (RH). The instrument requires additional
corrections as a result of angular truncation of the scattering signal and non-lambertian
source errors (Anderson and Ogren, 1998).

On the BAe-146, the inlet system prior to the nephelometer and PSAP is not ac-
tively dried; instead the sample is dehydrated as a result of ram heating upon entering
the inlet system. Consequently, the relative humidity of the sample is known to vary as
a function of the ambient relative humidity. This has implications for the determina-
tion of accurate scattering coefficients, which is required for accurate determination of
the single scattering albedo and aerosol optical depth. Furthermore, in moist ambient
environments, it is necessary to parameterise the relative humidity dependence of scat-
tering intensity in order to accurately determine and represent the ambient scattering
intensity. The ‘wet’ nephelometer provides a means of determining this response based
on in-situ measurements.

2.1.4 Trace gas species

Several instruments which resolve the concentration of atmospheric trace species are
operated as part of the core instrumentation payload. Measurements of carbon monox-
ide (CO) are made using an Aero-laser AL5002 fast response CO monitor. The in-
strument uses laser induced fluorescence to detect CO. Within the planetary boundary
layer, the CO concentration is an important tracer for combustion emissions. In the free
troposphere, it is an important quantity when studying large-scale pollution transport
due to its relatively long lifetime of approximately one month. Ozone (O3) is detected
using a Thermo Electron Corporation (TECO) 49 UV photometric instrument. The
concentrations of nitrogen oxides (NOx), the summation of Nitric Oxide (NO) and
Nitrogen Dioxide (NO2), NO and NO2 are measured using a TECO 42 chemilumines-
cence monitor. The production or consumption of ozone in the atmosphere is linked to
the oxidation of Volatile Organic Compounds (VOCs) in the presence of NOx. NOx is
readily associated with anthropogenically influenced air masses.
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2.2 The Aerosol Mass Spectrometer (AMS)

The Aerodyne AMS (Jayne et al., 2000; Canagaratna et al., 2007) has demonstrated the
capability to quantitatively measure size-resolved chemical composition of particulate
matter of widely varying volatility (Jayne et al., 2000; Allan et al., 2003b; Jimenez
et al., 2003; Canagaratna et al., 2007). Furthermore, it is capable of providing such
quantitative measurements with both high time resolution and in a range of environ-
ments (e.g. Canagaratna et al., 2007). Consequently, it is particularly well suited to
measurements of climatically important parameters pertaining to the aerosol direct ef-
fect. Several iterations have been developed and some of these will be discussed in the
following chapter.

The Quadrupole AMS (Q-AMS) introduced by Jayne et al. (2000), was the first it-
eration of the AMS. It was developed in response to the need to provide instrumentation
which was capable of providing "real-time analysis of size resolved aerosol, mass and
chemical composition". Detailed descriptions of the instrument appear in the literature
(e.g. Jayne et al., 2000; Allan et al., 2003b; Jimenez et al., 2003; Canagaratna et al.,
2007). A recent advancement in the development of the AMS has been the utilisation
of various time-of-flight mass spectrometers in place of the traditional quadrupole mass
spectrometer (Drewnick et al., 2005; DeCarlo et al., 2006; Canagaratna et al., 2007).
The aim of such a development has been to further improve the sensitivity and time
resolution of the AMS (Drewnick et al., 2005). The first deployment of one of these
updated instruments was a version of the AMS which incorporated a compact Tofwerk
AG (Thun, Switzerland) orthogonal acceleration reflectron time-of-flight mass spec-
trometer (Drewnick et al., 2005). This work will refer to this version of the AMS as
a compact Time-of-Flight Aerosol Mass Spectrometer (cToF-AMS). A further version
has since been deployed, known as a High-Resolution Time-of-Flight Aerosol Mass
Spectometer (HR-ToF-AMS, DeCarlo et al., 2006). The following section will discuss
the technical aspects of these iterations in more detail as well as their utilisation in the
ambient environment and data analysis techniques.

2.2.1 Instrument description and operation

Conceptually, the AMS can be separated into several different sections, the majority
of which are common to all of the iterations. A schematic of the Q-AMS is shown in
Figure 2.1, where the AMS is separated between the different stages; ‘Particle Beam
Generation’, ‘Aerodynamic Sizing’ and ‘Particle Composition’. It is only the last stage
where the iterations differ markedly in terms of the mass spectrometer employed. The
following section will summarise these different sections and describe the differing
mass spectrometry architecture used in each AMS version.

The ‘Particle Beam Generation’ section of the AMS focuses particles into a col-
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Figure 2.1: Schematic of the Q-AMS from Canagaratna et al. (2007).

limated particle beam prior to entering the detection chamber of the instrument. The
particle inlet incorporates a critical orifice, which controls the flow rate into the in-
strument. A critical orifice of 100 µm or 120 µm is frequently used, which results in
an approximate volumetric flow rate of 1.5 cm3s−1 or 2.0 cm3s−1 respectively. The
orifice reduces the ambient atmospheric pressure to approximately 267 Pa. An aero-
dynamic lens system (Liu et al., 1995a,b) is used to collimate the sampled air into a
narrow particle beam. The system incorporates a series of five apertures, which be-
come progressively smaller in diameter as the flow travels through the lens. Such a
system results in the focusing of the particles into a narrow beam, whilst gas phase
products expand subsequent to their passage through each aperture. The AMS is dif-
ferentially pumped in the vacuum chamber, further increasing the divergence of gas
phase molecules upon them exiting the lens system. The overall consequence of this
design is the formation of a narrow particle beam, which has undergone enrichment
by a factor of approximately 107 compared to the gases sampled at the inlet entrance.
However, the gas phase still dominates the mass of the beam compared to the mass in
the particle regime.

Extensive computational fluid dynamics simulations of the inlet system have shown
that the AMS inlet design has 100% transmission efficiency to the detection system for
aerodynamic particle diameters between 70 nm and 500 nm (Jayne et al., 2000; Zhang
et al., 2002, 2004). Furthermore, there is still significant transmission for particles in
the 30-70 nm and 500-2500 nm ranges. Smaller particles (i.e. those smaller than the
size cut-off) are lost as a result of them following gas streamlines in the lens system.
Particles larger than the upper cut-off are lost due to deposition upon the walls of the
apertures. An a priori assumption as regards the transmission efficiency is that particles
are spherical or near-spherical. Highly non-spherical particles, including long chain
agglomerates such as BC, are known to be inefficiently focused by the lens system
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Figure 2.2: Schematic of the AMS detection scheme from Canagaratna et al. (2007).

(Liu et al., 1995b). Consequently, the AMS is ideal for the study of the majority of
ambient atmospheric accumulation mode particles, the most important size range in
terms of the climate effect of atmospheric aerosol.

The ‘Aerodynamic Sizing’ section of the AMS utilises measurement of a particle’s
time of flight in order to measure its size. The particle beam exits the aerodynamic
lens system into a vacuum chamber. Consequently, the particle’s velocity increases
supersonically as a function of its vacuum aerodynamic diameter. Upon measurement
of the particle time of flight through the length of the chamber, the particle’s velocity
and thus its size may be inferred. The mechanical chopper wheel is used to moderate
the particle beam via operating it in one of three modes. The chopper has two radial
1-4% slits located 180◦ apart, which acts to modulate the beam by allowing packets
of particles to pass through it to the detection region. This is known as the ‘chopped’
position. It may also operate in the ‘open’ position, allowing particles to pass through
freely to the detection region, or in the ‘closed’ position, which completely blocks the
beam. The use of the chopper in the ‘chopped’ position allows the setting of the start
of the measurement of the particle’s time of flight. The chopper is operated at a user
definable rate, usually in the range of 100-150 Hz. Consequently, an average ensemble
of the detected aerosol particles may be generated, resulting in the production of mass-
size distributions.

In the ‘Particle Composition’ section of the AMS, shown in Figure 2.2, particles
impact upon a resistively heated surface. The surface is usually operated at a tempera-
ture of 550-600◦C. Upon impact, the non-refractory component of the particle beam is
flash vaporised. The resultant gas is then ionized via electron impact ionisation by im-
pacting the gas phase molecules with 70 eV electrons emitted by a Tungsten filament.
Electric fields are then employed to transfer the ionized gas to the mass spectrometer.
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By separating the vaporisation and ionisation steps of the detection scheme, the
AMS is capable of delivering quantitative information on the chemical composition of
the entrained sample. The thermal flash vaporisation stage results in minor chemical
fragmentation prior to the ionisation stage. Consequently, volatile and semi-volatile
chemical species are detected efficiently, including sulphate, ammonium, nitrate and
organic matter. However, low volatility solid particulate matter is not desorbed upon
contact with the heated surface. Species such as sea salt, metal oxides, desert dust and
BC are consequently not measured by the AMS under normal operating conditions.
The AMS, therefore, measures only the Non Refractory (NR) component of the sample.
The NR component is operationally defined as species that rapidly vaporise (on the
order of 100 µs) at the operating temperature of the AMS. Thus, the AMS measures
the total NR aerosol mass loading. The ionisation method used by the AMS produces
some fragmentation of the molecules sampled. However, the key advantage of this
system is that known chemical products exhibit a reproducible response when subjected
to electron impact ionisation. Consequently, such a response may be related to the
molecular structure of the sampled molecule (McLafferty and Turecek, 1993).

The AMS typically has two modes of operation; Mass Spectrum (MS) mode and
Particle Time-of-Flight (PToF) mode. The MS mode operates by alternating the chop-
per between the open and blocked positions. By operating the chopper in the open
position, the entire particle beam, plus any gas phase species present in the system,
passes through to the detection region. In order to generate a mass spectrum of the
sampled species, the chopper is operated in the blocked position. This allows the de-
tection of the background gas phase in the instrument. A complete mass spectrum of
the sampled aerosol species is then derived by taking the difference between the open
and blocked mass spectra. The MS mode primary outputs are qualitative information
regarding the aerosol ensemble composition and the generation of quantitative chemi-
cal mass concentrations from the mass spectrum data.

The PToF mode operates by scanning through the m/z range of the instrument
whilst the chopper is set to the chopped position. The passage of the aerosol beam
through a chopper slit is recorded and the signal arriving at the detector is measured
from this point. The particle time of flight is defined as the time taken for a particle to
pass through the chopper slit and its subsequent ion detection by the mass spectrome-
ter. Such signals are averaged over numerous chopper cycles resulting in the generation
of size resolved chemical distributions. The AMS is a vacuum-based system, thus the
sizing metric derived by the PToF mode is the vacuum aerodynamic diameter (dva,
DeCarlo et al., 2004), which is defined as the aerodynamic diameter within the free-
molecular regime. Consequently, the AMS is capable of providing mass distributions
for a particular chemical species as a function of the species’ vacuum aerodynamic
diameter.
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Quadrupole Aerosol Mass Spectrometer (Q-AMS)

Quadrupole mass spectrometers are capable of scanning only one mass-to-charge ratio
(m/z) at any instant. The quadrupole mass spectrometer used by the Q-AMS has a unit
mass resolution up to 340 Atomic Mass Units (AMU), with a scan rate of 1 ms amu−1.
The selected m/z is then transferred to an electron multiplier. As a result of the rel-
atively low ionisation efficiency of electron impact ionizers, the electron multiplier is
crucial as it provides high efficiency amplification (of the order 106) of the ion signal.
This is required in order for the signals to be detected effectively. The pre-amplifier
then converts the flow of electrons into a voltage, whose signals may then be logged by
the acquisition software on a local computer. By continually stepping through the mass
resolution range of the instrument, a complete mass spectrum of the ensemble aerosol
population can be determined in MS mode. In PToF mode, the Q-AMS only filters a
few pre defined m/z in order to maximise the signal-to-noise ratio of the measurement.
As a result, the sensitivity of such measurements is often limited, especially over short
time periods.

As the Q-AMS is capable of scanning only one m/z at a given instant, a complete
mass spectrum of an individual particle is impossible. However, quantitative data is
generated regarding the entire aerosol ensemble. This has been demonstrated by labo-
ratory studies (e.g. Alfarra, 2004), which have sought to compare chemical mass spec-
tra derived by the AMS with those from the National Institute of Standards and Tech-
nology (NIST, Linstrom and Mallard, 2001). Such studies indicate that the AMS and
NIST database compare favourably, provided that the parent molecules are resistant to
thermal decomposition and fragmentation. However, for certain classes of molecules,
such as long chain aliphatic organic molecules, the AMS produces a similar mass spec-
tral fingerprint but with differing intensities to the NIST database. This effect is biased
towards smaller ion fragments. This is a consequence of the vaporisation step prior to
the electron impact stage in the AMS particle detection region (e.g. Canagaratna et al.,
2007). The increased thermal energy obtained by particles in the vaporisation stage
results in increased vaporisation. However, such spectral differences do not preclude
the AMS from quantifying the total mass of organic species (Canagaratna et al., 2007).

A third mode of operation is used in the Q-AMS in order to improve the detec-
tion limits and time resolution of the instrument. This mode is known as Jump Mass
Spectrum mode (JMS, Crosier et al., 2007b) and is an amalgamation of MS and PToF
modes. It operates by scanning only specified m/z, instead of the whole mass spectrum.
The consequence of this change is that a much greater period of time is spent obtain-
ing information on the selected m/z. The same single mass is then scanned in PToF
mode, however, only the open and closed positions of the chopper are used. The result
of this is that a several fold increase in the Signal-to-Noise Ratio (SNR) of the instru-
ment is achieved (Crosier et al., 2007b). This improvement is especially prevalent for
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Figure 2.3: Schematic of the cToF-AMS from Drewnick et al. (2005).

inorganic masses. The improvement in the SNR for total organics is less pronounced
due to the number of organic fragments present in ambient mass spectra. However,
improved SNR is achievable for key organic m/z using JMS mode. The improvement
in the SNR is particularly desirable when the instrument is operated in regions with
small concentrations of aerosol or over short averaging periods, such as when making
airborne measurements.

Compact Time-of-Flight Aerosol Mass Spectrometer (cToF-AMS)

The cToF-AMS system (shown in Figure 2.3) incorporates the standard particle fo-
cusing arrangement, particle sizing and separation of the vaporisation and ionisation
steps that are utilised by the Q-AMS. The distinction between the instruments is the re-
placement of the quadrupole mass spectrometer and electron multiplier system with a
compact time-of-flight mass spectrometer (Steiner et al., 2001). Subsequent to the va-
porisation and ionisation stage, the ions are transferred to an orthogonal time-of-flight
extractor via electrostatic lenses. An extraction pulse is applied in order to orthogo-
nally transfer the ions from the extractor to the time-of-flight section. The flight path in
this section is 430 mm, which is controlled by a two-stage gridded ion reflector. During
the extraction and reflector stages, the ions are accelerated and then collected by the
Multi-Channel Plate (MCP) detector. The output signals from the detector are detected
by a data acquisition card and stored to a personal computer.

The major distinction between the Q-AMS and cToF-AMS systems is the latter’s
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ability to scan a complete mass spectrum at each time step during a chopper cycle
(Drewnick et al., 2005; Canagaratna et al., 2007). This distinction results in a major
improvement in the measurement duty cycle. The cToF-AMS completes a mass spec-
trum typically every 12 µs during MS mode, whilst the Q-AMS takes 300 ms to scan
between m/z 1-300. Thus the cToF-AMS generates approximately 83,300 complete
mass spectra every second, compared with roughly 3 generated by the Q-AMS in that
time. Consequently, the sensitivity and time resolution of the instrument is improved
enormously.

The cToF-AMS is typically operated using the standard MS and PToF modes.
The MS and PToF modes of the cToF-AMS are conceptually similar to the equiva-
lent modes for the Q-AMS. However, the amount of data generated by the cToF-AMS
massively surpasses that produced by the Q-AMS. Consequently the data acquisition
and transfer stages are optimised for the cToF-AMS in order to more efficiently operate
the system (Drewnick et al., 2005).

High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS)

A HR-ToF-AMS has recently been developed with the aim of further improving the
resolution and sensitivity of the AMS systems (DeCarlo et al., 2006). Whilst there has
been an impressive improvement in the resolution and sensitivity of the cToF-AMS
(compared with the Q-AMS) it is unable to distinguish the elemental composition of
ions, which have the same nominal mass. The HR-ToF-AMS is the first real time, field
deployable aerosol mass spectrometer, which is able to disseminate individual mass
peaks within a single unit m/z (DeCarlo et al., 2006). Consequently, it provides the
capability to separate inorganic and organic mass species at the same m/z.

The HR-ToF-AMS uses the same principal modes of operation as the cToF-AMS
i.e. MS and PToF. The main distinction between HR-ToF-AMS mass spectrometer and
the version used in the cToF-AMS is the ion drift path. The HR-ToF-AMS incorporates
a custom-designed Tofwerk AG (H-ToF platform, Thun, Switzerland) high-resolution,
orthogonal time-of-flight mass spectrometer (DeCarlo et al., 2006). It is capable of
switching between two different reflectron configurations. This configuration changes
the effective path length within the mass spectrometer. The mass resolving power
of a time-of-flight mass spectrometer increases with increasing effective path length.
However, with increased path length, ion lateral broadening effects cause a reduction
in detected signal. Consequently, there is a trade-off between the increased resolv-
ing power and decreased sensitivity governed by the effective path length of the mass
spectrometer.

The two modes of operation of the mass spectrometer for the HR-ToF-AMS are
distinguished by their ion trajectory. They are referred to as V-mode and W-mode
because of the path of the ions within the mass spectrometer. In V-mode, the ions
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follow the standard trajectory from the extraction region into the reflectron and back
to the MCP detector. In this mode, the effective ion path length is 1.3 m, which is
approximately 3 times longer than in the cToF-AMS. In W-mode, the effective path
length is increased to 2.9 m, approximately 6 times longer than in the cToF-AMS. This
is accomplished by directing the ions onto an ion mirror within the mass spectrometer,
resulting in the ions being focused into the reflectron twice prior to detection by the
MCP. Thus the most sensitive configuration for the HR-ToF-AMS is V-mode, whilst
W-mode provides data with a higher mass resolution (DeCarlo et al., 2006).

AMS comparisons

The resolving power of the AMS instrument is greatly enhanced with the advent of
the HR-ToF-AMS. The increase in resolution from the Q-AMS to the cTOF-AMS and
subsequently the HR-ToF-AMS is substantial. The Q-AMS has a very low mass resolu-
tion compared to the subsequent versions of the AMS. The cToF-AMS has a resolution
of approximately 950, whilst the HR-ToF-AMS provides a resolution of approximately
2100 or 4300 dependent upon the mode of operation (DeCarlo et al., 2006; Canagaratna
et al., 2007). The consequence of this increased mass resolving power is that the HR-
ToF-AMS when operating in either V-mode or W-mode is able to distinguish separate
ions at the same nominal mass (DeCarlo et al., 2006).

The detection limits of the Q-AMS have been reported from several studies by
Takegawa et al. (2005), Zhang et al. (2005b) and Salcedo et al. (2006). This was ac-
complished via sampling ambient air through a filter to remove the particle regime
signal. The detection limit ranges reported were 0.02-0.09 µgm−3 for sulphate, 0.01-
0.05 µgm−3 for nitrate, 0.11-0.49 µgm−3 for ammonium and 0.15-0.73 µgm−3 for
organics. Such studies have displayed the quantitative capability of the Q-AMS in the
ambient environment. Drewnick et al. (2009) presented a continuous method to mon-
itor AMS detection limits and found similar detection limit values for the Q-AMS to
those reported previously. Furthermore, Drewnick et al. (2009) also calculated detec-
tion limits for a cToF-AMS and found that they were reduced by an order of magnitude
compared to the Q-AMS. The improvement for organics was particularly profound as
cToF-AMS had a detection limit of 0.03 µgm−3 compared with a value of 0.5 µgm−3

for the Q-AMS. DeCarlo et al. (2006) reported detection limits for the HR-ToF-AMS
of <0.04 µgm−3 in V-mode and <0.4 µgm−3 in W-mode. This illustrates the ma-
jor advantage of the upgraded time-of-flight systems compared with the quadrupole
system in terms of the sensitivity of the instrument.

The Q-AMS has previously demonstrated its capability to reliably measure am-
bient aerosol concentrations based on comparisons with collocated instruments (e.g.
Drewnick et al., 2003; Hogrefe et al., 2004; Takegawa et al., 2005; Zhang et al., 2005b).
These results indicated that the organic and inorganic mass concentrations for ambient
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aerosol species from the Q-AMS are comparable to other collocated instruments to ap-
proximately 25% (Canagaratna et al., 2007). Comparisons between the cToF-AMS and
the Q-AMS have been performed using the University of Manchester’s Centre for At-
mospheric Science instruments whilst sampling ambient concentrations in Manchester.
Allan et al. (2010) included a summary of this comparison and found excellent corre-
lations between the species (r2 > 0.94 for all species). The mass concentrations for the
inorganic species agreed to within 5%, while organic concentrations for the cToF-AMS
were 13% greater than the Q-AMS. A speculative reason for the poorer agreement be-
tween the instruments for organics was the possible differences in lens characteristics
of the two instruments. This could lead to an increase in transmission of smaller parti-
cles, which would enhance the mass of organics which tended to dominate in the urban
location sampled. Furthermore, the cToF-AMS data displayed a ‘smoother’ version of
the Q-AMS data because of the enhanced sensitivity of the instrument. The Q-AMS
data displayed significant levels of noise compared with the cToF-AMS when operating
downstream of a zero-particle filter in order to test the instrument sensitivity.

Hings et al. (2007) performed a comparison during a field study at the Taunus Ob-
servatory on the Kleiner Feldberg, which is a hilltop in Central Germany. When com-
paring time series of the cToF-AMS and Q-AMS mass concentrations, they too found
very good agreement between the instruments. However, there were some noticeable
divergences for the organic mass concentrations. This discrepancy was attributed to
the differing mass spectrum acquisition processes of the instruments. As previously
discussed, the cToF-AMS is able to scan a mass spectrum from m/z 0-300 at each time
step whilst the Q-AMS is only capable of scanning one m/z at a time. The discrepancy
was thus attributed to the detection of individual or very large organic particles by the
cToF-AMS. Analysis of the mass spectra during these instances indicated the presence
of pure hydrocarbon-like organic aerosol. Such aerosol components are likely due to
a nearby contamination source. This result highlights the fact that the cToF-AMS has
a much greater probability of detecting such events than the Q-AMS, especially for
organic aerosol components.

Hings et al. (2007) also compared size distributions obtained by the two instru-
ments. The instruments appeared to agree qualitatively during the experiment. How-
ever, there were some discrepancies, particularly in the intensity of the sulphate dis-
tribution. Furthermore, the cToF-AMS size distributions tended to extend to smaller
sizes. Interestingly, it was shown that the organic size distributions derived using the
Q-AMS (using only a few m/z values) were comparable to the size distribution derived
from the ToF-AMS (using all known organic m/z values). Such a result validates the
use of these m/z values to derive size distributions of total organic aerosol species de-
tected by the Q-AMS. The results indicated that the instruments typically agreed within
their uncertainties.
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2.2.2 Data quantification

A primary aim of the development of the Q-AMS was to provide quantitative species
specific information on aerosol particles, particularly in the ambient environment. The
techniques and developments regarding this aim have been discussed in Jayne et al.
(2000), Jimenez et al. (2003) and Allan et al. (2003b,a). Central to this aim was the
development of an AMS analysis suite by James Allan (described in Allan et al., 2003b)
using the Igor Pro data analysis software (Wavemetrics, Inc., P.O. Box 2088, Lake
Oswego, Oregon 97035, USA).

Mass concentrations derived from AMS data use the detected ion signals from the
mass spectrometer. This is achieved using the following formula:

C =
MW

IE.Q.NA
I ×1012 (2.1)

where C is the mass loading in µgm−3 and MW is the relative molecular weight of
the parent species in g mol−1. Q is the volumetric flow rate entering the instrument
in cm3s−1 and NA is Avogadro’s number, which is equal to 6.022×1023 mol−1. IE is
the ionisation efficiency of the parent species and I is the detected ion rate in Hertz
(Hz). The factor 1012 is used to convert from g cm−3 to µgm−3. Equation 2.1 is used
to calculate the mass concentration at a particular m/z. Consequently, to calculate the
mass concentration for a specific species, the summation of the ion signals for each
mass fragment is required. Thus equation 2.1 becomes:

CS =

(
MWS

IES.Q.NA
∑
alli

IS,i

)
×1012 (2.2)

where the subscript S refers to a particular species and i refers to the mass fragments of
species S.

The Ionisation Efficiency (IE) of a particle is a species specific dimensionless quan-
tity. It is defined as the number of ions detected per molecule of the parent species (e.g.
Canagaratna et al., 2007). Essentially, it is the probability of a sample particle being
ionised, extracted through the mass spectrometer and subsequently being detected. Ex-
plicit categorisation of this quantity proves impossible because of the species specific
nature of the IE. This is particularly the case for the vast array of organic molecules
present in the atmosphere. Consequently, a reference framework is used to derive an
appropriate IE, where the ion signals at m/z 30 and 46 are used. These m/z signals cor-
respond to the strongest signal intensity for nitrate aerosol, which volatises efficiently
upon contact with the vaporiser. This value is calculated regularly during AMS opera-
tion using a well documented experimental methodology (e.g. Jayne et al., 2000; Allan
et al., 2003b; Canagaratna et al., 2007). Principally, a dry mono-disperse sample of
ammonium nitrate requires generation. This is accomplished by generating an aqueous
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ammonium nitrate solution, which is dried prior to size selection by a DMA system.
The sample is then introduced to the AMS. The ion signals at m/z 30 and 46 are then
counted in PToF mode based on single particle vaporisation events. Via normalising
this value to an estimation of the number of ammonium nitrate molecules present in
the calibration sample, the ionisation efficiency of nitrate may be calculated. The es-
timation of the number of ammonium nitrate molecules is accomplished as the size of
the calibration particles has been pre-selected using the DMA system (usually 300 nm
or 350 nm) whilst the bulk density (1.725 gcm−3) and Jayne shape factor (0.8, Jayne
et al., 2000) are known for ammonium nitrate. The ionisation efficiency of nitrate may
then be used to deduce the ionisation efficiency of other chemical species based on
the assumption that the ionisation cross section of the parent molecules is proportional
to the number of molecules present (Jimenez et al., 2003). Furthermore, assuming
that the ionisation cross section is proportional to the molecular weight of the species,
the following equation may be used to deduce the ionisation efficiency of a particular
chemical species:

MWS

IES
= RIES

MWNO3

IENO3

(2.3)

where subscript NO3 refers to quantities pertaining to nitrate. RIES is a species specific
constant known as the Relative Ionisation Efficiency (Alfarra et al., 2004). This value
is calculated for different chemical species via laboratory experiments or during the
routine ionisation efficiency calibration described above. The importance of equation
2.3 is that a generalised method for the calculation of mass loadings may be derived
via substitution of equation 2.3 into equation 2.2:

CS =

(
1

RIES

MWNO3

IENO3 .Q.NA
∑
alli

IS,i

)
×1012 (2.4)

A major development regarding the analysis of AMS data was the introduction of
the concept of ‘fragmentation tables’ by Allan et al. (2004b). This procedure allows
extraction of species specific mass spectra by breaking up the ensemble mass spectra
according to the chemical species. This technique is possible as a result of the re-
producible dependencies between the relative sizes of the mass spectrum fragments.
Such relationships are definable in laboratory conditions resulting in the generation of
standard AMS fragmentation tables which can be used with the AMS analysis toolkit
software (Allan et al., 2003b). Consequently, this technique has established a more
systematic approach for the analysis of ambient data, which is consistent across differ-
ent AMS users (Allan et al., 2003b). A major enhancement delivered by this approach
has been the possibility to probe chemical types such as polycyclic aromatic hydrocar-
bons, oxygenated and non-oxygenated hydrocarbons (Allan et al., 2004b; Zhang et al.,
2005a). Chemical markers from identifiable sources such as combustion have also been
identified (e.g. Schneider et al., 2006; Alfarra et al., 2007). These tables are amendable
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Table 2.1: Main inorganic and organic ion fragments used to distinguish different
aerosol species in AMS spectra. The bold text refers to the most useful fragments
when identifying species. The table is adapted from Canagaratna et al. (2007).

Group Molecule Ion Fragments Mass Fragments
Water H2O H2O+, HO+, O+ 18, 17, 16
Ammonium NH3 NH3

+, NH2
+, NH+ 17, 16, 15

Nitrate NO3 HNO3
+, NO2

+, NO+ 63, 46, 30

Sulphate H2SO4 H2SO4
+, HSO3

+, SO3
+, 98, 81, 80,

SO2
+, SO+ 64, 48

Organic (Oxygenated) CnHmOy H2O+, CO+, CO+
2 , 18, 28, 44,

H3C2O+, HCO+
2 , CnHm 43, 45, ...

Organic (Hydrocarbon) CnHm CnHm
+ 27, 29, 41, 43,

55, 57, 69, 71, ...

and are continually updated based on new laboratory studies emanating from the AMS
community (Allan et al., 2004b). A summary from Canagaratna et al. (2007) of the key
mass fragments used in the identification of aerosol species is shown in Table 2.1.

The general degradation of the performance of the mass spectrometer with time re-
quires correction in order to perform quantitative measurements (Allan et al., 2003b).
This degradation in performance results in the reduction of the signal magnitude de-
tected during ion events. Such degradation will be uniform for all parent species present
in the aerosol sample. A correction factor is applied based upon the relative strength
of the ion signal at m/z 28 and 32, the mass spectrum peaks for nitrogen and oxygen
respectively. These gas phase constituents, referred to as the ‘air beam’, are assumed to
be constant in the ambient environment. Consequently, any reduction in signal strength
with time at these two signals is a consequence of instrumental performance. Further-
more, the volumetric flow rate into the instrument is also included in the correction,
as this can vary with time; especially when the AMS is located on board an aircraft.
Consequently, a time resolved correction factor is applied across all recorded signals.

A further complicating factor regarding quantitative measurement of aerosol mass
loadings detected by the AMS is the Collection Efficiency (CE) of the instrument. This
quantity is the detected fractional mass compared to the mass which impacts upon
the volatising heater (Huffman et al., 2005). It has been shown to be dependent upon
the species of the aerosol sample, its mixing state and also the ambient environmental
conditions, specifically the relative humidity. Internally mixed aerosol products will
be subject to the same CE. Thus in such circumstances, the same CE would be pre-
scribed to aerosol species such as sulphate, nitrate, ammonium and organics (Alfarra
et al., 2004). For the opposite case of an external mixture, a species and size specific
CE is required (Weimer et al., 2006). Currently, losses due to the CE of the AMS are
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prescribed to particle bounce off the vaporiser (Quinn et al., 2006). Laboratory stud-
ies have indicated that the phase of a particle is the major controlling factor, which
determines the particle bounce off the vaporiser (Matthew et al., 2008). Particles com-
posed primarily of ammonium nitrate or acidic sulphates, existing in a liquid state,
were shown to be sampled with a CE close to 100%. Conversely, dry and solid am-
monium sulphate particles were sampled with a CE of 24±3%. Crosier et al. (2007a)
developed a linear CE correction based on observed changes in collection efficiency
due to changes in ambient nitrate content. The dependence of a particle’s CE upon
the ambient relative humidity has also been shown (Allan et al., 2004a). This study
showed that the mass concentration of sulphate approximately doubled when the inlet
temperature approached the dew point temperature i.e. at high relative humidity. Of-
ten the CE is either deduced via comparison with collocated instruments (Canagaratna
et al., 2007, and references therein) or using the parameterised treatments presented by
Crosier et al. (2007a) or Matthew et al. (2008).

2.3 Factor analysis of ambient organic aerosol

Categorisation of ambient aerosol into distinct subsets is a crucial tool for determin-
ing their impact, developing efficient control strategies and representation in numerical
models (e.g. Lanz et al., 2007; Ulbrich et al., 2009). The AMS aims to resolve the
whole organic aerosol component, thus it is a prime candidate for application of decon-
volution techniques in order to extract information on the sources of organic aerosol
(Zhang et al., 2005a; Ulbrich et al., 2009). Several methods have been applied with this
goal in mind. Zhang et al. (2005a) employed a custom Principal Component Analysis
(PCA), which successfully distinguished between a Hydrocarbon-like Organic Aerosol
(HOA) and an Oxygenated Organic Aerosol (OOA). These components were inter-
preted as Primary Organic Aerosol (POA) and Secondary Organic Aerosol (SOA) re-
spectively. Subsequently, Zhang et al. (2007) developed a Multiple Component Anal-
ysis (MCA) technique which was capable of resolving more than two factors from a
vast number of ambient field campaigns in the Northern Hemisphere. Recent efforts
have focused upon utilisation of Positive Matrix Factorisation (PMF, Paatero, 1997;
Paatero and Tapper, 1994). Several recent publications have detailed its application to
AMS data (e.g. Lanz et al., 2007; Ulbrich et al., 2009). A key feature of PMF is that it
requires no a priori information in order to derive a solution. Another recent numerical
method that has been applied to AMS data is the so-called Multilinear Engine (ME-2,
Lanz et al., 2008). This model includes additional flexibility in that a-priori source
profiles can be included in order to derive a factor solution. Such a method has been
shown to be particularly useful in urban environments, where POA sources are known
to be significant (Lanz et al., 2008).

The following section will include additional information regarding the PMF tech-
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nique as this is the method employed later in this study. While the other techniques
certainly have their merits when combined with AMS data, PMF was deemed the most
appropriate means of analysing the airborne data in this study as it provides a more
subjective means of exploring the organic aerosol component. This is a result of its
constraint of requiring no a priori information regarding organic aerosol composition.

2.3.1 Positive Matrix Factorisation (PMF)

PMF employs a receptor-only factorisation model, which is based on mass conserva-
tion. PMF requires no a priori information regarding a factor profile or time trends in
order to derive a solution. The model assumes that a dataset matrix is comprised of a
linear combination of factors with constant profiles, which have varying contributions
across the dataset. The model employs the constraint of positive values upon the pro-
files and contributions. This results in the derived solution being physically meaningful
in the case of AMS data i.e. positive mass components and positive m/z signals.

The PMF model attempts to solve for the number of constant source profiles with
a time varying concentration component assuming the following form:

Xi j = GipFp j +Ei j (2.5)

where i and j refer to row and column indices in the matrix respectively and p is the
number of factors in the solution. For AMS data, the matrix X is a m × n matrix, where
m corresponds to the ensemble mass spectra values and n refers to the time series of
the data. G is a m × p matrix, where p is the factor time series with m representing a
measurement point in time. F is a p × n matrix, where p corresponds to the average
mass spectra model source profiles and n represents an individual point in the profile.
E is a m × n matrix, which signifies the residual data which the PMF model has not
apportioned at each data point i.e. E=X-GF. The aim of PMF is to minimise this
quantity, thereby explaining a greater fraction of the measured mass.

In order to derive a solution, PMF utilises a least-squares algorithm to iteratively
fit values of G and F to the data. This is achieved by minimisation of a quality of fit
parameter, Q, which is defined by:

Q =
m

∑
i=1

n

∑
j=1

(Ei j/σi j)
2 (2.6)

where σ is the m × n matrix of estimated errors, in the form of standard deviations, of
the points in matrix X. Utilising the data content coupled with the measurement error
results in the most optimum use of the information content of the dataset (Paatero and
Tapper, 1994).

The most challenging aspect of the analysis is the selection of the appropriate num-
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ber of factors. This is a highly subjective aspect of the technique. Previous studies
using AMS data (Lanz et al., 2007; Ulbrich et al., 2009; Allan et al., 2010) have em-
ployed both mathematical measures internal to the PMF solution and external param-
eters in order to choose the appropriate number of factors. Internal PMF diagnostics
and similarity to reference mass spectra are insufficient to identify factors (Ulbrich
et al., 2009). Complementary measurements of properties external to the organic AMS
data are required in order to determine the relevant number of factors. These include
measurements of inorganic chemical components measured by the AMS, other aerosol
components or properties (e.g. BC) and trace gas species.

A potentially complicating issue when selecting an appropriate number of factors
is the potential for linear transformations or "rotations" of the solution. Such transfor-
mations result in PMF solutions being non-unique, as the factor time series and mass
spectra may be combined differently but yield an identical fit to the data. This is a
significant complication as an infinite number of "rotations" may exist while still meet-
ing the constraint of non-negativity (Ulbrich et al., 2009). The potential "rotations"
for a given number of factors is usually explored by varying a parameter known as
FPEAK, which recombines the time series and mass spectra for a given solution. Such
rotations often produce a higher value of the Q parameter, indicating a poorer quality
of fit. However, such changes can often be quite small (e.g. <10%). Regardless of
these difficulties and those mentioned previously, no single metric can determine the
"true" factor solution. Consequently, the most justifiable solution is often chosen via a
combination of PMF internal diagnostics, such as Q, comparison with reference mass
spectra and time series of related tracer species and/or properties.
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Chapter 3

Literature review

Constraint of uncertainties regarding aerosol properties is required on a range of spa-
tial scales in differing environments in order to represent anthropogenic climate change
and regional air quality. Furthermore, deposition of aerosols can also cause regional
eutrophication and acidification. In-situ measurements provide a means of determining
the processes governing aerosol formation and their subsequent impacts. Such studies
also provide detailed information, which can be used to constrain model and remote
sensing methods pertaining to the aerosol direct radiative effect. The following section
will present an overview of aerosol chemical composition in polluted regions based
upon measurement and modelling studies. More specific details will be discussed
regarding regional measurements of aerosol chemical composition and their impact
upon the climate system. Such measurement efforts will mainly concentrate upon on-
line, highly time resolved measurement techniques, as these are more comparable with
the methods employed in this thesis. Many of these studies employed the Aerodyne
Aerosol Mass Spectrometer (AMS), which has been shown in the previous chapter
to quantitatively measure the chemical composition of accumulation mode particulate
matter. A key feature of the AMS is the ability to measure the total concentration of the
organic aerosol component present in atmospheric aerosol, which will be a particular
focus of the following discussion.

The following section is split between a general overview of the global aerosol dis-
tribution and a review of regional studies from polluted environments in the Northern
Hemisphere. Key aspects of these studies will then be discussed, which will form the
broad themes of the thesis.

3.1 Overview of global aerosol spatial distribution

The global emission, production and overall mass burden for several aerosol compo-
nents is summarised in Fig. 3.1 based on estimates from Andreae and Rosenfeld (2008,
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Figure 3.1: Summary of aerosol emission/production and burdens estimated for the
year 2000 from Andreae and Rosenfeld (2008, and references therein). The mass emis-
sion values (in Tg per annum) represent the "best guess" from Andreae and Rosenfeld
(2008) for total particulate matter.

and references therein). The components shown are the major aerosol species that in-
clude a significant anthropogenic fraction. Averaged globally, sulphate is the dominant
chemical component, followed by organic aerosol. Global mass burdens for sulphate
are estimated to be 2.8 Tg, approximately half of which is related to anthropogenic
activities. Nitrate concentrations total 0.49 Tg, which represents approximately 35%
of the anthropogenic sulphate concentration. Primary Organic Aerosol (POA) concen-
trations are estimated to be 1.2 Tg, with biomass burning and biogenic emissions being
the major sources. The Black Carbon (BC) mass burden is estimated to be 0.1 Tg, with
biomass and fossil fuel emissions contributing approximately equal fractions. Sec-
ondary Organic Aerosol (SOA) contributes 0.8 Tg and is thought to be dominated by
biogenic emissions (approximately 90%). Fossil fuel contributions to POA and SOA
range from 3.0-9.0 Tga−1 and 0.05-4.0 Tga−1 respectively.

Global model simulations of the inorganic component of atmospheric aerosols
suggest that sulphate, ammonium and nitrate differ in terms of their spatial distribu-
tion (e.g. Adams et al., 1999; Metzger et al., 2002; Lauer et al., 2005; Myhre et al.,
2006). Sulphate and ammonium are typically evenly distributed when focusing upon
the Northern Hemisphere, due to their strong coupling in the form of ammonium sul-
phate. Nitrate is typically more heterogeneous, with strong gradients exhibited on the
regional scale. Consequently, on the global scale, sulphate concentrations exceed those
of nitrate. However, in locations associated with significant pollution at the regional
scale, nitrate concentrations can be comparable to or greater than sulphate concentra-
tions. Examples of such locations include North America, Western Europe and South-
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East Asia. As a result of its semi-volatile nature, ammonium nitrate displays a sig-
nificant seasonal and daily evolution (Metzger et al., 2002), with peak concentrations
occurring when temperatures are decreased i.e. during winter and at night. Sulphate
displays a significantly less variable seasonal cycle, although concentrations do tend
to peak during summer when photochemical conversion of sulphur dioxide is greatest
(Metzger et al., 2002). Consequently, the contribution of nitrate to the aerosol burden
relative to sulphate displays a strong temporal and regional variation.

Organic Matter (OM) displays a relatively similar spatial distribution and com-
parable concentrations to sulphate in the Northern Hemisphere, although significant
concentrations exist in the Southern Hemisphere in the major biomass burning regions
(e.g. Tsigaridis and Kanakidou, 2003; Lauer et al., 2005; Textor et al., 2006; Hoyle
et al., 2007). Two major features highlighted in such global modelling studies are that:
(i) SOA is generally dominated by the condensation to the particle phase of biogenic
gas phase precursors and (ii) POA is generally greater or equal in terms of absolute
concentration than SOA.

Assessment of the validity of point (i) is particularly difficult, as current measure-
ment techniques struggle to unambiguously discern biogenic SOA from anthropogenic
SOA. Several previous studies in Europe have indicated that SOA is predominantly
derived from biogenic sources, for instance in Zurich (Szidat et al., 2006), rural/remote
areas (Gelencsér et al., 2007) and Göteborg (Szidat et al., 2009). A similar picture is
presented for the United States by Bench et al. (2007), who demonstrated that modern
carbon dominated in rural areas, which suggests a biogenic source. However, measure-
ments in urban plumes and closer to major anthropogenic sources have indicated that
anthropogenic Volatile Organic Compounds (VOCs) are the main source of OM (e.g.
de Gouw et al., 2005, 2008; Bahreini et al., 2009). Furthermore, the presence of both
significant anthropogenic and biogenic sources in close proximity in many areas could
mean that SOA can result from a mixture of both. Studies in the South-Eastern United
States (Weber et al., 2007; Goldstein et al., 2009) have shown that enhanced biogenic
SOA is formed in the presence of anthropogenic pollution. Consequently, discerning a
complete representation of the sources of atmospheric SOA is highly challenging.

Point (ii) contrasts markedly with recent measurements which suggest that sec-
ondary species are ubiquitous and dominant when considering the OM component in
the Northern Hemisphere mid-latitudes, based on source apportionment of AMS data
(Zhang et al., 2007). As previously established, such regions are dominated by an-
thropogenic influences. Zhang et al. (2007) demonstrated that in rural/remote areas,
the oxidised component of OM was dominant and secondary in nature. The fractional
contribution of POA to the OM burden was found to be negligible in such areas. In
urban areas and areas immediately influenced by urban outflow, the contribution of the
primary component was enhanced. However, the secondary component was still the
dominant contributor in such areas. Furthermore, the concentration of Oxygenated Or-
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ganic Aerosol (OOA) was shown to decrease little when comparing urban to downwind
locations (Zhang et al., 2007). This was prescribed to the existence of an extended SOA
source downwind of the urban conurbations.

3.2 Measurements of aerosol chemical composition

Intensive field studies providing measurements of aerosol parameters are of paramount
importance. In-situ measurements provide essential information on aerosol processes,
ranging from microphysical effects to bulk column or layer parameters. Such mea-
surements may take place on a range of temporal and spatial scales. In-situ measure-
ments take place on a range of platforms including surface measurements, from ground
sites and ships, and airborne measurements, from aircraft and balloons. Intensive field
studies often utilise combinations of such in-situ measurements, coupled with remote
sensing measurement techniques.

Several overview articles concentrating on relating and comparing results from the
vast number of in-situ studies have been presented. Some of these will be discussed in
the following section.

Ship-based measurements on the NOAA R/V Ronald H. Brown from several
projects (the first and second Aerosol Characterisation Experiments (ACE 1 and ACE
2), an Atlantic cruise (Aerosols99), the Indian Ocean Experiment (INDOEX), the
Asian Aerosol Characterisation Experiment (ACE-Asia), the Tropospheric Aerosol Ra-
diative Forcing Observational Experiment (TARFOX) and the New England Air Qual-
ity Study (NEAQS)) provided an excellent opportunity to compare results across a
range of environments as common sampling techniques were employed for all of the
studies (Quinn and Bates, 2005). The sources included sea salt-dominated marine envi-
ronments, anthropogenic pollution, biomass burning, biogenic, volcanic and desert dust
aerosols. Chemical composition was assessed based upon filter samples. Sulphate was
found to make up 16-46% of the sub-micron aerosol mass and OM contributed between
1-51%. Consequently, there is substantial variability in the chemical composition of
the sub-micron aerosol mass (Quinn and Bates, 2005). Sea salt was ubiquitous across
both the sub-micron and super-micron size ranges. Nitrate was found predominantly
in the super-micron size range. This was attributed to interaction of gas phase oxi-
dised nitrogen species with sea salt aerosol. The single scattering albedo ranged from
0.89 to 0.99 for continental plumes, with the lowest values coincident with biomass
burning plumes from Africa and plumes from the Indian subcontinent. A major iden-
tified deficiency was that dust, OM and elemental carbon were poorly characterised.
The application of advanced instrumental techniques in order to study these chemical
components was identified as a recommendation for future measurements (Quinn and
Bates, 2005).

Bates et al. (2006) presented a comprehensive synopsis of the aerosol direct ra-
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diative effect based on in-situ measurements, which took place downwind of major
urban/population centres. The regions studied were the North-West Atlantic, North-
West Pacific and North Indian Oceans. The in-situ measurements were also used to
evaluate two chemical transport models. The measurements included mixing state,
mass scattering efficiency, single scattering albedo and angular scattering properties.
The optical properties were also determined in relation to their dependence upon rel-
ative humidity. Direct climate forcing attributed to aerosols was -3.3±0.47 Wm−2

(Northern Indian Ocean), -14.0±2.6 Wm−2 (North-West Pacific) and -6.4±2.1 Wm−2

(North-West Atlantic) with respect to the top of the atmosphere. However, the magni-
tude of the forcings are overestimates as they do not include representation of clouds
in the model domain (Bates et al., 2006).

The dependence of light scattering by aerosols as a function of relative humidity
is a key property required to estimate the aerosol direct radiative effect (Quinn et al.,
2005; Bates et al., 2006). This relationship is known to be modulated by the chemi-
cal composition and size distribution of the aerosol (Bates et al., 2006). Quinn et al.
(2005) developed empirical parameterisations based on the ratio of particulate OM to
sulphate, based on measurements from ACE-Asia, ICARTT (International Consortium
for Atmospheric Research on Transport and Transformation) and INDOEX. The com-
position measurements were made either from filter samples or an AMS. For each
region, increased OM content led to reduced hygroscopicity. Linear fits were derived
for each dataset and were found to be consistent within their overall uncertainties. The
age of the aerosol was found to be the major determining factor controlling the hygro-
scopicity, based upon the degree of oxidation of the OM and the acidity of the inorganic
component (Quinn et al., 2005). Increased acidity and enhanced OM oxidation coupled
with a decreased OM component enhanced the water uptake of the aerosol.

Field studies focused upon the distribution and impacts of anthropogenic aerosols
often focus upon the major source regions of North America, Asia and Europe. The
following section will present details of previous studies, which have characterised
aerosol properties in these regions. Several of the studies have also linked such prop-
erties to their resultant impacts.

3.2.1 Studies in North America

Several studies have concentrated upon the spatial distribution of aerosol across North
America. Heald et al. (2008) compiled measurements of both gas and particulate Or-
ganic Carbon (OC) compounds across North America. Eleven datasets were examined
in total, with Total Observed Organic Carbon (TOOC), which is the summation of
both gas and particle phase OC, being derived for each study. For eight of the eleven
studies, an AMS instrument provided the organic aerosol concentration measurement.
Whilst a clear declining trend in absolute concentrations of TOOC was observed with
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distance from sources, the trend in the relative TOOC contribution to the particle phase
was much less distinct. This was prescribed to the complex balance between aerosol
formation and loss. The observed OC aerosol was dominated by SOA from both an-
thropogenic and biogenic oxidation. Furthermore, particulate OM concentrations often
exceeded that of sulphate, making up between 25% and 54% of the total mean aerosol
mass. Carbon monoxide was found to be well correlated with both gas-phase and
particle-phase OC across all of the studies. The oxygenated component of the particu-
late OM was found to be well correlated with sulphate. This was most likely attributed
to common formation pathways/processes rather than common emission sources.

The first NEAQS field campaign took place across New England and the Middle
Atlantic States during the summer of 2002 (Bates et al., 2005; Kleinman et al., 2007).
Kleinman et al. (2007) reported results from the operation of an AMS on 17 flights
across the region. The study noted that the substantial spatially inhomogeneous dis-
tribution of emission sources would provide a particularly demanding application for
the AMS. Bates et al. (2005) reported concurrent measurements from the NOAA R/V
Ronald H. Brown conducted in the Gulf of Maine. The aircraft AMS results indicated
high average aerosol concentrations (11.1 µgm−3) during the study. The OM fraction
of this average was found to be 6.5 µgm−3. This fraction was found to vary from
more than 70% when aerosol concentrations were low and 40% when high concentra-
tion sulphate plumes were detected. The concurrent sampling in the marine boundary
layer reported by Bates et al. (2005) indicated high levels of OM consistent with these
measurements. The aircraft data indicated that such high concentrations were present
over a large geographical area. Comparisons between the OM concentration and trace
gas species indicated that OM in the region was primarily a result of secondary forma-
tion processes and atmospheric processing. The relationship between light scattering
and non-refractory mass detected by the AMS from the ship-based measurements was
investigated. Based on Mie calculations, OM was found to account for 60±6% and
57±11% of the light scattering (measured at a relative humidity of 55%) during two
pollution events (Bates et al., 2005). However, these measurements were performed
at relative humidities much lower than the measured ambient relative humidity, thus
this does not reflect the water uptake of the aerosol. Bates et al. (2005) speculated that
the reduction in sulphate aerosol concentrations across the United States (Malm et al.,
2002) could eventually lead to the dominance of OM in many regions of the USA. The
study concluded that further elucidation of its impact on both radiative properties and
health is required.

The second NEAQS field campaign took place across the north-east coast of North
America during the summer of 2004 (Wang et al., 2007). Wang et al. (2007) presented
results detailing the dependence of aerosol optical properties upon relative humidity,
which were measured on the NOAA R/V Ronald H. Brown during the study. The
optical properties studied were the hemispheric backscatter, the single scattering albedo
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and the total light scattering coefficient. The hygroscopicity of the aerosol particles was
found to be dependent upon the aerosol chemical composition. Particles containing a
greater proportion of particulate OM were found to exhibit lower hygroscopic response.
Furthermore, less acidic particles were shown to increase the ability of the aerosol
to exhibit hysteresis. A sensitivity study of the influence of relative humidity upon
the aerosol optical properties and its resultant top of the atmosphere aerosol radiative
forcing was carried out. Cooling at the top of the atmosphere was found to increase by
57% as a result of changing the relative humidity from 26% to 82%.

The 2004 ICARTT study included extensive measurements from both ship and air-
borne platforms, which probed the sources of particulate matter in the North Eastern
USA (Quinn et al., 2006; Williams et al., 2007; Brock et al., 2008; de Gouw et al.,
2008). The source regions ranged from local emissions from urbanised areas, emis-
sions from the wider-scale local region and more long-range emissions from industrial
and North American forest fires. Particulate OM was shown to be predominantly sec-
ondary, anthropogenic in origin and photochemically produced within a day subsequent
to the emission of VOCs (de Gouw et al., 2008). The composition of industrial or urban
plumes was primarily composed of sulphate, ammonium and OM (Brock et al., 2008).
The relative fraction of sulphate or OM was modulated by the source history of the
plume. For plumes originating from regions dominated more by industrial and power
generation facilities, the sub-micron particle mass was larger than those from more
urban sources and composed primarily of sulphate and associated ammonium. Fur-
thermore, plumes associated with longer transit histories (3-4 days) were found to be
dominated by sulphate due to enhanced oxidation of SO2 associated with the plumes.
This was in agreement with the ship-based measurements presented by Quinn et al.
(2006). This contrasts with the relatively short (<1 day) time scale for oxidation of
gas-phase VOCs to form SOA (Brock et al., 2008). Consequently, in the North-Eastern
USA, the potential inorganic particulate mass derived from SO2 was determined to be
greater than the potential OM associated with anthropogenic emissions of CO (Brock
et al., 2008).

Williams et al. (2007) presented a novel deployment of a Thermal desorption Aerosol
GC/MS-FID (TAG, Williams et al., 2006) alongside an AMS at Cheboque Point, Nova
Scotia during ICARTT. This provided high time resolution (1 hour) measurements of
organic marker compounds alongside the total OM measurements from the AMS. The
organic markers were used to discern several differing aerosol source types, ranging
from anthropogenic sources from the United States to both longer range and local
biogenic sources from Maine and Canada. The AMS data was then separated into dis-
tinct time periods during these source events, revealing that average OM concentrations
ranged from 33% of the total aerosol mass during the anthropogenic United States out-
flow events and 81% during the longer-range biogenic events transported from Maine
and Canada. Aside from local sources associated with primary aerosol sources, the OM
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was shown to be largely secondary in nature. Such measurements demonstrate both the
importance of air mass history upon the aerosol chemical composition and the major
role of OM in both anthropogenically perturbed and biogenically perturbed air masses.

Quinn et al. (2006) used the ship-based measurements during ICARTT to deter-
mine how sources and processing of ambient aerosol affected its chemical and optical
properties. The acidity of the aerosol population was determined based upon calculated
equivalence ratios based on ammonium, sulphate and nitrate concentrations determined
from AMS measurements. Additionally, the oxygen content of the OM was determined
based upon the contribution of signal intensity at m/z 44 to the total OM concentration.
The signal at m/z 44 corresponds to the CO+

2 ion, which arises from decarboxylation
on the vaporiser surface of the AMS, and is used as a proxy for the level of oxidation
of the OM. Aerosol from local sources was found to be neutralised and composed pre-
dominantly of OM (91%), which was relatively unoxidised. Aerosol from long-range
sources was acidic and comprised of much less OM (30%) but with a much higher
degree of oxidation. These factors were related to the relative humidity dependence of
light extinction, a crucial climate property. Aerosol closer to source was characterised
by lower hygroscopicity in contrast to the more aged and acidic aerosol. However,
sampled forest fire aerosol had a lower hygroscopicity despite its age due to the high
mass fraction of OM. This illustrates that OM can diminish the hygroscopic nature of
the aerosol population.

The Intercontinental Chemical Transport Experiment-North America (INTEX-NA)
experiment was a major NASA science campaign to understand the transport and trans-
formation of gases and aerosols on large spatial scales and their resultant impact (Shi-
nozuka et al., 2007). The experiment took place during the summer of 2004 across
North America. Measurements onboard the NASA DC-8 research aircraft were used
to quantify the aerosol optical properties (Shinozuka et al., 2007). Vertical profiles
of the aerosol optical properties, including measurements of their relative humidity
dependence were conducted on the DC-8. These were used to calculate the aerosol
optical depth for each profile. The majority of the aerosol optical depth (80%) was
concentrated in the bottom 3 km of the atmosphere for 53% of the profiles. This rose
to 74% when considering the bottom 5 km. High Aerosol Optical Depth (AOD>0.4)
was associated with high aerosol loading from the surface layer up to 2.5 km and high
ambient relative humidity. The sampled aerosol in the boundary layer primarily origi-
nated from urban sources. The dry scattering coefficient per dry PM2.5 mass was 3.6
± 1.3 m2g−1. The ambient scattering coefficient per dry PM2.5 mass was calculated
as 5.0 ± 2.2 m2g−1. The relationship between AOD and aerosol dry mass was postu-
lated as a means of estimating aerosol mass over regions observed by satellites, which
commonly derive the AOD field.

The Megacity Initiative: Local and Global Research Observations (MILAGRO) in-
cluded measurements of aerosol chemical composition by an AMS on two airborne
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platforms (DeCarlo et al., 2008; Kleinman et al., 2008) and several ground-based de-
ployments in and around Mexico City (e.g. Aiken et al., 2009; Baumgardner et al.,
2009; de Gouw et al., 2009). MILAGRO was conducted during March 2006 in Mexico
City and the surrounding region. Aiken et al. (2009) presented aerosol chemical com-
position measurements from an AMS from an urban supersite in the heart of Mexico
City. OM was found to comprise approximately 50% of the sub-micron particulate
mass, with SOA being the dominant OM component (close to 50%). Biomass burning
aerosol was also periodically a major component of the sub-micron OM burden. The
results highlighted the strong contribution of secondary species even within an area
heavily associated with major primary emissions from automobile sources and other
primary urban emission sources. de Gouw et al. (2009) reported chemical composition
measurements from a sub-urban site near Mexico City. They included a budget anal-
ysis of TOOC which indicated that SOA formation displayed a strong diurnal cycle,
with peak concentrations/formation in the afternoon, consistent with photochemical
processing. Comparisons with US studies indicated that secondary formation of OM
was relatively similar to those observed in Mexico City.

Baumgardner et al. (2009) presented measurements from the mountain site of Alt-
zomoni (4010m altitude) located 60 km south-east of Mexico City. Thus the site rep-
resented more regional measurements of Mexico City and also the surrounding area.
Air masses arriving at the mountain site from the Mexico City area contained a greater
proportion of OM compared to aircraft measurements over the city itself. An inter-
esting observation was that relatively similar gas-phase and particulate concentrations
were observed for air masses originating from areas not directly associated with Mex-
ico City. This was attributed to either recirculating of Mexico City air masses on the
regional scale or smaller scale dynamical features associated with the mountain top
location.

DeCarlo et al. (2008) reported the deployment of an AMS onboard the NSF/NCAR
C-130 during MILAGRO, while Subramanian et al. (2010) reported the deployment of
a Single Particle Soot Photometer (SP2) on the same platform. OM was found to dom-
inate the sub-micron non-refractory particulate mass and was found to primarily orig-
inate from pollution and biomass burning sources. The pollution OM component was
mainly comprised of SOA. SOA formation from urban sources was found to rapidly
overwhelm POA emissions. Furthermore, OM was found to increase with photochem-
ical age. Inorganic sulphate was shown to be relatively regional in its extent, with vol-
canoes and petrochemical/power plants being the primary sources. Nitrate was found
to be a significant component within the urban area and immediate outflow region.
Nitrate concentrations were highly correlated with CO, indicating an urban source.
Further from the city, its concentration and importance was found to decrease, which
was prescribed to evaporation. Significant BC concentrations were observed over the
city itself, with concentrations exceeding 2 µgm−3, with older/diluted air masses con-
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taining reduced concentrations. More BC containing particles were shown to have a
thicker coating of secondary aerosol species downwind of the city, whereas over the
city, fresher emissions displayed only thin coatings. This is consistent with internal
mixing of the BC containing particles in more-aged air masses downwind of the major
emission source of Mexico City.

Kleinman et al. (2008) reported measurements from an AMS on the DOE G-1 air-
craft during MILAGRO. The composition results were consistent with those presented
by DeCarlo et al. (2008). The ratio of OM to CO was compared to values derived from
measurements in the Eastern US. The comparison found that for OM that had under-
gone approximately 1 day of aging, similar amounts of OM were produced per unit
of CO. Consequently, no “megacity” effect was determined, whereby conversion of
OM precursors in a region characterised by very large emission rates results in greater
yields of OM.

3.2.2 Studies in Asia

INDOEX sought to assess the impact of anthropogenic aerosols on a range of spatial
scales, from individual particles through to the regional climate forcing (Ramanathan
et al., 2001). The most prominent result was the sheer spatial extent of the anthro-
pogenic influence on a regional scale across the South Asian region and the North
Indian Ocean (Lelieveld et al., 2001). Averaged over the North Indian Ocean region
during the course of the experiment, the surface forcing was calculated to be strongly
negative, with a magnitude of 20±4 Wm−2. Strong heating in the lower troposphere
was also diagnosed.

Takami et al. (2005) presented measurements of aerosol chemical composition by
an AMS from Fukue island, Japan in the spring of 2003. The site is predominantly
representative of regional Asian aerosol as no large industrial areas are present upon
the island. OM was shown to be largely secondary in nature and mass concentrations
generally exceeded sulphate concentrations. The aerosol chemical concentration was
strongly determined by the air mass, with high OM mass fractions associated with
Japanese and Korean outflow, whilst sulphate was enhanced during periods associated
with outflow from mainland China. Enhanced fine-mode nitrate concentrations were
observed in the Chinese outflow periods also. Average total mass concentrations mea-
sured by the AMS exceeded 10 µgm−3, indicating the level to which major upwind
pollution sources can perturb relatively clean, regional locations. Shiraiwa et al. (2008)
presented measurements from a follow up study on Fukue island in the spring of 2007,
which combined SP2 and AMS measurements in order to investigate the mixing state
of BC in Asian outflow. The mixing state and impact of BC was found to vary with me-
teorological conditions due to differing air mass trajectories. An important observation
was that BC containing particles had a non-uniform distribution of coating thickness
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i.e. particles in the same air mass ranged from having thin coatings through to thicker
coatings associated with sulphate and organic coatings. This is an important observa-
tion as numerical models often treat BC as either exclusively externally or internally
mixed. Thick coatings upon BC containing particles were shown to enhance aerosol
absorption by 50-60% based upon Mie theory calculations, which led to a decrease in
the single scattering albedo.

The International Global Atmospheric Chemistry Program (IGAC) conducted the
fourth Aerosol Characterisation Experiment (ACE) in South-East Asia. ACE-Asia
comprised two focused components (Huebert et al., 2003):

1. An intensive field campaign, which took place from March to May 2001.

2. A longer-term network of ground stations to probe the spatial and temporal, both
seasonal and interannual, variability from 2000 to 2003.

These components included quantification of the aerosol chemical, physical and opti-
cal properties with the end goal of elucidating their contribution to the radiative impact
of aerosols across the region (Huebert et al., 2003). A wide range of aerosol mod-
els were used in both the planning stages for observations from mobile platforms and
post-experiment, in order to constrain and improve the model representation of aerosol
properties (Huebert et al., 2003). The following discussion will present some key re-
sults relating the in-situ derived chemical composition to the resultant impact of the
aerosol population.

Topping et al. (2004) presented aerosol chemical composition results during ACE-
Asia from the island of Jeju, Korea during April 2004. Size-resolved aerosol chemical
composition measurements from an AMS indicated little variation over the period and
little contribution from sub-100nm particles, indicating that the site was representative
of more-aged air masses. Similarly to the studies by Takami et al. (2005) and Shiraiwa
et al. (2008), OM and sulphate were found to dominate the accumulation mode aerosol.
The relative dominance of these components was strongly dependent upon air mass
history, with OM concentrations increasing significantly when the air mass originated
from Korea. Furthermore, OM measured at the site was shown to be largely secondary
in nature and water-soluble.

Aerosol chemical composition was measured on the Center for Interdisciplinary
Remotely Piloted Aircraft Studies (CIRPAS) Twin Otter and C-130 aircraft during
ACE-Asia (Bahreini et al., 2003; Heald et al., 2005). The Twin Otter study reported the
first deployment of an AMS on an airborne platform (Bahreini et al., 2003). The mea-
surements indicated the impact of different meteorological regimes upon the aerosol
composition in the region. Pollution layers originating from Korea were primarily com-
posed of OM. Chinese pollution layers advecting over the region were found to contain
a higher sulphate fraction. Background aerosol concentrations during the study were
found to be composed of sulphate and ammonium. Such measurements demonstrate

57



the spatial variability of aerosol composition and its modification by the large scale
synoptic situation.

Heald et al. (2005) detailed two independent methods of measuring OC from both
aircraft; thermal optical analysis and Fourier transform infrared transmission spec-
troscopy. The measurements indicated unexpectedly large concentrations in the free
troposphere between 2-6.5 km with little vertical variation, with average concentra-
tions of 4 µgsm−3. The measurements were 10-100 times higher than those computed
with a global chemical transport model (Heald et al., 2005). The detected OC was pre-
scribed to oxidation in the free troposphere of long-lived VOCs. The results have major
implications for long-range pollution transport due to aerosol in the free troposphere
being inefficiently removed from the atmosphere and subsequent radiative forcing of
climate (Heald et al., 2005).

Numerous studies during ACE-Asia detailed the optical properties of the aerosol in
the region and their subsequent radiative perturbation (Carrico et al., 2003; Markowicz
et al., 2003; Quinn et al., 2004; Doherty et al., 2005). ACE-Asia was characterised
by a diverse range of sources including pollution, dust, sea salt and volcanic aerosol.
Mass scattering efficiencies for sulphate, sub-micron OM, sea salt and dust were de-
rived and were found to be comparable to values from previous studies (Quinn et al.,
2004). This indicates that values are relatively constant across different source re-
gions. The prevalence of dust in the region dramatically altered the chemical com-
position, size distribution and optical properties of the aerosol (Quinn et al., 2004).
Dust was the dominant component in terms of the super-micron and sub-1 µm light
scattering (Quinn et al., 2004). Regimes dominated by dust were found to be the least
hygroscopic, whilst volcanic aerosol was found to exhibit the greatest hygroscopicity
(Carrico et al., 2003). Intermediate hygroscopicity was determined for pollution and
marine dominated aerosol, with marine aerosol exhibiting greater hygroscopicity than
pollution aerosol. The influence of relative humidity on aerosol radiative forcing was
probed based on radiometric observations and sensitivity studies using modelled radia-
tive transfer calculations (Markowicz et al., 2003). The mean surface aerosol forcing
efficiency over the Sea of Japan was calculated as -60 Wm−2 with strong enhancements
under high relative humidity conditions (Markowicz et al., 2003).

3.2.3 Studies in Europe

Putaud et al. (2004) presented an overview of aerosol chemical characteristics from a
range of ground-based locations between 1991 and 2001. The 24 included sites ranged
from kerbside, urban, rural and background locations which were mainly located in
North-Western Europe, with some sites in the Mediterranean but none in Eastern Eu-
rope. OM was found to be the dominant component at the majority of sites aside from
some natural and/or background locations where the sulphate contribution was greater.
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A major finding was that in major pollution episodes, nitrate was found to be the dom-
inant chemical component, exceeding that of OM and sulphate. High particulate load-
ings were often associated with colder periods, where pollution dispersion was reduced
and condensation of semi-volatile species to the particle phase was favoured. Abdal-
mogith and Harrison (2005) found a similar relationship between nitrate and high par-
ticulate loading episodes when examining two sites in the UK. Consequently, control
of NOx emissions was established as a significant feature required in pollution control
strategies, particularly in North-Western Europe where NOx and ammonia emissions
reach their maximum (Reis et al., 2009).

Schaap et al. (2002) constructed a European aerosol nitrate concentration field
based upon filter measurements from 1994-1997. Nitrate was found to be a major
contributor to the aerosol burden in Europe, with concentrations exceeding 5 µgm−3

in many areas ranging from Southern England and over continental Europe as far east
as Poland. Nitrate was predominantly found in the fine aerosol fraction (below 2.5
µm). During winter in the area to the north of the Alps, nitrate was 60% or more than
the concentration of sulphate. Comparable nitrate concentrations to Western Europe
were found in the Po-Valley, a highly polluted region in Northern Italy. This work was
followed up in Schaap et al. (2004), where a chemical transport model was used to
simulate the European inorganic aerosol field. Nitrate was found to be a significant
component of European aerosols and displayed a pronounced seasonal cycle. Sulphate
displayed a far less pronounced seasonal variation. During winter, autumn and espe-
cially spring, enhanced nitrate concentrations were shown to exist over much of North-
ern Europe. During summer, enhanced nitrate concentrations were mainly located in
regions with significant ammonia emissions, such as the Netherlands. The contribution
of nitrate to the AOD was approximately equal to that of sulphate in winter and spring
over Europe.

The Aerosol Direct Radiative Impact Experiment (ADRIEX) took place over the
Adriatic and Black Seas during August and September 2004 (Highwood et al., 2007).
The aim of the study was to characterise anthropogenic aerosol in the region and es-
tablish its radiative impacts (Highwood et al., 2007). Crosier et al. (2007a) presented
chemical composition measurements using a Q-AMS, while Osborne et al. (2007) pre-
sented measurements of the associated aerosol optical properties. The study found that
ammonium nitrate concentrations were large in the Po Valley and in the outflow from
this region, particularly over the Northern Adriatic. Furthermore, it was found that it
made a significant contribution to the radiative budget in the region. Particularly im-
portant was the effect of the hygroscopic nature of the aerosol when associated with
moist air masses. The scattering intensity increased considerably when water vapour
was able to condense upon the ammonium nitrate aerosol in such air masses. In the
region, another regime was distinguished, which was composed primarily of OM and
ammonium sulphate aerosol. The dominance of either regime was dependent upon the
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emission history of the air mass. OM in the region was found to be secondary and origi-
nating from anthropogenic sources. The pollution in the region was mainly constrained
to the accumulation mode and resulted in AOD measurements often exceeding 0.2 (Os-
borne et al., 2007), demonstrating the level to which such aerosol chemical components
can perturb the radiative balance in the region. The study underlined the importance
of ammonium nitrate aerosol on regional scales in Europe. The large reductions in
SO2 emissions in Northern and Western Europe when compared to emissions of NOx

has resulted in nitrate aerosols becoming more important in these areas (Crosier et al.,
2007a).

Robles González et al. (2003) demonstrated that strong regional gradients in AOD
were prevalent over Europe, based upon satellite data. These were strongly coupled to
the anthropogenic emissions of SO2 and NOx in major industrial and urban areas. A
regional chemical transport model was combined with the satellite data to investigate
the contribution of specific aerosol species to the AOD over Europe. Sulphate was
estimated to contribute from 15-70% depending upon the proximity to the major source
regions. Nitrate was a major factor across Europe, with between 5-25% of the AOD
being attributed to nitrate. This contribution was particularly large in North-Western
Europe in the Netherlands region and the immediate vicinity in the North Sea.

Koelemeijer et al. (2006) presented a study linking the measurements of particu-
late matter across Europe with MOderate Resolution Imaging Spectrometer (MODIS)
AOD retrievals. The MODIS measurements showed that the major aerosol source re-
gions in Europe were concentrated in the Belgium/Netherlands/Ruhr area, Northern
Italy (particularly the Po Valley) and Southern Poland. This was consistent with the
particulate matter measurements, particularly for the Belgium/Netherlands/Ruhr area
where spatial coverage was better than the other major regions identified. This is con-
sistent with the previously identified prevalence of ammonium nitrate when considering
the sub-micron aerosol chemical composition.

3.3 Key themes relevant to this study

The previous sections have outlined several areas regarding the properties and pro-
cesses that govern atmospheric aerosol. Two key themes have emerged, which are:

1. The evolution of SOA in the atmosphere.

2. The contribution of ammonium nitrate to the European aerosol burden and how
it modulates the resultant AOD field.

These themes will be discussed in the following sections and key questions to be ad-
dressed by this study will be presented.
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3.3.1 Evolution of secondary organic aerosol

Clearly, OM is a major component of the global aerosol burden, with concentrations of-
ten comparable to, or exceeding those of, sulphate. Sizeable contributions and concen-
trations have been observed across the Northern Hemisphere in polluted environments.
However, major deficiencies in our understanding of the life cycle of OM exist. The
differing estimates of the contribution of biogenic and anthropogenic precursors point
to one such deficiency. The large discrepancies between measurements and models
when assigning OM to be either primary or secondary is a further concern. The sub-
sequent evolution of OM downwind of its source regions presents a major challenge
to ambient measurements, laboratory or chamber measurements and aerosol models.
These factors present sizeable questions relating to our ability to understand and pre-
dict the evolution and impact of OM on global and regional climate change, air quality
and environmental degradation.

The high proportion of OM contributing to the sub-micron particulate burden and
apparent dominance by secondary species has been shown to contrast with traditional
atmospheric chemistry models (Volkamer et al., 2006, and references therein), which
generally assign much of the OM to the primary fraction. Furthermore, such discrep-
ancies increase as a function of photochemical age. Such studies have profound impli-
cations for global models, which suggest that the contribution of SOA to the aerosol
burden is limited (e.g. Kanakidou et al., 2005). This directly contrasts with the now
large body of observational evidence.

One avenue of research regarding the mismatch between measurements and mod-
elling of OM, which has gained significant interest recently, is the volatility distribu-
tion of OM. Traditional modelling approaches have prescribed POA to be non-volatile
and inert (Donahue et al., 2009). Furthermore, traditional models have used chamber
measurements of SOA, relative to known precursors to derive yield estimates. Such
traditional approaches may not be representative of the ambient atmosphere, in terms
of their initial concentrations, precursor mixtures and eventual SOA composition and
evolution (e.g. de Gouw et al., 2005; Heald et al., 2005; Volkamer et al., 2006; Kroll
and Seinfeld, 2008). Coupling of a thermodenuder system with an AMS has shown
that the SOA component can be separated in terms of its volatility, with more aged
SOA being less volatile than fresher SOA (Huffman et al., 2009). Additionally, the
POA component was shown to be semi-volatile. Ng et al. (2010) demonstrated conclu-
sively that laboratory derived SOA from chamber studies does not match the observed
ambient composition from a worldwide dataset of AMS measurements; chamber SOA
is typically far less oxygenated than ambient SOA. Heald et al. (2010) showed that the
evolution of OM composition in the atmosphere is a continuum, resulting in a more
oxidised aerosol due to chemical processing.

Recent frameworks have attempted to reconcile such discrepancies by consider-
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ing the entire OM component as semi-volatile (Donahue et al., 2006; Robinson et al.,
2007; Donahue et al., 2009). Consequently, primary emissions of OM are able to par-
tially evaporate upon atmospheric dilution, potentially creating a significant source of
low-volatility gas phase material. Such material may then undergo photochemical re-
actions, namely oxidation, to form SOA. OM components in the Earth’s atmosphere
are thus treated in terms of their volatility distribution, known as the volatility basis set
(Donahue et al., 2006). Such an approach allows atmospheric aging processes to occur
in both the gas and particle regimes via repartitioning and oxidation of OM compo-
nents. This framework has been shown to represent the evolution of OM in laboratory
experiments (e.g. Donahue et al., 2006; Sage et al., 2008; Grieshop et al., 2009) and a
more accurate spatial distribution of modelled OM (e.g. Robinson et al., 2007; Dzepina
et al., 2009). Recently, this paradigm has been implemented to explain OM volatility
and composition variations both downwind of a megacity source (Mexico City) and
across a global ground-based dataset of sites in the Northern Hemisphere (Jimenez
et al., 2009).

The present study is well placed to consider the distribution and evolution of OM
on the regional scale in locations predominantly downwind of their major sources.
Currently the spatial and temporal scales governing the transformation of OM in the
ambient atmosphere are poorly constrained. This study will examine the controlling
features upon its spatial distribution in Northern Europe and its evolution across a range
of spatial scales. This will encompass freshly formed plumes through to background
aerosol, which has undergone significant chemical and atmospheric processing. Such
transformations are vital for assessment of the impacts of OM as they ultimately control
the concentration and properties of the OM burden.

This study will focus upon these key questions related to organic aerosol across
Northern Europe:

1. Is organic aerosol ubiquitous across Northern Europe and what modulates its
concentration fields?

2. To what extent is the regional organic aerosol component secondary in nature?

3. How does the organic aerosol component evolve on the regional scale?

3.3.2 Ammonium nitrate in North-Western Europe

Studies in the North America and Eastern Asia have highlighted the predominance
of sulphate and OM in the sub-micron aerosol mass. Little input from ammonium
nitrate aerosol to the accumulation mode mass has been shown in such studies, ex-
cept in the vicinity of Mexico City (e.g. DeCarlo et al., 2008; Kleinman et al., 2008).
A major observation of the European-based studies is the significance of ammonium
nitrate, particularly under polluted conditions in North-Western Europe (e.g. Schaap
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et al., 2002; Putaud et al., 2004; Abdalmogith and Harrison, 2005; Koelemeijer et al.,
2006) and in the Po Valley region (Schaap et al., 2002; Crosier et al., 2007a). Such
observations are a consequence of the changing emission footprints in these different
regions of SO2, NOx and NH3. Several modelling studies (e.g. Bauer et al., 2007;
Pinder et al., 2007; Makar et al., 2009) have noted that changes in ammonia emissions
result in substantial changes in ammonium nitrate concentrations. Substantial emission
reductions have occurred in Europe, particularly over the past 20 years, with relative
reductions in SO2 emissions decreasing by 66% from 1990-2005 (Monks et al., 2009).
Reductions in NOx (32%) and NH3 (23%) have been much less pronounced over this
period, due to differences in source distributions, abatement measures and reduction
efficiency (Monks et al., 2009). The emission reductions in the United States were less
pronounced than in Europe, while in Eastern Asia, emissions increased (Monks et al.,
2009). Reductions in SO2 emissions were particularly pronounced in Western Europe,
which reduced emissions by 60-80% (Monks et al., 2009). Such relative changes in
aerosol precursor emissions have a direct impact upon the aerosol chemical composi-
tion in Europe, as the reductions in SO2 emissions and associated particulate sulphate
result in a greater availability of NH3 to form ammonium nitrate in the particle phase.
Furthermore, the noted emission changes in Europe are liable to occur in other pol-
luted regions both at present and in the future. This is indicated by the contribution of
ammonium nitrate to pollution episodes in California, which has long been known (e.g
White and Roberts, 1977).

The present study will explore the contribution of ammonium nitrate to the aerosol
burden and its resultant climate impact in Western Europe. Ammonium nitrate is par-
ticularly relevant to studies of the aerosol direct effect as a result of its large light
scattering potential and affinity for water uptake. Furthermore, its formation pathways
are a prime example of how the vertical distribution may impact upon the aerosol ra-
diative affect. Ammonium nitrate formation is dependent on the vertical mixing state
of the atmosphere (Neuman et al., 2003; Morino et al., 2006). It often forms at the
top of the boundary layer as a consequence of partitioning of gaseous NH3 and HNO3

to the particle phase. This partitioning process is biased towards the particle phase at
lower temperatures. As a result, the formation of the particulate mass occurs in an
area of greater relative humidity; thus the aerosol formed will be larger in size due to
additional water uptake. Consequently, the resultant aerosol is likely to significantly
perturb the radiative balance in such circumstances. Representation of the vertical dis-
tribution of aerosols is a significant deficiency in current numerical models (e.g. Easter
et al., 2004; Textor et al., 2006; Isaksen et al., 2009), thus such a phenomenon is of
particular relevance. Ammonium nitrate is often not included in global and regional
aerosol models (e.g. Myhre et al., 2006), as a result of the complexity of representing
semi-volatile components and its interaction with both coarse and fine mode aerosol.
Such an omission could have major implications for regional weather and climate in
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Western Europe, where ammonium nitrate has been shown to be an important con-
stituent of the aerosol burden. Consequently, this study will attempt to characterise the
controlling features related to the spatial distribution of ammonium nitrate in Western
Europe and its resultant optical and radiative impacts.

This study will focus upon these key questions related to ammonium nitrate across
Europe:

1. How much does ammonium nitrate contribute to the European aerosol burden
and what modulates this contribution?

2. How important are its semi-volatile properties in terms of its vertical distribu-
tion?

3. What is the impact of ammonium nitrate upon the European AOD field and re-
sultant direct radiative effect?
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Chapter 4

Papers

4.1 Overview of ADIENT and EUCAARI-LONGREX
experiments

The present study mainly draws upon data associated with two major scientific re-
search programmes; the European Integrated Project on Aerosol Cloud Climate and
Air Quality Interactions (EUCAARI, Kulmala et al., 2009) and the UK Aerosol Prop-
erties, PRocesses And InfluenceS on the Earth’s climate (APPRAISE).

EUCAARI is an EU Framework 6 Integrated Project focussing on aerosol particles
and their effect on regional air quality and climate. EUCAARI brings together the
leading European research groups, state-of-the-art infrastructure and key players from
third countries to investigate the role of aerosol on climate and air quality. The stated
objectives for the EUCAARI project are as follows:

1. Reduction of the current uncertainty of the impact of aerosol particles on climate
by 50% and quantification of the relationship between anthropogenic aerosol
particles and regional air quality, and

2. Quantification of the side effects of European air quality directives on global
and regional climate, and provide tools for future quantifications for different
stakeholders.

One aspect of EUCAARI was a major airborne intensive operation period which
took place during May 2008. This period involved utilisation of multiple airborne plat-
forms and long-term sampling at a variety of ground-based locations across Northern
Europe. Two parallel airborne studies were conducted during this period and were
known as the EUCAARI-LONG Range EXperiment (EUCAARI-LONGREX, hence-
forth referred to as LONGREX) and the Intensive Observation Period at Cabauw Tower
(IMPACT). The BAe-146 took part in the LONGREX campaign in conjunction with
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Figure 4.1: Location of relevant ground-based sites associated with ADIENT and
LONGREX. Cranfield and Oberpfaffenhofen represesent the principal bases of op-
eration for ADIENT and LONGREX respectively. The other ground-based locations
represent the locations of major instrument deployments during the LONGREX flying
period associated with the EUCAARI programme.

the Deutsches Zentrum für Luft-und Raumfahrt (DLR) Falcon 20-E5 (e.g. Wandinger
et al., 2002). The aim of the project was to measure the distribution of aerosol over
Europe via utilisation of airborne in-situ and remote sensing measurements. The gen-
eral strategy for each flight was for the Falcon to fly at high altitude ahead of the
BAe-146 using remote sensing LIDAR to derive on-line profiles of the tropospheric
column. Such information could then be used by the BAe-146 to target areas suitable
for in-situ sampling, generally at low-level. The IMPACT experiment centred around
a ground-based measurement tower at Cabauw, in the Western Netherlands. Airborne
measurements during IMPACT were provided by the French ATR-42 and an Airborne
Cloud Turbulence Observation System (ACTOS), which was suspended from a heli-
copter which operated during the campaign. IMPACT focussed upon cloud-aerosol
interactions in the vertical column above Cabauw, with additional operations in the
North Sea off the Dutch coast. Cabauw formed one part of a network of ground sites
across Europe which included an extensive suite of aerosol and other atmospheric mea-
surements. The locations of these are shown in Figure 4.1. The Falcon and BAe-146
performed several overpasses and vertical profiles over Melpitz, Cabauw and Mace
Head during the course of the campaign.
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APPRAISE is similarly interested in the impact of aerosol particles on climate as
the central aspect is upon understanding atmospheric aerosols in order to improve mod-
els of likely climate changes, with particular emphasis on regional scales. One aspect of
APPRAISE was the Appraising the Direct Impacts of Aerosol on Climate (ADIENT)
project, which aimed to provide information and understanding of the properties and
processes that determine aerosol radiative properties and impacts. This encompassed a
range of spatial scales, from individual plumes up to the regional scale of continental
Europe. The key objectives of ADIENT were as follows:

1. Improved quantification of the key parameters controlling the evolution of the
single scattering albedo and radiative effect of key aerosol types.

2. Assess the relative contribution of primary and secondary aerosol to the global
aerosol burden and their subsequent effects on the radiative budget.

3. Assess the regional variability of aerosol and their effects.

4. The provision of an initial framework for assessments of the climatic impacts of
air quality regulation of particulate material.

The LONGREX campaign formed the broader regional scope of ADIENT, conse-
quently they are heavily linked in terms of their aims and scope. The following papers
will present results and discussions related to the broad aims of these projects. Specif-
ically, this will include the properties, processes and climate impacts of atmospheric
aerosol across Europe.
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4.2 Paper I: Vertical distribution of sub-micron aerosol
chemical composition

Vertical distribution of sub-micron aerosol chemical composition from North-Western
Europe and the North-East Atlantic

W.T. Morgan, J.D. Allan, K.N. Bower, G. Capes, J. Crosier, P.I. Williams and H.
Coe

Atmospheric Chemistry & Physics, 9, 5389-5401, 2009

Publication date: 3 August 2009

Supplementary material available in Section 6.1.

Overview: This paper is a compilation of aerosol chemical composition measure-
ments from the Q-AMS made on-board the BAe-146 in the UK region. Vertical pro-
files of aerosol chemical components are analysed, supplemented by measurements
of aerosol microphysical properties and trace gas species. A cluster analysis of me-
teorological back-trajectories is used in order to distinguish the influence of air mass
history upon the aerosol properties. Major differences in the aerosol chemical com-
position were distinguished between air masses originating from continental Europe
when contrasted with air masses that had traversed the Atlantic Ocean. Continental
air masses contained significantly more pollution, which was predominantly driven by
an increased fractional and absolute contribution from ammonium nitrate. A key ob-
servation was the association of ammonium nitrate with regional pollution episodes in
North-Western Europe. I led the data analysis and manuscript preparation.

Contributions from co-authors: Bower and Williams developed the Q-AMS for use
on-board the BAe-146. Allan, Bower, Capes, Crosier and Williams participated in the
fieldwork. Bower and Coe were involved in flight planning for some of the flights. Coe
assisted in the data analysis and manuscript preparation.
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Abstract. A synthesis of UK based airborne in-situ mea-
surements of aerosol properties representing air masses from
North-West Europe and the North-East Atlantic is presented.
The major focus of the study is the vertical distribution of
sub-micron aerosol chemical composition. Vertical profiles
are derived from a Quadrupole Aerosol Mass Spectrometer
(Q-AMS). Background sub-micron aerosol vertical profiles
are identified and are primarily composed of organic mat-
ter and sulphate aerosol. Such background conditions oc-
curred predominantly during periods associated with long-
range air mass transport across the Atlantic. These instances
may serve as useful model input of aerosol to Western Eu-
rope. Increased mass concentration episodes are coincident
with European outflow and periods of stagnant/recirculating
air masses. Such periods are characterised by significantly
enhanced concentrations of nitrate aerosol relative to those
of organic matter and sulphate. Periods of enhanced ground
level PM2.5 loadings are coincident with instances of high
nitrate mass fractions measured on-board the aircraft, indi-
cating that nitrate is a significant contributor to regional pol-
lution episodes. The vertical structure of the sulphate and
organic aerosol profiles were shown to be primarily driven
by large-scale dynamical processes. The vertical distribution
of nitrate is likely determined by both dynamic and thermo-
dynamic processes, with chemical partitioning of gas phase
precursors to the particle phase occurring at lower tempera-
tures at the top of the boundary layer. Such effects have pro-
found implications for the aerosol’s lifetime and subsequent
impacts, highlighting the requirement for accurate represen-
tation of the aerosol vertical distribution.

Correspondence to:W. T. Morgan
(william.morgan@postgrad.manchester.ac.uk)

1 Introduction

Uncertainty surrounding the impact of atmospheric aerosol
is a major barrier to accurate prediction of future anthro-
pogenically induced climate change (Forster et al., 2007).
Human activity has increased the atmospheric aerosol con-
centration, which is known to significantly alter the Earth’s
radiative equilibrium on regional to global scales (e.g.Hay-
wood and Boucher, 2000). The direct and indirect aerosol
radiative forcing strongly depends upon aerosol properties as
a function of height (e.g.Forster et al., 2007). The chemi-
cal composition of the aerosol is one such property. Global
aerosol models require direct representation of aerosol chem-
ical composition (e.g.Textor et al., 2006). The AeroCom ex-
ercise (Kinne et al., 2006; Schulz et al., 2006; Textor et al.,
2006) established significant differences between participat-
ing models in terms of vertical aerosol dispersion (Textor
et al., 2006). This variance contributes significantly to uncer-
tainties in estimates of aerosol lifetimes in the atmosphere,
which in turn impacts their climate effect. Ground based
measurements of aerosol composition are numerous, facili-
tating model comparisons at the surface. However, in-situ
vertical profiles of aerosol chemical speciation are sparse.
Consequently, there is a need for high-quality measurement
data of aerosol properties as a function of altitude.

Traditional methods for aerosol composition measure-
ments, such as filter based techniques, are incapable of pro-
viding highly time resolved vertical profiles. Novel online
techniques are required to accurately measure the vertical
distribution of aerosol composition. Examples of such in-
struments are the Particle-Into-Liquid Sampler (PILS,Weber
et al., 2001) and the Aerodyne Aerosol Mass Spectrometer
(AMS, Jayne et al., 2000; Canagaratna et al., 2007). Both
have demonstrated the capability to quantitatively measure
aerosol composition from airborne platforms (Bahreini et al.,
2003; Lee et al., 2003; Orsini et al., 2003; Crosier et al.,
2007a).
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Dynamical processes control the advection of aerosol and
their precursors to the sampling region. This has been shown
to modify the concentration and relative distribution of chem-
ical species of sub-micron aerosol in the planetary bound-
ary layer (e.g.Bahreini et al., 2003; Schneider et al., 2006;
Crosier et al., 2007a). A complicating factor regarding the
aerosol vertical distribution is the role of chemical, rather
than large-scale dynamical effects. Ammonium nitrate for-
mation close to the top of the boundary layer is an exam-
ple of this (Neuman et al., 2003; Morino et al., 2006). This
phenomenon is driven by partitioning between the gas and
particle regimes, which is strongly dependent upon tem-
perature and relative humidity (Stelson and Seinfeld, 1982;
Mozurkewich, 1993). The partitioning is biased towards the
particle phase at lower temperatures and high relative humid-
ity.

Characterisation of aerosol processes and properties on re-
gional scales is paramount in order to assess regional air
quality and to predict future changes in atmospheric vari-
ables, such as temperature and precipitation. Atmospheric
processes over the UK provide a useful test case, as aerosol
properties are expected to be significantly modulated by the
dominant meteorological synoptic situation. As a result, the
UK is representative of a much wider region encompassing
North-Western Europe and the North-East Atlantic.Abdal-
mogith and Harrison(2005) found significant variations in
sulphate and nitrate at two ground based locations in the UK
due to differing air mass histories. Higher concentrations
were associated with south-easterly and easterly back trajec-
tories originating from continental Europe.Coe et al.(2006)
showed that, during marine conditions, background input of
sulphate and organic aerosol into Western Europe were be-
tween 0.5 and 1.0 µg sm−3. Thus variability in mass concen-
trations and the relative fraction of chemical species is well
established.

This paper presents measurements of aerosol properties
in the UK region from the UK Facility for Airborne Atmo-
spheric Measurements (FAAM) BAe-146 research aircraft.
The vertical distribution of aerosol chemical composition is
the major focus of the study. The influence of air mass his-
tory upon the aerosol mass concentration and relative chemi-
cal components will be investigated based upon a back trajec-
tory cluster analysis. High pollution episodes identified via
the UK ground based measurement network will be exam-
ined using the aircraft data coupled with the back trajectory
analysis.

2 Methodology

2.1 Sampling platform and instrumentation

The FAAM BAe-146 research aircraft has a typical range
of over 3000 km and a height ceiling of over 10.5 km. The
aircraft’s science speed is approximately 100 m s−1. Profile

ascents and descents are made at approximately 150 m per
minute below 1 km and at 300 m per minute above 1 km. The
aircraft houses a suite of instruments capable of resolving
aerosol properties. Only instruments used in this analysis are
discussed further. Number size distributions are measured
via a wing-mounted Particle Measurement Systems (PMS)
Passive Cavity Aerosol Spectrometer Probe 100X (PCASP,
Liu et al., 1992; Strapp et al., 1992). The instrument opti-
cally counts particles between 0.1–3 µm diameter across 15
channels. Particle number concentrations greater than 3 nm
were measured by a TSI Inc. Ultrafine Condensation Parti-
cle Counter (CPC, Model 3025A). Furthermore, the facility
provides aircraft position information and measurements of
standard atmospheric variables, such as temperature and rel-
ative humidity.

Measurements made by the Aerodyne Quadrupole
Aerosol Mass Spectrometer (Q-AMS) will be the major fo-
cus of this study. The Q-AMS has demonstrated the capabil-
ity to quantitatively measure the size-resolved chemical com-
position of non-refractory particulate matter of widely vary-
ing volatility (Jayne et al., 2000; Allan et al., 2003; Jimenez
et al., 2003). Furthermore, it is capable of providing such
quantitative measurements with high time resolution in a
range of environments from different platforms, such as air-
craft. Standard operating practises are followed for ambient
sampling (Jimenez et al., 2003), data quantification (Allan
et al., 2003) and mass spectrum deconvolution (Allan et al.,
2004). Recent laboratory evidence (Matthew et al., 2008)
indicates that the AMS collection efficiency is significantly
modulated by particle phase. Here a collection efficiency
correction is applied following the principle developed by
Crosier et al.(2007a), which takes into account the nitrate
content of the sampled aerosol.

Crosier et al.(2007a) detailed the operating practises and
sampling strategy for the Q-AMS on-board the BAe-146,
which is summarised here. The Q-AMS was connected to
a Rosemount inlet (Foltescu et al., 1995) via approximately
0.7 m of stainless steel tubing with a total residence time
of approximately 4 s for the entire inlet system. Samples
were introduced at ambient pressure and sub-micron particle
losses are considered negligible for the operating altitudes
considered by this study (Zhang et al., 2002; Osborne et al.,
2007). Furthermore, wing tip to wing tip comparisons be-
tween different AMS instruments using different inlets have
shown less than 15% difference (Crosier, 2007). The aerosol
sample introduced to the Q-AMS is considered dry. This is
due to the coupled effect of the aircraft cabin temperature
(approximately 298.15 K) exceeding ambient temperatures
and additional ram heating due to the decelerating sample air-
flow. The ram heating is approximated to be 5 K, with an ad-
ditional heating of approximately 10–70 K for the operating
altitudes of the aircraft considered by this study. As the flow
is controlled by a critical orifice, increases in altitude cause
decreases in the standard flow rate into the instrument. This
results in an increase in the species specific detection limits
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of the Q-AMS. Mass concentration values are reported as
micrograms per standard cubic metre (µg sm−3) i.e. at a tem-
perature of 273.15 K and pressure of 1013.25 hPa. Q-AMS
data points are reported as 30 s time intervals.

The Q-AMS comprises three fundamental sections: the
particle beam generation region; the aerodynamic sizing re-
gion and the particle composition region. The particle beam
generation comprises a 130 µm critical orifice, which con-
trols the flow rate into the instrument. An aerodynamic lens
system (Liu et al., 1995a,b) is used to collimate the sampled
air into a narrow particle beam with 100% transmission for
40–700 nm vacuum aerodynamic diameter (DeCarlo et al.,
2004) particles. DeCarlo et al.(2004) showed that the vac-
uum aerodynamic diameter is related to the mobility diame-
ter by the particle density when assuming spherical particles.
For example, the AMS size range for a dry spherical parti-
cle with a density of 1.6 g cm−3 would equate to a mobil-
ity range of approximatley 25–440 nm. At reduced ambient
pressure, the lens pressure is reduced as a constant pressure
inlet system was not used. Thus, at reduced pressure, the
transmission efficiency through the lens is shifted towards
smaller particle sizes. Consequently, at the highest operating
altitudes, this may degrade the transmission efficiency of the
lens. Concentrations at such levels may thus represent lower
limits of the submicron concentrations. Upon exiting the lens
system, the gas undergoes a supersonic expansion and the
particle’s velocity increases as a function of its vacuum aero-
dynamic diameter. The expansion into the vacuum chamber
is dependent upon the upstream lens pressure, which is taken
into account when calibrating the instrument. The particle’s
size may thus be inferred via measurement of its flight time
through the length of the vacuum chamber. Particles then
impact upon a resistively heated surface at a temperature of
approximately 550◦C where they undergo flash vaporisation.
The resultant gas is then ionized via 70 eV electrons emit-
ted by a Tungsten filament. A quadrupole mass spectrom-
eter then classifies the sample ions according to a specific
mass-to-charge (m/z) ratio. An electron multiplier detects
the resultant ion signal. The aerosol beam is blocked peri-
odically to obtain a mass spectrum of the background in the
vacuum chamber. This is subtracted from the mass spectrum
of the aerosol laden air to remove the background compo-
nent. The Q-AMS employed a Jump Mass Spectrum (JMS,
Crosier et al., 2007b) mode of operation to measure discrete
mass fragments, which enhances the detection limit and time
resolution of the measurements. A zero particle filter can be
used to determine the detection limit of the instrument inter-
mittently from the standard deviation of the signal fluctuating
about zero. This fluctuation about zero is a consequence of
low signal-to-noise, which can result in negative mass con-
centrations when sampling concentrations are close to the de-
tection limit. Negative concentrations are not removed so as
not to bias the statistical vertical profiles.
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Fig. 1. Location of vertical profiles and constant altitude straight
and level runs (SLRs). The latitude/longitude grid marks out the
sectors referred to in Sect.2.2. The location of the ground based
monitoring station at Harwell is also shown.

2.2 Location of measurements

The present analysis uses data from 41 flights based in
the UK region. The period covered is from 5 April 2005
to 27 September 2006. The full dataset for both the Q-
AMS data and flight parameters is available from the British
Atmospheric Data Centre (BADC,http://badc.nerc.ac.uk).
The flights are drawn from several projects associated with
aerosol and cloud studies. A total of 339 profiles were iden-
tified from these flights. Low-level (defined as those be-
low 2.5 km) Straight Level Runs (SLRs) were also iden-
tified. Size distributions from the PCASP were available
on 82 SLRs. The location of these profiles and SLRs are
summarised in Fig.1. Predominantly, the measurements
presented are located over marine areas due to air traffic
restrictions placed upon the aircraft. Profiles and SLRs
were grouped into “sectors” encompassing a 2◦ by 2◦ lati-
tude/longitude grid based on their median longitude and lat-
itude point. The sectors were assigned on a grid from 48–
60◦ N and between 8◦ W and 4◦ E.

2.3 Back trajectory cluster analysis

Three-dimensional air mass back trajectories were derived
from European Centre for Medium-Range Weather Forecasts
(ECMWF) wind fields. The start points of the trajectories of
each profile were defined from the latitude and longitude co-
ordinates of the centre of the sector associated with that pro-
file. The initialisation start time was chosen as 12:00 UTC
as this time corresponded most closely to the airborne oper-
ations in all cases. Trajectories were established for the pre-
vious three days at 6 hourly intervals. Three vertical levels
were chosen; 950 hPa, 750 hPa and 500 hPa. A total of 159
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Fig. 2. Variation in R2 and RMS as a function of the number of
clusters. The number of major cluster is also shown which is defined
as clusters containing more than 3% of the total back trajectories.

back trajectories were generated. The latitude and longitude
coordinates were converted to km north and km east respec-
tively (assuming a spherical Earth), whilst the pressure was
retained as hPa.

Back trajectories were processed using a custom made
cluster analysis routine, based on the method described in
Cape et al.(2000). An average linkage method was used to
compute the squared distance between each trajectory at in-
dividual time steps using Eq. (1):

d(xi, xj )=
∑

k

{
(xki−xkj )

2
+(yki−ykj )

2
+(pki−pkj )

2
}

(1)

wherexki , yki , pki are coordinates of trajectoryxi at each
time pointk. The average distance between two trajectories,
xi andxj , are calculated. At the start of the analysis, each
trajectory is assigned to its own cluster. All possible pairs
are evaluated with the two clusters with the smallest aver-
age distance between their members joining. An iterative
process is employed until all trajectories reside in one clus-
ter. The “optimum” number of clusters may then be selected.
The procedure seeks to minimize within cluster variance and
maximize between cluster variance (Cape et al., 2000). This
method has been shown to be the most appropriate means of
classifying meteorological data (Kalkstein et al., 1987).

The number of clusters to retain for analysis is subjective
(Kalkstein et al., 1987). Several indicators may be used in
order to select an appropriate number of clusters,N . One
such indicator is the coefficient of determination,R2, which
is defined as the proportion of the variance explained by the
current number of clusters at each iteration step:

R2
= 1 −

∑
N

(within cluster variance)

(variance of all trajectories)
(2)

where the first sharp decrease can be used as a subjective in-
dicator of the number of clusters to retain (Kalkstein et al.,

Table 1. Summary of cluster solution including details of the num-
ber of profiles, SLRs and back trajectories associated with each
cluster.

Cluster Condition Profiles SLRs Back
trajectories

1 Atlantic origin 181 51 84
2 Easterly 44 19 19
3 Southerly 18 7 6
4 Northerly 29 N/A 18
5 Stagnant air masses 67 5 32

1987). The Root Mean Square (RMS) distance between clus-
ters may also be used, where an increase signifies that two
dissimilar clusters have been joined (Cape et al., 2000). Sim-
ilarly to Cape et al.(2000), an indication of the number of
major clusters is defined based on the number of clusters
containing more than 3% of the total number of trajectories.
Figure 2 displays the change in these measures as a func-
tion of the number of clusters for the trajectories initialized
at 750 hPa. A comparison betweenR2 and RMS indicates
that the initial number of clusters to retain is 12 based on a
“step” in both statistics. The number of clusters was reduced
to 5 after examination of the trajectories and average 850 hPa
geopotential height fields for each of the 12 clusters. The
clustering routine was also run for the 950 hPa and 500 hPa
pressure levels to ensure vertical consistency, which resulted
in a similar solution. Comparison of the retrieved solution
when the pressure term was excluded also resulted in a sim-
ilar solution. Thus the transport is dominated by changes in
the horizontal components. Furthermore, the 750 hPa solu-
tion was found to be similar when the analysis was performed
on five day back trajectories. Consequently, the subsequent
discussion and analysis will be based upon the three day back
trajectories initialized at 750 hPa.

The five cluster solution derived from the back trajectory
analysis is summarised in Table1 and Fig.3. To facilitate
interpretation of the cluster solutions, average geopotential
height fields were generated from ECMWF operational anal-
ysis data. These are included along with the full back tra-
jectory solutions for each cluster in the supplementary mate-
rial section (http://www.atmos-chem-phys.net/9/5389/2009/
acp-9-5389-2009-supplement.pdf). Cluster 1 encompasses
three initial clusters, which were dominated by westerly,
south-westerly and north-westerly trajectories. Thus this
cluster was prescribed as the Atlantic cluster. The associ-
ated synoptic conditions are representative of westerly flow
into the UK region and northern Europe, consistent with the
clusters mean back trajectory. Cluster 2 comprised two clus-
ters made of easterly back trajectories from northern to cen-
tral Europe. The geopotential height field shows a relatively
weak anticyclonic pressure system over the UK with outflow
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Fig. 3. (a)Mean back trajectories for the five cluster solution at six-hourly time steps.(b) Mean back trajectories for the five cluster solution
displaying the vertical deviation for an air mass with six-hourly time steps. Positive values indicate that an air mass has descended at a time
step.

from northern Europe. Cluster 3 comprised air masses origi-
nating from Spain and France. The synoptic situation is char-
acterised by high pressure over southern/central Europe and
over the central Atlantic. A low pressure system is situated
off the west coast of Ireland in the North Atlantic. This re-
sults in broadly southerly flow consistent with the back tra-
jectories. Cluster 4 comprised largely north-westerly back
trajectories with a cyclonic rotational component distinct
from the previous north-westerly trajectories, which were as-
signed to cluster 1. The geopotential height field is consistent
with the interpretation from the back trajectories. Cluster 5
comprises back trajectories centred on the UK representing
a relatively stagnant air mass. This is in agreement with the
geopotential height field that displays a ridge of high pres-
sure situated over the UK. Cluster 3 is distinct from the other
clusters in terms of its vertical displacement as it is the only
cluster which ascends during its transit to the UK region.

3 UK aerosol chemical composition profiles

3.1 Full dataset characterisation

Summary statistics and individual data points of aerosol
chemical composition measured by the Q-AMS for the full

profile dataset are presented in Figs.4 and5. The black raw
data points are those which fall above the 2σ profile for each
individual species, where 2σ is defined as two times the stan-
dard deviation for a 30 s average data point. These are calcu-
lated for 500 m altitude bins when the detected signal by the
Q-AMS is close to zero. In particular, resolving low mass
concentrations for organics and ammonium is difficult due to
the signal-to-noise constraints of the Q-AMS. The variability
and indication of the number of points within an altitude bin
is represented by calculating the variability about the mean
value in each bin. This is defined as the Mean Absolute De-
viation (MAD) divided by the square root of the number of
points, n, in an altitude bin. MAD is defined as:

MAD =
1

n

n∑
i=1

|εi | (3)

where εi is the absolute difference between the mean bin
value and the raw data value. The profiles are categorised by
a relatively small Inter Quartile Range (IQR, defined as the
difference between the 75th and 25th percentile) with sul-
phate and organics having an IQR between 0–2 µg sm−3 be-
low 3000 m. This is interpreted as background mass concen-
tration levels. The higher concentrations above the 75th per-
centile are likely associated with pollution plumes. Nitrate
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Fig. 4. Vertical profiles of aerosol chemical composition from the AMS for the UK for each chemical species. Black crosses are individual
data points above the 2σ profile for each species whilst grey crosses correspond to those below. Red lines are the 25th, 50th and 75th
percentiles for 500 m altitude bins. On the right hand side panel for each species the red line shows the mean for each altitude bin with the
horizontal bar indicating the variability about the mean value, defined in Sect.3.1. Tabulated statistics are available in the supporting material
(http://www.atmos-chem-phys.net/9/5389/2009/acp-9-5389-2009-supplement.pdf).
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Fig. 5. Sulphate, organics, nitrate and ammonium median mass
concentration profiles for the full dataset.

mass concentrations are generally much lower than organics
and sulphate with the peak concentration for the 75th per-
centile being less than 1.0 µg sm−3. However, when nitrate

is enhanced, it is a major constituent of the sub-micron mass
detected by the AMS. Ammonium is broadly similar to the
sulphate and nitrate profiles due to its association with those
species in the form of ammonium sulphate and ammonium
nitrate, respectively.

Above 4000 m, data coverage is much more limited and
the mass of aerosol is significantly decreased. Sulphate and
nitrate mass concentrations are low with little variability, al-
though there is some evidence for enhanced sulphate con-
centration above 8000 m. In contrast, organic mass is char-
acterised by low or negative mass concentrations, punctuated
by significantly enhanced concentrations above the 2σ pro-
file. The 25th percentile for both the organics and ammonium
are negative above 4000 m. The organic mass median pro-
file is relatively low (less than 1.0 µg sm−3), whilst the 75th
percentile profile above approximately 7000 m is higher than
the corresponding profile in the boundary layer. The vari-
ability about the mean in each bin is significantly enhanced
compared with those below 4000 m. This suggests large vari-
ability coupled with potentially low statistical significance
above this level. Above approximately 5000 m, the variabil-
ity and lower number of data points results in the variabil-
ity about the mean being more than two times greater than
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Fig. 6. (a)shows the median mass concentration profiles for the clusters for organics, sulphate and nitrate and(b) displays the corresponding
75th percentile mass concentration profiles. The legend indicates the respective cluster. Tabulated statistics are available in the supporting
material (http://www.atmos-chem-phys.net/9/5389/2009/acp-9-5389-2009-supplement.pdf).

values in the boundary layer. The variability in the values for
nitrate and sulphate are much lower due to improved SNR
for these species at higher altitudes compared with organic
mass.Bahreini et al.(2003) noted that the Q-AMS required
greater than one minute in order to yield statistically rea-
sonable mass concentrations using mass spectrum mode, al-
though this is improved when using selected ion monitoring
(DeCarlo et al., 2006) such as JMS mode. Consequently, the
concentrations sampled above the estimated detection limit
are statistically representative. However, in the case of the
organic mass outside of the boundary layer, the uncertainty
increases substantially.

3.2 Aerosol properties as a function of air mass history

The clusters identified in Sect.2.3 present an opportunity
to compare aerosol properties in differing air masses. The
Atlantic cluster represents a largely clean air mass entering
the UK region. The cluster is representative of the input of
aerosol to Western Europe during such conditions. When
sampling in coastal areas downwind of the UK, such an air

mass will also be associated with pollution originating from
the UK itself. Profiles upwind of the UK in Atlantic con-
ditions are likely a combination of long-range transport and
potential marine sources. The easterly cluster is characteris-
tic of pollution transport from northern/central Europe. Some
additional input from the UK region may also occur depend-
ing upon the location of the sampling. The stagnant air mass
cluster will be examined also. The southerly and northerly
clusters are under-sampled relative to the other clusters. Thus
these are omitted from the subsequent analysis which will fo-
cus on the three dominant transport patterns.

Figure 6 indicates that aerosol concentrations are en-
hanced for the easterly cluster compared with the Atlantic
cluster. This is particularly evident in the case of nitrate,
which is very low for the Atlantic cluster, whereas for the
easterly condition it is a substantial component of the sub-
micron mass. This is consistent with European pollution
outflow leading to an enhancement in the mass concentra-
tion of nitrate. Sulphate and organic concentrations are also
enhanced due to the large availability of sources in conti-
nental Europe. Concentrations for the stagnant condition are
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Fig. 7. Average PCASP size distributions for(a) number and(b) volume. The legend indicates the respective clusters the distributions are
averaged over.

increased relative to the Atlantic case. This is consistent with
the general build-up of pollution during a stagnant air mass
episode.

Generally, the organics and sulphate profiles do not exhibit
strong gradients within the boundary layer itself. Nitrate dis-
plays strong coupling with NOx close to the surface (not
shown), decreasing to close to zero between 1000–1500 m.
Such features are primarily a result of the advection of pol-
lution plumes driven by the larger scale dynamical situation.
Above 1500 m, a secondary maximum occurs. Potentially,
this is a result of partitioning between the gas and particulate
phase at lower temperatures and enhanced relative humidity.
This is suggestive of nitrate formation being primarily driven
by the thermodynamics in this atmospheric layer.

Number-size distributions and estimated volume size dis-
tributions from the PCASP are shown in Fig.7. These are
extracted from the SLRs identified in Fig.1 and the rele-
vant number of SLRs for each cluster is shown in Table1.
The first two channels from the PCASP are omitted as these
have been known to experience elevated levels of intermit-
tent electronic noise. Consequently, the distributions shown
are from 0.15 µm to 3 µm. The shape of the distributions is
broadly similar. The number-size distributions all peak be-
tween 0.15 µm and 0.3 µm. The volume distributions for the
Atlantic, easterly and stagnant air masses peak at approxi-
mately 0.3 µm. However, the distributions display significant

differences between their concentrations, particularly above
0.3 µm. Due to the relatively small number of SLRs for the
stagnant cluster, direct comparisons will be drawn between
the easterly and Atlantic only. Based on the volume distri-
butions, the majority of the mass sampled by the Q-AMS
will be for particles smaller than 600 nm. The volume dis-
tributions indicate the presence of significant super-micron
aerosol. This is likely composed of primary particles and is
not discussed further in this paper.

The easterly number-size and volume distributions are en-
hanced compared to the Atlantic distribution. This is par-
ticularly pronounced above 0.3 µm. This is consistent with
the higher mass concentrations observed in the profile data
for the easterly condition. Newly formed secondary species
condense upon available surfaces, further increasing the vol-
ume of material at larger sizes. Consequently, the distinc-
tions between the distributions for the easterly and Atlantic
clusters are consistent with the Q-AMS profile data. The size
distributions from this analysis are consistent with those ob-
tained byOsborne and Haywood(2005) during the ACE-2
experiment within the instrument’s uncertainty.Osborne and
Haywood(2005) also noted an enhancement in the accumu-
lation mode as a result of aerosol aging.
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Fig. 8. Histogram of daily mean PM2.5 mass concentrations at
Harwell for the entire flying period (5 April 2005 to 27 September
2006) covered by this study and the individual flight days.

3.3 Pollution episodes and comparison with the surface-
based network

In order to study the characteristics of high pollution
episodes, several flights have been selected based on ele-
vated measurements of PM2.5 mass concentrations from the
UK surface-based measurement network. The aircraft data is
compared with a rural monitoring station in Harwell, Oxford-
shire (51◦36′0′′ N, 1◦17′24′′ W) in the South East of the UK.
The site is marked in Fig.1. This station was selected due
to its location away from major population centres, roads or
industrial sources. Measurements made at the site are there-
fore largely representative of regional aerosol concentrations.
Thus it provides an indication of the general pollution situa-
tion, which is independent of the measurements made on the
aircraft. The data is provided by the UK Air Quality Archive
website (http://www.airquality.co.uk/archive/index.php) for
the period covered by the analysis, which runs from 5 April
2005 to 27 September 2006. Daily mean values at Harwell
were available for 40 out of 41 flights and were ranked ac-
cording to total mean loading. The data is summarised by
a frequency distribution shown in Fig.8. The distribution
for the entire flying period and the distribution for the fly-
ing days are investigated using a two-sample T-test on un-
paired means in order to discern whether the distributions
are statistically different. The null hypothesis is that the pop-
ulation means are equal at the 0.05 (5%) significance level.
The T-statistic for the distributions is 1.930, with a p-value
of 0.101. Consequently, the null hypothesis may not be re-
jected at the 5% level and the flights are considered to be

Table 2. Details of flights which occurred when daily mean PM2.5
measurements at Harwell, UK exceeded 15 µg sm−3.

Date Flight PM2.5 mass concentration
number (µg sm−3)

21 Apr 2005 B091 16
13 Jul 2005 B110 16
17 Aug 2005 B122 17
22 Sep 2005 B133 16
12 May 2006 B198 21

representative of the entire analysis period. For the majority
of the analysis period (80% of the time), daily mean load-
ings were between 5–15 µg sm−3. High pollution episodes
are accordingly defined as those when the daily mean ex-
ceeds 15 µg sm−3. Such episodes occur on 106 days out of
the 534 days during the considered analysis period. Flight
days where this value was exceeded are extracted for further
analysis and are summarized in Table2. Five flights in total
are extracted. The average synoptic situation, derived from
ECMWF geopotential height fields (not shown), for these
flights consists of high pressure situated across much of the
UK region. This is consistent with a relatively stagnant or
recirculating air mass advecting European pollution outflow
to the UK.

Figure 9 displays the median and 75th percentile mass
concentrations of chemical composition as a function of
height for the high pollution episode data. Nitrate mass frac-
tion for the pollution episode data and the full dataset are
also shown. The data is consistent with the ground based
data from Harwell with increased mass concentrations de-
tected from the aircraft during the high pollution cases com-
pared to the full dataset. This is consistent with the air mass
history analysis in Sect.3.2, with enhanced mass concen-
trations due to the large availability of sources in continen-
tal Europe. For the full dataset, sulphate and organics are
the dominant components, with concentrations of less than
1.6 µg sm−3 each close to the surface. Nitrate accounts for
a small fraction of the sub-micron mass. For the high pol-
lution cases, all components are enhanced relative to the full
dataset. In particular, nitrate is significantly enhanced for
both the median and 75th percentile mass loading. For the
75th percentile high pollution cases, nitrate is the dominant
chemical constituent between 0–1000 m, with nitrate mass
concentrations exceeding 5 µg sm−3. Thus, the nitrate mass
concentration is enhanced by a factor of 10 for the high pollu-
tion cases relative to the full dataset. Below 3000 m, nitrate is
the dominant inorganic constituent. These characteristics are
consistent with Sect.3.1, with the high mass concentrations
being quite distinct from the general background trend. Such
high pollution episodes are coincident with considerable en-
hancements in the nitrate mass concentration and occurred
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Fig. 9. Distribution of Q-AMS mass as a function of height for high mass loading cases where(a) represents the median mass concentration
for each height interval and(c) represents the 75th percentile mass concentration for each height interval.(b) and(d) contrast the nitrate
mass fraction for the high mass loading cases and the full dataset for the median and 75th percentile, respectively.

on average 20% of the time during the flying period (5 April
2005 to 27 September 2006) considered by this analysis.

4 Conclusions

The vertical distribution of aerosol chemical composition has
been characterised for the UK region. A back trajectory clus-
ter analysis formed the basis for categorizing the source his-
tory of the aerosol properties. A key general feature of the
profiles is the trend showing a relatively consistent back-
ground primarily composed of organic matter and ammo-
nium sulphate. The organic matter concentrations are similar
to the sulphate concentrations. The background conditions
are likely driven by long-range transport plus a potential in-
fluence of local marine sources, which may be biogenic (e.g.
O’Dowd et al., 2002) or anthropogenic (e.g.Petzold et al.,
2008) in origin. The background mass concentrations are
similar to those measured byCoe et al.(2006) on the west
coast of Ireland during westerly conditions. Enhanced or-
ganic matter concentrations are infrequently observed in the
mid-troposphere, likely a result of long-range transport. Sul-
phate also showed a subtle increase above 8000 m, poten-
tially as a result of long-range transport. Vertical mixing of
sulphate-enriched stratospheric air to the troposphere could

potentially contribute in this layer, although the coincident
ozone profiles do not show an increasing trend with alti-
tude in this region, which would be expected if troposphere-
stratosphere exchange was prevalent. The background pro-
files for the Atlantic cluster are representative of the input
of aerosol to Western Europe. The Atlantic cluster repre-
sented the predominant condition (53% of all back trajecto-
ries) of the cluster solution. Such profiles should serve as
a useful constraint for modelling studies. Summary statis-
tics for the vertical profiles are presented in the supple-
mentary material section (http://www.atmos-chem-phys.net/
9/5389/2009/acp-9-5389-2009-supplement.pdf) for the full
dataset and the cluster solutions. The background trend is
punctuated by higher concentrations associated with pollu-
tion plumes. Such plumes are shown to be more intense and
more frequent during periods of European outflow and peri-
ods of stagnant/recirculating air masses. Analysis of the UK
surface-based measurement network corroborates this con-
clusion, with pollution episodes occurring on average 20% of
the time during the flying period. Furthermore,Abdalmogith
and Harrison(2005) showed enhanced mass concentrations
during periods of European outflow compared to inflow from
the Atlantic. Consequently, differing meteorological regimes
have a substantial impact upon the concentration, composi-
tion and microphysical properties of the aerosol input to the
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UK region. Such conditions increase the prospect of maxi-
mum mass concentration targets being exceeded and ampli-
fied perturbations of the radiative equilibrium in the UK re-
gion. This has major implications for source apportionment
and impact studies.

A major facet of the enhanced mass concentrations ob-
served was the increase in the fractional contribution of
nitrate to the particulate mass. This is consistent with
previous composition profiles derived from AMS measure-
ments in Europe (Crosier et al., 2007a; Schneider et al.,
2006).This was particularly evident when assigning high pol-
lution episodes based upon the surface-based data and the
general features of the European outflow cluster. Further-
more, nitrate was shown to exhibit more variability as a func-
tion of height within the boundary layer compared to organic
matter and sulphate. Nitrate exhibited two maxima within
the boundary layer; one close to the surface and a second
close to the top of the boundary layer. Formation occur-
ring higher in the boundary layer is likely due to thermo-
dynamics driving the chemical partitioning of the gas phase
precursors to the particle phase. Such effects have previ-
ously been observed on the west coast of the USA (Neu-
man et al., 2003) and demonstrated using 1-D thermody-
namic modelling above Tokyo, Japan (Morino et al., 2006).
On the regional scale, organic matter is predominantly com-
posed of Secondary Organic Aerosol (SOA) under polluted
conditions in the Northern Hemisphere (Zhang et al., 2007),
which potentially contains a significant semi-volatile fraction
(Donahue et al., 2006). Whether the organic matter displays
similar semi-volatile behaviour to the nitrate is unclear from
this dataset. The dataset does indicate that ammonium ni-
trate can be a substantial component of the regional aerosol
burden. Its complex vertical distribution highlights the re-
quirement for accurate representation of aerosol formation
and processes away from the surface.

These findings have significant implications for treat-
ment of the radiative and ecological effects of anthropogenic
aerosol. Firstly, the addition of relatively more inorganic ma-
terial to a mixed inorganic-organic system will enhance the
hygroscopic nature of the aerosol. Consequently, the addi-
tion of particulate mass coupled with enhanced hygroscopic-
ity will greatly enhance the Aerosol Optical Depth (AOD) of
the atmospheric burden. Such impacts will be exacerbated in
areas exhibiting high relative humidity, such as the top of the
boundary layer. The deliquescence relative humidity of am-
monium nitrate is 62% (Tang, 1996) with a growth factor of
1.59 at a relative humidity of 85% (Topping et al., 2005), thus
the wet size of the aerosol is enhanced. Such effects combine
to greatly increase the scattering potential of the aerosol, in-
creasing the magnitude of the aerosol direct effect. Secondly,
clouds forming at the top of the boundary layer entrain air
from beneath them into the cloud. Enhanced ammonium ni-
trate concentrations in such air will lead to a modification of
the microphysical properties of the cloud. Such modifica-
tions are known to modify the amount, lifetime and radiative

impact of clouds, the so-called indirect effect of aerosols (e.g.
McFiggans et al., 2006). As well as such climate related im-
pacts, nitrate partitioning significantly perturbs the nitrogen
cycle of the atmosphere. Particulate nitrate has a dry depo-
sition velocity which is ten times slower than that of nitric
acid (Seinfeld and Pandis, 1998). Consequently, transport
and ultimately deposition can be substantially altered by this
partitioning phenomenon. Further elucidation of the impact
of ammonium nitrate is required across Europe, particularly
in terms of its direct and indirect radiative effects.
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the cToF-AMS made on-board the BAe-146 across Europe. The spatial distribution
and evolution of aerosol chemical composition is analysed, supplemented by mea-
surements of aerosol microphysical properties and trace gas species. The ubiquity of
organic aerosol across Northern Europe was established, while the dominance of am-
monium nitrate during polluted episodes in North-Western Europe was shown. A fac-
tor analysis identified two separate Oxygenated Organic Aerosol (OOA) components;
one representing an aged-OOA, termed Low Volatility-OOA and another representing
fresher-OOA, termed Semi Volatile-OOA on the basis of their mass spectral similarity
to previous studies. Significant chemical processing of the OA was observed downwind
of major sources in North-Western Europe, with the LV-OOA component becoming
increasingly dominant as the distance from source and photochemical processing in-
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Abstract. The spatial distribution of aerosol chemical com-
position and the evolution of the Organic Aerosol (OA)
fraction is investigated based upon airborne measurements
of aerosol chemical composition in the planetary boundary
layer across Europe. Sub-micron aerosol chemical composi-
tion was measured using a compact Time-of-Flight Aerosol
Mass Spectrometer (cToF-AMS). A range of sampling con-
ditions were evaluated, including relatively clean back-
ground conditions, polluted conditions in North-Western Eu-
rope and the near-field to far-field outflow from such condi-
tions. Ammonium nitrate and OA were found to be the domi-
nant chemical components of the sub-micron aerosol burden,
with mass fractions ranging from 20–50% each. Ammonium
nitrate was found to dominate in North-Western Europe dur-
ing episodes of high pollution, reflecting the enhanced NOx
and ammonia sources in this region. OA was ubiquitous
across Europe and concentrations generally exceeded sul-
phate by 30–160%. A factor analysis of the OA burden was
performed in order to probe the evolution across this large
range of spatial and temporal scales. Two separate Oxy-
genated Organic Aerosol (OOA) components were identi-
fied; one representing an aged-OOA, termed Low Volatility-
OOA and another representing fresher-OOA, termed Semi
Volatile-OOA on the basis of their mass spectral similarity to
previous studies. The factors derived from different flights
were not chemically the same but rather reflect the range of

Correspondence to:W. T. Morgan
(william.morgan@postgrad.manchester.ac.uk)

OA composition sampled during a particular flight. Signifi-
cant chemical processing of the OA was observed downwind
of major sources in North-Western Europe, with the LV-OOA
component becoming increasingly dominant as the distance
from source and photochemical processing increased. The
measurements suggest that the aging of OA can be viewed as
a continuum, with a progression from a less oxidised, semi-
volatile component to a highly oxidised, less-volatile com-
ponent. Substantial amounts of pollution were observed far
downwind of continental Europe, with OA and ammonium
nitrate being the major constituents of the sub-micron aerosol
burden. Such anthropogenically perturbed air masses can
significantly perturb regional climate far downwind of ma-
jor source regions.

1 Introduction

The chemical composition of the atmospheric aerosol bur-
den has significant implications for its climate impacts (e.g.
Forster et al., 2007). Specifically, it plays a major role in
determining the scattering or absorbing nature of the aerosol
and has an important control upon its affinity for water up-
take. Furthermore, the chemical composition of the parti-
cle phase is an important component of global and regional
biogeochemical cycles (Andreae and Crutzen, 1997). These
include the cycling of carbon, sulphur, nitrogen, oxygen
and water. The spatial heterogeneity of the aerosol burden
has significant implications for its subsequent impact. On
regional scales, the direct effect of aerosols is capable of
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substantially reducing the impact of greenhouse gas radiative
forcing, due to their competing cooling and warming effects
respectively (Charlson et al., 1992). This is particularly evi-
dent over industrialized and heavily populated regions of the
Northern Hemisphere such as North America, Europe and
South-East Asia. Additionally, aerosols can alter the micro-
physical properties of clouds (e.g.Haywood and Boucher,
2000), leading to changes in the radiation balance of the cli-
mate system and also regional meteorology (Denman et al.,
2007).

Several recent intensive field studies have sought to eluci-
date aerosol chemical composition and the processes which
change it, with a focus upon their regional impacts. These
include studies in Asia such as the Indian Ocean Experi-
ment (INDOEX,Ramanathan et al., 2001) and North Amer-
ica such as the New England Air Quality Study (NEAQS,
Bates et al., 2005; Kleinman et al., 2007; Wang et al.,
2007), the International Consortium for Atmospheric Re-
search on Transport and Transformation (ICARTT,Quinn
et al., 2006; Williams et al., 2007; Brock et al., 2008;
de Gouw et al., 2008) and the Megacity Initiative: Local and
Global Research Observations (MILAGRO,DeCarlo et al.,
2006; Kleinman et al., 2008; Baumgardner et al., 2009; Fast
et al., 2009). Recent airborne studies in Europe have fo-
cused upon polluted environments in the Adriatic and Black
Seas (Crosier et al., 2007) and the UK region (Morgan et al.,
2009). A major conclusion of these European studies was
the significant contribution of ammonium nitrate to the sub-
micron particulate burden, particularly during highly pol-
luted conditions.Zhang et al.(2007) presented a summary of
numerous field studies in the Northern Hemisphere from the
Aerodyne Aerosol Mass Spectrometer (AMS,Jayne et al.,
2000; Canagaratna et al., 2007). A major theme of such
analyses was the high proportion of Organic Matter (OM)
contributing to the sub-micron particulate burden. The study
by Zhang et al.(2007) indicated that the OM component
was dominated by oxygenated species relative to Primary Or-
ganic Aerosol (POA) and that the mass fraction of the more
oxidised component compared to the total organic mass in-
creases away from urban environments. Comparison of such
ambient measurements of Secondary Organic Aerosol (SOA)
with atmospheric chemistry models reveals significant dis-
crepancies between them (Volkamer et al., 2006, and refer-
ences therein). Furthermore, such discrepancies increase as
a function of photochemical age.

Coupling of a thermodenuder system with an AMS indi-
cated that the SOA component could be separated in terms of
their volatility, with more aged-SOA being less volatile than
fresher-SOA (Huffman et al., 2009). Furthermore, the POA
component was shown to be semi-volatile. Such results are
consistent with recent frameworks which have treated the en-
tire OM component as semi-volatile (Donahue et al., 2006;
Robinson et al., 2007). This is in contrast to traditional mod-
elling approaches that prescribe the POA to be non-volatile
and inert (Donahue et al., 2009). Recently, such a framework

has been implemented to explain OM volatility and compo-
sition variations both downwind of a megacity source and
across a global ground-based dataset (Jimenez et al., 2009).

The present study seeks to elucidate the spatial distribution
and chemical evolution of the sub-micron particulate mass
across a broad range of scales, with particular emphasis upon
the OM component and its contrasting behaviour compared
to inorganic species. We do so using measurements drawn
from two related aircraft campaigns across Northern Europe,
a region that plays an important role in the global aerosol
budget.

The major part of the analysis consists of measurements
made during May 2008 as part of the European Integrated
Project on Aerosol Cloud Climate and Air Quality Interac-
tions (EUCAARI, Kulmala et al., 2009) airborne intensive
study, known as the EUCAARI-LONG Range EXperiment
(EUCAARI-LONGREX, henceforth referred to as LON-
GREX). These measurements are complemented by flight
operations based out of the UK, which took place during
April and September 2008 as part of the Appraising the Di-
rect Impacts of Aerosol on Climate (ADIENT) project. A
key aim of these projects is an evaluation of the relative con-
tribution of particular chemical components to the aerosol
burden. This includes characterisation of the multiple com-
ponents which make up the OM burden, along with their sub-
sequent evolution in the atmosphere. The present dataset is
well placed to investigate processes governing the formation
and transformation of atmospheric aerosol due to the broad
range of spatial scales investigated.

2 Method

The UK Facility for Airborne Atmospheric Measurements
(FAAM) BAe-146 research aircraft took part in the LON-
GREX campaign in conjunction with the Deutsches Zen-
trum für Luft-und Raumfahrt (DLR) Falcon 20-E5. The
LONGREX campaign was closely coordinated with the In-
tensive Observation Period at Cabauw Tower (IMPACT),
the second major part of the EUCAARI airborne intensive
operational period, although the analysis presented here is
based solely on data obtained during LONGREX. Princi-
pally, the BAe-146 operated within the planetary bound-
ary layer, while the Falcon operated at high-altitude in the
free troposphere. The Falcon operated a LIDAR system
which included a High Spectral Resolution LIDAR mode
(HSRL, Esselborn et al., 2008) delivering aerosol backscat-
ter and extinction coefficients. Real time LIDAR data were
utilised during flight operations to identify the location of
pollution plumes, which were subsequently sampled in-situ
by the BAe-146. Flight operations were conducted across
Northern Europe from the 6–22 May. A period of stable
anticyclonic conditions characterised the first eight days of
the project from the 6–14 May. Two more flights were
conducted during LONGREX over the 21–22 May period,
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Fig. 1. (a) Flight tracks of the BAe-146 considered by this analysis for segments below 3000 m. The periods identified in the figure are
described in the main text and Table1. Overlapping flight tracks are offset slightly in order to clearly discern them. The flight numbers
and arrows refer to the example flights discussed in the main text. Locations relevant to this study are marked, including Liverpool (Lp),
Cranfield (Cr), Cabauw (Ca) and Oberpfaffenhofen (Ob). The locations of the vertical profiles displayed in Fig.3 are indicated by the Pa
(Profile-a), Pb (Profile-b) and Pc (Profile-c) markers.(b) Summary of the AMS median mass concentrations for each zone identified in
(a). The vertical bars represent the 25th and 75th percentiles.The percentile concentrations are included in the Supplementary materials in
Table S3 (http://www.atmos-chem-phys.net/10/4065/2010/acp-10-4065-2010-supplement.pdf).

which was characterised by predominantly easterley condi-
tions. Flights from LONGREX are considered along with
the ADIENT flights from April and September 2008. The
ADIENT flights were conducted in differing meteorolog-
ical conditions, with the April flight conducted in south-
easterley conditions, while the September flights took place
during easterley conditions with similar transport patterns
to the LONGREX period. The flight tracks are shown on
Fig. 1 and are coloured according to the different flying pe-
riods and conditions. The meteorological conditions for the
different periods are relatively consistent in terms of their
transport patterns, with air masses advecting pollution from
continental Europe downwind to either the UK region or
the Eastern Atlantic Ocean (see Supplementary Materials
Sect. 2, Figs. S1 and S2;http://www.atmos-chem-phys.net/
10/4065/2010/acp-10-4065-2010-supplement.pdf). Some
flights concentrated on instrument testing/calibration and are
not included in the analysis. During some flights instrument
performance was not optimal; data from these 3 flights have
not been included. The flights included in this analysis are
summarised in Table1.

2.1 Instrumentation

The FAAM BAe-146 research aircraft houses a suite of in-
struments capable of resolving the chemical composition,
microphysical, optical and hygroscopic properties of the in-
situ aerosol population. Inboard aerosol instrumentation
samples ambient air via stainless steel tubing from Rose-
mount inlets (Foltescu et al., 1995). Sub-micron particle
losses have been shown to be negligible (Osborne et al.,
2007). Number size distributions were measured using a
wing-mounted Particle Measurement Systems (PMS) Pas-
sive Cavity Aerosol Spectrometer Probe 100X (PCASP,Liu
et al., 1992; Strapp et al., 1992). The PCASP instrument
optically counts and sizes particles between 0.1–3 µm di-
ameter across 15 channels. Particle size is determined
via experimental calibrations using Di-Ethyl-Hexyl-Sebacate
(DEHS), which is converted to a Polystyrene Latex Sphere
(PSL) equivalent size. Black Carbon (BC) mass and the
number of particles containing a BC core were characterised
as a function of particle size using a Droplet Measurement
Technologies (DMT) Single Particle Soot Photometer (SP2,
Stephens et al., 2003; Baumgardner et al., 2004). The SP2
was modified to include a two-element avalanche photodi-
ode to improve determination of the optical size of absorbing

www.atmos-chem-phys.net/10/4065/2010/ Atmos. Chem. Phys., 10, 4065–4083, 2010
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Table 1. Flight summary for ADIENT (B357, B401-B406) and LONGREX (B362-B380) operations included in this study. All flights were
conducted during 2008. The predominant meteorological conditions present are summarised, where SE refers to south-easterley, E refers
to easterley and HP refers to the high pressure system during the initial LONGREX flights described in the main text. Also included is an
indication of which period each flight took place during, which are abbreviated as A1 (ADIENT-1) and A2 (ADIENT-2). The LONGREX
flights refer to the 3 periods in the main text, which are referred to as LONGREX-1 (L1), LONGREX-2 (L2) and LONGREX-3 (L3).

Flight Date Meteorology Period Operating Region

B357 16 April SE A1 North-West UK coast
B362 6 May HP L1 North-Western Europe & North Sea
B365 8 May HP L1 Eastern Europe & Baltic Sea
B366 8 May HP L1 North-Western Europe
B369 10 May HP L2 Baltic Sea
B370 12 May HP L2 North-Western Europe & North Sea
B371 12 May HP L2 North-Western Europe & North Sea
B373 13 May HP L2 Southern UK coast
B374 14 May HP L2 Eastern Atlantic
B379 21 May E L3 North-Western Europe
B380 22 May E L3 North-Western Europe and Southern UK coast
B401 18 September E A2 Southern UK coast
B402 19 September E A2 Eastern UK coast
B406 25 September E A2 Southern and Western UK coasts

particles (Gao et al., 2007). Additionally, gas phase concen-
trations of CO (Carbon Monoxide), O3 (Ozone) and NOx
(defined as the sum of NO (Nitric Oxide) and NO2 (Nitro-
gen Dioxide)) were measured. The facility also provides
aircraft position information and measurements of standard
atmospheric variables, such as temperature and relative hu-
midity.

Measurements made by an Aerodyne compact Time-of-
Flight Aerosol Mass Spectrometer (cToF-AMS,Drewnick
et al., 2005; Canagaratna et al., 2007) form the major part of
this study. The instrument provides the capability to quanti-
tatively measure the size-resolved chemical composition of
non-refractory particulate matter, including OM, sulphate,
nitrate, ammonium and chloride. A major advantage of the
cToF-AMS is the ability to provide high time resolution mea-
surements with enhanced precision and sensitivity. Thus it
is ideal for airborne deployments. Previous studies (Crosier
et al., 2007; Capes et al., 2008; Morgan et al., 2009) have
detailed the AMS sampling strategy onboard the BAe-146.
The sampling losses for the cToF-AMS inlet system were es-
timated experimentally to be approximately 10% by number
across the size range of the AMS. This was accomplished by
comparing a Condensation Particle Counter (CPC) upstream
of the inlet system with one situated immediately prior to the
sampling orifice of the AMS while sampling monodisperse
aerosol. Details specific to the cToF-AMS data analysis will
be discussed in the following subsection.

2.2 AMS data quantification

The AMS data analysis was performed using the stan-
dard SQUIRREL (SeQUential Igor data RetRiEvaL) ToF-
AMS software package. Mass spectrum deconvolution is
accomplished using the fragmentation table approach de-
scribed byAllan et al.(2004). Error estimates are generated
according to the model documented byAllan et al. (2003).
Mass concentrations derived from the AMS are reported as
micrograms per standard cubic metre (µg sm−3) i.e. at a tem-
perature of 273.15 K and pressure of 1013.25 hPa. Power
was unavailable to the AMS between flights due to opera-
tional constraints. Through the use of plug valves to isolate
the AMS chamber, a vacuum of typically less than 0.5 Torr is
maintained while the turbo-pumps are powered down. Ion-
isation efficiency (IE) calibrations were performed regularly
before and after each flight during the flying periods. Values
determined from both pre-flight and post-flight calibrations
(i.e. taking place on the same day) exhibited little variabil-
ity. Post-flight values were used as these were considered to
be more reliable compared with pre-flight values due to the
reduced instrument background post-flight. A faulty ground
power unit during LONGREX caused a loss of power to the
aircraft prior to flight B365 while the AMS was pumping
down. This led to slightly enhanced background concentra-
tions in the AMS vacuum chamber due to a filament failure
associated with the power loss during flights B365–B369.

Recent laboratory evidence (Matthew et al., 2008) sug-
gests that the AMS Collection Efficiency (CE,Huffman
et al., 2005) is significantly modulated by particle phase.
Previous AMS data collected in Europe on the BAe-146
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has used a CE correction following the principle developed
by Crosier et al.(2007). This was developed using a sim-
ple empirical treatment of the CE as a linear function of
the nitrate content of the aerosol based upon comparison
of AMS sulphate with filter measurements.Matthew et al.
(2008) conducted a detailed laboratory study of the AMS
CE across a range of compositions. Their study included
a comparison of their laboratory derived correction with the
Crosier et al.(2007) parameterisation. This indicated that
the simpler linear treatment overestimated the CE at inter-
mediate ammonium nitrate mass fractions. A comparison
between the two techniques as part of this work revealed
that the two approaches showed a maximum discrepancy
at intermediate ammonium nitrate mass fractions that did
not typically exceed 25% and was considerably less at high
and low mass fractions. Consequently, we use the correc-
tion developed byMatthew et al.(2008) to estimate the
CE of the AMS in this study. The AMS total mass con-
centrations were converted to total volume concentrations
using the densities reported byCross et al.(2007), which
correspond to 1.27 g cm−3 for organics and 1.77 g cm−3

for inorganics. Comparison of the estimated AMS total
volume with the PCASP indicates that campaign average
agreement was within 30% (see Supplementary Materials
Sect. 3, Fig. S4;http://www.atmos-chem-phys.net/10/4065/
2010/acp-10-4065-2010-supplement.pdf). This is within the
30–50% uncertainty previously reported for PCASP volume
concentration estimates (e.g.Moore et al., 2004; Hallar et al.,
2006). All flights fall within the 50% agreement range except
for B357. The uncertainties in the estimate are large due to
the high sensitivity of the volume calculations to diameter
(proportional to diameter3) and the uncertainties in density
required to convert the AMS mass to volume.

3 Spatial distribution of aerosol chemical composition
across Europe

The differing spatial scales and meteorological contexts con-
sidered by this analysis provide a thorough examination of
the aerosol chemical composition in Europe during anticy-
clonic conditions. The distribution of the chemical compo-
nents measured by the AMS will be discussed here in order
to set the context for the subsequent analysis and discussion.
Both the broader scale and flight period/condition specific
details will be summarised. The flight periods were split
according to the period in which they were conducted and
their general meteorological conditions. Their designations
are summarised in Table1 and Fig.1.

The spatial distribution of the total OM for Straight and
Level Runs (SLRs) below 3000 m is shown for the entire
dataset in Fig.2. The boundary layer height was predomi-
nantly below 2000 m but during some conditions, an elevated
planetary boundary layer was observed so 3000 m was used
as a threshold altitude. The distribution indicates that OM is
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Fig. 2. AMS total mass concentrations (symbol size) and organic
mass fraction (symbol colour) for low-level Straight and Level Runs
(SLRs<3000 m). Median values are reported for both symbol size
and symbol colour.

a major contributor to the sub-micron aerosol burden, with
typical mass fractions from 20–50%. Importantly, OM is
a significant component during both background and highly
polluted conditions. This is illustrated in Fig.2, as the OM
mass fraction almost always accounts for more than 20% of
the total mass measured by the AMS.

The absolute and relative contributions of the chemical
components measured by the AMS can be discerned from
Fig. 1b. The flight data have been separated into different
zones representing the main areas and emission fields sam-
pled across Northern Europe and average composition data
has been determined for each area. The OM concentration is
typically 1.4–2.6 times greater than that of sulphate further
east (zones 4–5) and is the dominant component mass in sub-
micron aerosol in central and eastern Europe (zones 5 and
6), while in zones further west, the OM and sulphate mass
concentrations are comparable. Sulphate contributes approx-
imately 1.0–4.0 µg sm−3 to the regional aerosol burden, with
typical mass fractions of 10–30%. The spatial distribution
of nitrate indicates large gradients in the concentration and
relative contribution of this component. In particular, the ni-
trate mass concentration is enhanced in North-Western Eu-
rope compared to locations further east. In terms of its rela-
tive contribution, nitrate accounts for approximately 20–50%
of the sub-micron mass across a wide range of locations and
conditions. Furthermore, increases in the nitrate concentra-
tion are associated with enhanced total mass loadings, indi-
cating that nitrate is a significant contributor under highly
polluted conditions. Examination of the sulphate, nitrate and
ammonium concentrations indicate that the aerosol was neu-
tralised, thus sulphate is present in the form of ammonium
sulphate and nitrate is in the form of ammonium nitrate.

The ADIENT-1 period focuses on one flight (B357,
zone 2), which was conducted in the large-scale outflow
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Fig. 3. Vertical profiles of aerosol chemcial composition from(a) B374 in the Eastern Atlantic (zone 1),(b) B362 in the North Sea off the
UK east coast and(c) B369 over Latvia in North-Eastern Europe. The profile locations are marked on Fig.1a.

from continental Europe and the southern UK along the UK’s
western edge. The flight included close to source sampling
downwind of Manchester and Liverpool, in the north-west of
England (identified on Fig.1). During this flight, the sec-
ondary aerosol species’ mass concentrations were reduced
when compared to the other periods. This is potentially a
consequence of reduced photochemistry as the flight took
place earlier in the year than the LONGREX and ADIENT-2
flying.

Analysis of the high pressure phase of LONGREX in-
dicated significant differences in gas-phase and particulate
loadings, which could be categorised into two distinct me-
teorological periods. During the initial phase of LONGREX
from the 6–8 May (referred to as LONGREX-1), the air mass
trajectories displayed a more zonal flow from east-to-west.
The second phase from the 10–14 May (henceforth referred
to as LONGREX-2) is characterised by the then well estab-
lished high pressure system centred over northern Germany
and Denmark, yielding more rotational anticyclonic flow.
The LONGREX-1 period was characterised by enhanced CO
and NOx levels compared to the second period. These strong
signatures of urban pollution on the regional scale corre-
lated with significant amounts of secondary material, with
total mass concentrations reported by the AMS exceeding
25 µg sm−3. Such instances were dominated by ammonium
nitrate and OM. Such conditions were also prevalent dur-
ing the LONGREX-3 and ADIENT-2 flying periods. These
aforementioned periods concentrated upon sampling close to
major anthropogenic sources and the immediate near-field
downwind evolution of such sources.

The major distinction between LONGREX-2 and the op-
erations conducted in each of the other identified periods
was the large spatial scale sampled, where the measure-
ments extended from the Baltic Sea region in Northern Eu-
rope, to the Eastern Atlantic Ocean, off the southern Irish
coast. The operations represented approximately 3000 km
and approximately 4–5 days of air mass transit based on air
mass back trajectories. These were derived from European
Centre for Medium-Range Weather Forecasts (ECMWF)
wind fields, initialised from the SLRs in the east-Atlantic
(51 N, 12 W). During the LONGREX-2 period, when NOx
and background CO levels were reduced, the mass con-
centration of ammonium nitrate was diminished in North-
Western Europe. In terms of the median AMS aerosol con-
centrations, LONGREX-2 was similar to LONGREX-1 in
terms of sulphate and OM, while nitrate was reduced. The
main difference between the periods was the absence of the
more intense ammonium nitrate concentrations, which con-
tributed to the significant pollution episodes encountered dur-
ing LONGREX-1. The operations in the Eastern Atlantic
probed total sub-micron mass loadings from the AMS ex-
ceeding 15 µg sm−3 with OM and ammonium nitrate being
the dominant chemical components. The Falcon’s HSRL
measured aerosol optical depth values from 0.3–0.5 in these
conditions far downwind of the major source regions in
Western Europe.

Vertical profiles of aerosol chemical composition are
shown in Fig.3 from the LONGREX-1 and LONGREX-2
periods. The location of each profile are shown in Fig.1.
The profiles represent the broad range of conditions sampled,
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with the cleaner conditions in the Baltic region (panel C,
zone 7), the immediate outflow from North-Western Eu-
rope into the North Sea (panel B, zone 4) and the outflow
from continental Europe far downwind in the Eastern At-
lantic (panel A, zone 1). The profiles show that the bound-
ary layer typically extended to between 2000–3000 m, the
actual height of which as determined by the location of the
measurements in relation to the centre of the high pressure
system. Also evident in panel B is the strong increase in con-
centrations close to the sea surface, which was coincident
with a shallow moist layer where concentrations of both am-
monium nitrate and OM increased significantly. Also dis-
cernible is the increase in sulphate at lower levels (below
1000 m) which is likely attributable to shipping activities.
This was also observed in zone 3, which covers the English
Channel region, where sulphate concentrations increased and
the largest sulphate mass fractions were observed. Further
details and observations regarding the vertical distribution of
aerosol chemical composition are discussed inMorgan et al.
(2010) in the EUCAARI special issue.

The following analysis and discussion will focus upon the
evolution of the ubiquitous OM component across the full
range of spatial scales investigated. This is accomplished us-
ing a factor analysis technique which will be presented and
discussed in the following section. The results of this analy-
sis will then be used to probe the evolution of the OM compo-
nent and contrast it with the observed gradients in the ammo-
nium nitrate and ammonium sulphate fields across Europe.

4 Factor analysis of organic aerosol: technique and
discussion

Several recent studies have employed various factor analysis
techniques in order to deconvolve the organic mass spectra
derived from ambient AMS measurements (e.g.Zhang et al.,
2005a,b; Lanz et al., 2007, 2008; Ulbrich et al., 2009). With
the exception of biomass burning, wood combustion or urban
environments with a prevalent cooking signature, such stud-
ies have attributed the OM component to be a combination of
Hydrocarbon-like Organic Aerosol (HOA) and Oxygenated
Organic Aerosol (OOA). These two factors commonly ex-
plain more than 90% of the variance in the ambient organic
mass spectra (McFiggans et al., 2005; Zhang et al., 2005a;
Rudich et al., 2007). Furthermore, such factors remain rela-
tively constant across differing environments. Several stud-
ies (e.g.Lanz et al., 2007; Zhang et al., 2007; Ulbrich et al.,
2009) have identified multiple OOA factors, which have been
classified according to their level of oxidation.

Jimenez et al.(2009) characterised the evolution and
volatility of these multiple OOA components using the terms
Low-Volatility OOA (LV-OOA) and Semi-Volatile OOA
(SV-OOA). These terms represent the OOA-1 and OOA-2
components identified in previous studies (e.g.Lanz et al.,
2007; Ulbrich et al., 2009), thoughJimenez et al.(2009)

demonstrated that these factors were systematically corre-
lated with lower and higher volatile fractions of the OM.
LV-OOA is distinguished by the predominance of signal at
m/z 44 (corresponding to the CO+2 ion arising from decar-
boxylation on the vaporiser surface). SV-OOA components
typically exhibit enhanced signal atm/z 43 (C2OH+

3 and
C3H+

7 ) and reduced signal atm/z44, when compared to LV-
OOA mass spectra. Examination of high-resolution AMS
data has demonstrated the dominance of the C2OH+

3 ion at
m/z43 in ambient spectra when the contribution of OOA is
high (Mohr et al., 2009). Thus this SV-OOA component rep-
resents a less oxidised OM fraction.Jimenez et al.(2009)
argue that the atmospheric OOA evolves through a dynamic
aging process of continual repartitioning between the particle
and gas phases, which leads to a more oxidised, less volatile
and more hygroscopic aerosol. Thus the initial OOA, which
resembles SV-OOA, undergoes transformation processes that
ultimately result in an OOA that exhibits LV-OOA like char-
acteristics. Following this framework, the present analysis
strives to simplify the OM burden into a limited number of
key factors in order to probe their relative magnitudes, rela-
tions and evolution across Europe for the first time.

4.1 Positive Matrix Factorisation (PMF)

Positive Matrix Factorisation (PMF,Paatero and Tapper,
1994; Paatero, 1997) was utilised in order to accomplish
some simplification of the OM burden. Several recent stud-
ies have detailed its application to AMS data (Lanz et al.,
2007; Docherty et al., 2008; Ulbrich et al., 2009; Aiken et al.,
2009). PMF employs a receptor-only factorisation model,
which is based on mass conservation. The model assumes
that a dataset matrix is comprised of a linear combination of
factors with constant profiles, which have varying contribu-
tions across the dataset. The model employs the constraint
of positive values upon the profiles and contributions. This
work will follow the procedures identified byUlbrich et al.
(2009) in order to apply the PMF technique to AMS data.
Version 4.2 of the PMF2 algorithm (provided by the Univer-
sity of Helsinki) is employed in robust mode to perform the
factorisation.

The sampling and data collection strategy detailed in
Sect.2.2 resulted in the requirement that PMF be applied
to each flight separately. Application of PMF to the whole
dataset in one single matrix was found to be problematic due
to the subtle changes in instrument performance across the
6 month flying period considered by this study coupled with
the broad range of scales examined. Such changes impact the
retrieved factors as instrument performance changes domi-
nate the variability in the dataset, rather than the atmospheric
processes and sources of interest here. Vertical profiles of
temperature and AMS chemical composition indicated that
the boundary layer top was typically between 2000–3000 m.
Only data from below 3000 m was included in the analysis as
we wish to consider boundary layer processes only and the
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pollution transport was restricted to the boundary layer. Also,
we do not wish to include data from above the boundary layer
as purely free tropospheric factors would be virtually impos-
sible to discern due to signal-to-noise constraints.

The analysis was limited tom/zchannels less than 200 due
to low signals at higher masses and thus minor contributions
to the OM. Four flights during LONGREX suffered from en-
hanced background concentrations and the analysis was per-
formed onm/zchannels smaller than 100 in these cases due
to enhanced residuals at largerm/zvalues. Intense organic
mass concentrations, which were predominantly present for
single data points, led to short pulses in the value of the
scaled residual. These events were often associated with lo-
cal sources close to airfields upon landing or takeoff. Such
instances are not well constrained by a single factor although
their occurrence is relatively infrequent and are not repre-
sentative of the regional scale composition of interest to this
study. Consequently, such points are omitted from the anal-
ysis.

The ability to rigourously compare the factor solutions
from both individual and different flights was the primary
objective of the analysis. Thus, the identification of the most
appropriate factor solution is determined based upon consis-
tency and objectivity across the range of conditions encoun-
tered by the dataset. A detailed discussion of the methodol-
ogy used in the PMF analysis and examples of the solutions
for individual flights and a summary of the retrieved solu-
tions for all of the flights considered are included in the Sup-
plementary Materials Sect. 5 (http://www.atmos-chem-phys.
net/10/4065/2010/acp-10-4065-2010-supplement.pdf).

4.2 Results of the factor analysis

For the purposes of the subsequent discussions, the retrieved
factor components are classified according to their level of
oxidation, which is signified by their relative organic inten-
sity atm/z44. Thus, factors with the greatestm/z44 signal
are designated OOA-1 with subsequent factors designated
as OOA-2, OOA-3 etc. This is conceptually similar to the
nomenclature introduced byLanz et al.(2007) and is used
to initially compare the retrieved factors with reference mass
spectra and external tracers. These will then be discussed in
terms of their resemblance to LV-OOA, SV-OOA and HOA
factors derived byJimenez et al.(2009).

For all of the flights considered, two factor solutions were
found to be the most appropriate; one that is highly oxidised
(OOA-1) and a second that is less oxidised (OOA-2), which
often represented a combination of HOA with fresher OOA
components. The factors were chosen based upon compari-
son with reference mass spectra, external tracers and their nu-
merical stability. Case study examples of a range of flights in
differing conditions are presented in the Supplementary Ma-
terials (Sect. 5) (http://www.atmos-chem-phys.net/10/4065/
2010/acp-10-4065-2010-supplement.pdf). When more than
two factors were chosen, the solutions were found to be nu-

merically unstable based upon a bootstrapping analysis (Ul-
brich et al., 2009, and references therein), where random re-
sampling of the data matrix is performed in the time dimen-
sion.

The retrieved factors for the 2-factor solutions were com-
pared with reference mass spectra in Fig.4a. OOA-1 type
mass spectra were highly correlated (r>0.9) with fulvic acid
across the dataset and variability in the retrieved mass spec-
trum was low. Furthermore, the OOA-1 profiles had low cor-
relation with the reference HOA mass spectrum from Pitts-
burgh (r<0.45 for all cases). The OOA-2 component typ-
ically exhibits enhanced signal atm/z 43 relative to signal
at m/z44, when compared to the OOA-1 mass spectra. The
OOA-2 components had lower correlations with fulvic acid.
The OOA-2 also exhibited greater correlation with the refer-
ence HOA spectrum with coefficients ranging from 0.5–0.9.
This is unsurprising given that we have not separated the
HOA contribution from the fresher-OOA component. The
correlations of OOA-2 with fulvic acid and reference HOA
reflect the chemical variation in the OOA component as they
are anti-correlated with each other. Thus, as the OOA-2 be-
comes more oxidised it resembles HOA less and approaches
a more LV-OOA or fulvic acid-like mass spectrum.

Previous studies (e.g.Lanz et al., 2007; Ulbrich et al.,
2009) have reported that the time series of nitrate and OOA-
2 show a close coupling, thus exhibiting an enhanced corre-
lation coefficient. Similarly, OOA-1 and sulphate have been
shown to exhibit enhanced correlation coefficients. Figure4a
displays the correlation coefficients for OOA-1 and OOA-
2 with sulphate and nitrate in order to compare with previ-
ous results. The results from this study somewhat corrobo-
rate previous findings regarding such associations but some
flights indicate substantial differences. Nitrate and OOA-2
are frequently found to be well correlated (r>0.7) but the
same is also true for nitrate and OOA-1. The high corre-
lations between nitrate and OOA-2 principally occur closer
to source regions due to their semi-volatile nature. The ex-
amples of high correlation of nitrate and OOA-1 are further
away from source due to the ammonium nitrate concentra-
tion being sustained downwind, while the OOA-2 has been
processed to OOA-1. The most stark example of this is B374,
where nitrate and OOA-2 are anti-correlated while nitrate
and OOA-1 are highly correlated. B374 took place far down-
wind of the major sources in continental Europe in the East-
ern Atlantic Ocean, where the air mass had aged significantly
and little precipitation had occurred upwind. Once formed,
ammonium nitrate exists in a chemical equilibrium with am-
monia and nitric acid, the losses of which are via dry and
wet deposition only. This contrasts with OOA, which un-
dergoes complex and continual processing involving reparti-
tioning and oxidation. Thus the OM transforms from more
volatile to less volatile condensable products as the air par-
cel ages downwind of source. Thus the OM is dominated
by the more-oxidised form downwind of the major emission
sources and is then well correlated with ammonium nitrate.
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Fig. 4. (a)Summary of correlations for OOA-1 and OOA-2 with both reference mass spectra and external time series. Uncentered correlation
coefficients are used for the mass spectra, while Pearson’s R are used for the external time series. The fulvic acid mass spectrum is from
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Sulphate is often well correlated with OOA-2 and OOA-
1, which is likely due to the regional nature of these mea-
surements and the covariance between the different chemi-
cal species. Thus factor interpretations where multiple OOA
components are identified need to consider the meteorolog-
ical, photochemical and geographical context at individual
sampling locations when making suppositions based upon
comparison with other secondary particulate species.

Given that the OOA-2 component generally contains a
HOA contribution, it is desirable to estimate the relative im-
portance of the primary versus secondary components. Some
previous studies have included first order estimates of OM
components based upon absolute intensities at specific mass
spectral markers by comparing such markers with factor
component solutions (e.g.Zhang et al., 2005a; Aiken et al.,
2009). Zhang et al.(2005a) reported that the HOA mass con-
centration can be approximated based upon a linear scaling
of the signal intensity atm/z57. Aiken et al.(2009) reported
a similar relationship but with an additional correction for
oxidised fragments associated withm/z 57 based upon the
organic signal intensity atm/z44. In order to derive an ap-
proximate estimate of the contribution of HOA to the OM
burden in this dataset, these first order estimates are used.

While such estimations are not fully quantitative, they do
at least represent an approximate reference point which pro-
vides a level of justification for the decision to limit the anal-
ysis to the 2-factor solution sets. Furthermore, the estimated
HOA is typically less than the OOA-2 concentration reported
from the factor analysis. An important observation is that the
enhanced HOA mass fractions are predominantly driven by
the reduced contribution from secondary species, rather than
a major increase in the absolute HOA mass loading.

The Aiken et al. (2009) estimate was found to be inap-
propriate for this dataset as them/z 57 contribution was
often close to zero, while the organic intensity atm/z 44
was typically an order of magnitude greater. This led to
negative HOA concentrations frequently being estimated us-
ing this approximation. The solutions for the entire dataset
are summarised in Fig.4b by comparing the absolute mass
concentrations for the OOA-1, OOA-2 and estimated HOA.
The HOA contribution is calculated using the estimation
from Zhang et al.(2005a) and indicates that the median con-
centration is typically less than 0.5 µg sm−3, with concen-
trations rarely exceeding 1 µg sm−3. Such a result indicates
that HOA typically contributes 5–20% to the regional OM
burden, which is in line with previous studies (Zhang et al.,
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2007). Consequently, the dataset indicates that the OOA
component dominates the OM burden across Europe on the
regional scale, thus this will be the focus of the subsequent
discussion.

4.3 Interpretation of the factor analysis

Typical example mass spectra from different flights from the
2 factor solutions are presented in Fig.5a. Spectrum A is
highly consistent with LV-OOA, with the spectrum being
dominated by normalised organic signal intensity atm/z44
and with a correlation coefficient of 0.99 with fulvic acid.
This spectrum is taken from flight B366, as is spectrum B
which is distinguished by the normalisedm/z43 and 44 peaks
being almost equal. This is consistent with SV-OOA spectra
(e.g.Ulbrich et al., 2009; Jimenez et al., 2009) and the rel-
ative concentration of this component versus the HOA esti-
mated suggests it is dominated by OOA. Spectrum C is the
B357 HOA-type factor which had a correlation coefficient
of 0.91 with the reference HOA spectrum. This factor is
likely dominated by HOA-like components rather than OOA.
A key feature of these example spectra is the changing nor-
malised signal intensities atm/z43 and 44, with HOA being
dominated bym/z43, SV-OOA being closer to a 1:1 ratio and
LV-OOA being dominated bym/z44.

This is illustrated in Fig.5b by the relationship between
the organic signal intensity atm/z43 and 44, which are both
normalised to the total OM loading. Both individual data
points from all of the flights and the normalised signal inten-
sities from the resolved factor components for each flight are
shown. This shows that as them/z43:OM ratio decreases, the
m/z44:OM ratio increases. This is suggestive of the OM bur-
den aging as a continuum in terms of its oxygen content from
freshly formed OOA, through to highly aged OOA which
exhibits a high resemblance to fulvic acid-like mass spec-
tra. The flight operations, given their transient nature, tend to
probe this continuum which is a consequence of the constant
evolution of the OM component on the regional scale. This
is consistent with the difficulty in separating the OOA from
the HOA in the factor analysis. The relative contribution of
m/z43 and 44 to the PMF factor components also vary from
flight to flight. Clearly, while the generic terms OOA-1 and
OOA-2 have been widely used to label different factors re-
trieved by PMF analysis, they are not chemically identical
but vary from one dataset to another. Hence they also ex-
hibit this continuum feature which can be seen in Fig.5b.
The mass spectra shown in Fig.5a are identified on Fig.5b
in order to distinguish the general classification of the OM
components. The factor components retrieved by this dataset
indicate that the OOA-1 and OOA-2 are separated in terms
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of their m/z44:OM ratio, with OOA-2 being less than 0.10
and OOA-1 being greater than 0.14. This is reflected by the
green dashed horizontal line on Fig.5b between these two
clusters. B357 is the only flight where the second factor is in-
terpreted as being dominated by HOA rather than SV-OOA
due to its high resemblance to reference spectra and good
agreement with literature values for POA to primary emis-
sion tracers. The two factors (from B365 and B371) which
also exhibit reduced signal atm/z 44 do not agree as well
with such literature values. Furthermore, they are partially
oxidised (m/z 44=0.01) and as shown in Fig.4b, their ab-
solute concentrations are significantly greater than the esti-
mated HOA. Thus the second green dashed horizontal line
is used to separate the B357 factor from the other OOA-2
components identified. The identified continuum is consis-
tent with a PMF analysis of a worldwide AMS ground-based
dataset byNg et al.(2009). The black dotted lines in Fig.5b
show the general relationship between them/z44:OM ratio
and them/z43:OM ratio from this worldwide dataset.

Based upon the framework presented byJimenez et al.
(2009), we classify the OOA-1 components as LV-OOA and
the OOA-2 as SV-OOA except for the B357 OOA-2 factor,
which is classified as HOA.Aiken et al.(2008) showed that
the contribution ofm/z44 to the OM is an excellent proxy
for the Oxygen-to-Carbon (O:C) ratio of OM. Such an ob-
servation is attributed to SOA formation and photochemical
aging. Thus the observed continuum of organic evolution is
reflected by progressive aging from a SV-OOA dominated
burden to a LV-OOA dominated burden.

The separation of the factor profiles in terms of their nor-
malisedm/z44 signal highlights that retrieved PMF profiles
tend to be strongly determined by the extremes in the ex-
amined dataset as the actual data predominantly fall within
a band of relatively oxidised OM between 0.10–0.20. The
extremes on either side of this band are representative of
very fresh and very aged OM respectively. The key ques-
tion regarding this analysis technique is whether static PMF
factor profiles are capable of reflecting changes in a con-
tinuum i.e. is it possible to simplify the observed evolu-
tion using such a limited number of factors? The vari-
ability in terms of the mass spectral fingerprints of the LV-
OOA and SV-OOA components shown in Fig.4b highlight
this point. Such variations are likely a complex combina-
tion of both atmospheric/chemical processes and instrumen-
tal variability from flight to flight (and also within a sin-
gle flight). Ng et al.(2009) show the same phenomenon in
their multiple ground-based dataset. In order to test whether
the mass fractions of LV-OOA and SV-OOA can replicate
the evolution in them/z 44:OM ratio, correlation coeffi-
cients for each flight are calculated. The LV-OOA organic
mass fraction andm/z44:OM have a correlation coefficient
ranging from 0.55–0.98 across the dataset (see Supplemen-
tary Material Fig. S11;http://www.atmos-chem-phys.net/10/
4065/2010/acp-10-4065-2010-supplement.pdf). This indi-
cates that the dataset can reproduce the evolution in the OM

by comparing the relative concentrations of the LV-OOA and
SV-OOA components. Thus the retrieved factors reflect the
continuity of processing by increased oxidation in the atmo-
sphere, consistent with the processing paradigm proposed by
Jimenez et al.(2009).

5 Evolution of the organic aerosol component

5.1 Transformation across Europe during a
anticyclonic case study

The LONGREX-2 period presents an opportunity to probe
the evolution of the chemical composition across the re-
gional scale due to the consistent meteorological situa-
tion and reduced influence of wet deposition. Geopo-
tential height fields and air mass back trajectories dur-
ing the period are included in Supplementary Material
Sect. 2, Fig. S3 (http://www.atmos-chem-phys.net/10/4065/
2010/acp-10-4065-2010-supplement.pdf). The flight opera-
tions conducted during the period are summarised in Fig.6a,
where absolute mass concentrations between 250–2500 m
are shown as a function of longitude. Points above 2500 m
were generally outside of the boundary layer so are not in-
cluded. Points lower than 250 m are omitted due to the for-
mation of shallow layers over the sea surface decoupled from
the atmosphere above. These were frequently encountered in
marine regions sampled in this study. Such features, while
interesting, are considered unrepresentative of the evolution
of the chemical composition on the European scale. The air-
craft flew on a roughly east-to-west transect across Northern
Europe over the course of 4 days. At longitudes between 20 E
and 25 E, concentrations were typically low (≈1 µg sm−3 for
sulphate and organics) and constituted background condi-
tions relative to the other locations sampled. Concentrations
of both organic and inorganic species increased substantially
to the west, with concentrations in the range of 3–7 µg sm−3

at the 75–95th percentiles, reflecting the increased density
of anthropogenic sources encountered. The longitudinal gra-
dients reveal that the median and the Inter Quartile Range
(IQR) of the OM concentration is relatively constant west
of 15 E, with concentrations typically between 3–5 µg sm−3.
The larger IQR in the 15–20 E band is likely due to the transi-
tion from background conditions to polluted conditions. The
OM concentrations contrast with the inorganic mass concen-
trations, which display somewhat differing trends and vari-
ability. The ammonium sulphate concentrations tend to build
from east-to-west but with greater variability than the OM.
This contrast is likely a consequence of the differing forma-
tion/processing time scales and source distributions for am-
monium sulphate versus OM. The ammonium nitrate con-
centrations show enhanced variability throughout with no no-
ticeable trend to the east of the meridian, although the median
concentration increases to the west of this longitude. This is
a reflection of the NOx and ammonia source fields across
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Europe, with peak emissions of these emissions occurring in
North-Western Europe (e.g.Reis et al., 2009). This is espe-
cially true in terms of ammonia, which is more readily avail-
able in Western Europe compared to further east due to in-
tensive agricultural activities. The contrast with OM reflects
this source distribution. Additionally, their differing forma-
tion and processing time scales discussed in Sect.4.3 likely
play a role.

In terms of the chemical evolution of the OM, this period
highlights the highly dynamic nature of the OM burden and
is shown in Fig.6b. In the background conditions to the east,
the LV-OOA dominates, with a median mass fraction of close
to 90%. Between 15 E and 20 E, where OM concentrations
sharply increase, the LV-OOA mass fraction is highly vari-
able due to the transition from background to more polluted
conditions. The enhanced OM concentrations are driven by
the SV-OOA component, as more freshly formed material is
encountered as the aircraft travels westwards. This input of
fresher material continues further to the west as the SV-OOA
fraction increases (decreasing LV-OOA fraction), which is
consistent with the urban source distribution in continental
Europe. The LV-OOA fraction is then relatively constant
as far west as 10 W. West of this, over the Eastern Atlantic
Ocean, LV-OOA undergoes a marked increase with the me-
dian and 75th percentiles being 65% and 80% respectively.
This increase in the LV-OOA reflects the lack of fresh pol-
lution contributing to new SV-OOA formation and is coinci-

dent with an increase in the median concentration of ozone
beyond the zero meridian line, from 60 ppb to 80 ppb, which
is suggestive of photochemical processing within the high
pressure system. Based upon the aforementioned back tra-
jectories, this represents approximately one day of air mass
transit. A key observation during the LONGREX-2 period
is the relationship between the LV-OOA mass fraction and
the OM:1CO ratio shown in Fig.6b (where1CO corre-
ponds to CO minus the background value), with the enhance-
ment in the OM:1CO ratio from a median value of approx-
imately 20 µg sm−3 ppm−1 to over 100 µg sm−3 ppm−1 west
of 15 E occurring upon the addition of SV-OOA mass which
enhances the OM concentrations. These values then decrease
west of the meridian to 60–100 µg sm−3 ppm−1 as the LV-
OOA mass fraction becomes more dominant and OM con-
centrations decrease slightly.De Gouw and Jimenez(2009)
reported OM:1CO ratio’s for urban emissions containing
large amounts of SOA in the range of approximately 50–
90 µg sm−3 ppm−1 in North America and Tokyo. Thus the
values reported here tend towards greater values or even ex-
ceed those reported previously. The measurements presented
here are close to those reported for the highly polluted Po
Valley region in Northern Italy described inCrosier et al.
(2007).

The measurements are consistent with a rapidly formed
OM close to source, which subsequently ages substantially
downwind. This contrasts with the evolution of the inorganic
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constituents in the form of ammonium nitrate and ammo-
nium sulphate, which evolve on differing time scales during
this period.

5.2 Transformation with respect to distance from
source and photochemical processing

The broadly similar transport patterns prevalent throughout
the dataset (i.e. sampling of European air masses at dis-
tances both upwind, over continental Europe itself and at
varying scales downwind) provides the potential to link the
evolution of the aerosol chemical composition across this
large range of spatial scales. The flight operations can be
characterised according to the CO:NOx and O3:NOx ratios,
which are qualitatively used as proxies for proximity to ma-
jor sources and photochemical processing. The O3:NOx ra-
tio is shown versus the CO:NOx ratio in Fig.7c, indicating
good first order agreement between their respective evolu-
tions. In urban areas, CO concentrations are typically 5–
15 times NOx concentrations (e.g.Parrish et al., 2009) due to
enhanced NOx emissions associated with primary combus-
tion sources. Furthermore, on urban-to-near-urban scales,
NOx levels are enhanced relative to O3 due to titration by
NO. This yields an O3:NOx ratio less than 1, thus this range
in O3:NOx and CO:NOx is classified as near-urban. Subse-
quent dilution and photochemistry downwind of urban emis-
sions will lead to an enhancement in the ratios, as NOx is
oxidised to form HNO3 and PAN on a time scale of a few
hours (e.g.Neuman et al., 2009). This evolution is charac-
terised by ratio values between 1 and 100, where O3 con-
centrations steadily increase (see Supplementary Material
Sect. 4, Fig. S5;http://www.atmos-chem-phys.net/10/4065/
2010/acp-10-4065-2010-supplement.pdf). This increase in
O3 and decrease in NOx is characteristic of photochemi-
cal activity. Furthermore, across this range of O3:NOx, CO
tends to steadily decrease, indicative of dilution downwind
of its major sources. The 1–10 O3:NOx is chosen as the
near-source range as the CO concentrations are similar to
those at less than 1, while O3 levels are steadily increas-
ing from their minimum value close to urban sources. The
10–100 O3:NOx range is then split between near-outflow
and far-outflow regimes, principally based upon its gradi-
ent across the LONGREX-2 period (not shown) where it in-
creased above 50 at longitudes to the west of 10W. Values
greater than 100 are characteristic of background conditions,
with reduced O3, CO and NOx concentrations indicative of
dilution.

The O3:NOx ratio is used to characterise the flights as both
measurements were available on all flights, whereas CO was
absent during ADIENT-2. The results of this grouping are
shown in Fig.7by contrasting the evolution from near-source
conditions, predominantly over polluted regions of continen-
tal Europe and the associated near-field and far-field outflow
from it. Also shown are the background conditions encoun-
tered, which were predominantly encountered in the Baltic

Sea region, for a contrast with the more polluted regimes.
The near-urban points are not included as too few were sam-
pled to yield a statistically robust summary.

The analysis indicates that under polluted and highly pho-
tochemically active conditions at near-source locations, am-
monium nitrate and OM are the dominant chemical com-
ponents. Concentrations range from 4.5–10.0 µg sm−3 and
4.0–6.5 µg sm−3 at the 50–95th percentile levels respectively.
The upper percentile dominance of nitrate diminishes with
increasing distance from source but it still maintains a sig-
nificant fraction of the sub-micron mass, with concentrations
comparable to sulphate. OM is the dominant component at
all scales outside of the most polluted conditions, where ni-
trate is dominant. The estimated HOA mass fraction is typi-
cally between 5–15% at the 25–75th percentile levels across
the range of conditions sampled. The composition of the
OOA evolves strongly as a function of the O3:NOx ratio,
with the LV-OOA fraction making up 50–65% of the OM
at the 25–75th percentile levels close to source, through to
60–80% of the OM in the far-field outflow. In background
conditions, LV-OOA makes up close to 90% of the OM at
the 75th percentile and is at 100% at the 95th percentile.
These features are reflected in the colouring of the Fig.7c,
with the LV-OOA increasing as a function of CO:NOx and
O3:NOx. The two apparent lines in the relationship are prin-
cipally a consequence of the enhanced pollutant concentra-
tions in LONGREX-1 (the lower line), during which NOx
and CO were enhanced thus the O3:NOx is shifted down-
wards relative to the other periods shown. The LV-OOA or-
ganic mass fraction captures this change as the LONGREX-1
OM is more dominated by SV-OOA (reduced LV-OOA frac-
tion).

The results show that significant OM concentrations are
rapidly formed under polluted conditions in continental Eu-
rope and that these concentrations are maintained upon ad-
vection downwind of the major sources in Europe. Much of
the enhanced mass in Europe is associated with an increase
in the SV-OOA fraction but a significant fraction is associ-
ated with LV-OOA, which is indicative of rapid photochemi-
cal processing of the OM on the regional scale. The median
LV-OOA fraction is always greater than the SV-OOA frac-
tion and the LV-OOA mass fraction steadily increases upon
advection downwind.

OOA across Europe was frequently well correlated with
ammonium nitrate and ammonium sulphate, both of which
likely originate from anthropogenic sources. Furthermore,
OOA is correlated with O3:NOx, again suggestive of an
anthropogenic influence. Potentially this may point to the
OOA sources being anthropogenic in origin also, although
this contrasts with several previous studies in Europe which
have identified that SOA is predominantly derived from bio-
genic sources (e.g. studies in Zurich, (Szidat et al., 2006),
rural/remote areas,Gelencśer et al., 2007and G̈oteborg,Szi-
dat et al., 2009). A similar picture is presented for the United
States byBench et al.(2007), who demonstrated that modern
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carbon dominated in rural areas, which suggests a biogenic
source. However, measurements in urban plumes and closer
to major anthropogenic sources have indicated that anthro-
pogenic Volatile Organic Compounds (VOCs) are the main
source of OM (e.g.de Gouw et al., 2005, 2008; Bahreini
et al., 2009). Furthermore, the presence of both signifi-
cant anthropogenic and biogenic sources in Northern Europe
could mean that the OOA results from a mixture of both an-
thropogenic and biogenic sources and/or that enhanced bio-
genic SOA is formed in the presence of anthropogenic pol-
lution, which has previously been identified in the south-
eastern United States (Weber et al., 2007; Goldstein et al.,
2009). However, the current study lacks suitable informa-
tion regarding gas-phase organic precursors and/or additional
OM chemical information to separate the different contribu-
tions of biogenic and anthropogenic to the total observed OM
from the observations alone.

Enhanced SV-OOA concentrations in North-Western Eu-
rope are strongly coupled to ammonium nitrate concentra-
tions, which are regularly observed to peak at the top of the
boundary layer. This is prescribed to partitioning of semi-
volatile gas phase precursors to the particle phase at reduced
temperature and enhanced relative humidity (e.g.Morino

et al., 2006; Morgan et al., 2009). These observations are
discussed inMorgan et al.(2010) in the EUCAARI special
issue.

6 Conclusions

The spatial distribution of sub-micron aerosol chemical com-
position has been characterised based upon airborne mea-
surements in the planetary boundary layer across Europe,
north of the Alpine regions. Organic Matter (OM) and am-
monium nitrate are the largest components, typically con-
tributing 20–50% each to the non-refractory mass. Am-
monium nitrate dominates in North-Western Europe where
the emissions of NOx and ammonia reach their maximum.
Ammonium nitrate dominates the infreqeunt but highly pol-
luted periods sampled with concentrations ranging from 4–
8 µg sm−3 at the 75–95th percentile levels. This is consis-
tent with the dominance of ammonium nitrate in Western
Europe during periods of high pollutant concentrations iden-
tified previously (Putaud et al., 2004; Morgan et al., 2009).
OM generally dominates over sulphate over the whole of Eu-
rope, with OM concentrations typically 1.3–2.5 times greater
than that of sulphate. Sulphate contributes 10–30% to the
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regional non-refractory particulate mass burden. Considera-
tion of OM and ammonium nitrate in modelling assessments
of the impact of atmospheric aerosol in Europe is evidently
required. The measurements presented here provide a useful
test for regional and global aerosol models, due to the con-
trasting distributions of the OM components and inorganic
components across the significant spatial and temporal scales
sampled.

A positive matrix factorisation analysis of the OM com-
ponent was conducted, revealing the dominance of Oxi-
dised Organic Aerosol (OOA) over Hydrocarbon-like Or-
ganic Aerosol (HOA), which is consistent with previous lit-
erature (Zhang et al., 2007). This dominance meant that the
HOA component was difficult to separate from the OOA
in a robust manner across the dataset. An empirical esti-
mate based upon previous research indicated that HOA con-
tributes less than 15% to the OM burden. Two factor so-
lutions were found to be the most robust characterisation
of the OM burden. Two separate OOA components were
identified; one representing an aged-more oxidised organic
aerosol and another representing fresher-less oxidised or-
ganic aerosol. These factors closely resemble those derived
in ground-based global AMS datasets (Jimenez et al., 2009;
Ng et al., 2009) where the less oxidised factor is associated
with Semi-Volatile OOA (SV-OOA) and the more oxidised
factor is found in the Low-Volatility OOA (LV-OOA) frac-
tion. The OM chemical composition and the associated OOA
factors derived for each flight were highly variable in terms
of their oxygen content, based upon normalised organic sig-
nal intensities atm/z44 and 43. When combined, the OM
data and factors can be viewed as a continuum with a pro-
gression from a less oxidised, more-volatile component to a
highly oxidised, less-volatile component. This progression
was observed to occur as a function of the distance from
source, with more oxidised components dominating further
downwind. During highly polluted conditions in North-
Western Europe, the SV-OOA displayed strong coupling to
ammonium nitrate, indicative of gas-to-particle partitioning
of semi-volatile components. Highly active photochemical
conditions encountered during the study meant that LV-OOA
was the largest OM component at all locations and this dom-
inance increased with distance from source. In background
conditions, LV-OOA made up more than 80% of the OM bur-
den. This evolution is consistent with the recent paradigm
proposed byJimenez et al.(2009).

The processes identified in this work result in the build
up of significant amounts of anthropogenically influenced
aerosol downwind of major source regions with total sub-
micron mass loadings from the AMS exceeding 15 µg sm−3

with OM and ammonium nitrate being the dominant chem-
ical components. Such concentrations have the capacity to
significantly perturb regional weather and climate.
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Overview: This paper presents aerosol chemical composition and optical property
measurements from two aircraft and one ground-based location in North-Western Eu-
rope. The vertical distribution of aerosol chemical composition in the atmospheric
column above Cabauw is presented, which shows that ammonium nitrate and organic
matter are significantly enhanced at the top of the boundary layer relative to the ground-
based measurements. This is prescribed to partitioning of semi-volatile gas phase
species to the particle phase at reduced temperature and enhanced relative humidity.
Such increases strongly enhanced the ambient scattering potential of the aerosol bur-
den. In polluted conditions, the aerosol optical depth was increased by 50-100% when
the observed increase in secondary aerosol mass and associated water uptake was ac-
counted for. Such enhancements conspired to increase the aerosol direct radiative forc-
ing by more than a factor of 2. Such increases have major ramifications for regional
climate predictions as semi-volatile components are often not included in aerosol mod-
els. Consequently, the observations indicate that failure to include the semi-volatile
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Abstract. A case study of atmospheric aerosol measurements exploring the impact of the vertical

distribution of aerosol chemical composition upon the radiative budget in North-Western Europe

is presented. Sub-micron aerosol chemical composition was measured by an Aerodyne Aerosol

Mass Spectrometer (AMS) on both an airborne platform and a ground-based site at Cabauw in the

Netherlands. The examined period in May 2008 was characterised by enhanced pollution loadings5

in North-Western Europe and was dominated by ammonium nitrate and Organic Matter (OM). Both

ammonium nitrate and OM were observed to increase with altitude in the atmospheric boundary

layer. This is primarily attributed to partitioning of semi-volatile gas phase species to the particle

phase at reduced temperature and enhanced relative humidity. Increased ammonium nitrate concen-

trations in particular were found to strongly increase the ambient scattering potential of the aerosol10

burden, which was a consequence of the large amount of associated water as well as the enhanced

mass. During particularly polluted conditions, increases in aerosol optical depth of 50-100% were

estimated to occur due to the observed increase in secondary aerosol mass and associated water up-

take. Furthermore, the single scattering albedo was also shown to increase with height in the bound-

ary layer. These enhancements combined to increase the negative direct aerosol radiative forcing by15

close to a factor of two at the median percentile level. Such increases have major ramifications for

regional climate predictions as semi-volatile components are often not included in aerosol models.
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The results presented here provide an ideal opportunity to test regional and global representations

of both the aerosol vertical distribution and subsequent impacts in North-Western Europe. North-

Western Europe can be viewed as an analogue for the possible future air quality over other polluted20

regions of the Northern Hemisphere, where substantial reductions in sulphur dioxide emissions have

yet to occur. Anticipated reductions in sulphur dioxide in polluted regions will result in an increase

in the availability of ammonia to form ammonium nitrate as opposed to ammonium sulphate. This

will be most important where intensive agricultural practises occur. Our observations over North-

Western Europe, a region where sulphur dioxide emissions have already been reduced, indicate that25

failure to include the semi-volatile behaviour of ammonium nitrate will result in significant errors

in predicted aerosol direct radiative forcing. Such errors will be particularly significant on regional

scales.

1 Introduction

The radiative impact of anthropogenic aerosols is often most keenly felt upon regional scales due to30

its shorter life-time compared to greenhouse gases (e.g. Charlson et al., 1992). This is particularly

evident over industrialized regions of the Northern Hemisphere such as North America, Europe

and Asian countries such as India and China. Characterisation of aerosol chemical components

and associated processes is paramount in order to assess the direct and indirect radiative forcing

of atmospheric aerosol (e.g. Forster et al., 2007). Such assessments are traditionally undertaken35

via employment of global or regional scale models. However, these often produce wildly differing

results due to the complexity of representing atmospheric aerosol (Kinne et al., 2006; Textor et al.,

2006). One such complexity is the representation of semi-volatile compounds.

Traditionally, thermodynamical treatments of nitrate have not been included in global circulation

models due to such difficulties (e.g. Myhre et al., 2006), although it has received more attention in40

global and regional chemical transport models (e.g. Schaap et al., 2004; Myhre et al., 2006). These

intricacies also apply to representation of semi-volatile organic compounds. Ammonium nitrate

and Organic Matter (OM) are two of the most abundant aerosol components in polluted regions of

Europe (e.g. Putaud et al., 2004). Furthermore, the relative importance of such species to the aerosol

burden in Europe is liable to further increase in the future due to the substantial reductions in sulphur45

dioxide that have occurred over the last 30 years (Monks et al., 2009). A key observation of previous

studies in Western Europe is that nitrate is the dominant component during periods of high pollutant

concentrations (Putaud et al., 2004; Morgan et al., 2009, 2010). Furthermore, ammonium nitrate

has been shown to be a major contributor to aerosol light scattering in Western Europe based upon

ground-based measurements (e.g. Diederen et al., 1985; Brink et al., 1996).50

The vertical distribution of aerosol chemical components is a key parameter governing the ra-

diative balance of the climate system (Textor et al., 2006). Deficiencies in its representation in
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global aerosol models produce significant uncertainties in estimates of the aerosol direct effect (Tex-

tor et al., 2006). Vertical profiles of ammonium nitrate, a semi-volatile inorganic salt, indicate that

concentrations regularly peak at the top of the boundary layer (Neuman et al., 2003; Morino et al.,55

2006; Crosier et al., 2007; Morgan et al., 2009). Such observations have been attributed to the equi-

librium between gas phase nitric acid (HNO3), ammonia (NH3) and particulate ammonium nitrate

(NH4NO3), which favours the particle phase at reduced temperature and enhanced relative humidity

typical of the top of the boundary layer.

A growing body of evidence (Donahue et al., 2006; Robinson et al., 2007; Huffman et al., 2009;60

Jimenez et al., 2009) has recently highlighted the semi-volatile nature of the OM component of the

atmospheric aerosol burden. Thus enhancement of the OM component could occur at the top of the

boundary layer due to condensation to the particle phase in a similar manner to ammonium nitrate.

Such a process could have major implications, as OM has been shown to dominate the sub-micron

aerosol burden in many polluted locations across the Northern Hemisphere (Zhang et al., 2007).65

Furthermore, Zhang et al. (2007) indicated that the Secondary Organic Aerosol (SOA) component

dominated on regional scales when compared to Primary Organic Aerosol (POA). Recent studies

have shown that the more volatile fraction of the SOA dominates during the initial stages of oxi-

dation, whereas lower volatility SOA is observed to be the largest fraction once the OM has aged

appreciably (Morgan et al., 2010; Ng et al., 2010). Thus on continental scales such as North-Western70

Europe, the semi-volatile behaviour of OM may be highly important. Furthermore, the major con-

tribution of OM and ammonium nitrate is not a situation specific to North-Western Europe. For

example, the state of California in the USA is a region where both ammonium nitrate (e.g. White

and Roberts, 1977; Neuman et al., 2003) and SOA (e.g. Docherty et al., 2008) are prevalent. Thus

there is significant potential for perturbation of the radiative balance of the climate system on re-75

gional scales via addition of particulate mass by condensation of semi-volatile aerosol precursors.

Morgan et al. (2010) presented an overview of the aerosol chemical composition measurements

from the UK Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 research aircraft

during the European Integrated Project on Aerosol Cloud Climate and Air Quality Interactions (EU-

CAARI, Kulmala et al., 2009) airborne intensive observation period. The study highlighted the ubiq-80

uity of OM across Europe and the dominance of ammonium nitrate during major pollution events

in North-Western Europe. Two major OM components were identified; Low-Volatility Oxygenated

Organic Aerosol (LV-OOA) and Semi-Volatile Oxygenated Organic Aerosol (SV-OOA), which cor-

respond to more processed OM and fresher OM respectively (Jimenez et al., 2009). The spatial

distribution of aerosol chemical composition indicated that the maximum pollution loading during85

a period dominated by anticyclonic conditions was located in North-Western Europe, specifically in

the Netherlands region and the immediate outflow from it into the North Sea and English Channel.

Such conditions were dominated by ammonium nitrate and the fractional contribution of the SV-

OOA component to the OM was enhanced. This was a reflection of the proximity to major sources
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in North-Western Europe, where the nitrogen oxide and ammonia source fields reach their maximum90

(Reis et al., 2009).

The focus of this manuscript is upon the identified enhanced pollution in North-Western Europe

and its relationship with aerosol optical properties and the aerosol direct effect on climate. This is

achieved via comparison of the coincident chemical composition measurements from the BAe-146

aircraft and a ground-based site at Cabauw, in the Netherlands. These measurements are comple-95

mented by remote sensing measurements from several ground-based locations in Western Europe.

Particular focus is given to the vertical distribution of the chemical components and how this relates

to the radiative impact of the aerosol burden.

2 Method

The EUCAARI airborne observation period included parallel studies known as the EUCAARI-100

LONG Range EXperiment (EUCAARI-LONGREX, henceforth referred to as LONGREX) and the

Intensive Observation Period at Cabauw Tower (IMPACT). This analysis will focus upon flight mis-

sions conducted by the BAe-146 research aircraft when it operated in the vicinity of a ground-based

measurement tower at Cabauw, in the western Netherlands. Cabauw served as the ground-based

component and base of IMPACT, while the BAe-146 operated as a part of LONGREX. Flights in105

this area were characterised by high pollution loadings and predominantly cloud-free conditions.

The selected flights are summarised in Table 1 and Fig. 1.

A suite of instrumentation capable of determining the chemical composition, microphysical, op-

tical and hygroscopic properties of the atmospheric aerosol burden was utilised on the FAAM BAe-

146 research aircraft during the LONGREX flying period. The BAe-146 flew in conjunction with110

the Deutsches Zentrum für Luft-und Raumfahrt (DLR) Falcon 20-E5 (e.g. Wandinger et al., 2002),

which operated a LIDAR system that included a High Spectral Resolution LIDAR mode (HSRL,

Esselborn et al., 2008). The HSRL measured aerosol backscatter and extinction coefficients in real

time, which allowed identification of pollution plumes and subsequent sampling in-situ by the BAe-

146. The Cabauw ground-based site is located in the western Netherlands (51◦ 58.223’ N, 4◦ 55.575’115

E, shown in Fig. 1) in a predominantly agricultural setting, thus the site is largely representative of

the wider region (Van Ulden and Wieringa, 1996). The aerosol instrumentation at the site sampled

from a 60 m high inlet. Additionally, regular radiosonde launches from Cabauw were conducted

during the study. An AErosol RObotic NETwork (AERONET, Holben et al., 1998) station is also

located at Cabauw. Details of the relevant instrumentation utilised from the ground-based site at120

Cabauw and the BAe-146 are summarised in Table 2.
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2.1 Aerosol chemical composition

A Droplet Measurement Technologies (DMT) Single Particle Soot Photometer (SP2, Stephens et al.,

2003; Baumgardner et al., 2004) measured Black Carbon (BC) mass and the number of particles

containing a BC core as a function of particle size over a diameter range of 55-400 nm assuming125

an ambient BC density of 1.8 gcm−3. The detection efficiency for BC particles at the smallest sizes

may be less than 100% (Schwarz et al., 2010). In order to improve determination of the optical size

of absorbing particles, the SP2 was modified to include a four-element avalanche photodiode (Gao

et al., 2007).

Size-resolved chemical composition information of non-refractory particulate matter of widely130

varying volatility was measured by an Aerodyne compact Time-of-Flight Aerosol Mass Spectrom-

eter (cToF-AMS, Drewnick et al., 2005; Canagaratna et al., 2007) onboard the BAe-146. Previous

studies (Crosier et al., 2007; Morgan et al., 2009) have included detailed information regarding the

sampling strategy of the AMS on the BAe-146. Morgan et al. (2010) included specific information

regarding the quantification and analysis of the BAe-146 AMS data pertinent to this study. De-135

tails regarding the derivation of size-resolved chemical composition from the AMS on the BAe-146

is included in Appendix A. Additionally, a High-Resolution Time-of-Flight AMS (HR-ToF-AMS,

DeCarlo et al., 2006; Canagaratna et al., 2007) was deployed at Cabauw during the study (Men-

sah, 2010), providing complementary chemical composition data to the airborne cToF-AMS. The

AMS uses an aerodynamic lens system (Liu et al., 1995a,b) which has 100% transmission for 40–140

700 nm vacuum aerodynamic diameter (DeCarlo et al., 2004) particles. Mass concentration values

are reported as micrograms per standard cubic metre (µg sm−3) i.e. at Standard Temperature and

Pressure (STP) of 273.15 K and 1013.25 hPa respectively. The aerosol physical and optical prop-

erties detailed in the following section are also converted to STP in order to compare with the AMS

measurements.145

2.2 Aerosol physical and optical properties

A wing-mounted Particle Measurement Systems (PMS) Passive Cavity Aerosol Spectrometer Probe

100X (PCASP, Liu et al., 1992; Strapp et al., 1992) was used to measure dry number-size distribu-

tions of the aerosol burden. This is achieved via optical counting and sizing of particles across 15

channels across a diameter size range of 0.1-3 µm. Particle size is determined via experimental cali-150

brations using Di-Ethyl-Hexyl-Sebacate (DEHS), which is converted to a Polystyrene Latex Sphere

(PSL) equivalent size.

The optical characteristics of the aerosol burden were determined using a TSI 3563 Nephelometer

(Anderson et al., 1996) and a Radiance Research Particle Soot Absorption Photometer (PSAP, Bond

et al., 1999). The operational procedures for these systems on the BAe-146 have been described155

previously (e.g. Osborne et al., 2007; Haywood et al., 2008), thus only a brief summary and specific
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details pertinent to this study are described here.

The PSAP measures the absorption coefficient at 567 nm via monitoring the rate of decay of

light transmission due to accumulation of absorbing particles upon a filter. Several corrections to

the PSAP absorption coefficient are required (Bond et al., 1999). These include misinterpretation of160

scattering as absorption by purely scattering particles and overestimation of the absorption coeffi-

cient as a result of multiple scattering at the filter fibers. Furthermore, recent analyses (Cappa et al.,

2008; Lack et al., 2008) have identified significant enhancement of the PSAP absorption signal that

is correlated with high organic aerosol loadings, although no attempt is made in this study to account

for any such enhancements.165

The nephelometer system onboard the BAe-146 comprises two separate instruments operating in

series. Scattering coefficients were corrected for angular truncation and non-lambertian light source

errors assuming sub-micron aerosol dominated the scattering following the procedure presented by

Anderson and Ogren (1998). The first nephelometer measures the sample aerosol in a ‘dry’ condi-

tion. The system does not use an active drying method, rather it relies on inlet ram heating and the170

increase in temperature in the cabin to reduce the humidity in the sample. This is usually sufficient

to obtain ’dry’ Relative Humidity (RH) values in the range of 20-40%. The aerosol sample is then

passed through a controlled humidifier, which cycles between a 40-90% RH range prior to being

sampled by the second instrument in order to measure the scattering coefficient as a function of RH.

This allows derivation of the hygroscopic scattering enhancement, f(RH), to be determined. The175

mean f(RH) growth curve from each flight was used to calculate the ambient scattering coeffi-

cient by combining the dry nephelometer measurements with the measured ambient RH. Additional

details regarding corrections to the nephelometer data are included in Appendix B.

At the Cabauw ground-based site, a single three-wavelength nephelometerl identical to the instru-

ments operated on the BAe-146 sampled dry aerosol and was operated alongside a Thermo model180

5012 Multi-Angle Absorption Photometer (MAAP Petzold et al., 2005), which measures the aerosol

absorption coefficient at 670 nm. The nephelometer underwent the same corrections as the BAe-146

version for angular truncation and non-lambertian source errors. Both the MAAP and PSAP absorp-

tion coefficients were converted to the reference wavelengths of the nephelometer assuming a 1/λ

wavelength dependence, which is consistent with urban derived aerosol where the absorption is dom-185

inated by black carbon (e.g. Kirchstetter et al., 2004; Bond and Bergstrom, 2006). Furthermore, no

significant influence by biomass burning or mineral dust was present for these case studies, both of

which are the major contributors to increased absorption wavelength dependence (i.e. exceeding the

1/λ wavelength dependence). These could then be combined with the nephelometer measurements

to calculate the aerosol extinction coefficient and the single scattering albedo, ω0.190
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2.3 Aerosol Mie scattering calculations

The experimental data alone cannot be used to separate the sensitivities of the aerosol scattering to

changes in chemical composition and uptake of water vapour, so in order to estimate this, a Mie

scattering model is employed to explore this sensitivity.

A Mie scattering code (Edwards and Slingo, 1996) was used to calculate the scattering due to195

aerosols at a wavelength of 550 nm based upon measured aerosol chemical and physical properties

measured onboard the aircraft. The Mie code calculates scattering, absorption and phase function

for a given aerosol mass based on its size distribution, bulk density and refractive index. In this

case, the dry number-size distributions from the PCASP below 1 µm were used. Dry bulk density

and refractive index were estimated using volume mixing of the component refractive indices and200

densities of the individual constituent aerosol components (summarised in Table 3) based upon the

AMS and SP2 measurements. While such assumptions can prove quantitatively problematic (e.g.

Oshima et al., 2009), we include the calculations in order to explore the sensitivity of atmospheric

aerosol to changes in aerosol chemical composition, which includes the addition of water at high

relative humidity.205

In order to calculate the scattering coefficient in a fully humidified atmosphere, the contribution

of hygroscopic water uptake to the bulk size distribution, refractive index and density of the aerosol

must be calculated. The bulk hygroscopic growth factor of the aerosol mass was estimated by com-

bining the individual growth factors of the constituent aerosol components at the required relative

humidity using a ZSR mixing rule approach (Zdanovskii-Stokes-Robinson, Stokes and Robinson,210

1966; Gysel et al., 2007; Swietlicki et al., 2008). The growth factors of the inorganic components

(ammonium nitrate and ammonium sulphate) were parameterised based upon the work of Tang

(1996), while BC was assumed to have a growth factor equal to unity. The hygroscopicity of the

organic component was assumed to be consistent with that of Suwanee river fulvic acid using the

treatment from Brooks et al. (2004). Fulvic acid was assumed to be representative of the relatively215

aged-oxidised nature of the OM encountered in this study, as it has chemical functionalities that

are representative of aged OM (e.g. McFiggans et al., 2005). The volume of water taken up by the

aerosol was then calculated based upon calculation of a humidified size distribution produced by

applying the hygroscopic growth factor to the dry PCASP size distribution. Hygroscopic growth

was assumed to occur uniformly across the entire size range, with no change in number density. A220

humidified bulk density and refractive index was then estimated by incorporating the physical and

optical properties of water into the aerosol volume mixing calculation. Further details regarding this

approach and its application to the entire LONGREX dataset will be included in a future manuscript

in the EUCAARI Special Issue.
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3 Overview of conditions in North-Western Europe during May 2008225

In order to set the measurements over Cabauw in the context of the larger scale spatial distribution

of Aerosol Optical Depth (AOD), data from several AERONET stations is shown in Fig. 2a from

the high pressure period of LONGREX from the 06-14 May 2008. The latter days of the campaign

i.e. when B379 took place are not shown as the temporal coverage was poor at some of the stations,

particularly at Leipzig. The locations of the AERONET stations are approximately orientated west-230

to-east (shown in Fig. 1) in order to examine the impact of the large scale synoptic situation upon the

AOD distribution. The AOD increased as a function of longitude from east-to-west, ranging from

median values of 0.13 in Belsk to 0.30 at Chilbolton. The stations in North-Western Europe, Cabauw

and Chilbolton, regularly exceeded the 95th percentile value (0.32) observed at Leipzig, indicating

that there was a significant gradient in the aerosol fields between these locations.235

Fig. 2b displays a histogram of daily averaged AOD measurements for both May 2008 and all of

2008 at Cabauw. AOD values at Cabauw were typically below 0.2 on approximately 50% of the days

with available measurements during all of 2008. The level 2.0 AERONET product is used which is

cloud-screened, thus the meausurements are biased towards clearer sky periods and Spring/Summer

(April-September). During May 2008, there were no AOD events below 0.1, with 16% of the days240

having daily averaged values from 0.1-0.2. The proportion of days where the AOD was between 0.2-

0.3 (35%) was greatly enhanced compared with the long-term measurements (24%). Furthermore,

there were a greater proportion of events at even larger AOD values compared with the annual

statistics. These results indicate that May 2008 was a particularly polluted period compared with the

rest of 2008.245

For additional context in terms of the aerosol chemical composition, measurements from the HR-

Tof-AMS at the ground-based site at Cabauw are shown in Fig. 3. The measurements presented

correspond to the periods when the BAe-146 operated in the vicinity of Cabauw. A key feature of

these periods is the dominance of the OM component over the nitrate component, particularly dur-

ing daytime hours. A Positive Matrix Factorisation (PMF, Paatero, 1997; Paatero and Tapper, 1994)250

analysis of the organic mass spectra measured by the HR-ToF-AMS at Cabauw was conducted using

the principles introduced by Ulbrich et al. (2009). The resolved PMF components were interpreted

based upon their similarity to reference mass spectra and correlations with external time series (Men-

sah, 2010). The nomenclature used follows the framework adopted by Jimenez et al. (2009), which

is consistent with the procedures used in Morgan et al. (2010). The PMF analysis revealed four ma-255

jor components; Hydrocarbon-like Organic Aerosol (HOA), SV-OOA and two LV-OOA type factors

(Mensah, 2010). The SV-OOA time series shown in Fig. 3 displays similar trends to the nitrate time

series, which is a common observation due to their semi-volatile nature. Furthermore, the SV-OOA

component is typically less than the combined LV-OOA components.

Also shown are two radiosonde profiles of temperature and RH from days when the aircraft oper-260

ated in the vicinity of Cabauw. These highlight the well-mixed nature of the atmospheric boundary
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layer, with the ambient temperature profile closely following the adiabatic lapse rate and the RH

profile peaking at the top of the boundary layer at approximately 2000 m. The well-mixed nature of

the boundary layer over continental Europe was a key feature of the flights in this region.

The well-mixed nature of the boundary layer could also be determined from the aircraft opera-265

tions. This is illustrated by Fig. 4 which shows the thermodynamic structure and its influence upon

the aerosol concentration and composition from flight B362. The flight consisted of a sequence of

Straight and Level Runs (SLRs) between 500-2000 m altitude heading north-westwards over con-

tinental Europe, followed by several lower level SLRs and profiles down to approximately 100 m

over the North Sea off the eastern coast of the UK. Fig. 4b displays the relationship between the270

wet equivalent potential temperature and the total water content. A relatively linear relationship

between these two properties indicates a water vapour-wet equivalent potential temperature mixing

line, which was predominantly the case for most of the flight. The main divergence from this simple

linear relationship corresponded to the low-level SLR-8 over the North Sea at approximately 100 m

altitude, where a layer of much moister air was encountered. The mass-size distribution measured275

by the AMS during SLR-8 is shown in Fig. 4d, which shows that the aerosol was strongly enriched

in ammonium nitrate and OM and that considerable amounts were present at large sizes (the largest

particles are likely to be less efficiently transmitted through the aerodynamic lens, thus the concen-

trations reported in such instances are likely an underestimate). These shallow-moist layers over the

ocean surface were consistently observed during the study, with associated enhancements in aerosol280

concentrations. The points are coloured according to the nitrate mass fraction, defined as the frac-

tional contribution of nitrate to the total mass concentration derived from the AMS. Over continental

Europe, enhanced nitrate mass fractions and increased sub-micron aerosol concentrations were as-

sociated with increases in potential temperature. This phenomenon is indicative of vertical mixing

of air parcels within the boundary layer. During the flight, nitrate is either approximately equal to or285

enhanced relative to the OM, unlike the surface observations at Cabauw where the OM component

is greater than the nitrate component.

4 Vertical distribution of aerosol chemical composition

The vertical variation in the aerosol chemical composition is presented in Fig. 5 from flights B366

and B379. Both flights consisted of SLRs between 600-2000 m altitude from east-to-west across290

Northern Germany and the Netherlands with short ‘saw-tooth’ profiles in order to probe the vertical

variability. Both incorporated a series of SLRs at different altitudes upwind of the ground-site at

Cabauw and are characterised by significant sub-micron aerosol loadings. These revealed a clear

increasing gradient in total aerosol mass from east-to-west, which was predominantly driven by in-

creasing OM and ammonium nitrate concentrations (see Morgan et al., 2010, for a more detailed295

discussion). Flight B366, whose flight track is shown in Fig. 5a, indicated that there is significant
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variability in the concentrations of the OM and ammonium nitrate. Nitrate concentrations ranged

from 2-12 µg sm−3 in the vicinity of Cabauw, while OM concentration ranged from 2-5 µg sm−3.

Concentrations of nitrate and OM at the ground-site at Cabauw during this period were approxi-

mately 2–2.5 µg sm−3 each. The second example is from B379, whose flight track is shown in300

Fig. 5c. The nitrate concentration exceeded that of the OM component on the aircraft, while at the

surface the concentrations were approximately equal. The nitrate concentration at the surface was

3-4 µg sm−3, while aloft the concentrations regularly exceeded 6 µg sm−3. Additionally, the OM

concentration was enhanced aloft compared with the ground-based measurements.

The vertical distribution of aerosol chemical composition from B366 during the SLRs in the vicin-305

ity of Cabauw is summarised in Fig. 6a. SLRs are used as the vertical profiles during the flights were

relatively short compared to the AMS sampling frequency (30 s), thus if profiles were shown then

very few data points would be included. B379 is not shown as the SLRs had reduced vertical cover-

age compared with B366. Comparison with the AMS measurements from the ground site indicated

that the total mass concentration was enhanced aloft. The nitrate mass fraction increased with alti-310

tude and was the dominant chemical component, while at the ground, the OM component dominated.

Furthermore, there was an increasing gradient in the OM concentration up to approximately 1500

m relative to the ground, while the absolute concentration exceeded the surface OM concentration

up to approximately 2000 m. The LV-OOA mass concentration was relatively constant throughout

the boundary layer and was very similar to the sulphate profile. Consequently, the increase in the315

OM was dominated by an increase in the SV-OOA component. The significant variability in the

concentrations, as indicated by the large inter-quartile range at each altitude for nitrate and OM, was

a consequence of vertical mixing. As the aircraft operated at a constant altitude over each SLR,

the air mass sampled switched between surface originating air and mid-tropospheric air, modulating

the aerosol concentrations accordingly. The SLRs typically range from at least 10-30 data points320

i.e. approximately 5-15 minutes sampling time. The SLR at 2100 m for example contained 11 data

points. During B379, the mass concentrations for nitrate and OM were again elevated relative to

the ground. Median nitrate concentrations of 6.9 µg sm−3 and 7.3 µg sm−3 at 500m and 1300m

respectively were observed, while the OM median concentrations were 4.5 and 4.7 µg sm−3. This

compared with ground-based AMS measured values from 2.8-3.4 µg sm−3 for nitrate and 2.7-3.2325

µg sm−3 for OM during this period.

Fig. 6b displays the strong association between the SV-OOA component and nitrate that existed

in these polluted examples of flight operations in North-Western Europe. The markers in Fig. 6b

are sized according to the longitude of the aircraft, which indicates that the association between

SV-OOA and nitrate increases in Western Europe.330

Fig. 7 displays the relationship between the aerosol chemical composition and the aerosol physical

properties by comparing the AMS with the PCASP instrument during B379 (the PCASP was not

functioning during B366). Fig. 7a shows that as the aerosol mass concentration increased, the
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sub-micron number concentration measured by the PCASP increased, as does the mean geometric

diameter of the aerosol. Thus the number concentration measured by the PCASP increases as more335

particles are present in the size range measured by the PCASP i.e. above 100 nm. This shift in

the mean size displays an altitude dependence, which is shown in Fig. 7b, with a greater mean size

towards the top of the boundary layer.

5 Aerosol optical properties

5.1 Aerosol scattering coefficient340

Fig. 8 displays the relationship between the ambient scattering coefficient and total aerosol mass

concentrations observed on the aircraft, which shows a strong coupling between them. The observed

variability in the total mass concentration is driven predominantly by ammonium nitrate, with addi-

tional input from the SV-OOA in these cases.

To investigate the effect of the increase in semi-volatile components and the associated additional345

water on the optical properties as a function of height, we have compared the aircraft measurements

made throughout the depth of the boundary layer, with the optical properties of the aerosol based

upon the observations at the ground, extrapolated throughout the depth of the boundary layer. No

additional particle mass was added to the ground based aerosol measurements with height but the

aerosol were allowed to increase in size due to additional water condensation at higher humidities.350

This is accomplished using the following procedure:

1. Extract and average the scattering and absorption data that is coincident with the BAe-146

overpasses.

2. Assume that the number, mass and chemical composition of the particulate as measured at the

ground are representative of the entire depth of the well-mixed boundary layer.355

3. Calculate the ambient scattering vertical profile by assuming that this is equal to the scattering

at the ground plus the additional water uptake as a function of increasing relative humidity,

which is calculated from the f(RH) measurements from the aircraft and the RH data from

the radiosonde launches.

4. Assume that the absorption coefficient is not dependent upon RH and that the value is uni-360

form throughout the boundary layer, which is consistent with the airborne and ground-based

measurements.

5. Combine the estimated ambient scattering and absorption profiles to estimate the total extinc-

tion profile, which in turn can be used to estimate the AOD.

6. Calculate the average ambient ω0 through the boundary layer column.365
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The above were estimated for boundary layer aerosol based upon the radiosonde data and the

aerosol measurements from the BAe-146 during B366 and B379. The estimated ambient scattering

profiles based upon the Cabauw data are shown in Fig. 9. Vertical profiles are used rather than

SLRs as the nephelometer measurements from the aircraft have a time resolution of 1 s, which al-

lows the vertical gradients to be more easily captured while minimising the impact of horizontal370

gradients upon the comparison with the ground. Also shown is the in-situ measured scattering from

the aircraft when it operated in the vicinity of Cabauw. This shows that the scattering profile is

entirely consistent with the chemical composition data, with strong enhancements relative to the

ground-based measurements and an increasing gradient with height. This strong enhancement is

particularly clear in Fig. 8, which demonstrates that the increased measured scattering is strongly375

associated with increased aerosol mass and that this is consistent with increased ammonium nitrate

concentrations. The dry scattering coefficient measured by the nephelometer has an uncertainty es-

timate of 10% (Anderson et al., 1996). When comparing the dry scattering coefficient profile from

the aircraft with the ground-based measurements, the airborne measurements are generally above

this uncertainty and are consistent with the increased dry aerosol mass measured by the AMS. Some380

datapoints from B366 fall within the 10% band due to variability in the vertical domain closer to the

surface and at the very top of the boundary layer.

The results indicate that there is a clear enhancement in the scattering coefficient when comparing

between the in-situ measurements from the aircraft and those estimated based on the ground-based

values. Also shown in Fig. 9a is the HSRL extinction profile observed from the DLR Falcon which385

took place shortly before the BAe-146 operations in the vicinity of Cabauw. The HSRL extinction

profile follows the same general structure as the BAe-146, although the HSRL profile is averaged

over a relatively short period in comparison to the BAe-146 measurements thus it does not exhibit

the same variability. In Fig. 9b, the HSRL extinction profile shown is from several hours after

the BAe-146 measurements. The HSRL extinction profile was approximately a factor of 2 greater390

than the measured profile from the BAe-146 earlier in the day. This is consistent with the advection

of more polluted air over the ground site between the BAe-146 and HSRL measurement periods,

which can be seen in Fig. 3. Nevertheless, the general vertical structure and main features are very

similar. Also shown in Fig. 9b is the estimated scattering profile based on the Cabauw ground-based

measurements during the HSRL measurements. Again there is considerable enhancement in the395

measured scattering profile versus the estimated scattering profile in this instance.

The relatively modest enhancement for B366 compared to B379 between 1500-2000 m is likely

a result of differences in the thermodynamic structure observed by the aircraft and the radiosonde

at the top of the boundary layer. The aircraft measurements indicate that the RH is beginning to

reduce below 2000 m, which is consistent with the extinction profile from the HSRL, whereas for400

the radiosonde ascent, the RH does not begin to reduce until slightly above this level. For B379,

the thermodynamic structure measured by the radiosonde ascent and the aircraft are in excellent
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agreement, thus the scattering profiles display similar vertical structure.

5.2 Aerosol optical depth and single scattering albedo

The AOD and ω0 values derived from the aircraft measurements were compared with the estimated405

values from the ground-based data assuming that the extinction below 500 m is equal to the estimated

extinction based upon the ground-based in situ measurements, as the aircraft was unable to sample

below that level. The results from B366 and B379 are summarised in Table 4.

For B366, the AOD calculated from the aircraft measurements was enhanced relative to the

ground-based estimate above the 50th percentile level, with increased AOD values of 14-21%. The410

AOD calculated from the airborne measurements is in good agreement with the HSRL, which mea-

sured average AOD values of 0.21±0.05. At the lower percentile values, the aircraft values are

comparable to the ground-based estimate. For B379, the AOD at the 50th percentile level is en-

hanced by 80%, while at the 75th percentile, the AOD measured on the aircraft was double that

estimated from the ground. The increase in scattering aloft also caused a moderate change in ω0 due415

to the enhanced scattering contribution to the total extinction.

The AOD from the aircraft measurements was also calculated at 450 nm in order to compare

with corresponding AERONET measurements at 440 nm. The AOD for the entire vertical column

was not estimated from the ground-based measurements as these only refer to the boundary layer

contribution as the measurements do not reflect aerosol properties in the free troposphere. The420

AERONET AOD corresponds to the total vertical column, while the BAe-146 measurements refer

to the aerosol profile below 7500 m and 8500 m for B366 and B379 respectively, as this was the

maximum altitude achieved by the aircraft in the vicinity of Cabauw. The AOD contribution below

the operating height of the aircraft was estimated from the ground-based measurements. The results

of this comparison are shown in Table 5 and indicate that 70-80% of the observable extinction was425

located within the boundary layer. The results for the AERONET AOD values are within the range

of values measured by the BAe-146, although the aircraft measurements are biased somewhat lower

compared with the AERONET AOD. This could be a consequence of some upper layers which were

not observed by the aircraft, which is potentially consistent with the HSRL data which indicated an

increasing gradient with altitude at 8000 m. Furthermore, estimated ambient scattering based upon430

the airborne nephelometer measurements may be underestimated when more hygroscopic aerosol

components, such as ammonium nitrate, contribute to the majority of the aerosol mass. This is a

consequence of using the mean hygroscopic growth curve measured by the wet nephelometer. This

would lead to an under-prediction of the ambient scattering and hence the AOD.

5.3 Aerosol water uptake435

The Mie scattering code was used to investigate the importance of aerosol water uptake based upon

measured size distributions and aerosol chemical composition, which was used to estimate aerosol
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water uptake based upon ZSR calculations, from SLRs during B379. Experiments were also con-

ducted for dry aerosols, with agreement to within 30% compared with the measured dry scattering

coefficient values. Comparison between ambient scattering estimates based upon the nephelometer440

measurements and the Mie calculated values yielded typical agreement to within 50% for RH values

below 75%. For run 5, where the average RH was 80%, the Mie scattering value was close to a fac-

tor of 2 greater than the estimate based upon the nephelometer measurements. Such a discrepancy

could occur due to a multitude of reasons, which result from the assumptions applied to estimate

both the ambient scattering from the nephelometer measurements and the Mie scattering calcula-445

tions. As mentioned in Sect. 5.2, the water uptake by more hygroscopic aerosol components was

likely underestimated, which would apply in this case as ammonium nitrate represented greater than

50% of the aerosol mass for run 5. The sampling efficiency of the nephelometer may also be reduced

when larger particles (at enhanced relative humidity) are introduced. The simplified assumption of

uniform hygroscopic growth across an internally mixed aerosol for the Mie calculations is liable to450

introduce some uncertainty in the Mie ambient scattering.

Mie calculations as a function of RH were used to explore the effect of water uptake by ambient

aerosols by comparing the relative change in scattering with increasing ammonium nitrate and water

content. The calculations are used to explore the theoretical sensitivity of the increase in scattering

associated with enhanced ammonium nitrate content and the scattering due to additional water up-455

take. The apparent overestimation when comparing the Mie ambient scattering with the measured

values suggests that the analysis will yield the maximum likely effect. Two experiments were un-

dertaken; one where ammonium nitrate was assumed to have a growth factor of unity and a second

where the literature values for ammonium nitrate detailed in Tang (1996) were used. By comparing

these two experiments, the impact of additional scattering associated with water from the increasing460

ammonium nitrate mass could be estimated by examining the relative increase in scattering between

the two experiments. Each SLR was used as input to the Mie code using a range of relative humidi-

ties. Fig. 10 summarises the percentage increase in scattering by water associated with ammonium

nitrate by comparing the two experiments for each SLR. The SLRs are ordered by increasing ammo-

nium nitrate mass concentration/fraction. At low concentrations and mass fractions of ammonium465

nitrate, the impact is slight. As the mass fraction and concentration increases, the scattering enhance-

ment due to water uptake increases strongly. The relative increases are most dramatic at the greatest

relative humidities. At 70% RH, increasing the ammonium nitrate mass fraction from 25% (SLR

1) to 50% (SLR 3) increases the enhancement from 16% to 36%. At 90% RH, the enhancement

increases from 42% to 112%.470

5.4 Aerosol radiative forcing

Aside from the nature of the underlying surface, the AOD, ω0 and aerosol backscatter fraction terms

govern the magnitude and sign of the direct radiative forcing by aerosols. This is shown in equation
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1 from Haywood and Shine (1995), which defines the aerosol induced perturbation in the upward

radiation flux at the Top-Of-Atmosphere (TOA) as:475

∆aF ↑=
1

2
FTT

2(1−Ac)× [ω0βa(1−Rs)
2 − 2(1− ω0)Rs]AOD (1)

The TOA forcing, ∆aF ↑, is estimated using the respective values from the aircraft and the ground

site. The common terms for both scenarios in equation 1 are the solar constant, FT , equal to 1366

Wm−2, the atmospheric transmittance, T , equal to 0.76, the cloud fraction, Ac and the surface

albedo, Rs. The solar constant value is weighted by the cosine of the solar zenith angle in order480

to account for the location of Cabauw and the time of day when the measurements took place.

The surface albedo is assumed to be representative of grassland values with an albedo from 0.16-

0.26. We calculated the aerosol backscatter fraction, βa, using the nephelometer measurements. The

average backscatter fraction at Cabauw was 0.14, while on the aircraft an average value of 0.16 was

calculated for both B366 and B379. A value of 0.16 was applied for the radiative forcing calculations485

as the impact is small (less than 30% for greater Rs values) compared with changes in AOD and ω0.

The radiative forcing is estimated assuming cloud-free conditions, where Ac is zero, which results

in a maximum forcing estimate.

The results are summarised in Table 4 and indicate that the direct radiative forcing is strongly

enhanced when comparing the in-situ boundary layer airborne measurements with the ground-based490

derived values. For B366, the enhancement ranged from 21-33% at the 50th percentile level depend-

ing upon the surface albedo. For B379, the radiative forcing estimate was always greater based on

the aircraft estimate with an enhancement greater than a factor of two at the 50th percentile level.

Compared with the strong changes in the AOD, the ω0 enhancements are relatively modest, thus the

major changes in radiative forcing are dominated by changes in AOD rather than ω0 for the case495

studies presented.

6 Discussion

6.1 Enhancement of semi-volatile material

The ground-based AMS data indicated that during the periods considered, significant pollution load-

ings were present in North-Western Europe, with sub-micron aerosol loadings largely exceeding 10500

µg sm−3 in daytime conditions. A consistent feature of the results presented in Section 4 is the

enhanced sub-micron particulate concentrations aloft measured on the BAe-146 compared to the

ground-site at Cabauw. The increase was primarily a consequence of enhanced ammonium nitrate

and OM concentrations. The median nitrate concentration increased by 2.0-3.4 times that of the

ground based value, while the median OM concentration was increased by a factor of up to 1.6. The505

median sulphate concentration measured on the aircraft was between 1.3-1.7 times that of the surface

concentration, while the lower range of values sampled by the aircraft were similar to the sulphate
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concentrations on the ground. At the surface the OM component was generally either greater or

equal to the nitrate concentration when the aircraft was operating close to the ground site. Further-

more, the aircraft data showed that the nitrate mass fraction had a positive gradient with increasing510

height within the boundary layer. The combined aircraft and ground-based data showed that the

sulphate concentration was relatively uniform, with a slight enhancement observable in the aircraft

data. Additionally, the PCASP data indicated that the mean diameter of the aerosol increased with

altitude within the boundary layer. All of the observations were consistent with semi-volatile aerosol

species condensing onto pre-existing aerosol, which results in an increase in the mean diameter of515

the aerosol.

The fact that the sulphate concentration measured on the aircraft is somewhat greater than the

value measured at the ground was likely a consequence of imperfect vertical or horizontal mixing.

In order to account for such potential inhomogeneities, the observed increase in the sulphate profile

was used to calculate a normalised nitrate and organic profile by multiplying the ground-based values520

by the observed increase in sulphate. The results of this normalisation are shown on Fig. 6a, which

indicates that the observed increase in the nitrate concentration is far in excess of the normalised

nitrate profile. The median OM profile is very similar to the normalised OM profile, which suggests

that the more modest increase in OM may be a result of imperfect mixing. However, the factor anal-

ysis indicates that the chemical nature of the OM changes with height, with the SV-OOA component525

increasing with altitude in the boundary layer. The results show that the observed increase in particle

mass with altitude in the boundary layer was predominately driven by ammonium nitrate.

These comparisons between the ground-based and aircraft AMS instruments suggest that the in-

crease in the mass of nitrate is well above the uncertainty limit for AMS mass concentrations mea-

surements (approximately 25%, Canagaratna et al., 2007), while the median and 75th percentile530

sulphate concentrations are within these bounds. The changes in OM are close to the uncertainty

limit at the median level, although the concentrations exceed this limit at the 75th percentile.

These chemical and physical observations of the aerosol vertical distribution are consistent with

semi-volatile partitioning of gas-phase precursors to the particle phase. Ammonium nitrate and SV-

OOA were strongly associated and increased with altitude, suggesting that semi-volatile partitioning535

predominantly drove the enhanced particulate mass aloft. In terms of the OM burden, this is consis-

tent with recent frameworks which have proposed that the entire OM component should be treated

as semi-volatile (Donahue et al., 2006; Robinson et al., 2007). Thus, adiabatic cooling and mixing

of semi-volatile organic precursors could combine to produce enhanced SOA concentrations. Coin-

cident with the reduction in temperature is the enhanced RH at the top of the boundary layer, which540

further favours partitioning to the particle phase. Such examples indicate the strong impact of the

thermodynamic structure of the boundary layer upon both the concentration and composition of the

aerosol burden.
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6.2 Impact of semi-volatile aerosol components upon the radiative budget

The partitioning of semi-volatile components to the particle phase has significant implications for545

the radiative budget during the pollution episodes presented. Given that the partitioning behaviour

occurs at elevated levels within the boundary layer, where the RH is increased, the aerosol extinc-

tion will be further enhanced due to additional water uptake. This is evident from the relationship

between the ambient scattering coefficient and total aerosol mass concentrations discussed in sec-

tion 5 and in Fig. 8. A key feature was that when the ammonium nitrate mass fraction was low,550

the total mass concentration was also reduced which in turn decreased the level of scattering by

the aerosol burden. Thus the partitioning of semi-volatile aerosol precursors contributed signifi-

cantly to the AOD during major pollution episodes where sub-micron aerosol concentrations were

enhanced. While the SV-OOA concentration increased during such periods, such increases were

generally smaller than the increases in ammonium nitrate concentration which was often 3-4 times555

that of SV-OOA. Thus the majority of the increased scattering and AOD was driven by changes in

the ammonium nitrate concentration.

On the basis of the B379 case study, strong enhancements in scattering were associated with in-

creased ammonium nitrate concentrations and mass fractions. Measured increases in the ammonium

nitrate mass fraction from 25% to 50%, yielded a factor of two increase in dry scattering measured by560

the nephelometer. Compared with the estimated AOD based upon the ground-based measurements,

enhancements of up to 100% at the 75th percentile level were observed based upon the airborne

measurements, which translated to a more than doubling of the associated radiative forcing when

taking into account the increase in ω0 also. On the basis of Mie calculations, increases in the ammo-

nium nitrate mass fraction resulted in major increases in aerosol water uptake. This, in addition to565

the increased dry mass of the aerosol, dramatically increased the scattering coefficient higher in the

boundary layer where the RH was greatest. The Mie calculations underline the importance of these

observations, as they illustrate the importance of the enhancement of ammonium nitrate in an area

of increased relative humidity.

An important observation when comparing the two case studies was that the scattering enhance-570

ment was greater for the B379 case study relative to the B366 case study. Examination of the

temperature and RH profiles showed that the B379 case study was both colder and moister than the

B366 case study, which is again consistent with an increased contribution from semi-volatile com-

ponents aloft. This is similar to the modelling results presented by Morino et al. (2006), where a

colder and moister atmosphere increased the particle mass higher in the boundary layer relative to575

the ground. Furthermore, the enhanced RH will increase the water uptake by the ammonium nitrate

dominated aerosol mass, as shown by the Mie calculations.

Compared with the 2008 annual frequency distribution of AOD at Cabauw, May 2008 included

24% of the days where daily averaged AOD values exceeded 0.2. Consequently, the studies in May

2008 are representative of a significant pollution episode in North-Western Europe. Furthermore,580
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the observed increase in AOD from east-to-west was consistent with the spatial gradients in aerosol

composition shown in Figs. 5 and 6 and the overview of aerosol concentration and composition pre-

sented in Morgan et al. (2010). These demonstrated that ammonium nitrate and OM concentrations

reached a maximum in North-Western Europe during the period studied. We have demonstrated that

such conditions are exacerbated by the partitioning of semi-volatile precursors to the particle phase,585

causing a large increase in the aerosol direct radiative forcing.

In terms of future climate scenarios and accompanying aerosol radiative forcing, North-Western

Europe may represent an analogue for other highly polluted regions affected by substantial agricul-

tural emissions. Significant reductions in SO2 have occurred in recent years (Monks et al., 2009),

which diminishes the role of sulphate aerosol but increases the availability of ammonia to form am-590

monium nitrate. Such reductions in SO2 are also likely to occur in other polluted regions in future

(e.g. Pinder et al., 2007). Thus an inability to accurately model semi-volatile compounds is likely to

be a significant deficiency in attempts to constrain the direct radiative forcing by aerosols.

7 Conclusions

A case study comparing the aerosol chemical composition measured from two platforms operating595

during highly polluted conditions in North-Western Europe has been presented. This revealed an in-

crease in secondary aerosol mass as a function of altitude in the boundary layer. Specifically, airborne

in-situ measurements in the vicinity of a ground-based measurement site at Cabauw, Netherlands,

showed that ammonium nitrate was the dominant chemical component aloft, while at the ground OM

dominated. Furthermore, the fractional contribution to the sub-micron aerosol mass of ammonium600

nitrate increased with height in the boundary layer. This was primarily attributed to partitioning

of semi-volatile gas phase precursors to the particle phase at reduced temperature and enhanced

RH, a phenomenon which has been observed previously in California (Neuman et al., 2003), Tokyo

(Morino et al., 2006) and the UK region (Morgan et al., 2009). In addition to the increase in am-

monium nitrate, the OM component also increased with height in the boundary layer. The results605

of a factor analysis of the aircraft and ground-based AMS measurements show that the enhance-

ment in the OM component was dominated by SV-OOA. This is consistent with gas-to-particle

conversion of semi-volatile organic precursors, in a similar manner to the ammonium nitrate system.

Consequently, partitioning of semi-volatile species can produce significant additional inorganic and

organic particulate mass.610

By comparing the optical properties measured on the aircraft with coincident measurements from

the ground, a strong enhancement in the AOD was shown to occur. This was coupled with an increase

in the single scattering albedo also. This directly translated to a significant perturbation of the radia-

tive balance of the atmospheric column in the region. An enhancement of the direct radiative forcing

by aerosols greater than 100% was observed when taking into account the additional mass, associ-615
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ated water uptake and hence scattering caused by the partitioning phenomenon. The hygroscopic

properties of ammonium nitrate in particular were shown to cause significant increases in aerosol

scattering based upon Mie calculations. Such increases in AOD and radiative forcing have major

implications for regional weather and climate, particularly as semi-volatile compounds are often not

included in global and regional aerosol models (e.g. Myhre et al., 2006). Consequently, the radiative620

impact of anthropogenic aerosols is likely to be severely underestimated in Northern Europe, where

ammonium nitrate and OM are major components of the sub-micron aerosol burden. Such under-

estimations are liable to be greatest during major pollution episodes. The periods identified by this

study present an ideal opportunity to test regional and global climate model representations of this

anthropogenically perturbed region.625

Appendix A: Size-resolved aerosol chemical composition

Morgan et al. (2010) did not include information regarding the derivation of size-resolved chemical

composition from the AMS on the BAe-146, thus this is included here. The particle time-of-flight

measurement through the AMS vacuum chamber is dependent upon the supersonic expansion of a

particle as it enters the vacuum chamber. Particle diameter (Dva) is related to particle velocity (vp)630

via application of the following equation from Allan et al. (2003):

vp =
Lc

tp
=

vg − vl
1 + (Dva/D∗)b

+ vl (A1)

where Lc is the particle flight length, tp is the particle time of flight, vg is the gas velocity on exiting

the nozzle, vl is the gas velocity within the aerodynamic lens and D∗ and b are experimentally

determined calibration constants. The AMS on the BAe-146 did not use a constant pressure inlet635

system, thus a change in the ambient pressure will modulate the lens pressure, affecting the particle

time-of-flight measurement. A reduction in ambient pressure will shift the transmission function

of the lens to smaller sizes. Such a change will impact the mass measurement if the aerosol size

distribution is markedly different to that of the lens transmission. In order to account for this, a

pressure-dependent size calibration was performed following the principle detailed by Bahreini et al.640

(2003). This entailed varying the inlet pressure from 1000 hPa and 500 hPa, while Polystyrene

Latex Spheres (PSLs) of known size, shape and density are introduced into the AMS in order to

assess the affect of altitude upon the determined particle size. A pressure dependent form of equation

A1 presented by Crosier et al. (2007) is then used to determine particle diameter:

vp =
(v

′
g + v

′′
gPl)− (v

′
l + v

′′
l Pl)

1 + (Dva/(D∗′ +D∗′′Pl))(b
′+b′′Pl)

+ (v
′
l + v

′′
l Pl) (A2)645

where Pl is the line pressure of the AMS and v
′
g , v

′′
g , v

′
l , v

′′
l , D∗

′
, D∗

′′
, b

′
and b

′′
are experimentally

determined coefficients. The predicted particle velocity was derived using a multivariate fit based

on each particle size at each sample pressure and is shown in the supplementary material section.
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The coefficients were as follows: v
′
g=106.22, v

′′
g =0.36876, v

′
l=l51.236, v

′′
l =-0.027345, D∗

′
=101.9,

D∗
′′

=-0.079133, b
′
=0.9479 and b

′′
=-0.00045891.650

Appendix B: Nephelometer corrections

On the BAe-146, the inlet system prior to the nephelometers and PSAP is not actively dried; instead

the sample is dehydrated as a result of ram heating upon entering the inlet system. Consequently, the

sample RH is known to vary as a function of the ambient RH, sometimes reaching more than 60%

when the ambient RH exceeds approximately 95%. In order to account for these fluctuations, the655

following empirical formula from Carrico et al. (2003) was used to express the hygroscopic response

of the aerosol sample:

f(RH) = 1 + a

(
RHwet

100

)b

(B1)

where f(RH) refers to the ratio of the ‘wet’ scattering coefficient, σw and the ’dry’ scattering

coefficient, σd, RHwet refers to the RH of the ‘wet’ nephelometer and a and b are fit coefficients.660

Only data from Straight and Level Runs (SLRs) when the ‘dry’ nephelometer’s RH was less than

40% was used, which eliminates erroneous f(RH) measurements due to a change in the RH of the

‘dry’ nephelometer. Fits were derived for each flight in order to account for any variations in size

and composition. This information was then applied to the ‘dry’ nephelometer data above 40% RH

in order to generate corrected nephelometer data, σcd at a reference RH of 40% using the following665

equation:

σcd = σd

(
1 + a

(
RHdry

100

)b
)

(B2)

where RHdry is the desired reference RH for the corrected nephelometer data. The f(RH) curves

can then be recalculated using a consistent reference RH across all of the data. The calculated fit

coefficients, a and b, are then used to approximate the ambient scattering coefficient, σamb, using670

the following modified form of equation B2:

σamb = σcd

(
1 + a

(
RHamb

100

)b
)

(B3)

where RHamb is the measured ambient RH.

Further potential uncertainties in the nephelometer scattering coefficients may arise due to water

uptake at high relative humidity e.g. at values above 85%. Larger particles may grow above 1 µm at675

sufficient RH, which would invalidate the correction coefficients applied to the ‘wet’ nephelometer.

The f(RH) response was also tested by comparing the ratio of the uncorrected ‘dry’ and ‘wet’

nephelometers and negligible differences were found at high RH values. Water uptake will also

lower the refractive index of the aerosol sample (Massoli et al., 2009) and introduce an error in the

f(RH) determination when using the Anderson and Ogren (1998) truncation corrections as they are680
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sensitive to the assumed refractive index. Massoli et al. (2009) estimate a 2% error, which is within

the experimental error for the system. Consequently, we have not included a correction for changes

in the refractive index.
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Table 1. Flight summary of the operations included in this study. All flights were conducted during 2008. Also

included are the times when the BAe-146 operated in the vicinity of Cabauw

Flight Date Start End Sortie Objectives

B362 06 May 11:03 11:23 Map pollution outflow from Central Europe towards UK and

North Sea.

B366 08 May 15:04 16:04 Survey Northern Germany and Netherlands to probe pollution

gradient extending from east to west.

B379 21 May 11:16 12:22 Survey Northern Germany and Netherlands to probe pollution

gradient extending from east to west.
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Table 2. Summary of instrumentation from the ground-based site at Cabauw and the BAe-146 aircraft used in

this study. Acronyms used are as follows: cToF-AMS (compact Time-of-Flight Aerosol Mass Spectrometer,

HR-ToF-AMS (High-Resolution Time-of-Flight Aerosol Mass Spectrometer), Single Particle Soot Photometer

(SP2), PSAP (Particle Soot Absorption Photometer), MAAP (Multi-Angle Absorption Photometer) and PCASP

(Passive Cavity Aerosol Spectrometer Probe). The wavelengths and size ranges applicable to the optical and

physical property measurements are given in brackets.

Measurement Cabauw BAe-146

Composition HR-ToF-AMS cToF-AMS, SP2

Scattering coefficient Nephelometer (450, 550, 700 nm) Nephelometer (450, 550, 700 nm)

Absorption coefficient MAAP (670 nm) PSAP (567 nm)

Size distribution N/A PCASP (0.1-3 µm)
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Table 3. Summary of the individual component densities and refractive indices used in this study. The numbers

in brackets refer to the study referenced for the associated parameter value, which are as follows: [1] Weast

(1985), [2] Penner et al. (1998), [3] Alfarra et al. (2006), [4] Bond and Bergstrom (2006), [5] Toon et al. (1976)

and [6] Dinar et al. (2008).

Aerosol component Density (kgm−3) Refractive index

Ammonium nitrate 1725 [1] 1.60 - 0i [1]

Ammonium sulphate 1769 [2] 1.53 - 0i [5]

Organic matter 1400 [3] 1.63 - 0.021i [6]

Black carbon 1800 [4] 1.95 - 0.79i [4]
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Table 4. Summary of optical properties for flight B366 and B379 when comparing between the measurements

from the BAe-146 and estimated values based upon the ground-based measurements from Cabauw. The Aerosol

Optical Depth (AOD) is calculated using the ambient scattering coefficient and the corresponding absorption

value from 0-2 km. ω0 refers to the average single scattering albedo for the vertical column from 0-2 km. RF

refers to the calculated negative radiative forcing based upon the AOD, ω0 and the surface albedo (Rs) values

used. The solar constant is normalised by the cosine of the solar zenith angle (56◦during this period for B366

and 32◦for B379) in order to account for the sun’s location not being directly overhead.

Flight Parameter Cabauw (550 nm) BAe-146 (550 nm)

Mean 5th 25th 50th 75th 95th

B366 AOD 0.14 0.13 0.14 0.16 0.16 0.17

ω0 0.92 0.91 0.92 0.93 0.93 0.93

RF (Rs=0.16) 1.35 1.19 1.35 1.63 1.63 1.73

RF (Rs=0.26) 0.67 0.53 0.67 0.89 0.89 0.95

B379 AOD 0.10 0.14 0.17 0.18 0.20 0.21

ω0 0.93 0.94 0.95 0.95 0.96 0.96

RF (Rs=0.16) 2.34 3.45 4.40 4.66 5.42 5.69

RF (Rs=0.26) 1.28 2.03 2.76 2.92 3.59 3.77
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Table 5. Summary of Aerosol Optical Depth (AOD) values for flights B366 and B379. The values derived

from the column integrated measurements from the BAe-146 and AERONET are compared. The BAe-146 data

corresponds to the vertical column above Cabauw up to 7500 m for B366 and 8500 m for B379. The percentage

values reported in brackets below the BAe-146 values represent the approximate fraction of the AOD located

below 2000 m. The AERONET values are the total column integrated values.

Flight BAe-146 (450 nm) AERONET (440 nm)

5th 50th 95th Mean

B366 0.20 0.26 0.34 0.35

(95%) (85%) (74%)

B379 0.23 0.33 0.44 0.44

(83%) (76%) (68%)
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Fig. 1. Flight tracks of the BAe-146 considered by this analysis. Also shown are ECMWF 850 hPa geopotential

height fields. Panel (a) displays the flight tracks for B362 (06 May 2008, blue track) and B366 (08 May 2008,

red track) and the geopotential height field is from 12 UTC on 06 May 2008. Panel (b) displays the flight

track for B379 (21 May 2008, green track) and the geopotential height field is from the same date at 12 UTC.

AERONET stations relevant to this study are marked, including Chilbolton (Ch), Cabauw (Ca), IFT-Leipzig

(Lz) and Belsk (Be).
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Fig. 2. Panel (a) displays boxplot summary statistics for AOD derived from AERONET stations in Northern

Europe during the LONGREX high pressure period (06-14 May 2008). Crosses represent the mean value,

while horizontal lines represent the 25th, 50th and 75th percentiles. The whiskers represent the 5th and 95th

percentiles. Panel (b) displays a histogram of daily mean AOD at Cabauw for the year 2008 (left axis) and May

2008 (right axis). The values are normalised to the total number of days sampled in each case, which equaled

179 for the year 2008 and 25 for May 2008.
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Fig. 3. Panels (a) and (c) display time series of AMS mass concentrations from Cabauw from 05-09 May

2008 and 20-24 May 2008 respectively. The Semi-Volatile Oxygenated Organic Aerosol (SV-OOA) and

Hydrocarbon-like Organic Aerosol (HOA) components are also shown. The grey boxes indicate days when

the BAe-146 conducted flight operations in the vicinity of Cabauw, while the black boxes indicate the time

periods when the BAe-146 was within 50 km of Cabauw during B366 and B379. Panels (b) and (d) display the

temperature and relative humidity profiles derived from radiosonde launches from Cabauw at 1604 UTC on 08

May 2008 and 1201 UTC on 21 May 2008 respectively.
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Fig. 4. Case study example of the vertical mixing of atmospheric aerosol during flight B362. (a) displays the

aircraft’s flight track coloured according to the nitrate mass fraction, while the markers are sized according to

the AMS total mass concentration. (b) shows the relationship between the wet equivalent potential temperature,

θe, and the total water content, q. The relationship is coloured according to the nitrate mass fraction, while the

grey box indicates the data corresponding to SLR-8 during B362. (c) shows the AMS mass concentration time

series and the altitude of the aircraft during the flight. (d) shows the mass-size distribution from the AMS for

SLR-8.
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Fig. 5. Case study example of the distribution of aerosol chemical composition from B366 and B379. Panel

(a) displays the B366 flight track coloured according to the nitrate mass fraction, while the markers are sized

according to the AMS total mass concentration. The same colourscale and marker size is used as Fig. 4. Panel

(b) shows the B366 AMS mass concentration time series and the altitude of the aircraft during the flight. Panel

(c) shows the flight track for B379. Panel (d) shows the B379 AMS mass concentration time series and the

altitude track of the BAe-146. The grey boxes in panels (a) and (c) mark out the boundaries of the defined

proximity to Cabauw in the main text.
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Fig. 6. Case study example of the vertical distribution of aerosol chemical composition. Panel (a) displays the

AMS mass concentrations as a function of height from SLRs in the vicinity of Cabauw during flight B366,

where the markers indicate the median concentration and the horizontal bars represent the 25th and 75th

percentiles. The points at the lowest altitude correspond to the concentrations from a ground-based AMS at

Cabauw. The hashed lines represent the normalised nitrate and organic profiles when they are scaled to the

change in sulphate with height relative to the ground-based measurement. The inset panel displays the altitude

dependence of the Low-Volatility Oxygenated Organic Aerosol (LV-OOA) and the Semi-Volatile Oxygenated

Organic Aerosol (SV-OOA) organic mass fractions. Panel (b) displays the relationship between the SV-OOA

component and nitrate for B362, B366 and B379. The markers are coloured according to the AMS total mass

concentration and sized by longitude.
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Fig. 9. Boxplot summary statistics for the measured ambient scattering profile from the BAe-146 in the vicinity

of Cabauw for (a) B366 and (b) B379. Crosses represent the mean value, while horizontal lines represent

the 25th, 50th and 75th percentiles. The whiskers represent the 5th and 95th percentiles. Also shown is the

measured ambient scattering from the ground site at Cabauw, which is extrapolated to derive an estimated

scattering profile based upon the method described in Sect. 5.1. In (a) the extinction profile from the HSRL

onboard the DLR Falcon is also shown from 14:44-14:56 UTC. In (b) the extinction profile from the HSRL is

shown for 13:46-13:54 UTC. Note that the scale for the nephelometer measurements and the HSRL are different

in (b).
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Chapter 5

Conclusions

Europe represents a highly dynamic region, both in terms of its meteorology and emis-
sion footprint. Significant uncertainties exist regarding the atmospheric aerosol burden
at the regional scale in Europe. Such deficiencies complicate assessments of the im-
pact of atmospheric aerosol upon regional ecosystems, air quality and climate. Greater
knowledge of the life cycle of atmospheric aerosol on the regional scale is required,
which will facilitate our understanding of such impacts, both now and in the future.
The analyses presented in this thesis represent a concentrated effort to characterise the
properties, processing and associated impacts of atmospheric aerosol across Northern
Europe. A suite of in-situ instrumentation was used to constrain the spatial distribution
of atmospheric aerosol, with particular emphasis on the chemical composition of the
sub-micron component and its effects upon regional climate.

The following chapter will summarise the research findings, discuss their implica-
tions and focus upon future work pertinent to the issues raised in this thesis.

5.1 Summary of research findings

A statistical examination of the vertical distribution of aerosol chemical composition
in North-Western Europe was presented in Section 4.2, for a range of meteorological
conditions. Both the absolute sub-micron aerosol concentration and its relative compo-
sition were found to be significantly modulated by the dominant meteorological condi-
tions. Low concentrations of aerosol mass, composed of primarily ammonium sulphate
and Organic Matter (OM), were associated with long-range air mass transport across
the Atlantic Ocean. Increased mass concentrations were coincident with outflow from
Western Europe and periods of stagnant/recirculating air masses. Such conditions were
strongly driven by an increase in the absolute concentration and relative contribution of
ammonium nitrate to the aerosol burden. The vertical distribution of ammonium nitrate
was determined by the thermodynamic structure of the lower atmosphere. Enhanced
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concentrations occurred at reduced temperatures and increased relative humidity at the
top of the boundary layer.

The EUCAARI-LONGREX and ADIENT campaigns provided an opportunity to
comprehensively study the conditions associated with enhanced pollution in North-
ern Europe, which were identified in Section 4.2. The spatial gradients in the aerosol
chemical composition across Northern Europe was investigated in Section 4.3, along
with specific attention to the evolution of the OM component. The distribution of
aerosol chemical composition was sampled across a range of conditions, stretching
from relatively clean background conditions in the Baltic Sea, polluted conditions over
North-Western Europe and far-field outflow from such conditions in the Eastern At-
lantic Ocean. Ammonium nitrate was found to be an important constituent, with typi-
cal contributions of 20-50%. In North-Western Europe during periods associated with
enhanced pollution loadings, ammonium nitrate was found to dominate. This was at-
tributed to the enhanced NOx and ammonia sources in this region. OM was found to
be ubiquitous across Europe, with mass fractions ranging from 20-50%. Furthermore,
concentrations generally exceeded those of sulphate by 30-160%. OM was identified
as being largely secondary in its nature and found to dynamically and continuously
evolve, as a function of its distance from source and level of photochemical process-
ing. The propensity for substantial concentrations of atmospheric aerosol on the re-
gional scale was demonstrated by the advection of continental European pollution far
downwind, with significant concentrations extending into the Eastern Atlantic region.

The radiative impact of the enhanced pollution in North-Western Europe, which
was a major theme of the findings in Sections 4.2 and 4.3, was investigated in Sec-
tion 4.4. The vertical structure of aerosol chemical composition was investigated by
comparing the in-situ measurements from the Aerosol Mass Spectrometer (AMS) on
the BAe-146 with those from a ground-based AMS at Cabauw in the Netherlands dur-
ing May 2008. This comparison revealed that ammonium nitrate and OM increased
with altitude in the atmospheric boundary layer. Such increases were hypothesised to
be the result of partitioning of semi-volatile gas phase species to the particle phase at
the reduced temperatures and enhanced relative humidity at the top of the boundary
layer. The increased ammonium nitrate concentrations, in particular, were found to
significantly increase the scattering potential of the aerosol burden. This was caused
by the large amount of associated water and the enhanced particulate mass coincident
with this increase. In the most polluted conditions, increases in Aerosol Optical Depth
(AOD) of 50-100% were estimated to occur. Such increases in AOD were accompa-
nied by increases in the single scattering albedo, which yielded close to a factor of two
increase in the median negative direct aerosol radiative forcing.
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5.2 Implications

Taken as a whole, the research findings present two main strands in relation to the
chemical composition of the aerosol burden in Europe; the properties and evolution
of Secondary Organic Aerosol (SOA) upon the regional scale and the importance of
ammonium nitrate to the aerosol burden and its resultant impact. The implications of
these findings will be discussed in the following section.

5.2.1 Evolution of secondary organic aerosol

The research presented in this thesis supplements previous observations (e.g. Zhang
et al., 2007; Jimenez et al., 2009; Ng et al., 2010) regarding the ubiquity and evolution
of SOA at a range of spatial scales. Crucially, the present research explores the trans-
formation of OM across Northern Europe, a region that had previously received less
attention than other industrial and continental environments.

A ground-based network of AMS instruments were deployed during month long
intensives in May 2008, October 2008 and March 2009 across Europe; these results
add to the body of measurements from the airborne experiments. The AMS instru-
ments were also complemented by measurements of the aerosol size distribution, opti-
cal properties and hygroscopic properties in many locations. This dataset will be used
to probe the chemical composition of the European aerosol burden, with specific atten-
tion to the OM component. The datasets are to being examined using various factor
analysis techniques e.g. PMF, which will allow further categorisation of the temporal
and spatial scales involved in the evolution of OM component on the regional scale.

The results presented in Section 4.3 illustrated that the evolution of SOA can be
viewed as a dynamic continuum of oxidation, from Semi Volatile-Oxygenated Organic
Aerosol (SV-OOA) through to Low Volatility-Oxygenated Organic Aerosol (LV-OOA).
This is a consequence of photochemical processing as the air mass is advected down-
wind of its major sources. Similar behaviour was noted by Ng et al. (2010) when com-
paring multiple ground-based measurements. The aircraft measurements were consis-
tent with rapid formation of SOA close to major sources, which is processed substan-
tially upon advection downwind. The measurements across Europe demonstrated that
in environments sufficiently downwind from major source regions, the OM component
was almost exclusively dominated by the LV-OOA component. An area that was not
explored in this study was the relative roles of anthropogenic and biogenic precursors
to the formation of SOA over Northern Europe. Several studies in Europe (e.g. Szidat
et al., 2006; Gelencsér et al., 2007; Szidat et al., 2009) have suggested that biogenic
precursors play the dominant role in SOA formation. However, studies in North Amer-
ica have suggested that SOA is derived from biogenic sources (e.g. Bench et al., 2007),
anthropogenic sources (e.g. de Gouw et al., 2005, 2008; Bahreini et al., 2009) and to
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complicate matters further, a mixture of both (e.g. Weber et al., 2007; Goldstein et al.,
2009). Consequently, characterisation of this fundamental aspect of SOA formation in
polluted environments is vital. This is especially true in a highly diverse environment
such as Northern Europe, where large biogenic sources are situated in close proximity
to major urban and industrial locations.

The observations of the vertical distribution of OM underlined the importance of
considering the chemical make-up of SOA in the atmosphere. Little evidence for sig-
nificant changes with altitude within the boundary layer was observed in the statistical
overview in Section 4.2. However, the observations in Sections 4.3 and 4.4 suggested
that significant changes in composition could occur because of changes in temperature
and relative humidity with altitude. SV-OOA was shown to be enhanced at the top of
the boundary layer relative to ground-based measurements and airborne measurements
at lower altitude in the vicinity of Cabauw. Furthermore, strong increases in SV-OOA
concentrations were noted above the sea surface in areas of enhanced relative humidity.
This was attributed to partitioning of semi-volatile species to the particle phase. This
is consistent with recent frameworks that have proposed that the entire OM component
should be treated as semi-volatile (Donahue et al., 2006; Robinson et al., 2007). Con-
ceptually, adiabatic cooling and mixing of semi-volatile OM precursors could combine
to inflate SOA concentrations, as a function of the thermodynamic structure of the
boundary layer. The ubiquity of SOA across vast areas of the globe suggest that such
a phenomenon could have major impacts on both the transformation of the aerosol
burden and the radiative impact and cycling of atmospheric aerosols. Further work re-
lating to SOA measurements should attempt to quantify the processing and impact of
partitioning to the particle phase, as such a phenomenon could significantly alter the
aerosol burden both vertically and temporally/diurnally.

The research in this thesis demonstrated that OM exhibits comparable concentra-
tions to sulphate across Northern Europe. In many areas, its concentration significantly
exceeds that of sulphate. Sulphate has historically received more attention than OM
in terms of its contribution to the anthropogenic aerosol burden (e.g. Forster et al.,
2007). Sulphate has been shown to exert a large net negative radiative forcing since
the industrial revolution (e.g. Forster et al., 2007). Aerosol models have historically
been unable to replicate the concentration, chemical make-up and evolution of OM
(e.g. Heald et al., 2005; Volkamer et al., 2006; Goldstein and Galbally, 2007; Hallquist
et al., 2009), which introduces significant uncertainties into assessments of the impact
of atmospheric aerosols.

A major area of future work regarding atmospheric aerosol is the replication of
the observed ambient properties of OM in both laboratory experiments and numeri-
cal models. Ng et al. (2010) demonstrated conclusively that the majority of chamber
measurements of SOA do not resemble the often highly oxidised nature of ambient
SOA. Numerical models across both regional and global scales have historically been
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unable to replicate the concentration and dominance of SOA over Primary Organic
Aerosol (POA). Recent modelling studies (e.g. Dzepina et al., 2009; Hodzic et al.,
2010; Tsimpidi et al., 2010) of the Mexico City region have attempted to reconcile mea-
surements of SOA by considering its formation from non-traditional sources, such as
primary semi-volatile and intermediate volatility species (Donahue et al., 2006; Robin-
son et al., 2007). Such analyses have improved absolute concentration comparisons
between models and measurements of ambient SOA, although further work is required
to evaluate the properties of SOA such as the O:C ratio and volatility distribution. Such
analyses should be extended to other regions. A recent global SOA modelling study
(Farina et al., 2010), incorporated these non-traditional species and found that global
anthropogenic SOA concentrations were markedly increased and compared favourably
with measurements.

The ultimate fate of SOA dictates that it is either removed via deposition or oxida-
tion to CO or CO2, or recycled back to the gas-phase in the form of Volatile Organic
Compounds (VOCs, e.g. Goldstein and Galbally, 2007). The observations presented in
this thesis supplement current evidence (e.g. Jimenez et al., 2009; Heald et al., 2010;
Ng et al., 2010) that atmospheric aging of OM results in the formation of an increas-
ingly oxidised aerosol. Future experiments will likely employ more complete instru-
mentation packages. This will allow us to characterise both the gas and particle phase
components involved in the formation and processing of SOA. Ultimately, this will im-
prove our understanding of the precursors to ambient SOA and the processes involved
in its evolution.

5.2.2 Ammonium nitrate in North-Western Europe

The research presented in this thesis demonstrates the importance of ammonium ni-
trate to the aerosol burden in Northern Europe, with particular emphasis upon the role
of its vertical distribution. Several previous studies have highlighted the role of am-
monium nitrate in Europe (e.g. Brink et al., 1996; Schaap et al., 2002; Putaud et al.,
2004; Abdalmogith and Harrison, 2005; Crosier et al., 2007a), with specific regard for
its significant contribution to episodes of enhanced pollution loadings. The analyses
presented in this thesis reinforce such conclusions, as ammonium nitrate was shown
to be a major driver of enhanced pollution episodes, particularly in North-Western Eu-
rope. During such conditions, ammonium nitrate concentrations were found to exceed
the concentrations of both ammonium sulphate and OM.

Air mass history was found to exhibit a significant role in determining the concen-
tration of ammonium nitrate in North-Western Europe. This was a consequence of the
availability of ammonium nitrate precursors, in particular ammonia, which along with
NOx, tends to peak in North-Western Europe (e.g. Reis et al., 2009). Air masses that
had previously been advected across this region exhibited enhanced ammonium nitrate
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concentrations and mass fractions. An important observation was that during the high
pressure phase of the LONGREX study, significant concentrations of aerosol were ob-
served far downwind of the major sources in Western Europe. Such conditions, where
precipitation in the region was low, meant that enhanced concentrations of atmospheric
aerosol were present across the regional scale. Total sub-micron aerosol concentrations
exceeding 15 µgsm−3 were measured, with ammonium nitrate contributing compara-
ble concentrations to OM and also exceeding the ammonium sulphate concentration.
Such observations illustrate how ammonium nitrate can maintain a significant contri-
bution to the atmospheric aerosol burden on the regional scale, in areas far removed
from its emission sources.

As SO2 emissions in North-Western Europe are relatively low in comparison to
NOx, the main limiting terms regarding ammonium nitrate formation will be the con-
version of NOx to HNO3 and the availability of ammonia. A key observation when
analysing the ammonium nitrate spatial distribution across Europe, is that concentra-
tions typically peaked in North-Western Europe. This was in the vicinity of the Nether-
lands and the East Anglian coast of the UK, areas which exhibit enhanced ammonia
concentrations (e.g. Monks et al., 2009). The aerosol burden was typically observed to
be neutralised, thus increases in ammonia are liable to result in increased condensation
to the particle phase and the formation of ammonium nitrate. These spatial patterns in
both the emission sources and the observed particulate concentrations point to the im-
portance of ammonia when considering aerosol in Europe. The importance of ammonia
in North America has also been highlighted (e.g. Makar et al., 2009). Consequently,
knowledge of the emission and cycling of ammonia in the atmosphere should be a ma-
jor area of future research when considering the impact of atmospheric aerosols. This
is especially pertinent when such research focuses on regional impacts based upon both
measurements and models. A significant advance for the FAAM research aircraft will
be the recent deployment of a Chemical Ionisation Mass Spectrometer (CIMS), which
will measure both ammonia and nitric acid. These measurements will be combined
with the AMS during the upcoming RONOCO project (ROle of Night-time chemistry
in controlling the Oxidising Capacity of the atmOsphere), which will examine the pro-
cesses and pathways involved in night-time nitrogen chemistry.

Another important parameter that controlled the distribution of ammonium nitrate,
was the thermodynamic structure of the boundary layer; a phenomenon that has been
observed previously in a range of locations (e.g. Neuman et al., 2003; Morino et al.,
2006; Crosier et al., 2007a). This was demonstrated to be a significant feature in both
Sections 4.2 and 4.4. Comparison of aerosol mass concentrations with light scatter-
ing measurements revealed that ammonium nitrate was a major driver of the optical
impact of the aerosol burden. The increase in ammonium nitrate concentrations led
to dramatic increases in AOD and associated radiative forcing. Ammonium nitrate is
highly hygroscopic, thus such enhancements were strongly driven by water uptake, as
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the increase in ammonium nitrate mass occurred in areas of greater relative humidity.
While the impact of partitioning of semi-volatile precursors to the particle phase at

the top of the boundary layer was assessed in this thesis, the impact of such changes
upon the indirect effect has yet to be quantified. Increases in Cloud Condensation Nu-
clei (CCN) were observed with altitude for the case studies in the vicinity of Cabauw.
This was not associated with an increase in the overall aerosol number concentration
i.e. the fraction of CCN active particles increased with height in the boundary layer.
This is unsurprising as ammonium nitrate serves as a highly effective CCN. Further-
more, the changes in mean size of the aerosol particles observed would further promote
activation to form CCN. Such increases in CCN with altitude are highly pertinent, as
clouds form at the top of the boundary layer and entrain aerosol particles from beneath
them. This increases the cloud droplet number concentration within them. Future
assessments of the climate impact of ammonium nitrate should seek to quantify this
effect. It could potentially significantly increase the CCN burden in a portion of the
atmosphere which is directly coupled to cloud formation and subsequent processing.

Ammonium nitrate is often not included in global aerosol models (e.g. Textor et al.,
2006; Forster et al., 2007), although it has received more attention in regional chemical
transport models (e.g. Schaap et al., 2004; Myhre et al., 2006). Failure to include
ammonium nitrate in assessments of the impact of atmospheric aerosols is liable to
lead to significant deficiencies, especially when examining the vertical distribution.
Such deficiencies may be exacerbated in future, as SO2 emissions reduce in polluted
regions of the globe (e.g. Pinder et al., 2007; Monks et al., 2009). This will diminish the
role of sulphate aerosol and increase the availability of ammonia to form ammonium
nitrate.

5.3 Closing remarks

As discussed in Section 4.4, Northern Europe can be seen as an analogue for other
polluted regions of the globe in terms of its changing emission footprint. This is a
key concept, as reductions in SO2 emissions may result in the increased importance
of ammonium nitrate and OM in terms of aerosol radiative forcing and regional air
quality. Consequently, the research highlighted in this thesis points towards several
challenges to be tackled.

The apparent schism between measured and modelled concentrations of SOA re-
quires rectification, as future assessments of OM will be highly challenging until this
is achieved. Recent paradigms considering the volatility of OM point towards potential
avenues of future research. Control strategies pertaining to OM will be dependent upon
understanding its life cycle, which includes its emission precursors, formation and evo-
lution in the atmosphere. The lack of detailed knowledge regarding whether SOA is
derived from anthropogenic sources, biogenic sources or a mixture of both presents
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a major difficulty to control strategies e.g. is it more effective to target anthropogenic
emissions of VOCs or NOx? If the VOC precursors to SOA are predominantly biogenic
in origin, then efforts to curtail anthropogenic VOC emissions will result in minimal
impact upon SOA concentrations. Alternatively, NOx emissions could be targeted,
which would have the co-benefits of reducing SOA concentrations and ammonium ni-
trate concentrations, as NOx is the precursor to HNO3. Thus, greater knowledge of the
formation pathways of OM are necessary. This will likely involve application of new
instrumental techniques and coordination of multi-scale experimental and modelling
programmes. Such studies should focus upon the formation and evolution of SOA in
the atmosphere.

The lack of consideration of ammonium nitrate by many global and regional aerosol
models presents a major deficiency in attempts to constrain uncertainties of the impact
of atmospheric aerosol upon the Earth’s climate. Ammonium nitrate also represents
a key constituent when examining regional air quality and environmental degradation
of regional ecosystems, due to acidification and eutrophication. Adams et al. (2001)
represents one of the few global modelling studies to investigate the role of ammonium
nitrate in relation to radiative forcing in the 21st century. They predicted that by the year
2100, nitrate radiative forcing would exceed both the present day sulphate forcing and
the 2100 sulphate forcing. Such studies should be repeated with current state-of-the-art
climate models with specific consideration of the regional impact of ammonium nitrate
on both present day and future climate regimes. Ammonium nitrate was not included
in the previous AEROCOM assessment (Kinne et al., 2006; Schulz et al., 2006; Textor
et al., 2006). It is hoped that this will be rectified for the forthcoming AEROCOM
analyses, which will contribute significantly to the next IPCC report.

Future studies should compare measurements in Northern Europe, such as this
study, with other polluted continental regions. There are significant differences in mete-
orology and emission fields in both Eastern Europe and Southern Europe. Undoubtedly
this will result in differences between the observed composition of the aerosol burden
in such locations, when compared with Northern Europe. Differences in SO2 and NH3

emissions will be particularly important based upon the findings of this study. The
photochemical environment in Southern Europe is also distinct from that in Northern
Europe, which could play a role in determining the time scales for evolution of both
the inorganic and organic components. The anticipated strong future reductions in SO2

in other polluted regions should also be assessed. This should include changes in OM
and ammonium nitrate precursors, as these components may become more important
than sulphate aerosol.

Significant questions have been posed by the research highlighted in this thesis.
Future analysis should investigate how the emission fields will evolve under different
climate and economic scenarios. For example, if biogenic VOCs play a dominant role
in SOA formation, how will future predicted increases in temperature affect their emis-
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sions and the subsequent formation of SOA? Ammonia has been shown to be a key
ingredient in determining the make-up of the Northern European aerosol burden. Fu-
ture changes in agricultural practices are therefore likely to play an important role. The
differing time lines for emission reductions in SO2, NOx and VOCs will be highly vital
when assessing future climate scenarios, especially as energy and fuel usage is modi-
fied in response to climate change mitigation and prevention strategies. Consequently,
detailed knowledge of the life cycle of atmospheric aerosol is required. This is neces-
sary for constraint of the uncertainties associated with anthropogenic perturbation of
the Earth’s climate, both now and in the future.
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Chapter 6

Appendices

6.1 Supplementary material for Paper I

The following supplementary material supports the analyses conducted as part of Paper
I in Section 4.2. The supplementary material includes a meteorological overview of
the back trajectory clusters identified and summary statistics of the vertical profiles for
each of the chemical components measured.
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Figure S1: Maps of all back trajectories for each cluster along with the mean trajectory (red line). Also
shown are average ECMWF* 850hPa geopotential height fields based on a 2.5 by 2.5 horizontal grid.
*European Centre for Medium-Range Weather Forecasts. ECMWF Operational Analysis data, [Internet].
BADC, .2006-2008.
Available from http://badc.nerc.ac.uk/data/ecmwf-op/
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6.2 Supplementary material for Paper II

The following supplementary material supoorts the analyses conducted as part of Paper
II in Section 4.3. The supplementary material provides additional information regard-
ing the meteorological situation associated with the study, AMS data quantification and
the photochemical context. Further information regarding the factor analysis methods
and results is also included.
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Airborne measurements of the spatial distribution1

of aerosol chemical composition across Europe2

and evolution of the organic fraction:3

Supplementary material4

W. T. Morgan1, J. D. Allan1,2, K. N. Bower1, E.J. Highwood3,
D. Liu1, G. R. McMeeking1, M. J. Northway3, P. I. Williams1,2,

R. Krejci4 and H. Coe1

5

1. Centre for Atmospheric Science, University of Manchester, Manchester, UK6

2. National Centre for Atmospheric Science, University of Manchester, UK7

3. Department of Meteorology, University of Reading, UK8

4. Department of Applied Environmental Science, Atmospheric Science Unit, Stock-9

holm University, Sweden10

1 Scope11

The supplementary material outlined in this document is provided in order to present12

the meteorological context of the flight operations and support the analysis techniques13

and data quantification steps outlined in the main paper. The meteorological fields14

corresponding to each flying period are presented and further information regarding15

the photochemical context of the operations is presented. Further details regarding16

the volume closure between the Aerosol Mass Spectrometer (AMS) and the Passive17

Cavity Aerosol Spectrometer Probe (PCASP) are discussed. Comparison of the esti-18

mated HOA with primary combustion tracers is included. The relationship between19

the fractional contribution of Low-Volatility Oxygenated Organic Aerosol (LV-OOA)20

to the organic mass and the normalised organic signal at m/z 44 is also shown. Further21

information is provided regarding the Positive Matrix Factorisation (PMF) analysis ex-22

amples from the main text, as well as a summary of some PMF diagnostics for the23

whole dataset. The PMF analysis was performed using the tools presented by Ulbrich24

et al. (2009).25
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2 Meteorological summary26

Figs. S1 and S2 display the typical meteorological conditions prevalent during each27

period considered by the analysis. The periods are relatively consistent in terms of28

their transport patterns, with the air masses transporting pollution from continental29

Europe downwind to either the UK region or into the Eastern Atlantic Ocean. Thus the30

flights are predominantly focused upon either sampling such pollution over continental31

Europe itself or at a range of scales downwind.32

The evolution of the aerosol chemical composition during the LONGREX-2 period33

was examined based upon the relatively consistent transport patterns prevalent during34

the period. Fig. S3a displays the back trajectories for each flight during this period35

based upon Straight and Level Runs (SLRs) during each flight. The trajectories display36

highly consistent behaviour during the period, which is unsurprising given the relative37

stability of the high pressure system located over Northern Europe during this period.38

Fig. S3b highlights the back trajectory from the 14 May 2008, which was initialised39

from a SLR during B374 in the Eastern Atlantic Ocean. B374 represented the end-40

point in our operations during this period both in terms of the geographical location41

of the missions and also the distance from continental European sources i.e. the most42

aged polluted air mass. The back trajectory indicates that the spatial coverage of the43

flight operations closely matches the air mass transport during the period leading up to44

the 14 May 2008. Specifically, flights B370-B374 took place across Northern Europe45

during this period covering close to 5 days of air mass transport.46

3 AMS versus PCASP comparison47

Validation of the collection efficiency treatment applied to the dataset following the48

principles developed by Matthew et al. (2008) is accomplished by comparing the AMS49

data with the volume estimated concentrations from the PCASP instrument. The AMS50

total mass concentrations were converted to total volume concentrations using the den-51

sities reported by Cross et al. (2007), which correspond to 1.27 gcm−3 for organics52

and 1.77 gcm−3 for inorganics. A comparison of the estimated volume from the AMS53

and PCASP is shown for SLRs below 3000 m in Fig. S4. Over all of the considered54

flights, the estimated AMS volume concentrations were 26% higher than the estimated55

PCASP volumes. This average agreement is predominantly determined by the LON-56

GREX flights, which were quite consistent in terms of the agreement from flight-to-57

flight. The ADIENT flying periods sit on either side of the overall regression slope,58

with the ADIENT-2 flying indicating that the PCASP volume was 48% of the AMS59

volume. These discrepancies are considered tolerable given the large uncertainties pre-60

viously reported in the literature for PCASP volume estimates (e.g. Moore et al., 2004;61

Hallar et al., 2006) and the uncertainties in the AMS volume estimates.62

For B357, the PCASP volume estimate was more than two times greater than the63

AMS volume estimate, which is outside of the bounds of uncertainty for the two instru-64

ments. The reason for this discrepancy is unknown but could reflect an artifact in either65

instrument or the presence of material that is not detected by the AMS. The discrep-66

ancy between the two instruments is also reflected in the calculated volume-scattering67
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relationship when comparing the measurements with a nephelometer system. The main68

difference between B357 and the other flights in the dataset is the sampling altitude of69

the aircraft, where in B357, the aircraft operated at a constant altitude of 200 m for70

the majority of the flight. The other flights in the dataset operated at altitudes higher71

in the boundary layer. Potentially, the nephelometer and PCASP measurements could72

be perturbed by the constant low-level flying in a humid environment as the aerosol73

sampled may not be sufficiently dried in the inlet lines and by the heater respectively.74

The AMS volume estimates do not include water, so this could potentially cause the75

discrepancy. Additionally, the PCASP and nephelometer may be measuring refractory76

material or particles above the cut off of the AMS aerodynamic lens. This would also77

lead to the AMS underestimating the volume relative to the PCASP.78

4 Photochemical context79

The relationship between O3 and CO with the O3:NOx ratio discussed in the main pa-80

per is presented in Fig. S5. The results indicate that O3 increases and CO decreases81

steadily in the 1-100 O3:NOx range, which is a reflection of photochemistry and di-82

lution respectively. Beyond an O3:NOx ratio of 100, the concentrations decrease with83

CO returning to background levels and O3 remaining relatively constant in the 40-6084

ppb range.85

5 Positive Matrix Factorisation86

Potentially, the most challenging and subjective aspect of PMF analysis is the selec-87

tion of the appropriate number of factors. For AMS datasets, this is usually accom-88

plished using internal PMF diagnostics, similarity to reference mass spectra and exter-89

nal measurement parameters. An example of an internal diagnostic is the parameter90

Q/Qexpected, which is defined as the total sum of the scaled residuals, divided by its91

expected value. This expected value is derived based upon the error estimates for the92

data matrix (Ulbrich et al., 2009). A value of unity for the Q/Qexpected parameter in-93

dicates that the expected variance associated with random errors can be explained by94

the solution set. Values greater than unity indicate that there is additional variance not95

accounted for by the solution set. The suite of aerosol and gas phase instrumentation96

available on the aircraft provides several necessary external parameters to facilitate97

validation of the solution. Reference spectra utilised in this study are taken from the98

AMS spectral database (http://cires.colorado.edu/jimenez-group/AMSsd/)99

described in Ulbrich et al. (2009). The factor solutions are interpreted based upon com-100

parisons with external parameters and reference mass spectra. Comparisons between101

mass spectra are accomplished using the Uncentered Correlation (UC, Ulbrich et al.,102

2009) coefficient, while the comparisons with external parameters use the Pearson’s R103

coefficient.104

Here we include additional information regarding the PMF solutions used in the105

main manuscript. This includes example PMF solutions from a range of flights in106

different conditions, a summary of the results for the whole dataset and further details107
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regarding the estimation of HOA from our data.108

5.1 Example PMF solutions109

Several PMF solutions will be illustrated in the following section based upon some110

example flights from the dataset. The flights chosen are B357 (16 April 2008), B362111

(6 May 2008), B369 (10 May 2008) and B406 (25 September 2008) as these broadly112

represent the range of operations conducted in terms of their proximity to pollution113

sources. B357 was conducted primarily downwind of the major conurbations of Manch-114

ester and Liverpool, in the North-West of England. B362 was conducted on a South-115

North transect originating from Oberpfaffenhofen in southern Germany, culminating116

in a sequence of Straight-and-Level Runs (SLRs) in the North Sea in the outflow from117

continental Europe. B406 was conducted in the outflow from continental Europe along118

the southern coast of the UK. B369 was conducted in the Baltic Sea region and reflects119

background conditions for comparison with the more polluted examples.120

The results for B357 are shown in Fig. S6, for B362 in Fig. S7, for B369 in Fig. S8121

and B406 in Fig, S9. All the examples show excellent agreement between the measured122

and reconstructed organic mass concentrations.123

5.1.1 Close to source case study – B357124

For B357, a 2-factor solution was deemed most appropriate as increasing the number125

of factors led to a phenomenon known as “splitting”. This leads to multiple factors126

being assigned with numerically similar factor profiles and time series. In this case,127

the additional factors merely represented variability within the factors identified in the128

2-factor solution. Consequently, the 2-factor solution was retained for analysis. The129

Q/Qexpected was equal to 1.38. Reconstructed OM concentrations made up 98% of130

the measured OM concentrations. Factor 1 (OOA-1) exhibits a correlation coefficient131

of 0.89 and 0.98 when compared to reference spectra for an ambient rural case (from132

Canada) and laboratory generated fulvic acid respectively, which has chemical func-133

tionalities that are representative of aged OM (e.g. McFiggans et al., 2005) and hence134

is indicative of an LV-OOA type factor. Factor 2 (OOA-2) is interpreted as HOA as135

it exhibits a high correlation (0.91) with the derived HOA mass spectrum from Pitts-136

burgh (Zhang et al., 2005a). Additionally, it has a correlation coefficient of 0.87 when137

compared to diesel exhaust from a chase study in New York (Canagaratna et al., 2004).138

The factor 2 time series correlates with NOx (r=0.65), CO (r=0.73) and BC (r=0.79),139

with the strong gradients in the time series coincident with large increases in NOx, CO140

and BC. Cororally, factor 1 exhibits low correlation (r<0.35) with these combustion141

tracers. Comparison of the emission ratio of POA to NOx from B357, which is equal142

to 29.9 µgsm−3 ppm−1, with the previous studies summarised in Table S1 yields good143

agreement. Furthermore, the emission ratio relative to CO of 8.0 µgsm−3 ppm−1 falls144

within the literature values summarised in Table S1. Therefore, it appears that factor 2145

in this case is likely attributable to primary sources of OM in the form of HOA.146
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5.1.2 Continental European scale case studies – B362 and B406147

While B357 presented a relatively straight forward 2-factor solution, B362 and B406148

present highly complex examples of the factor analysis. When more than 3 factors were149

examined, the “splitting” phenomenon was observed. The 3-factor solutions contained150

a factor profile strongly resembling LV-OOA, with m/z 44 dominating the mass spec-151

trum and a high correlation with the reference spectra for fulvic acid and the ambient152

rural case. The second factor is characterised by a mass spectrum with similar intensi-153

ties at m/z43 and 44 and an enhanced base peak at m/z 55. Such a spectrum is fairly154

typical of a SV-OOA type component (Ulbrich et al., 2009; Jimenez et al., 2009). The155

remaining factor appeared to represent a second SV-OOA mass spectrum but with en-156

hanced mass peaks associated with commonly resolved hydrocarbon peaks (m/z’s 27,157

29, 41, 43, 55, 57, 69, 71, ...), indicating a contribution of HOA. This third factor was158

correlated with NOx, CO and BC but for B362 the slope was found to be approximately159

a factor of 2 greater than the range of literature values cited in Table S1. A regression160

for the same factor from B406 with NOx and BC also yielded a similar discrepancy161

although a CO measurement was not available during the flight so a comparison with162

CO was not possible. Enhanced signal is not identified at m/z 60 or 73 during either163

flight. These are typical mass spectral markers for wood burning emissions (Alfarra164

et al., 2007), therefore solid fuel burning is not considered to be a potential source of165

the enhanced mass. Consequently, it appears that the 3-factor solution is “blending”166

more than one distinct organic component into a single factor. This is likely a conse-167

quence of there being more chemical variability in the SV-OOA component (arising168

from evaporation/condensation, aging etc.) than in the HOA component. Thus the169

PMF solution identifies a factor which represents a ‘mathematical mixing’ of the more170

recently formed OOA with a HOA component. This arises due to the commonality171

between some of the major peaks in their respective mass spectra e.g. m/z 29 and 43.172

The number of factors was increased under the supposition that an increase beyond173

3-factors would reveal a more realistic contribution of HOA to the OM by separating174

it from the more volatile, fresher OOA fraction. While OOA factor profiles gener-175

ally display significant variability as a result of differing processes such as aging and176

partitioning, HOA factor profiles are far more chemically distinct. Additionally, the177

largely linear association between HOA concentrations and urban primary emission178

markers makes source identification more straightforward than for OOA. Based upon179

these criteria, the number of factors was increased and inspected at each step until a180

single factor was present that most resembled HOA. For B362, this occurred for a 6-181

factor solution while for B406, a 7-factor solution was chosen. These factors were182

chosen due to their strong resemblance to HOA based upon their mass spectra and183

comparisons with combustion tracers. The comparison with the combustion tracers184

for B362 is shown in Fig. S14b, which indicates that increasing the number of factors185

does appear to bring the HOA-type component closer to the literature emission ratio.186

The main deviation from the relationship is from a low-level SLR in a highly moist187

layer (RH>95%) where total mass concentrations exceeded 50 µgsm−3 and ammo-188

nium nitrate was the dominant chemical component. The layer is likely characteristic189

of freshly formed secondary material and it appears that some of the freshest-OOA190

mass has been apportioned to the HOA profile. The number of factors was increased191
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to 15 but this did not significantly alter the mass apportionment during this event.192

5.2 Bootstrapping analysis193

The numerical stability of the factor solutions was quantitatively evaluated using a194

bootstrapping analysis (Ulbrich et al., 2009, and references therein), where random195

resampling of the data matrix is performed in the time dimension. This analysis was196

performed using 20 iterations, with the results being grouped according to the UC197

coefficient between mass spectral profiles. The results of this analysis are summarised198

in Fig. S14a for B362 by comparing the contribution to total mass versus m/z 44 for199

each factor as the solutions are stepped through an increasing number of factors. The200

derived mean and standard deviations from the bootstrapping analysis are compared201

with the base solutions. The analysis indicates that by increasing the number of factors,202

the solutions become increasingly unstable in a numerical sense. This is a consequence203

of the aforementioned chemical variability inherent in the air masses sampled during204

the flight operations, which results in large scope for different factor solutions for larger205

numbers of factors. The bootstrapping analysis suggests that the 2-factor solution is the206

most appropriate solution, especially as the OOA-1 component is highly robust with a207

close match between the base solution and the bootstrapping solution. The enhanced208

standard deviation in the m/z 44 for the OOA-2 component is likely a consequence209

of the variability in the chemical nature of the OM. Very similar results were derived210

for B406, with the 2-factor solution being more numerically robust than subsequent211

solutions.212

Further results from the bootstrapping analysis are shown for B357 in Fig. S13, for213

B362 in Fig. S14, for B369 in Fig. S15 and for B406 in Fig. S16. The bootstrapping214

results for all the flights are summarised in Table S2. The variance of the solutions in215

both the time series and factor profile dimensions is evaluated using suitable metrics.216

The time series diagnostic is the mean of the standard deviation for each factor, reported217

as a percentage of the overall mean mass concentration. For the mass spectra, the218

greatest standard deviation for each factor profile from the bootstrapping analysis is219

reported. A mean is not deemed appropriate to evaluate the stability of the mass spectra220

as the chemical assignment of factors is performed based on a limited number of peaks221

(i.e. less than 10).222

The OOA-1 (LV-OOA) factor profiles are highly robust with little deviation be-223

tween the average mass spectrum from the bootstrapping analysis and the base solu-224

tion. Furthermore, the standard deviations are typically low. This is a consistent result225

throughout the dataset, which is shown by the low scores for the diagnostics in Table226

S2. The OOA-2 factor profiles are more variable for B362, B369 and B406, with less227

stability in the signal intensity at m/z 44. This reflects the continuum nature of the OM228

discussed in the main text, whereby there is significant variability on a given flight in229

the level of oxidation. Thus by randomly resampling the dataset in the time dimension230

using the bootstrapping procedure, conditions with either enhanced or diminished m/z231

44 in the OOA-2 may be encountered and this is reflected by enhanced standard devi-232

ations in both the time series and mass spectra. The normalised standard deviation for233

the time series of OOA-2 for B369 is much greater than the other flights in the dataset.234

This is predominantly a result of the low concentrations encountered during the flight,235
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coupled with large standard deviations which are associated with large changes in the236

composition of the OOA-2 component in this instance. For much of the flight, signal237

at m/z 57 is close to zero indicating that HOA makes a minimal contribution to the238

OOA-2 component. However, during the peak OM event at 15:47 UTC, signal at m/z239

57 is enhanced and thus the contribution of HOA is likely elevated. This event co-240

incides with the maximum in the NOx concentration and is associated with potential241

sampling of low-level urban outflow from Stockholm into the Baltic Sea. During this242

period, the standard deviations for the OOA-2 factor increase. Thus such changes in243

the OOA-2 composition from SV-OOA dominated to HOA dominated are reflected by244

large increases in the standard deviation values from the bootstrapping analysis. The245

much lower normalised standard deviation values associated with the time series of246

the OOA-2 components for the rest of the dataset suggest this feature to be atypical.247

This is a reflection of the regional nature of the measurements, with few instances of248

prolonged exposure to intense urban signatures.249

The results presented here demonstrate the robustness of the chosen 2-factor solu-250

tions in terms of both the mass spectra and time series of the components. The OOA-1251

(LV-OOA) components are highly numerically stable, while the decreased numerical252

stability of the OOA-2 (SV-OOA and HOA) components is entirely consistent with the253

continuum of oxidation/aging discussed in the main text.254

5.3 Application to the entire dataset255

The remaining flights in the dataset were analysed in an identical manner to the frame-256

work established in the previous section. This resulted in broadly similar behaviour in257

terms of the inability to accurately and quantitatively resolve HOA. A consistent theme258

was that increasing the number of factors in order to attempt to separate the HOA con-259

tribution led to a numerically unstable solution. Thus we chose to use the 2-factor260

solutions as these consistently represented a more quantitative solution set.261

A summary of the Q/Qexpected parameter is shown in Fig. S12, which indicates that262

the parameter is generally less than 2. Four flights had Q/Qexpected values greater than263

2, with the largest value being 5.01 (B374). Such values are greater than is generally264

considered optimal if attempting to produce a perfect characterisation of the dataset but265

given the difficulty in deriving robust results when more than 2 factors are chosen, it is266

not possible to reduce Q further. Consequently, the additional Q contribution prevalent267

in the dataset is considered as ‘model error’.268

The available solutions include some rotational ambiguity, which is explored by269

varying a parameter known as “fPeak” (Ulbrich et al., 2009, and references therein).270

An fPeak range from from −2.5 to 2.5 is investigated in order to explore the numerical271

variability in factor profiles and time series for small changes in Q/Qexpected. Inves-272

tigation of the rotational freedom in the solutions using fPeak was accomplished by273

inspecting the mass spectra and time series in relation to external tracers for a subset of274

fPeak values from −2.5 to 2.5. The most appropriate value was then chosen, which for275

this dataset was determined to be zero in all cases. A test of the numerical uniqueness276

of the solution sets is the dependence upon the initiation seed, which is described by277

Ulbrich et al. (2009). Each of the 2-factor solutions was examined using this technique278

and little variation was exhibited for a range of different seeds.279
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5.3.1 Estimation of HOA and comparison with OOA components280

Included in Fig. S11a are correlations of the estimated HOA concentration with Black281

Carbon (BC), NOx and CO. These indicate that for 8 of the flights, the correlations282

of the estimated HOA with these primary emission tracers are greater than 0.5. Cor-283

relations lower than 0.5 are generally encountered on flights where these tracers and284

the estimated HOA are very low, thus the correlations break down at values when the285

relationships exhibit enhanced noise due to low signal. This is demonstrated in Fig.286

S11b and c, where at low concentrations the relationships are relatively flat but at en-287

hanced concentrations, the correlation is greater. Given the simple nature of the HOA288

estimate, these correlations and relationships do provide some confidence that the es-289

timated HOA provides a qualitative indicator of the contribution of HOA to the OM290

burden. The HOA estimate using this approach is likely an upper limit as the contribu-291

tion of any oxidised fragments at m/z 57 has not been removed.292

Also shown in Fig. S11a are the correlations between the Low-Volatility Oxidised293

Organic Aerosol (LV-OOA) organic mass fraction and the m/z 44:OM ratio described294

in the main paper.295
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Table S1: Summary of POA:NOx and POA:CO emission ratios used in this study.
Emission ratios are given in µg sm−3 ppm−1.

Study Location POA:NOx POA:CO
Allan et al. (2010) London, UK 31.6 N/A
Allan et al. (2010) Manchester, UK N/A 20.5

de Gouw et al. (2005) Northeastern USA N/A 9.4
Kirchstetter et al. (1999) Tunnel study, USA 11.0 N/A

Lanz et al. (2007) Zurich, Switzerland 15.9 20.4
Zhang et al. (2005b) Pittsburgh, USA N/A 4.3
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Table S2: Summary of the diagnostics relating to the bootstrapping analysis from the
dataset for each flight.

Flight SDts/TS (%) Max (SDms) (%)
OOA-1 OOA-2 OOA-1 OOA-2

B357 2.0 2.5 0.77 0.85
B362 5.6 9.7 1.00 2.44
B365 2.8 3.0 0.62 1.31
B366 13.4 11.8 1.66 1.46
B369 19.1 45.9 2.23 1.66
B370 2.9 3.6 0.52 0.46
B371 4.8 8.0 0.41 1.82
B373 2.3 3.9 1.06 0.86
B374 1.1 1.7 0.44 0.68
B379 6.6 9.3 0.61 1.63
B380 1.4 2.4 0.36 0.37
B401 11.1 13.3 0.24 0.32
B402 5.5 14.9 0.76 1.23
B406 1.4 1.8 1.06 0.79
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Table S3: Summary statistics regarding the AMS chemical composition for each zone
referred to the main paper. Concentrations are reported in µg sm−3t at the 25th, 50th

and 75th percentiles.
Species Statistic Zones

1 2 3 4 5 6 7
Organics 25th 3.69 0.57 3.21 3.49 2.65 2.84 0.66

50th 4.13 0.91 3.69 4.13 3.63 3.68 1.40
75th 4.55 1.29 4.40 4.83 4.96 4.39 3.40

Nitrate 25th 3.04 0.58 1.15 2.10 0.24 0.33 0.05
50th 3.51 2.11 2.92 4.84 1.24 1.00 0.14
75th 4.40 3.02 4.98 6.85 2.72 3.16 1.45

Sulphate 25th 2.78 0.83 2.88 1.99 0.98 1.13 0.49
50th 3.25 1.20 3.82 3.02 1.93 1.44 0.92
75th 3.65 1.78 4.89 3.65 4.12 1.93 2.12

Ammonium 25th 2.60 0.55 1.48 1.67 0.51 0.61 0.17
50th 2.87 1.14 2.06 2.25 1.11 1.23 0.45
75th 3.06 1.47 3.06 3.36 2.03 1.77 1.46
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Figure S1: Flight tracks of the BAe-146 considered by this analysis for the ADIENT
periods. Also shown are ECMWF 850 hPa geopotential height fields for each period
considered by the analysis, where the field is either pertinent to a particular flight or
is representative of the overall meteorological regime of the period. All geopotential
height fields are for 12UTC. (a) summarises the flights for the UK-based ADIENT
flying in April 2008 and the geopotential height field is from 16 April 2008 (B357). (b)
summarises the flights for the UK-based ADIENT flying in September 2008 and the
geopotential height field is from 25 September 2008 (B406).
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Figure S2: Same plots as Fig. S1 but now for the LONGREX flying period. (a) sum-
marises the flights for the LONGREX-1 period with a geopotential height field for the
06 May 2008. (b) summarises the flights for the LONGREX-2 period with a geopoten-
tial height field for the 14 May 2008. (c) summarises the flights for the LONGREX-3
period with a geopotential height field for the 22 May 2008.
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during each flight. (b) Air mass back trajectory initialised from 1200 UTC on 14 May
2008 at 850 hPa. The numbered points relate to the number of days passed since the
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Figure S6: PMF solution for the two factor case from flight B357 including factor
component time series (a) and mass spectra (b). The absolute residual is also shown in
(c), whilst a comparison between the factor analysis reconstructed mass and measured
organic signal is displayed in (d).
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Figure S7: PMF solution for the two factor case from flight B362 including factor
component time series (a) and mass spectra (b). The absolute residual is also shown in
(c), whilst a comparison between the factor analysis reconstructed mass and measured
organic signal is displayed in (d).
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Figure S8: PMF solution for the two factor case from flight B369 including factor
component time series (a) and mass spectra (b). The absolute residual is also shown in
(c), whilst a comparison between the factor analysis reconstructed mass and measured
organic signal is displayed in (d).
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Figure S9: PMF solution for the two factor case from flight B406 including factor
component time series (a) and mass spectra (b). The absolute residual is also shown in
(c), whilst a comparison between the factor analysis reconstructed mass and measured
organic signal is displayed in (d).
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Figure S10: (a) Example from flight B362 of the relationship between the fractional
mass contribution of a given factor to its normalised signal at m/z 44 for PMF solutions
from two through seven factors. The black vertical bars refer to the base solution, while
the red vertical and horizontal bars are the results from a resampling analysis known
as bootstrapping. Increased standard deviations and mismatching between the base
and bootstrapping solutions suggest a numerical unstable solution. (b) Relationship
between the most HOA like factor profile with NOx (red line) and CO (black line) for
the factor solutions in (a). Solid red and black lines refer to literature emission ratios
where (1) is from Allan et al. (2010), (2) is from Kirchstetter et al. (1999), (3) is from
Lanz et al. (2007) and (4) is from Zhang et al. (2005b).
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Figure S13: Results of the bootstrapping analysis for the two factor solution mass
spectra for flight B357. (a) displays the mass spectrum for OOA-1, while (b) displays
the mass spectrum for OOA-2.
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Figure S14: Results of the bootstrapping analysis for the two factor solution mass
spectra for flight B362. (a) displays the mass spectrum for OOA-1, while (b) displays
the mass spectrum for OOA-2.
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Figure S15: Results of the bootstrapping analysis for the two factor solution mass
spectra for flight B369. (a) displays the mass spectrum for OOA-1, while (b) displays
the mass spectrum for OOA-2.
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Figure S16: Results of the bootstrapping analysis for the two factor solution mass
spectra for flight B406. (a) displays the mass spectrum for OOA-1, while (b) displays
the mass spectrum for OOA-2.
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