Molecular Insights into New Particle
Formation across urban and polar
environments

by
James Brean

A thesis submitted to the University of Birmingham for the
degree of
DOCTOR OF PHILOSOPHY

School of Geography, Earth & Environmental Sciences
College of Life & Environmental Sciences
University of Birmingham

March 2020



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



ABSTRACT

New particle formation (NPF) is a process involving formation of thermodynamically stable molecular
clusters and their subsequent growth to larger sizes. NPF modulates the earth’s radiative budget and
poses potentially significant health effects, however, the mechanisms driving NPF globally are still
uncertain due to limited molecular scale measurements. Urban measurements in both Beijing and
Barcelona show highly oxygenated multifunctional organic molecules in high mixing ratios, arising
primarily from anthropogenic VOC precursors. Efficient autoxidation due to high temperatures is offset
by rapid peroxy radical termination due to high NOx mixing ratios. Nucleation is seen to proceed by the
nucleation of sulphuric acid, alkylamines, and HOMs in conjunction in Barcelona. An investigation of
these mechanisms in the remote polar environment of the Antarctic Peninsula shows nucleation driven
by sulphuric acid and amines, with elevations to both the sulphuric acid precursors and amines arising
from the melt of sea ice. Particle formation rates are around two orders of magnitude more rapid in the
urban environment than in the polar, and particle growth rates are around a single order of magnitude
greater. This thesis demonstrates underappreciated roles of both anthropogenic VOC emissions in urban

NPF and amine sources in polar regions in facilitating efficient NPF.
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CHAPTER 1: INTRODUCTION
Theory & Background

New particle formation (NPF) is the generation of new atmospheric particles from gas phase species
involving formation and subsequent growth of an embryonic molecular cluster, where rates of formation
and growth must outcompete evaporation and coagulational losses. In practical terms, it is typical to
conceptualise this in terms of a “two-step” process. (see Figure 1). The first of these steps is nucleation,
with the generation of thermodynamically stable molecular clusters. This process is analogous to
generation of crystals within a supersaturated liquid. Nucleation processes in solution are under intense
study across multiple fields due to the applications of resultant nanoparticles in biomedicine, catalysis,
fuel cell, data storage, agriculture and solar cell research’. Nucleation processes involve a free energy
change, occurring with a decrease in enthalpy, but also result in a decrease in entropy. They are not
strongly thermodynamically favourable, but become more favourable at lower temperatures. Gas phase
molecules will form clusters held together by intermolecular forces, which form either due to random
fluctuations in vapour density, or assisted by irregularities such as ions or small clusters. These will
further grow by addition of gas phase molecules and ions. Typically, these involve gases capable of
forming strong hydrogen bonded pairs like sulphuric acid and dimethylamine. Once this cluster reaches
the critical diameter, typically stated at 1.5 + 0.4 nm, growth of the cluster to larger sizes becomes a

spontaneous process”’

Once this nucleation step has taken place, particles will grow by condensation of low volatility gas
phase molecules on the surface of this aerosol (Figure 2), which results in an increase in particle
diameter with no decrease in particle number. This occurs when the saturation vapour pressure of a
molecule in the gas phase exceeds the saturation vapour pressure over a particle. Early stage particle
growth is limited heavily by the Kelvin effect, stating that the vapour pressure over a more curved
surface is significantly greater than that over a less curved surface. This greatly increases the saturation
vapour pressure demands of molecules necessary to condense down onto the smallest particles, and thus

an abundance of low volatility vapours is required for this to proceed rapidly. Such growth can be
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explained by nano-Kohler theory, wherein spontaneous growth occurs after activation at a given
saturation ratio’. This framework adequately explains the condensation of nitric acid and ammonia
under sufficiently high saturation ratios’ Alternatively, particles can grow by the coagulation of two
newly generated aerosols, which results in an increase to particle diameter with a decrease in particle
number. The former of these is more likely under typical conditions due to the relatively low

concentrations of new particles compared to low volatility gas phase compounds®".

Nucleation Growth
) Cloud condensation
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Figure 1: Schematic diagram of new particle formation and growth, resulting in the generation of a CCN particle.

Aerosol particles are found across the troposphere with concentrations ranging from 100 — 10° cm?'/,
covering diameters from 10° — 10* m. While NPF is a significant contributor to particle number, its
effect on particle mass is less significant. The majority of particle mass comes from larger particles,
which will typically arise as the result of combustion, sea spray or resuspension of dust, which in turn
contribute relatively little to particle number. Particle size distributions are comprised of a series of
lognormal modes. Such modes cover such a diverse range of particle sizes with distinct chemical and
physical characteristics. These are typically separated into the nucleation (1-20 nm), Aitken (20-100

nm), accumulation (100-1000 nm), and coarse (>1000 nm) modes.

As liquid droplets, aerosol particles are capable of both absorbing and scattering incident radiation
(direct radiative forcing). Aerosol particles can also act as cloud condensation nuclei (CCN) which

affect the microphysical properties of clouds, their coverage and lifetimes, and the likelihood of their
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precipitation’” (the climate forcing portions of these effects are referred to as indirect radiative forcing).
The two combined direct and indirect effects provide great uncertainty in global estimates of radiative
forcing, with the latter having the greatest effect’’. Estimates of radiative forcing show that the
anthropogenic increase to global aerosol load has offset approximately one third of continental warming
by greenhouse gas emissions’#, meanwhile, different estimates of the effect of NPF on global climate
range from positive to negative’”’* depending on the mechanisms involved’”"’. Proper understanding

of global NPF processes on a molecular level is therefore key to understanding the global climate.

A CCN particle is defined as a particle that can become activated at a particular water saturation ratio.
Activation is the indefinite growth of a particle due to condensation of water vapour. For particles to
act efficiently as CCN, they must be sufficiently large, with ranges for particles to become active at
atmospheric water saturation ratios ranging from 50-150 nm’???’, They must also be sufficiently
hygroscopic, a property determined by particle composition””. NPF is a significant contributor to CCN
due to the high number concentration of resultant particles reaching CCN active sizes (Figure 2), with
approximately half of global CCN thought to arise from NPF, down from just under 70% estimated
during preindustrial conditions®’. Physical observations typically show that 10-60% of NPF events lead
to an enhancement to CCN count, and these events lead to increases to CCN count ranging from a factor
of 0.5 to 11°. NPF is therefore a significant modulator of the global climate. Further, despite reductions
to SO, emissions across Europe, and a reduction in the frequency of NPF events, the CCN production
associated with NPF has been found to increase over time due to increased BVOC emissions, and

therefore particle growth”.

Alongside climate forcing effects, airborne particulate matter is the air pollutant believed to have the
greatest impact on human health, with airborne particles causing 4.2 million premature deaths in 2015
alone’. Most attention is given to the mass concentration of aerosols of diameter less than 2.5 pm,
however, the ultrafine fraction can exhibit significant health effects also. Ultrafine particles can initiate

inflammation via oxidative stress responses®’ =’

, and these particles can more easily enter the lung and
penetrate the bloodstream due to their more diffuse, gas like behaviour’”~*. Mouse studies employing

diesel exhaust (which is chemically distinct from particles arising from NPF, but exists in similar size
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ranges) demonstrate that diesel generated UFP can induce a variety of inflammatory and hyperreactive

responses™ . Studies in the urban environment tend to show weak positive associations between UFP

38,39

concentrations and respiratory mortality’>”, with UFP exposure associated with increases to blood

pressure and decreased expiratory volume®’.
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Figure 2: Particle size distribution contour plot for an NPF event day in Beijing

Measurements and models

Background

Early measurements of NPF were made using ion spectrometers and showed midday increases to the

number counts of the smallest particles’”. Subsequent research has found NPF events to occur

43-46

worldwide, across a diverse range of environments*’, from polluted urban centres (where such

particle formation was unexpected”’), to pristine polar”® and free tropospheric environments*-"’. NPF

exhibits strong seasonality across near all environments, and occurs typically at midday under intense

5152

insolation’’ and therefore production of OH' radicals’’*?, with observations of nocturnal or evening time
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cluster formation being rare’>**. Cluster analysis applied to results from multiple sites across Europe
show most frequent NPF can happen at different times of year depending on geographic location, with

intense wintertime NPF seen in southern Europe and southeast Asia*>*.

Nucleation of binary sulphuric acid-water systems was initially thought to drive most nucleation
observed in the troposphere™. A role of a ternary stabilising species, ammonia, was suggested by

7755 and backed up by computational studies®, with later studies later suggesting a

observational studies
potential role of oxygenated organic molecules”, iodic acid®’, methanesulphonic acid (MSA)*, and
amines®. These molecules are all either involatile (in the case of acids and large oxygenated organics),
or capable of forming strong hydrogen bonded pairs and with molecules that are (in the case of amines
and smaller oxygenated organic molecules). Sulphuric acid arises from the OH' oxidation of SO, which
has natural marine and volcanic sources, and anthropogenic sources in the combustion of sulphur-
containing fuels™. Sulphuric acid can also be directly emitted by traffic sources®*. Iodic acid arises
from the oxidation of biogenic iodine emissions® " (I,, CHal,), and MSA from the oxidation of
dimethylsulphide (DMS), which oxidises to produce SO, and MSA at approximately a ratio of 3:17.
The majority of biogenic iodine emissions, as well as MSA emissions are from marine sources. OH
arises primarily from the photolysis of ozone, water vapour, HONO, H;O; etc., and thus OH

51,52

concentrations tend to track insolation intensity quite closely’'~“, and in combination with O3 is the

main daytime oxidant of most tropospheric vapours. Amines are often co-emitted with ammonia, and

68,69

have biogenic sources in ocean regions”>”, and anthropogenic sources in agriculture, waste

management, traffic, and food industries” "

High condensation sinks (CS, the rate at which vapours will condense down onto particle surface area)
will inhibit NPF, and elevations to CS occur simultaneously with elevations to coagulation sinks
(CoagS)’. Elevations to CS will result in a reduction to NPF precursor vapours such as sulphuric acid.
Elevated CoagS will result in the rapid coagulation of new particles, supressing NPF from occurring.
High mixing ratios of isoprene have also been found to supress NPF in forested environments’™, with
isoprene, as well as CO and CH4 capable of acting as a significant OH- sink™. Isoprene oxidation

products are still generally too volatile to participate efficiently in new particle formation processes,
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and OH' scavenging by isoprene inhibits the generation of less volatile monoterpene oxidation
products””’. We therefore have mechanisms whereby the oxidation products of biogenic and
anthropogenic emissions combine, either synergistically or antagonistically to drive the formation and
growth of new particles. Pre-existing particles, either from NPF or primary emissions will supress NPF

and thus NPF is expected much more frequently in cleaner environments.

The role sulphuric acid and bases

Sulphuric acid by itself is relatively inefficient at forming large molecular clusters, with concentrations
orders of magnitude higher than typically observed in the troposphere required to form particles at
appreciable rates at 278 K. In the presence of water vapour, this demand decreases due to the favourable
mixing enthalpy of sulphuric acid and water. Evaporation rates of sulphuric acid-water clusters are,
however, extremely high, and theoretical nucleation rates from this system failed to match tropospheric
observations”. Systems involving a ternary stabilising compound are therefore expected. Early results
from the CLOUD chamber showed that sulphuric acid, water and ammonia in the presence of ionizing
radiation could reproduce tropospheric observations at sufficiently low temperatures. Evaporation of
such clusters is still a rapid process, however, with increases to temperature strongly decreasing
formation rates’®. On the basis of earlier studies™ the role of dimethylamine was studied’”®, with
extremely rapid particle formation rates observed, largely not influenced by ionising radiation nor
temperature’”. The cluster binding energies between sulphuric acid and amines are significantly higher
than those between sulphuric acid and ammonia®, the latter having roughly similar binding energies
than seen between sulphuric acid and organic acids®’. Recent evidence shows that cluster evaporation
becomes significant at temperatures approaching 298 K, and this results in reduced particle formation
rates under typical urban conditions®’ Other amines have been shown to be efficient at forming particles
in flow tube studies®’, where it was shown that even in the presence of strong bases ammonia increased
the nucleation rate, despite the fact amines are expected to efficiently replace ammonia in sulphuric
acid clusters®’. Bases at a few pptv have been shown to accelerate sulphuric acid-water nucleation by
over 3 orders of magnitude more than ammonia at 278 K, and can form particles at rates similar to that

measured across the troposphere at typical sulphuric acid concentrations®>*. Due to the strong bonding
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between sulphuric acid and dimethylamine, near-zero evaporation of clusters can be assumed, contrary
to what is expected in the sulphuric acid-ammonia system®, and it is only in the upper atmosphere, or
the extremely cold polar regions that nucleation involving sulphuric acid, ammonia and water vapour
can be expected to proceed efficiently. Modelling studies oft neglect sulphuric acid-amine nucleation
due to the low emission fluxes and short atmospheric lifetime of amines’®?* despite significant urban,
agricultural and oceanic sources’’. Regardless, these modelling studies found a significant contribution
of sulphuric acid-ammonia nucleation (around half), with around 2/3 of this nucleation being ion

induced™.
Highly oxygenated multifunctional organic molecules

Early Work

Highly oxygenated multifunctional organic molecules, or HOMs, are organic molecules containing
multiple oxygen containing functionalities, arising from rapidly occurring autoxidation mechanisms.
Such mechanisms result in organic molecules with extremely low volatility, with each -OH or -OOH
functionality reducing saturation vapour pressure by a two and a half orders of magnitude®®. The
occurrence of such low-volatility organic molecules and their role in new particle formation has been
hypothesised for many years’’, however, HOMs were first truly observed in the night-time boreal
atmosphere in 2010, This was the first field deployment of the atmospheric pressure interface time of
flight mass spectrometer (APi-ToF)*. The existence of clusters with extremely high O:C ratios (up to
1.4) were observed, and hypothesised to be the oxidation products of a-pinene, clustered with the nitrate
ion (NOs"). These results were reproduced in the JPAC chamber, showing ozonolysis to be an efficient
HOM formation pathway®. The concentration of small, charged clusters were seen to correlate
positively with certain HOM during NPF events seen in the remote boreal environment in 2013”. This
was the first indication that these compounds were involved in nucleation processes. As the negative
ion spectra showed many HOM to be clustered with the nitrate ion, it was apparent that the nitrate ion
efficiently bound itself to HOM in the atmosphere, and thus a chemical ionization inlet was adapted
from the work of Eisele and Tanner”””’. This was employed in a later study showing that HOM produced

from the ozonolysis of monoterpenes were capable of efficiently forming new particles, and based on
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parameterisations of the volatility basis set (VBS), they were dubbed Extremely Low Volatility Organic
Compounds (ELVOC)®. Later work saw the definition of HOM updated to include three criteria. In

order for a molecule to be classed as HOM, it must:

1. Be formed under atmospheric conditions in the gas phase
2. Contain six or more oxygen atoms

3. Be formed via peroxy radical autoxidation

The third of these is especially important, as a growing body of evidence suggests molecules such as

aromatics can become highly oxygenated via multiple generations of oxidation®"*,

Mechanisms of formation & yields

A carbon centred radical in the atmosphere will quickly see O, added to it to produce a hydroperoxyl
functionality (ROy). If a ROy has a sufficiently weakly bound hydrogen (for example, aldehydic
hydrogens easily abstract®), it will undergo a H-shift reaction, producing an ~OOH functionality and
another carbon centred radical to which another O, can add” (Figure 3). Autoxidation is a rapid process
and can see multiple new functionalities added in a matter of seconds’’, with RO, Lifetimes ranging
from 0.5 to 1000 s, determined primarily by NO and HO> concentrations in the urban and pristine
environments respectively, although only closed-shell compounds were measured in the work of this
thesis, consistent with prior publications”. This process is well studied in combustion chemistry, but
was only considered to be atmospherically relevant relatively recently’’. The number of H-shifts a
molecule will undergo is sensitive to the number of loosely bound hydrogens in the correct
configurations present in the precursor VOC, as any significant energy barrier decreases the rate of the
H-shift reaction by orders of magnitude, and therefore increases the fraction of RO» radicals being
terminated upon reaction with HO», NO, or another RO before multiple autoxidation cycles. These
rates of autoxidation are dependent upon structure of the isomerising radical, and temperature.
Computational rate constants of H-shift reactions show changes of near 1 order of magnitude with a 20
K temperature difference’, and the resultant HOM molar yields (note, mass yields will always be
significantly larger than molar yields, but these are not discussed here) have been shown to change by
a factor of 50 between 273 and 293 K*. Quéléver et al. show that despite this decrease in yield, the

8
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distribution of oxidation states across the products remains similar at different temperatures®,
contrasting results from other work’””/%?, where a decrease in temperature reduces the average
oxidation state of carbon seen in the products. In the context of early stage particle growth, this is offset

by a decrease in effective volatility, and increased condensation of less oxygenated products’®.

Although HOM were initially observed as the
products of the ozonolysis of a-pinene, other

pathways have been investigated, with OH,

NOgs, and Cl producing HOM in chamber

H-shift/

‘0
decompT_OH Autoxidation i studies’™ ", HOM yields from these
(o]

o scheme

>0.1s"
pathways vary between near-zero, for the

likes of the Os-isoprene system, and 17%, for
H-shift

-

e the system involving limonene and Oz + OH'.

with the mean around 5%°*/%-197-110 Certain

VOCs such as limonene, containing multiple
Figure 3: H-shift reactions of a model compound,

figure taken from Crounse et al., 2013°7 carbon-carbon double bonds, are capable of

going through multiple generations of
oxidation and thus the apparent HOM yield is higher than that for other molecules®**’. Biogenic
monoterpenes prove themselves to be (mostly) highly capable of producing HOM, and their double
bonds allow for efficient ozonolysis pathways, as well as oxidation by the nitrate or hydroxyl radical.
The formation of highly oxygenated molecules from aromatic compounds is less efficient, with yields
for small aromatics such as benzene, toluene and ethylbenzene as low as 0.1 and 0.2%. Yields for larger
aromatics such as xylenes, mesitylene and polycyclic compounds appears higher, ranging from 0.6 —
2.5%""". The oxidation of these compounds will proceed primarily by the OH' oxidation pathway, as no
efficient ozonolysis mechanism exists, and thus their oxidation is quite limited to daytime processes,

but they are undoubtedly of great significance in urban environments due to their abundance.
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Volatility

Further studies have brought the initial assignment of volatility of HOMs as ELVOC from VBS* into
debate. Constraining the volatility of HOM is essential when constraining their treatment in dynamical
growth models, as more volatile HOM will exist in equilibrium between gas and particle phase, while
less volatile HOM are more likely to condense irreversibly’//~/"*. VBS is based upon composition
activity relationships, where the molecular formula is known but structure is not. Average
functionalities are assumed, and each of these is presumed to have an effect on volatility. As later studies
brought to attention that these highly oxygenated molecules were the result of autoxidation mechanisms,
and therefore had multiple —OOH functionalities. The actual number of volatility-reducing
functionalities is relatively small compared to initial estimates (according to SIMPOL, the reduction in
vapour pressure from an —OOH is roughly similar to that of an —OH, around 2.5 orders of magnitude®).
Further, effects like intramolecular hydrogen bonding can further increase volatility in certain
configurations of HOM, causing further uncertainties. Updated VBS calculations and quantum
chemical calculations rendered updated understanding of the vapour pressures of HOM, and more
recent work considers only the largest HOM to be ELVOC, typically the dimerization products of two
RO, radicals’/?""*""¥  The result of recent calculations of volatility from a-pinene ozonolysis shows
HOM to cover over 20 orders of magnitude’’”. Experimental evidence, although sparse, indicates that
models such as SIMPOL under predict saturation vapour pressures’’’. Such experimental studies
produce general linear models to predict the volatility of a-pinene HOM, where the volatility depends
negatively on the oxygen and, to a lesser extent the hydrogen content, as the former determines the
number of oxygen containing functionalities, and the latter is a predictor for how many of these oxygen
functionalities will be, for example, hydroxyl rather than carbonyl. Positive association with nitrogen
functionalities is consistent with experimental observation of nitrogen containing HOM failing to form

new particles, and is likely due to intramolecular H-bonding from an R-O-NOj; group’’’.

Role in nucleation and growth

HOMs from multiple precursors have been shown to participate in nucleation in conjunction with

sulphuric acid in several studies®’?* /. Clustering between sulphuric acid and organics has been shown

10
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by computation studies to proceed by hydrogen bonding between carboxylic acids in organic molecules
and sulphuric acid, a necessary condition of the organic molecule as well as the presence of a carboxylic
acid group is also the lack of intramolecular hydrogen bonding within the HOM*. HOMs efficiently
form particles in this system as they form hydrogen bonds with sulphuric acid, and require only a few
additions of large HOMs before a cluster >1.5 nm is formed. This, therefore, proves itself an efficient

source of new particles in the real atmosphere.

Nucleation of oxygenated organic molecules in the absence of sulphuric acid requires ionising radiation
to proceed efficiently; as otherwise, the requisite functionalities to form intramolecular bonds are not
present. It appears to be only the largest HOMs that can participate in these mechanisms (Cy dimers in
the case of dimers formed from monoterpene oxidation). This was first shown in chambers’?, and
consequently in the free troposphere?”” and remote boreal environment™. Molecules with sufficiently
low saturation vapour pressures to nucleate by themselves fall into a newly dubbed category of ultra-
low volatility volatile organic compounds (ULVOC)’?. This process has been shown to be extremely
sensitive to temperatures down to -50 °C due to the reduced saturation vapour pressures at these
temperatures’””. Such mechanisms involving HOM in the absence of sulphuric acid are rare, as
conditions necessary for ionization of HOM also lend themselves to production of sulphuric acid. These

mechanisms will, therefore, only occur in environments far from sources of gas phase sulphur®-**.

Tropospheric measurements of sulphuric acid are insufficient to explain the first few nanometres of

443

particle growth in most environments**, unless strong long range intermolecular forces are taken into

account’”

, and, until the first measurement of HOMs, there was uncertainty as to what drove much of
the observed initial new particle growth. Extremely involatile HOMs have been found to be sufficient
to drive early particle growth, and, as HOMs cover several orders of magnitude of volatility, more

abundant less volatile HOM (as well as LVOC and SVOC not classified as HOM) will be sufficient to

drive later stages of organic new particle growth’/%/%,

Other mechanisms
Measurements across the troposphere point towards sulphuric acid, bases and oxygenated organic

molecules being the likely candidates to explain most observed nucleation, however, two other
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compounds have been the subject of significant investigation. The oxidation products of biogenic iodine
emissions such as CH:l, were hypothesised to participate in nucleation in the marine boundary layer,
specifically coastal regions®?’. A later study saw extremely strong new particle formation in the
summer, with concentrations high enough for extremely large clusters to be seen in the CI-APi-ToF
spectra > 2,000 m/Q. On the basis of the high gas phase concentrations attributed to HIOs, and the O:1
ratio of the large clusters, sequential addition of HIO; followed by formation of ,Os was suggested®,
although current instrumentation is incapable of measuring the sequence in real-time. The potential role

of iodine oxides cannot therefore be dismissed across coastal and marine environments globally.

MSA is an oxidation product of DMS, also found plentifully in the marine boundary layer. MSA has

been shown to form particles in flow tubes, though rather inefficiently’?%/%*

, and further, quantum
computational studies that show that addition of MSA to a nucleating system of sulphuric acid and
amines can accelerate particle formation by up to an order of magnitude, but this increase is substantially
lower at standard tropospheric temperatures’?’. Global models also show roughly a doubling in particle
number concentrations globally if MSA can act as sulphuric acid in ternary nucleation involving
ammonia and water vapour, and binary nucleation involving water vapour, and suggest that even if this

pathway is not viable, MSA will substantially contribute to total sulphate aerosol mass via

condensation?’.

Despite a growing body of knowledge regarding molecular scale evidence for direct mechanisms of

particle formation in urban environments*>/?’

, there still maintains a distinct gap between theory and
measurement. Survival parameters (P) of new particles are extremely small due to high CS:GR ratios’?’.
Theory predicts that P values <50 are required for NPF to take place, yet NPF events occur frequently

#49.132-145 pogsible explanations for this include coagulation

with P values up to a factor of 4 greater
sticking probabilities of less than unity, or early stage growth rates significantly higher than currently
thought, with measurements of GR 3 still sparse”**/#//* Where molecular scale measurements of acids
and HOMs have been performed, their condensation seems incapable of explaining rapid early particle

growth, even when HOMs are assumed involatile”’. Several theories attempt to bridge this gap, by

describing enhanced growth from long range intermolecular forces’* or describing yet-unmeasured
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organic oxidation products”, with measurements achieving “carbon closure” only performed in

145

chambers thus far'. With regards to HOM production, while there has been a substantial body of

research studying HOM production from biogenic monoterpenoids®®?5/00:/02,105,107,114,119,123, 143132
: sl : : : : 93.94.109,110,153 :

studies on HOM arising from aromatic VOC oxidation are relatively few "*'""'%">? despite these

being the dominant VOCs in urban environments. There therefore exists a substantial gap in the

mechanistic knowledge of new particle formation processes in both urban and remote environments,

and a need for further intensive field campaigns to fully understand the processes occurring on a

molecular scale.

Methodologies

Particle count measurements
The scanning mobility particle sizer (SMPS) is capable of measuring a size distribution of particles

from a few nm up to nearly micron diameters. Such size distributions are typically comprised of two or
more lognormal modes. An SMPS is comprised of an electrostatic classifier (EC) which first neutralises,
and then charges particles with a known charge distribution, before sizing these particles as according
to electrical mobility in the differential mobility analyser. Particles are then counted in each size bin,
typically by a condensation particle counter (CPC). The CPC employs condensational growth by mixing
a sample aerosol flow with a saturated vapour, typically of water or alcohol. In the most modern cases,
butanol is used’”. Once particles are grown sufficiently, they are then counted by a laser-based optical
detector. Both the commercially available CPC and SMPS systems are used routinely globally and are

11.4546,133,155,156

a staple in atmospheric observatories worldwide , as well as being used extensively in

detailed chamber studies’®’*/2%-/?!

. These instruments have two limiting factors in new particle
formation studies. The first of these is the lack of measurements below 3 nm, due to the limitations of
butanol-based counting. This limitation can be circumvented by the use of other working fluids with
lower saturation vapour pressures’”’, or alternative instruments such as the neutral cluster and air ion
spectrometer (NAIS)"*®. The second of these is the lack of differentiation between charged and neutral
aerosol, as this changes the dynamics of aerosol formation drastically. Air ion measurements are

possible with the NAIS, and it’s sibling instrument, the air ion spectrometer (AIS)"%/*,
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The particle size magnifier (PSM) was first developed in 2011 and is capable of growing particles from
~1 nm to sizes where they can be detected by conventional CPC instruments’®’. The instrument mixes
a turbulently cooled sample flow with a heated flow of air containing a supersaturation of diethylene
glycol (DEG). The degree of supersaturation of DEG can be varied within the PSM instrument to vary
the Dso diameter (the diameter at which 50% detection efficiency is achieved) between ~1-3 nm,
allowing a particle size distribution at these diameters to be measured, continuous with SMPS

measurements. These data require data inversion to achieve a size distribution’%’-/%,

Chemical ionisation atmospheric pressure interface time of flight mass spectrometry

Working principals
Measurement of gas phase acids, HOMs, and amines is key to understanding NPF processes. Through

this work, the Aerodyne nitrate chemical ionisation atmospheric pressure interface time of flight mass
spectrometer (CI-APi-ToF) is used to make measurements of these compounds. A schematic of the
nitrate chemical ionisation inlet is shown in Figure 4. The nitrate chemical ionisation inlet charges
molecules through two possible mechanisms, proton abstraction or adduct formation, shown in

reactions [ 1 | through [ 3 ].

HNOj3(g)+ v > NOs'g) + H'g) (1]
NOs7(g) + H2SOu(g) 2 HNO3(g) + HSO47(g) [2]
NOs37(g) + C6HgO7(g) 2 CsHgO7-NO37(g) [3]

Where the dash represents adduct formation. Adduct formation will occur efficiently between nitrate
ions and molecules with multiple hydrogen bond donating groups, such as —OH or —-OOH’*, with the

64 These are frequently produced as the products of

latter forming stronger hydrogen bonds
autoxidation. Similar sensitivities are presumed for sulphuric acid, HOMs and other species measured
in the CI-APi-ToF'? (dicarboxylic acids, other inorganic acids). If clustering with the nitrate ion is
collision-limited, the rates of cluster formation for HOMs and sulphuric acid are similar®’, although
inconsistencies likely arise due to different sample line losses, declustering rates within the instrument,

147

and mass discrimination effects’®” . A similar reaction to reaction [ 3 | can occur between charged

clusters of nitrate and nitric acid and gas phase bases, due to the acidity of the nitric acid clusters. This
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will typically happen with a cluster of two molecules of nitric acid, and one of nitrate (dubbed the

“nitrate trimer”).

(HNO3)2NO37(g) + C2HeNH(g) 2 CoHeNH-(HNO3)2NO3 () [4]
Such species usually appear in the mass spectra clustered with the nitrate dimer and nitrate trimer, and
thus their presence in the mass spectra can be confirmed by comparison of the variation of intensity of
the two peaks. The sensitivity of NOs™ charging to individual bases is likely to vary significantly

between different bases, but this is currently uncertain /*-/%,

Nitrate ions are generated from the X-ray photolysis of nitric acid vapour, which is entrained from a
reservoir of nitric acid liquid (65% w/w). These nitrate ions are then introduced into the instrument
sheath flow. Ambient air is pulled into the front end of the chemical ionisation inlet at 10-20 LPM
through a %2 diameter stainless steel inlet of length ~1 meter. The flows are intended to be as fast as
possible while maintaining laminar flow to minimise wall losses. Reynolds numbers were used to
estimate turbulence for different flowrates throughout this work (typical values were 750 — 1250).
Ambient air is then introduced into the reaction chamber. A flow of sheath air containing nitrate ions is
ran parallel and concentric to the ambient air, rendering the reaction chamber effectively “wall-less”.
These nitrate ions are guided into the sample flow by means of a potential difference across the reaction

chamber.
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Figure 4: Scheme of nitrate chemical ionisation system. Taken from instrument setup manual, adapted from Eisele
and Tanner (1993)%’
The APi-ToF instrument thereafter contains a series of differentially pumped chambers from a few mbar
at the front end through to 10”7 mbar in the ToF analyser (extremely low pressures required to ensure
minimal collisions within the ToF analyser). The first and second of these chambers are the small
segmented quadrupole (SSQ) and big segmented quadrupole (BSQ), which are used to focus the ion
beam. The frequency of operation of these quadrupoles can be altered to increase transmissions of
certain mass ranges of ions. The third of these is the primary beam (PB), used to focus the ion beam
further, and the fourth is the ToF analyser itself. Potential differences across every part of the instrument
can be altered to affect transmission of different ions, with the potential differences across the SSQ and
BSQ regions mostly affecting transmission (for example, survival of more weakly bound clusters), and
the resolution (mostly affected by the potential differences across the ToF region). The ToF itself is a
region where ions drift at a velocity inversely proportional to the square root of their mass to charge
ratio. Their mass:charge is then recorded as a time of flight which can be converted to a m/Q by the

following equation:
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(1)

SIE

Where ¢ is time of flight, m is the mass of the ion, Q is the charge of the ion (typically 1) and £ is a
constant. The value of & can be established using the position of the mass spectra of known ions. With
NOs™ ionisation, there will be distinct peaks belonging to NOsz, (HO)NO;, (HNO3)NOs, and
(HNO3)2(NOs"). The ToF produces mass spectra at around a rate of 50 kHz, and 50,000 mass spectra
are aggregated up to represent a 1 second average spectrum. An example of such a mass spectrum is
presented in Figure 5. A physical calibration constant to convert from ion intensity (cps) to
concentration (cm™) can be created by calibration with sulphuric acid vapour generated in the gas

167

phase’®”. No such calibration was performed in this work, but calibration can be estimated based upon

the comparison of measured signals with a photochemical sulphuric acid proxy, which estimates

photochemical production of sulphuric acid from oxidation of SO,%/%

, presuming the concentration
of sulphuric acid to be a function of SO, concentration, solar radiation (and therefore OH
concentration), condensation sink and relative humidity. The gradient of the line of best fit between this

0°'° ¢m™ in this work. This is applied

proxy against ion counts yields calibration constants in the range 1
in chapters 2 and 3 of this thesis, where in paper 1 a comparison with a proxy utilising OH data was

also used, although data overlap was sparse.

Data analysis
The mass spectra collected by the CI-APi-ToF represent 1 second time resolution measurements of all

gas phase molecules of sufficient acidity, basicity or hydrogen bond donating capacity to achieve
charges with NOs™ ionisation, and therefore the resultant spectra comprise thousands of peaks, often
overlapping due to limitations of mass spectral resolution. Further, due to the nature of VOC oxidation,
multiple different VOCs can produce HOMs of identical mass, but vastly differing structures and
vapour pressures (for example, the oxidation of monoterpenes and the oxidation of Cs-alkylbenzenes

can both produce molecules of the formulae CioH14-1606-12No-2).
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Figure 5: Example mass spectrum from 90-300 m/Q, with region from 96.8 — 97.2 highlighted.

Peaks within the mass spectrum must be assigned manually. Statistical methods exist for deconvolving
the mass spectra into sub-spectra by either positive matrix factorization (PMF) or cluster analysis’® /72,
These methods are not widely established for the analysis of these datasets and were not employed in
this work. Each peak assignment was made on the basis of both the mass accuracy and the physical
viability of the molecule based upon current understanding of oxidation chemistry’’. An example of
peak fits is included in Figure 5. Uncertainty in the assignment of peaks increases with increasing m/Q,
due to widening of peaks in the mass spectrum, thus more overlap, as well as an increase to the total
number of possible chemical compositions, and uncertainties in the mass calibration increasing with

increasing distance from the mass of the heaviest known species. For measurements in complex urban

environments, peak assignment at masses much greater than 500 m/Q becomes highly uncertain.

Working advantages & disadvantages
The CI-APi-ToF is the only instrument of its kind capable of making such detailed measurements of

NPF precursors. Running the APi-ToF without chemical ionization interface allows for the
measurement of atmospheric ions from single molecules up to large clusters with great sensitivity, as

their transmission through the instrument is highly efficient*/3/7 This interface is, however, not
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quantitative with respect to neutral species, as the ion signals are dependent upon both the proton affinity
of the species and the concentration of the neutral species, with the lowest proton affinity molecules
most likely to become negatively charged. The CI-APi-ToF ran with nitrate ionization gives a
quantitative description of the neutral species it measures. While still a soft ionization scheme,
significant fragmentation of more weakly bound larger clusters occurs upon charging with NOs’,
resulting in cluster fragmentation, thus, extremely high concentrations of sulphuric acid are required to
measure the sulphuric acid trimer (H,SO4);HSO4, and measurements where a stabilising base is also
present are equally rare. Instances of measurements of large clusters have been made in chambers®, but
only one instance in the real environment, showing large clusters of HIO; resulting from vapour
concentrations peaking at over 10® cm™ % The quantification and measurements made by CI-APi-ToF
are also highly uncertain, with uncertainties on concentrations reported up to 85%, arising from
calibration, charging efficiency, mass dependent transmission efficiencies, and sample line

losses?-93:115.123

Calculations and parameterisations

Parameterisation of NPF events
New particle formation events can be characterised as according to the criteria of Dal Maso et al.,

(2005)'7. These events must fulfil the following criteria:

1. The formation of a distinct new mode of particles
2. The mode must start at the nucleation mode (1-20 nm)

3. The mode must survive for a period of multiple hours and show growth.

These criteria satisfactorily explain the well-studied regional NPF events seen across a diverse range of
: 43,46,175-177. : : : :
environments*”-*" ; however, these criteria, exclude lines-sources and point-sources of new

179’ as

particles from regions where NPF is dominated by coastal emissions’’, or sources such as traffic
well as events with limited particle growth™/’%/®" and events where particles which have formed and
grown several nm in diameter are entrained from the free troposphere to the boundary layer’®’. NPF
events classified as according to Dal Maso et al. (2005) describe measurements under conditions with

vapour concentrations sufficient to form and grow particles at a rate that outcompetes their loss
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processes, resulting in steady growth across the period of several hours, leading to a neglect of other
such new particle sources when classifying particle size spectra. The lifetime of sulphuric acid and
HOMs is on the order of 20 — 600 s with respect to condensation, their main loss process, and thus the
lifetime of these species is significantly less than that of the newly formed particles, with coagulation
sinks of 3 nm particles around an order of magnitude lower than vapour condensation sinks, and sinks
of larger particles lower again’®’. We therefore run into a possible limitation when events occurring on
sub-regional scales are analysed (such as the “burst-events” of chapter 3), where the measured vapour

may not represent the conditions under which the measured particles are formed.

Aerosol populations can be described using a few key parameters, a few pertaining specifically to new

particle formation. Those that have been used in this work are outlined below.

Condensation sink
The CS represents the rate at which a vapour phase molecule will collide with pre-existing particle

surface. If a sticking coefficient of unity is assumed, it can be taken as the rate that gas phase molecules

condense onto particle surface and was calculated from the size distribution data as follows:
CS = 2nD Z ﬁm,dpdedp ( 2 )
dp
where D is the diffusion coefficient of the diffusing vapour (assumed sulphuric acid), . is a transition

regime correction’®, d, is particle diameter, and N, is the number of particles at diameter d,. B is

calculated thus:

Kn+1
= 3
Bma, =7 + 1.677Kn + 1.333Kn? )
Where Kn is the Knudsen number, calculated as follows:
X 27
n=- (4)
dp

Where A is the mean free path in air, at STP, this is around 68 nm. Increases to condensation sink
suppress NPF by acting as a significant sink to sulphuric acid, HOMs and other low volatility species.

The condensation sink proves to be a useful metric in describing the likelihood of NPF
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occurrence?®#3-#6:184

, and can predict the physical behaviour of molecules like sulphuric acid, where D is
known. If the condensation sink is going to be applied to HOM molecules, some assumptions must be
made regarding the diffusion coefficient. A sticking coefficient of unity is typically assumed’/>’"3, with

no proof of a much less than unity coefficient’®’. If a HOM molecule is sufficiently volatile, re-

evaporation will be significant and condensational losses will be less efficient. =

Coagulation sink
CoagSaqp represents the coagulation sink for particles at d,, or the rate at which a particle of size d, will

collide and coagulate into a particle of size >d,:

d'p=dpmax

CoagSq, = z K(dp,d'p)Ndp (5)

d'p=dp

Where K is the coagulation coefficient of particles size d, and d’,. In the transitional particle regime,

this can be expressed as:

K¢

K 1y =
(dp,d'p) dpl_z/ + 4D1_2/_ (6)
dp12 + 012 Ci2 T Ry

Where K3 is the cogulation coefficient in the continuum regime:

K¢ = 4n(dyy + dpy)(Dy + D) (7)

And the particle diffusion coefficient is as follows:

_ KpTC,
L 3nud,

(8)

Where D ; is referred to, it is the sum of D at diameters d,; and d,.. Kz is the Boltzmann constant, u is
the dynamic viscosity of gas, and C. is the Cunningham slip correction factor, and is calculated as

follows:
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—a
C.=1+Kn(ay +a, exp(K—n3) (9)

The values of a3 are available in Allen & Raabe (1985)'%. Further: ¢ is the relative mean thermal
velocity, and is calculated as the square root of the sum of the squares of the average thermal velocities

of the two particles. The average thermal velocity is calculated as follows:

_ [8K,T
G = (10)
mm;

Where m; refers to the mass of particle i. The mean relative thermal velocity is as follows:

Ci2 = /c‘f—l—c‘% (11)

The distance at which the mass flux of the two particles are matched is similarly calculated, with the

mass flux being:

3 12
_Wya+ )’ = @ty )
' 3dp1,2Vi L
And:
8D;
Vi = P (13)
l

And therefore the point at which they are matched being:

012 = /w12+w§ (14)

Above equations pertaining to coagulation adapted from Fuchs (1964)’%”, Kulmala et al., (2001)"% and

Kulmala et al. (2012)°.

Growth rate
The particle growth rate (GR) is the rate at which particles formed grow to larger sizes, and can be

represented simply as follows:
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Adp (15)
GR = —
At

Where d, can be parametised by fitting a lognormal distribution to the mode of newly forming particles
in the particle size distribution for every measurement. The rate of change of the geometric mean of
these modes is the growth rate. This growth rate includes both the growth by condensation and the
growth by coagulation (both self-coagulation between two freshly formed particles, and growth by
coagulation scavenging). As the condensational growth is the feature of interest here, we can account

for these coagulational effects as below’®’:

d
p
GRselfcoag = stelfcoag (dp)N (16)

Where kgeir0ae Tepresents the self-coagulation coefficient for two neutral particles. The significance of
self-coagulation increases with increasing particle diameter because both the resultant increase to
particle diameter is larger, and the self-coagulation coefficient increases up to a peak at around 20 nm.
Diameters below 20 nm were always used to calculate growth rates in this work. The growth rate
method cannot be applied to local NPF (i.e., local NPF with growth that cannot be measured over
several hours). Growth rates can also be calculated by presuming irreversible condensation onto

prexisting particles’*”’

Y d,\* 8k, T\ /1 1\*°
GR=—(1+-" ( ) —+—) mC, (17)
2p, dp s my, m,

Where p, is the density of the condensing vapour in the particle phase, m,,, refer to the masses of a
single particle and vapour molecule respectively, d,, refer to the diameters of a single particle and
vapour molecule respectively, and C, is the concentration of vapour. y is a correction factor defined

thus:

y==Knpf, (18)
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Formation rate
The formation rate of new particles at size d, is calculated as follows:

ANg, GR (19)
Ja, = At + Coangp Ng, +A_dp'Ndp

Where the first term on the right-hand side comprises the rate at which particles enter the size d,, and
the latter two terms represent losses from this size by coagulation and growth respectively. This method
cannot predict the rate of formation of charged particles, but an extended version of equation ( ) can
estimate the rate of formation of charged particles by accounting for ion-ion recombination and charging
of neutral particles as sinks and sources of charged particles respectively. Uncertainties on the
calculation of the formation rate dominated by the uncertainty on the detection thresholds in the particle
counting instruments. These will be composition dependent and, in the case of the PSM, Ds is
determined during calibration using NiCr particles, which are likely to have different uptake efficiencies
for DEG than a particle comprised of organic material, or sulphuric acid and amines. In the case that
the particle size distribution is only measured down to a few nanometers, the rate of particle formation

at a lower diameter (J;) based upon the equations of Korhonen et al. (2014)""/

Coangm_7
5 4p17-V (20)

J17 @) = Jx @t+t) .exp( GR,,

where J; 7 is the formation rate to be calculated at 1.7 nm , CoagSqp1.7 is the coagulation sink at that size,
GR, 7 is the growth rate between 1.7 nm and 4.5 nm, J, is the original particle formation rate, and At is

determined using a time-delay method using sulphuric acid. y is a factor defined as

-1 (21)
(dpL7

_ 1
y_m—n+1

Where m is a coefficient describing the slope of coagulation sink with diameter, dependent upon the

background particle population
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~ log (Coagsdpx/coagsdpw)

m= (22)
log(dpx/dp1.7)
and n is dependent upon the slope of the growth rate (GR) with diameter
_log (GRa,,/GRa,,,) )
log(dpx/dp1.7)

Systematic uncertainties on our calculated values of J;; include a factor of +100% / -50% on the
calculated growth rates, a factor of £25% on dp of the NanoSMPS, and +50% on the established losses

due to condensation sink.

HOM properties
The double bond equivalent (DBE) describes the degree of unsaturation of an organic molecule and is
defined simply as:
N N
DBE=NC—7H——N+1 (24)

The saturation vapour pressure at 300 K is defined by within the 2D-volatility basis set (2D-
VBS) as follows, if all nitrogen functionality is assumed to take the form -ONQ,!///16:192

. N,N,
Log10(C*)(300 K) = (N¢o — N¢)be — Nobg — Z—N :—N bco — Npby  (25)
c 0

where Nc, Ny, and Ny, are the number of carbon, hydrogen, and nitrogen atoms respectively.
No is the number of oxygen atoms minus 3N to account for -ONO> groups, Nco is 25 (the
carbon number of an alkane with a saturation mass concentration of 1 ug m™>), bc, bo, bco, and
bn are 0.475, 0.2, 0.9 and 2.5 respectively, and represent interaction and nonideality terms. The
final term of equation (25) accounts for -ONO:> groups, each reducing the saturation

vapourpressure by 2.5 orders of magnitude.
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The average degree of HOM oxidation can be described using the average carbon oxidation
state (OS.), defined as follows

0S.=20:C—H:C (26)
Where an additional term at the end (-5 N:C) accounts for nitrogen functionalities. A lack of such a

term (such as in chapter 2) can result in overpredictions in the calculation of OS,

Summary of thesis

The dominant uncertainties in our current understanding of NPF are firstly a lack of understanding of
the nature of HOM chemistry in polluted urban centres, and second, comprehensive, molecular scale
measurements indicating NPF mechanisms across a diverse range of environments. The above
methodology is employed across three diverse environments to attempt to answer these questions.
Chapter two first gives an overview of HOMs in a polluted urban centre, Beijing (high insolation, high
pollution), and discusses the viability of their contribution to NPF processes, with high temperatures
facilitating rapid autoxidation, but high NOj facilitating rapid peroxy radical termination. These results
also provide some insight as to the mechanism behind nucleation in Beijing. The third chapter then
presents an investigation of nucleation mechanisms in a similar environment, Barcelona (high
insolation, moderate pollution), which is informed by the findings of the prior chapter, and a mechanism
involving sulphuric acid and amines is inferred, with evidence for the necessary role of HOMs in

particle growth.

Chapter four presents a contrasting study in a remote polar environment of the Antarctic Peninsula (low
pollution, moderate insolation) where anthropogenic influence is negligible, but a similar mechanism
was found to the polluted urban centres, involving sulphuric acid and small amines. A further
investigation into the sources of ions seen in the mass spectra are presented, and it is found that air
masses travelling over regions of melting sea ice contain elevated concentrations of amines and

sulphuric acid, the latter likely arising from DMS oxidation.
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Abstract. Particle nucleation is one of the main sources of at-
mospheric particulate matter by number, with new particles
having great relevance for human health and climate. Highly
oxidized multifunctional organic molecules (HOMs) have
been recently identified as key constituents in the growth
and, sometimes, in initial formation of new particles. While
there have been many studies of HOMs in atmospheric cham-
bers, flow tubes, and clean environments, analyses of data
from polluted environments are scarce. Here, measurements
of HOMs and particle size distributions down to small molec-
ular clusters are presented alongside volatile organic com-
pounds (VOCs) and trace-gas data from a campaign in June
2017, in Beijing. Many gas-phase HOMs have been charac-
terized and their temporal trends and behaviours analysed in
the context of new particle formation. The HOMs identified
have a degree of oxidation comparable to that seen in other,
cleaner, environments, likely due to an interplay between the
higher temperatures facilitating rapid hydrogen abstractions
and the higher concentrations of NO, and other RO; termi-
nators ending the autoxidation sequence more rapidly. Our
data indicate that alkylbenzenes, monoterpenes, and isoprene
are important precursor VOCs for HOMs in Beijing. Many
of the C5 and Cjp compounds derived from isoprene and
monoterpenes have a slightly greater degree of average ox-
idation state of carbon compared to those from other precur-
sors. Most HOMs except for large dimers have daytime peak

concentrations, indicating the importance of OH" chemistry
in the formation of HOMs, as O3 tends to be lower on days
with higher HOM concentrations; similarly, VOC concen-
trations are lower on the days with higher HOM concentra-
tions. The daytime peaks of HOMs coincide with the growth
of freshly formed new particles, and their initial formation
coincides with the peak in sulfuric acid vapours, suggesting
that the nucleation process is sulfuric-acid-dependent, with
HOMs contributing to subsequent particle growth.

1 Introduction

Atmospheric particle nucleation, or the formation of solid or
liquid particles from vapour-phase precursors, is one of the
dominant sources of global aerosol by number, with primary
emissions typically dominating the mass loadings (Tomasi et
al., 2017). New particle formation (NPF) or the secondary
formation of fresh particles is a two-step process comprising
initial homogeneous nucleation of thermodynamically sta-
ble clusters and their subsequent growth. The rate of growth
needs be fast enough to outcompete the loss of these parti-
cles by coagulation and condensation processes in order for
the new particles to grow, and hence NPF is a function of
the competition between source and sink (Gong et al., 2010).
New particle formation has been shown to occur across a
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wide range of environments (Kulmala et al., 2005). The high
particle load in urban environments was thought to suppress
new particle formation until measurements in the early 2000s
(McMurry et al., 2000; Shi et al., 2001; Alam et al., 2003),
with frequent occurrences observed even in the most polluted
urban centres. NPF events in Beijing occur on about 40 % of
days annually, with the highest rates in the spring (Wu et
al., 2007, 2008; Wang et al., 2016). Chu et al. (2019) review
many studies of NPF which have taken place in China and
highlight the need for long-term observations and mechanis-
tic studies.

NPF can lead to the production of cloud condensation nu-
clei (CCN) (Wiedensohler et al., 2009; Yu and Luo, 2009;
Yue et al., 2011; Kerminen et al., 2012), which influences the
radiative atmospheric forcing (Penner et al., 2011). A high
particle count, such as that caused by nucleation events, has
been shown to precede haze events in environments such as
Beijing (Guo et al., 2014). These events are detrimental to
health and quality of life. The sub-100 nm fraction of parti-
cles to which new particle formation contributes is often re-
ferred to as the ultrafine fraction. Ultrafine particles (UFPs)
pose risks to human health due to their high number concen-
tration. UFPs exhibit gas-like behaviour and enter all parts
of the lung before penetrating the bloodstream (Miller et al.,
2017). They can initiate inflammation via oxidative stress re-
sponses, progressing conditions such as atherosclerosis and
initiating cardiovascular responses such as hypertension and
myocardial infarction (Delfino et al., 2005; Brook et al.,
2010).

Highly oxidized multifunctional molecules (HOMs), or-
ganic molecules with O:C ratios > 0.6, are the result of
atmospheric autoxidation and have recently been subject to
much investigation, in part because the extremely low volatil-
ities arising from their high O:C ratios favour their con-
densation into the particulate phase. HOMs are most well
characterized as the product of oxidation of the biogenic
monoterpenoid compound «-pinene (Riccobono et al., 2014;
Trostl et al.,, 2016; Bianchi et al., 2017). Although glob-
ally biogenic volatile organic compound (BVOC) concentra-
tions far exceed anthropogenic volatile organic compound
(AVOC) concentrations, in the urban environment the an-
thropogenic fraction is far more significant. Formation of
HOMs from aromatic compounds has been demonstrated in
laboratory studies and these have been hypothesized to be
large drivers of NPF in urban environments (Wang et al.,
2017; Molteni et al., 2018; Qi et al., 2018). The formation of
HOMs through autoxidation processes begins with the reac-
tion of VOCs with OH", O3, or NO3; formation of a peroxy
radical (RO;) is followed by rapid O additions and intra-
molecular hydrogen abstractions (Jokinen et al., 2014; Ris-
sanen et al., 2014; Kurtén et al., 2015). Furthermore, gen-
eration of oligomers from stabilized Criegee intermediates
arising from short-chain alkenes has been hypothesized as
a contributor of extremely low-volatility organic compounds
(ELVOCs) and low-volatility organic compounds (LVOCs)
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(Zhao et al., 2015). The low volatilities of these molecules
arise from their numerous oxygen-containing functionalities,
and this allows them to make a significant contribution to
early stage particle growth where other species cannot due to
the Kelvin effect (Trostl et al., 2016), although the contribu-
tion of HOM s to the initial molecular clusters is still debated
(Kurtén et al., 2016; Elm et al., 2017; Myllys et al., 2017).

Recent technological advances have facilitated insights
into the very first steps of nucleation, which were previ-
ously unseen, with mass spectrometric techniques such as
the atmospheric-pressure-interface time-of-flight mass spec-
trometer (APi-ToF-MS) and its chemical ionization coun-
terpart (CI-APi-ToF-MS) allowing for high-mass and high-
time-resolution measurements of low-volatility compounds
and molecular clusters. Diethylene glycol-based particle
counters, such as the particle size magnifier (PSM), allow
for measurements of particle size distributions down to the
smallest molecular clusters nearing 1 nm. Recent chamber
studies have elucidated the contribution of individual species
to particle nucleation, ammonia, and amines, greatly en-
hancing the rate of sulfuric acid nucleation (Kirkby et al.,
2011; Almeida et al., 2013). In these studies, HOMs have
been identified, formed through autoxidation mechanisms
(Schobesberger et al., 2013; Riccobono et al., 2014; Ehn et
al., 2014). These are key to early particle growth (Trostl et
al., 2016) and can nucleate even in the absence of sulfuric
acid in chambers (Kirkby et al., 2016) and in the free tropo-
sphere (Rose et al., 2018). In this paper, we report the results
of HOM and particle size measurements during a summer
campaign in Beijing, China.

2 Data and methods
2.1 Sampling site

Sampling was performed as part of the Air Pollution and
Human Health in a Developing Megacity (APHH-Beijing)
campaign, a large international collaborative project examin-
ing emissions, processes, and health effects of air pollution.
For a comprehensive overview of the programme, see Shi et
al. (2019). All sampling was conducted across a 1-month pe-
riod at the Institute for Atmospheric Physics (IAP), Chinese
Academy of Sciences, Beijing (39°58.53' N, 116°22.69' E).
The sampling was conducted from a shipping container, with
sampling inlets 1-2m above ground level, the nearest road
being 30 m away. Meteorological parameters (wind speed,
wind direction, relative humidity (RH), and temperature)
were measured at the JAP meteorological tower, 20 m away
from the sampling site, 30 m from the nearest road at a height
of 120 m. Data were continuously taken from the CI-APi-
ToF-MS during a 2-week period, but due to data losses only
5d of data are presented here. Particle size distribution mea-
surements were taken during a 33 d period from 24 May to
26 June 2017.

www.atmos-chem-phys.net/19/14933/2019/
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2.2 Chemical ionization
atmospheric-pressure-interface time-of-flight mass
spectrometry

The Aerodyne nitrate chemical ionization atmospheric-
pressure-interface time-of-flight mass spectrometer (CI-APi-
ToF-MS) was used to make measurements of neutral oxi-
dized organic compounds, sulfuric acid, and their molecular
clusters at high time resolution with high resolving power.
The ionization system charges molecules by adduct forma-
tion, such as in the case of organic compounds with two or
more hydrogen bond donor groups (Hyttinen et al., 2015), or
proton transfer in the case of strong acids like sulfuric acid.
Hydroxyl or hydroperoxyl functionalities are both common
hydrogen-bond-donating groups, with hydroperoxyl being
the more efficient hydrogen bond donor (Mgller et al., 2017).
This instrument has been explained in great detail elsewhere
(Junninen et al., 2010; Jokinen et al., 2012), but briefly the
front end consists of a chemical ionization system where a
10Lmin~! sample flow is drawn in through the 1 m long
lin. OD stainless-steel tubing opening. A secondary flow
was run parallel and concentric to this sample flow, rendering
the reaction chamber effectively wall-less. A 3 cm? min~!
flow of a carrier gas (N3) is passed over a reservoir of lig-
uid HNO3, entraining vapour, which is subsequently ionized
to NO; via an X-ray source. This flow is then guided into the
sample flow. The nitrate ions will then charge molecules by
either clustering or proton transfer. The mixed flows travel-
ling at 10 L min~! enter the critical orifice at the front end of
the instrument at 0.8 L min~! and are guided through a series
of differentially pumped chambers before reaching the ToF
analyser. Two of these chambers contain quadrupoles, which
can be used to select greater sensitivity for certain mass
ranges, and the voltages across each individual chamber can
be tuned to maximize sensitivity and resolution for ions of in-
terest. Mass spectra are taken at a frequency of 20 kHz but are
recorded at a rate of 1 Hz. All data analysis was carried out
in the Tofware package in Igor Pro 6 (Tofwerk AG, Switzer-
land). A seven-point mass calibration was performed for ev-
ery minute of data, and all data were normalized to signal at
62, 80, and 125 m / Q to account for fluctuations in ion signal,
these masses representing NO;', HyONOj5', and HNO3NO;
respectively. Typical values for calibration coefficients range
from 10° to 10'” molec.cm™3 from these normalized data
(Kiirten et al., 2012), producing peak sulfuric acid concen-
trations in the range of 10° molec. cm™3. From the very lim-
ited periods with simultaneous data for SO;, OH radical, and
condensation sink, it was possible to calculate HySO4 con-
centrations of 10° to 10° molec.cm™3, in which range the
calibration constant was 7.041.6 x 108 cm—3, which fits well
with that expected for this concentration range (Kiirten et
al., 2012). The nitrate—water cluster is included as the pres-
ence of many nitrate—water clusters of the general formula
(H20) (HNO3)yNO;" were found, where x = (1,2, 3, ...20)
and y = (0, 1). No sensitivity calibration was performed for
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these measurements, and so all values are reported in nor-
malized signal intensity. Due to the high resolving power
of the CI-APi-ToF-MS system (mass resolving power of
3500 m/Am and mass accuracy of 20 ppm at 288 m/Q; re-
solving power is measured as the mass/charge, termed m di-
vided by the peak width at its half maximum, dubbed Am),
multiple peaks can be fit at the same unit mass and their
molecular formulae assigned. These peaks follow the gen-
eral formula C,H,O;N,,, where x =2-20, y =2-32, z = 4—
16, and w = 0-2, spanning from small organic acids like
oxalic and malonic acid through to large dimers of oxi-
dized monoterpene RO; radicals such as CyoH31O9N. Be-
yond 500 m/ Q, peak fitting and assignment of compositions
becomes problematic as signal decreases, mass accuracy de-
creases, and the total number of chemical compositions in-
creases, so peaks above the Cpg region have not been as-
signed, and a number of peaks have been unassigned due
to this uncertainty (Cubison and Jimenez, 2015). As pro-
ton transfer mostly happens with acids, and nearly all HOM
molecules will be charged by adduct formation, it is possi-
ble to infer the uncharged formula; therefore all HOMs from
here onwards will be listed as their uncharged form.

2.3 Size distribution measurements

Two scanning mobility particle sizer (SMPS) instruments
measured particle size distributions at 15 min time resolu-
tion, with one long SMPS (TSI 3080 EC, 3082 long DMA,
3775 CPC, TSI, USA) and one nano SMPS (3082 EC,
3082 nano DMA, 3776 CPC, TSI, USA) measuring the
ranges 14-615 and 4-65nm respectively. A particle size
magnifier (A10, Airmodus, FN) linked to a CPC (3775, TSI,
USA) measured the sub-3 nm size fraction. The PSM was
run in stepping mode, operating at four different saturator
flows to vary the lowest size cut-off of particles that it will
grow (this cut-off is technically a point of 50 % detection ef-
ficiency) of < 1.30, 1.36, 1.67, and 2.01 nm. The instrument
switched between saturator flows per 2.5 min, giving a sub-
2.01 nm size distribution every 10 min. The data were treated
with a moving-average filter to account for jumps in total par-
ticle count, and due to the similar behaviour of the two upper
and two lower size cuts, these have been averaged to two size
cuts at 1.30 and 1.84 nm.

2.4 Calculations

The condensation sink (CS) was calculated from the size dis-
tribution data as follows:

CS=47D> By.a,d'pNa,. (1)
d’p

where D is the diffusion coefficient of the diffusing vapour
(assumed sulfuric acid), B, is a transition regime correction
(Kulmala et al., 2012), d{) is particle diameter, and Ndé is the

number of particles at diameter d{).
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2.5 Other measurements

Measurements of the classical air pollutants were measured
at the same site and have been reported in the campaign
overview paper (Shi et al., 2019). SO, was measured us-
ing a 43i SO, analyser (Thermo Fisher Scientific, USA),
O3 with a 491 O3 analyser (Thermo Fisher Scientific, USA),
and NO, with a 42i-TL trace NO, analyser (Thermo Fisher
Scientific, USA) and a T500U CAPS NO; analyser (Tele-
dyne APIL, USA). VOC mixing ratios were measured using
a proton-transfer-reaction time-of-flight mass spectrometer
(PTR-ToF-MS 2000, Ionicon, Austria).

3 Results and discussion
3.1 Characteristics of sampling period

A total of 5d of CI-API-ToF-MS data were collected suc-
cessfully, from 21 June 2017 midday through 26 June 2017
midday. New particle formation events were observed on
24 June in the late afternoon and 25 June at midday. Some
nighttime formation of molecular clusters was seen earlier
in the campaign, as were several peaks in the 1.5-100 nm
size range, likely from pollutant plumes containing freshly
nucleating condensable materials. The trace gases, O3, SO»,
NO, and NO,, are plotted in Fig. S1 in the Supplement. O3
shows mid-afternoon peaks, around ~ 120 ppb on the first 2d
of the campaign and 50-70 ppb for the later days. SO, shows
a large peak, reaching 4 ppb on 22 June but < 1 ppb for the
rest of campaign. NO shows strong mid-morning rush-hour-
related peaks, declining towards midday due to being rapidly
consumed by O3. NO, shows large traffic-related peaks. The
sulfuric acid signal across this period as measured by NO5
CI-APi-ToF-MS showed strong midday peaks, with the high-
est signal on 24 and 25 June 2017. The meteorological data
are shown in Fig. S2 alongside condensation sink (CS). The
conditions were generally warm and humid, with tempera-
ture reaching its maximum on 25 June 2017, with a peak
hourly temperature of 31°C. High temperatures were also
seen on 21 and 24 June, 30 and 26 °C respectively.

3.2 Gas-phase HOM chemistry
3.2.1 Bulk chemical properties

For the peaks that have had chemical formulae assigned, ox-
idation state of carbon, or OS., can be used to describe their
bulk oxidation chemistry. OS; is defined as (Kroll et al.,
2011)

0S.=(2x0:C)—H:C. 2)

This does not account for the presence of nitrate ester groups,
which has been accounted for previously by subtracting 5
times the N : C ratio (Massoli et al., 2018), under the assump-
tion that all nitrogen-containing functionality is in the form
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of nitrate ester (RONO,;) groups. In Beijing, multiple sources
of nitrate-containing organic compounds are seen, in the
forms of amines, nitriles, and heterocycles. The variation in
oxidation state with carbon number (C,) without correction
for nitrate esters is plotted in Fig. 1. The average oxidation
state of carbon in this dataset tends to decrease with an in-
crease in C,, highest where C,, = 5, attributable to both high
O: C and peak area, for the peak assigned to C5HoN,Og at
m/Q 288. C,, = 5 also shows the greatest distribution of oxi-
dation states, likely due to the high ambient concentration of
isoprene and therefore its many oxidation products being of
high enough signal for many well-resolved peaks to be seen
in this dataset. It is worth noting that some of the ions plot-
ted here may not form through peroxy radical autoxidation,
such as CsHj9N>Og, which may be a second-generation oxi-
dation product of isoprene under high NO, (Lee et al., 2016).
C, =10 and 15 also see a small increase in average oxida-
tion number compared to their neighbours. The lower oxi-
dation state of the larger products is likely a function of two
things. First and foremost, any autoxidation mechanism must
undergo more steps in order for a larger molecule to reach an
O : C ratio equivalent to that of a smaller one, and the equiv-
alent O : C ratio is ultimately less likely to be reached before
the radical is terminated (Massoli et al., 2018). Secondly, the
lower vapour pressures of these larger products will lead to
their partitioning into the condensed phase more readily than
the smaller; thus they are more rapidly lost (Mutzel et al.,
2015).

The degrees of OSc observed here are similar to those
seen in other environments such as during the SOAS cam-
paign in 2013 in the southern United States, characterized
by low NO/NO; and high temperatures, where campaign
averages of 0.3 ppb, 0.4-0.5ppb, and 25°C respectively
were measured, although an additional parameter to account
for nitrogen-containing VOCs is included in the calculation
(Massoli et al., 2018). The OS. observed in Beijing is also
higher than that seen in the boreal forest environment of
Hyytidld, despite extremely low NO, concentrations, likely
due to low temperature conditions dominating in those con-
ditions (Schobesberger et al., 2013). These degrees of oxida-
tion relatively similar to those seen in other, cleaner environ-
ments are likely due to an interplay between the higher tem-
peratures facilitating rapid hydrogen abstractions (Crounse
et al., 2013; Quéléver et al., 2019) and the higher concentra-
tions of NO,, HO;, and other RO; molecules terminating the
autoxidation sequence more efficiently (Praske et al., 2018;
Rissanen, 2018; Garmash et al., 2019).

A mass defect plot is shown in Fig. 2, which shows nom-
inal mass plotted against mass defect for all peaks in this
dataset. Mass defect is defined as the ion mass minus in-
teger mass. This is shown for two separate daytime peri-
ods, one where nucleation was not occurring and HOM con-
centrations are lower (10:30-12:00 CST 23 June 2017) and
one where nucleation was occurring under high HOM con-
centrations (10:30-12:00 CST 25 June 2017). The band of
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Figure 1. Oxidation state of carbon calculated as 2 times the
oxygen-to-carbon ratio minus the hydrogen-to-carbon ratio against
carbon number for (coloured) individual ions and (blue circles)
signal-weighted average for each carbon number. Area and colour
are both proportional to the peak area for each ion.

lower mass defect is characterized by a number of large
peaks with high signal, for example, at m/Q 436 the ion
(C2H7N)2(H2S04)2HSO, . The upper component of the
mass defect is dominated by organic compounds, and the
upper end of the more positive mass defect is occupied
by molecules with more 'H (mass defect 7.825 mDa) and
N (mass defect 3.074 mDa). The end of the less posi-
tive mass defect has lower 'H and more 0O (mass defect
—5.085 mDa); alternatively put, the mass defect reflects the
variation in OS.. The organic components with more positive
mass defects will be more volatile than their lower mass de-
fect counterparts as they will contain fewer oxygen function-
alities (Trostl et al., 2016; Stolzenburg et al., 2018). These
higher-volatility products may still contribute to larger size
particle growth. The more negative mass defect components
will be those of greater O : C and therefore lower volatility,
LVOCs, and the yet larger and more oxidized components,
ELVOCs (Trostl et al., 2016). During the nucleation period,
the signal intensity for the species in the upper band of more
negative mass defect have the most marked increase in con-
centration, with significantly less difference > 500 m/Q.
This region 200-400 m/Q will contain most of the > Cs
monomer HOMs seen in this dataset.
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3.2.2 Diurnal trends of HOMs

Temporal trends of HOMs in the urban atmosphere can re-
veal their sources and behaviour in the atmosphere. Most
of the HOM species peak in the daytime. These species all
follow a similar diurnal trend, as shown in Fig. 3. The con-
centrations of both O3 and OH® are high during the sum-
mer period in Beijing (although the nitrate chemical ioniza-
tion technique is not sensitive to all OH" oxidation prod-
ucts; Berndt et al., 2015). Figure S1 shows the time series of
concentrations of NO, which is considered a dominant per-
oxy radical terminator of particular importance in the pol-
luted urban environment (Khan et al., 2015). Radicals such
as HO; and RO; also typically peak during daytime. The
HOM components peaking in the daytime are presumed to
be the oxidation products of a mixture of anthropogenic and
biogenic components, such as alkylbenzenes, monoterpenes,
and isoprene. The oxidation of monoterpenes, specifically
the monoterpene «-pinene, has been the subject of extensive
study recently, with the Osz-initiated autoxidation sequence
being the best characterized (Ehn et al., 2014; Jokinen et al.,
2014; Kurtén et al., 2015; Kirkby et al., 2016); ozonolysis of
a-pinene opens the ring structure and produces a RO, radical
(Kirkby et al., 2016). In the case of aromatics, OH* addition
to the ring and the subsequently formed bicyclic peroxy rad-
ical are the basis for the autoxidation of compounds such as
xylenes and trimethylbenzenes (Molteni et al., 2018; Wu et
al., 2017).

The identified compounds have been roughly separated
into several categories, each of these plotted in Fig. 3.
Figure 3a shows the separation of components into non-
nitrogen-containing HOMs and nitrogen-containing HOMs,
or organonitrates (ONs). The ON signal is much higher
than that of the HOM, attributable in part to a few ions of
high signal, such as the isoprene organonitrate CsH;joN»Os.
A few similar structural formulae are seen (CsH{gN>Og,
CsH{1NOg, CsH|NO7, etc.), some of which have been
identified as important gas-phase oxidation products of iso-
prene under high-NO, conditions (Xiong et al., 2015), and
their contribution to secondary organic aerosol (SOA) has
been explored previously (Lee et al., 2016). A high nitro-
phenol signal is also seen, C¢H5sNOs3. The signal for HOM
compounds is less dominated by a few large ions. The preva-
lence of ON compounds points towards the important role of
NO, as a peroxy radical terminator, with the probability of
the RO; + NO, reaction producing nitrate ester compounds
increasing with the size of the RO; molecule (Atkinson et al.,
1982). The NO, concentrations in urban Beijing are approx-
imately a factor of 10 higher than seen at the Hyytiéla station
in Finland as reported by Yan et al. (2016), and hence it is
expected to be a more significant peroxy radical terminator.

Despite the very large fluxes of anthropogenic organic pol-
lutants in Beijing, biogenic emissions are still an important
source of reactive VOCs in the city, with abundant isoprene
oxidation products observed (see above), as well as monoter-
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Figure 2. Mass defect plot of fitted mass spectral peaks between 100 and 600 mass units at (a) 10:30-12:00 CST on 23 June 2017, a non-
nucleation day, and (b) at 10:30-12:00 CST on 25 June 2017, a nucleation day. Mass defect can be defined as the mass — integer mass. The
size of point is proportional to the signal intensity. As Y has a positive mass defect (1.007276 Da), the upward trend along the horizontal
indicates increasing carbon chain length, and differences at similar masses are due to increasing oxygen functionality and clustering with
species such as sulfuric acid (negative mass defect) and ammonia (positive mass defect), as 160 and 32$ have negative mass defects (15.9949
and 31.9721 Da respectively), while 14N has a positive mass defect at 14.0031 Da. The two large peaks seen at 201 and 288 m/Q are the
nitrophenol—nitrate cluster and a C5HgNoOg—nitrate cluster respectively.

pene monomers (CjoHi609, C1oH1509N) and some dimer
products (CoH30011, C20H31011N). The time series of the
signals of all Cs, Cjp, and Cy¢ molecules is plotted in Fig. 3b,
with Cs species assumed to be isoprene-dominated and Cg
and Cpo assumed to be monoterpene-dominated. Signals for
isoprene oxidation products are higher, with abundant iso-
prene nitrate and dinitrate products. Cyo products show simi-
lar behaviour, with, for example, several CjoH;50,N x = 5-
9 compounds seen. The Cyg signal intensities are low and
follow the general formula Co0H,OyN,, where x = 26-32,
y=7-11, and z =0-2; in Fig. 3 the signal for Cyy com-
pounds has been multiplied by a factor of 50 for visibility.
The low signals reflect the lack of RO, cross reactions nec-
essary for the production of these accretion products.

Other identified peaks are plotted in Fig. 3c. The C,—Cy4
components are summed together, these being small organic
acids such as malonic acid and oxalic acid, as well as prod-
ucts such as C4H70gN. Malonic acid is the most prominent
here, seen as both an NO;™ adduct (C3H404NOy) and a pro-
ton transfer product (C3H30, ) at a ratio of around 2 : 3. Mea-
surements of particle-phase dicarboxylic acids in cities typi-
cally show greater concentrations of oxalic acid than malonic
acid (Ho et al., 2010), and these acids are primarily produced
in the aqueous phase (Bikkina et al., 2014). Primary sources
of dicarboxylic acid include fossil fuel combustion (Kawa-
mura and Kaplan, 1987) and biomass burning (Narukawa et
al., 1999), which are both plentiful in urban Beijing. The C¢—
Co9 components are assumed to be dominated by oxidation
products of alkylbenzenes such as CgHj,0s, although frag-
ments of other compounds, i.e. monoterpenes, can also oc-
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cupy this region (Isaacman-Vanwertz et al., 2018). It is as-
sumed the majority of the signal for these peaks come from
alkylbenzenes. This assumption is supported by the relative
signal intensity ratios of the oxygen numbers of monomer
CgH{20,, compounds being similar to those seen for xy-
lene oxidation products in previous work (Molteni et al.,
2018). The largest fraction, Cq; through Cig, includes the
larger compounds, oxidation products of larger aromatics, or
products of the cross reaction of smaller RO, radicals. Here
they are grouped without more sophisticated disaggregation
as they all follow much the same time series, with species
such as C11H;1OgN following the same temporal trends as
Ci5H1609 and C16H24015.

Nearly all ions with the exception of the larger compounds
attributed to the cross reaction of Cy monomers follow sim-
ilar temporal patterns, with the majority of peaks occurring
in the daytime. This reflects the importance of the concentra-
tion of atmospheric oxidants. Some selected oxidation prod-
ucts are plotted against their precursor VOCs in Fig. 4. The
concentration of isoprene is plotted against the signal of a
nitrate HOM product, CsH9NOg (Xiong et al., 2015; Lee et
al., 2016), while monoterpenes are plotted against C1oH1609
(Ehnetal., 2014; Berndt et al., 2016; Yan et al., 2016; Kirkby
et al., 2016; Massoli et al., 2018) and C, benzenes against
CgH120¢ (Molteni et al., 2018; Wang et al., 2017). The first
half of the time series shows little correlation between the
VOC species and the resultant oxidation products, while iso-
prene, monoterpenes, and C, benzenes follow their usual di-
urnal cycles, with isoprene having the most distinct cycle
with a strong midday peak. The last 2 d, however, show sim-

www.atmos-chem-phys.net/19/14933/2019/



J. Brean et al.: Observations of highly oxidized molecules and particle nucleation

14939

(a)
0.04 4
0.034
Nitrogen-
containing HOM
0.024 Nan-nitrogen-
containing HOM
0.014
T T T T T T T T T L T
21/06/1721/06/1722/06/1722/06/1723/06/1723/06/1724/06/1724/06/1725/06/1725/06/1726/06/1726/06/1727/06/17
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
(b)
wy
£ 0.0154
3
[=]
o
c
S 00104 —C10
9 C20 x50
N
= C5
£ 0.0054
= N
21/06/1721/06/1722/06/1722/06/17 23/06/1723/06/17 24/06/1724/06/1725/06/1 725/06/1726/06/1726/06/1727/06/17
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
(c)
0.01251
0.01001
0.00754 —_— C11-18
— C2-4
0.0050 4 — 0
0.00254

T T T T T T T T T T
21/06/1721/06/1722/06/1722/06/1723/06/1723/06/1724/06/1724/06/1725/06/1725/06/1726/06/1726/06/1727/06/17

00:00 12:00 00:00 12:00 00:00 12:00 00:00

12:00 00:00 12:00 00:00 12:00 00:00

Figure 3. Summed time series of the normalized signals of (a) all non-nitrogen-containing HOMs and all organonitrates identified; (b) Cs,
Ci0, and Cpg components, assumed to be dominated by isoprene, monoterpene monomer, and monoterpene dimers, and signal for Cog
multiplied 50 times to fit scale; and (¢) summed Cg—Cg components and summed C;1—C|g components, assumed to be dominated by

alkylbenzenes and other larger components respectively.

ilar and coinciding peaks in both the VOCs and HOMs —
HOMs show afternoon peaks on both days and an initial shelf
on the final half day. The CsH9NOg peak follows some of the
peaks of the isoprene, but not all (e.g. morning shelf of iso-
prene on 24 June). Concentrations of isoprene do not seem
to determine directly the signal of HOM, as the day with the
lowest isoprene of all is the day with the highest CsHoNOg.
The CjgH609 trace also has coincidental peaks with the
monoterpene trace, including two 4 h separated simultaneous
peaks on 25 June. The peaks in the concentrations of C; ben-
zenes are nearly synchronous with the peaks in CgH1,Og, for
which the data exhibit a strong mid-afternoon peak likely due
to the lack of an efficient ozonolysis reaction pathway; the
main oxidant of C, benzenes is the OH" radical. Trends of
both C3 benzenes and their HOMs are much the same as Cp
benzenes as discussed above, pointing to similar sources and

www.atmos-chem-phys.net/19/14933/2019/

oxidation chemistries. The concentration of precursor VOC
is likely a driving force in the identity and quantity of var-
ious HOM products, but not the sole determinant, as while
there are simultaneous peaks of VOCs and HOMs, both the
condensation sink and oxidant concentrations also influence
HOM product signals.

The first half of campaign measurements are marked by
an episode of low HOM signals. A diurnal cycle still ex-
ists but it is weak. The radiation intensity was significantly
lower on these prior days than it was on 24 June. No data
are available for the final period of measurement. Ozone is
higher on the prior measurement days with lower HOM sig-
nals (see Fig. S1). Little agreement is seen between VOC
concentration and HOM signals on these days. The con-
densational sinks are roughly similar to those on days of
higher HOM concentrations, but temperature and solar radi-
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14940 J. Brean et al.: Observations of highly oxidized molecules and particle nucleation
1.25
(a) o
I
- 9e-04 “-"Z
2 o2
(=% =3
= g
2 - Ge-04 3
2 =3
(=5 ]
3 g
o F3e04 o
[=]
c
3
7y
Oe+00
(b) o
-5e-04 32
= N
o F4e-04 O
w 3
] [=]
5 - 3e-04 3
e 2
2 N
8 - 2e-04 3
- g
- 1e-04 g
73
- 0e+00
()
- de-04 O
o -
2 R
3 - 3e-04 cno
8 3
£ 3
S 2
5 - 2e-04 T
2 g
o~
[$) [#]
F1e-04 2
3
\ w
..\""-'/.\' . o ey T

21/06/17 21/06/17 22/06/17 22/06/17 23/06/17 23/106/17
0000 1200 00:00 1200 00:00 12:00

00:00

T T T T T v 0e+00
24/06/17 24/06/17 25/06/17 25/06/17 26/06/17 26/06/17 27/06/17

12:.00 00:00 12:00 00:00 12:00 00:00

HOM /ions/s — VOC / ppb

Figure 4. Time series for the whole sampling campaign for the concentrations of (left axis) VOCs as measured by PTR-ToF-MS and (right

axis) a selected HOM product associated with that precursor.

ation are much lower. HOM formation is largely dependent
upon VOC concentration, oxidant concentration (which will
be lower if solar radiation is lower, especially in the case of
OH", the main oxidant of aromatic species especially), and
temperature (as H shifts are highly temperature-dependent)
(Quéléver et al., 2019), as well as losses by RO, termination
before a molecule can become HOM and losses to conden-
sational sink. The low HOM concentration is likely due to
these lower temperatures and weaker solar radiation not fa-
cilitating HOM formation.

The Cy9 compounds plotted in Fig. 3b show no strong di-
urnal sequence, contrasting with other HOMs. We can pre-
sume that all Cap compounds identified are the result of the
reaction of two monoterpenoid Cyg RO; radicals, a reason-
able assumption as all identified Cyg species follow the gen-
eral formula outlined for these reactions (CyoH2g 3206-16).

Atmos. Chem. Phys., 19, 14933-14947, 2019

The formation of Cpo dimers is dependent upon two pro-
cesses, initial oxidation of monoterpenes and RO,—RO; ter-
mination. Initial oxidation is contingent upon oxidant con-
centration, which is highest in the daytime, and RO;-RO;
termination is contingent upon the probability of the molec-
ular collision between the RO; molecules occurring be-
fore other radical termination (i.e. RO;-NO, or RO;-HO;).
There is likely a strong diurnal sequence in the dominant
RO); termination mechanisms across the daytime period, and
the combination of the two factors discussed above results
in there being no strong diurnal trend in these molecules.
A lower oxidant concentration at night results in fewer RO,
molecules, but less NO and HO); results in a greater chance
for those RO; molecules to dimerise (Rissanen, 2018; Gar-
mash et al., 2019). As the levels of NO, in Beijing fall, the
peroxy radical termination reactions will be less probable
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compared to continued autoxidation (Praske et al., 2018), and
it is expected that more oxidized HOM products will be seen
with lower volatilities and therefore a greater potential con-
tribution to earlier stage particle formation and growth.

3.3 New particle formation

Nearly all the signal intensity in the CI-APi-ToF-MS in-
strument arises from molecules charged by NOj; there-
fore plotting the unit mass resolution data (the data gained
by integrating over the entire area at each m/Q integer)
against time simply describes the evolution of oxidized or-
ganic molecules, acids, and their molecular clusters with both
each other and stabilizing amine species. This is done in
Fig. 5. As the signal intensity varies by factors of 10 from
mass to mass, each value has been normalized so they have
maxima at 1. This has been done separately for 2 d for clar-
ity, as the signal intensity also varies from day to day. PSM
data for these 2d is also plotted in Fig. 5, with both total
particle count > 1.30 nm in black and the number difference
between the lower and upper size cuts (1.30 and 1.84 nm)
in blue, which shows the number of particles between these
sizes. The relationship between mass and electrical mobility
diameter can be defined thus (Tammet, 1995)

1
6 3
de = (—’”) +d,, 3)
Tp

where d. is the electrical mobility diameter of the cluster or
particle, m is the mass of the cluster or particle expressed in
kilogrammes, p is the density, and dj is the effective gas di-
ameter, determined to be 0.3 nm for smaller particles (Larriba
et al., 2011). We can use this to draw a comparison between
the PSM and CI-APi-ToF-MS measurements. If a density of
1.2 gcm’3 is assumed, then once molecular clusters reach
the > 400 m/Q range, they will be seen in the lowest size
cut of the PSM, or > 700 m/Q if a density of 2.0 gcm™3 is
assumed. A full table of densities is provided in the Supple-
ment.

A burst in the signal seen by the CI-APi-ToF-MS occurs
first in the late morning in Fig. 5a, and this is at the same time
as peaks begin to rise in the identified HOMs (see Fig. 3).
Here, the PSM is not available due to an instrumental fault
until 16:00 CST; however, at that point, an elevation to parti-
cle count and a large elevation to cluster count can be seen.
Moving into the evening period, the mass contour shows
peaks in larger masses > 400 m/Q. These are likely dimer-
ized compounds and products of NOj3 chemistry with little
contribution to newly forming particles but still sensitive to
chemical ionization by NO5. Many of these peaks cannot be
assigned due to uncertainties in the structural formula assign-
ment for higher mass peaks, as the number of possible dimer-
ized compounds is many, being the combination of most pos-
sible RO, radicals. Graphically, these are over-represented in
Fig. 5 due to the normalization, and their signals (especially
> 500 m/ Q) are much lower than the signals <400 m/Q.
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Figure 5. Normalized unit mass NO;™ CI-APi-ToF-MS signal inten-
sity on 24 June 2017 (a) and 25 June 2017 (b). Each individual unit
mass was normalized to a maximum of 1. Each period is normalized
separately so the individual signal maxima on each day are visible.
The graph is plotted between 200 and 600 mass units, with every
10 mass units averaged for simplicity. On the secondary axis PSM
data are plotted, both total particle count > 1.30nm (black trace)
and total clusters between 1.30 and 1.84 nm (blue trace). Data are
plotted at 1 h time resolution.

The second day plotted in Fig. 5b (25 June 2017) shows
a strong afternoon peak to the HOMs (for most HOMs,
stronger than that on the day prior). Particle formation is
shown in the PSM data. A strong midday peak to parti-
cle number is seen with two distinct peaks in cluster count.
These two peaks are not coincidental with the two peaks in
HOM signal (i.e. nitrogen-containing HOMs in Fig. 3a peak-
ing at 11:00 and 16:00 CST). Sulfuric acid, however, does
peak synchronously with the particle number count. Sulfuric
acid is plotted across the contour plot in Fig. 6, where PSM
data are also shown in the bottom panel. The peak in CI-
APi-ToF-MS mass signal, visible in Fig. 5, occurs at around
12:00-13:00 CST; peaks in the PSM cluster count occur at
10:00 and 13:00 CST. Peaks in mass up to 550 m/Q are seen
in the CI-APi-ToF-MS at 13:00 CST. Assuming the density
of these species is < 1.6 gcm ™3, then these will be suitably
sized to be grown in the PSM saturator. These newly formed
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particles then go on to grow and contribute significantly to
the larger particle count (Fig. S3). As initial particle for-
mation coincides with sulfuric acid signal peaks and before
HOM signals peak, it can be assumed on these days that the
HOM contribution to the initial particle formation is modest.

There is recent strong evidence to suggest that the driv-
ing force of the earliest stages of particle formation in urban
Shanghai is sulfuric acid and C, amines (Yao et al., 2018),
and the coincidental peaks of sulfuric acid with new parti-
cles as seen in Fig. 6 suggest a similar behaviour. Dimethy-
lamine (DMA) can efficiently stabilize the sulfuric acid clus-
ters (Almeida et al., 2013). Here, few larger sulfuric acid—
DMA clusters were visible in the dataset, as seen in the
work by Yao et al. (2018). Although five sulfuric acid—
dimethylamine (SA-DMA) ions were observed, the others
were likely too low in signal to be confidently resolved from
their neighbouring peaks; however, clusters of up to four
sulfuric acid molecules and three dimethylamine molecules
were seen, with similar diurnal trends in sulfuric acid. The
scarcity of SA—-DMA clusters is likely due to instrumental
conditions, rather than their absence in the atmosphere. The
nitrate chemical ionization system tends to evaporate amine
compounds upon charging, and as specific voltage-tuning se-
tups can lend themselves towards preservation or breakage of
molecular clusters, the signal for larger sulfuric acid clusters
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was also very weak. The formation of HOM-sulfuric acid
clusters is unlikely under atmospheric conditions (Elm et al.,
2017) and few of these were observed. Signals of HOMs
seem to coincide with later particle growth; it can be ex-
pected that HOM molecules make a more significant con-
tribution to particle growth than to early particle formation,
with the largest and most oxidized being involved in early
growth and the smaller and less oxidized contributing to later
growth as the necessary vapour pressure properties become
less demanding.

4 Conclusions

The average degree of HOM oxidation in Beijing is compara-
ble with that seen in other environments. Rapid intramolec-
ular hydrogen shifts during autoxidation due to the higher
temperatures are probably offset by the frequent termination
reactions due to high NO, concentrations. OS. values seem
to be marginally higher for biogenic species.

The temporal trend of nearly every HOM shows after-
noon or evening maxima. Both O3 and OH" have high day-
time concentrations, and these likely drive the initial oxida-
tion steps. The species arising from alkylbenzene precursors
show sharper afternoon peaks, probably since their oxidation
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is OH'-dominated. Many of the rest of the peaks, coming
from largely BVOC precursors, show broader daytime peaks,
being influenced by O3 also. There seems to be no direct link
between VOC concentrations and HOM signals, with days of
lower precursor VOC sometimes having higher HOM signals
and vice versa.

Initial particle formation coincides with peak sulfuric acid
signals, while the growth of the particles correlates more
closely with the signals of HOMs. This is very similar to
behaviour observed in a study of NPF in Shanghai which
was attributed to sulfuric acid—dimethylamine—water nucle-
ation with condensing organic species contributing to particle
growth (Yao et al., 2018), and this is further backed up by nu-
merous SA-DMA clusters present in this dataset. The freshly
formed particles grow and contribute significantly to total
particle loading. This is visible when the unit mass CI-APi-
ToF-MS data are plotted as a contour plot, and further this
is visible in the PSM data, with bursts in both total number
count > 1.30nm and the number of molecular clusters be-
tween 1.30 and 1.84 nm. As NOj levels fall in Beijing due to
traffic emission control measures being enforced, it is likely
that autoxidation will become increasingly significant in the
new particle formation processes. The number of molecules
detected by the NO; CI-APi-ToF-MS is undoubtedly many
more than have had formulae assigned here, but to identify
more requires a more sophisticated data deconvolution.
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28 Table S1. Relationship between molecular mass and calculated electrical mobility diameter (nm)

29 for multiple masses up to 800 Da and densities , as calculated according to Tammet (1995), and
30 corrected according to Larriba et al. (2011).
Mass p glcm?®

/Da | 10 12 14 16 18 20

200 | 1.159 1.109 1.068 1.035 1.006 0.982
300 | 1.284 1.226 1.179 1.141 1.109 1.081
400 | 1.383 1.319 1.268 1.226 1.19 1.159
500 | 1.466 1.397 1.342 1.297 1.259 1.226
600 | 1.539 1.466 1.408 1.359 1.319 1.284
700 | 1.605 1.528 1.466 1.415 1.372 1.335
800 | 1.664 1.583 1.519 1.466 1.421 1.383

31



32  Table S2. All peaks identified by NO3- CIMS
33

lon Mass
C2HO30" 88.988
C3Hs020 89.025
CHsSOs 94.98
HSO« 96.96
CsH3020 99.009
C4Hs020 101.024
CsH3030" 103.004
SO40 111.947
CsHaNO3z 138.019
SO3NOs’ 141.945
CsH9040" 149.046
H2SO0sNOs" 159.956
CsHsNOsNOs® 165.015
CsH40sNOs" 165.999
CeH11030" 171.066
C7H10NOsO 172.062
105" 174.89
CsHsOsNOs" 180.015
CsHeNO4NOs" 182.018
CsHeO2HSO4 182.997
C3HeOsNOs" 184.01
CsHs03HSO« 185.984
CsHsNOsNOs 191.031
CsHsOsNOs" 194.031
H2SOsHSO4 194.926
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36

Table S2 continued

lon Mass
C4HsOsNOs" 198.026
CsH1002HSO4 199.028
CsHsNO3sNOs® 201.015
HNO3SO3NO3 204.941
CsH12NO3sNO3 208.07
CsHoNO4sNO3 209.042
CsHsOsNO3 210.026
CsH7NOsNOs’ 211.021
CsH1005N O3 212.041
C4HsOsNO3" 214.02
C7H7NO3NOs 215.031
C4H1006NOs" 216.036
C7HsO4NO3" 218.031
CsH7NO4NOs" 219.026
C7H1004NOs" 220.046
CsHoNO4sNO3" 221.042
CsH7NOsNO3- 223.021
CoHoNO2NO3- 225.052
C10H13NONO3" 225.088
C4H7NOsNO3" 227.016
CsHoNO3NO3- 229.047
CsH1206NO3” 230.052
C7H7NOsNOs 231.026
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38

Table S2 continued

lon Mass

CgH1004NOs" 232.046
C7H9NO4NOs" 233.042
C7HsOsNOs" 234.026
C7H1005NOs" 236.041
CsHsNOsNO3" 237.000
CsHoNOsNO3- 237.036
CsHsOsNO3" 238.020
C7H1205NOs3" 238.057
CsH7NOsNOs" 239.016
C10H11NO2NOs™  239.067
CeH1006NOs" 240.036
CsHoNOsNO3" 241.031
CsH11NOsNO3 243.047
CsH1007NOs" 244.031
C10H1403NOs" 244.083
CsH7NOsNOs" 247.006
CsH1005N O3 248.041
C7H9NOsNOs" 249.036
CgH1205NOs" 250.057
CsHaNOsNO3 253.031
CsHgN20sN O3 254.027



39

40

Table S2 continued

lon Mass

C10H11NO2NO3" 239.067
CsH1006NO3" 240.036
CsHoNOsNO3" 241.031
CsH11NOsNOs 243.047
CsH;007NOs 244.031
C10H1403NO3 244.083
CsH7NOsNOs" 247.006
CsH1005NOs" 248.041
C7H9NOsNOs- 249.036
CsH1205NOs" 250.057
CsHoNOsNO3" 253.031
CgH1206NOs" 266.052
CsH1009NOs" 276.021
C10H140sNO3 276.072
C7H/NOsHNOsNOs™  278.027
CsH1207NOs’ 282.047
CesH10N207NOs" 284.037
C10HgsNOsNOs 285.036
C10HsOsNOs 286.02

CsH10N20sNOs" 288.032
C10H1sNOsNO3 291.083
C10H1406NOs 292.067
CoH13NOsNO3 293.063
C10H1606NO3" 294.083
CoH15sNOsNO3 295.078
C2H7NHNO3NO3 296.033
C12H13NOsNO3 297.073
CeH10N20sNOs- 300.032
C7H13NOsNOs 301.052



41

42
43

Table S2 continued

lon Mass
C7H1209NOs’ 302.036
CsH10N209NO3 304.027
C11H17NOsNO3 305.099
C10H1sNOsNO3 307.078
HSOsH2S04HSO4 307.882
C10H1407NOs 308.062
C13H13NOsNO3 309.073
C13H14aNO4sNO3 310.081
CoH1sNO7NOs 311.073
CoH1408NO3 312.057
C7H12N208NOs” 314.048
C10HgNO7NO3 317.026
C11H1207NOs 318.047
C10H15sN206NO3 321.081
C10H1408NO3" 324.057
C10H17NO7NOs 325.089
C10H160sNO3" 326.073
CoH1sNOsNO3 327.068
C13H1406NOs 328.067
C12H13NOsNO3" 329.063
C11H12N206NO3 330.058
(C2H7N)3H2S04sHSO4  330.101
C10H9NOsNO3" 333.021
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45

Table S2 continued

lon Mass

CoHsN20sNO3" 334.016
C10H11NOsNO; 335.037
C11H17NO7NO3’ 337.089
C11H1608NO3 338.073
C10H15sNOsNO3 339.068
C14H1406NO3 340.067
C10H1609NO3 342.068
C13H17NOsNO3 345.094
C2H7NHNO3(HSOs)2NO3 345.992
C11H11NOsNOs’ 347.037
C10H14N20sNO3 352.063
C11H17NOsNOs’ 353.084
C14H14NOsNO3" 354.07

C10H1sNOgNO3® 355.063
C11H1809NO3" 356.083
C12H12N207NOs” 358.053
C14H1sNOsNO3" 359.11

C13H1sNO7NO3 363.105
C13H180sNO3" 364.089
C13H2008NO3" 366.104
C12H19NOsNO3 367.099
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47
48
49
50
51
52
53
54
55
56

57

Table S2 continued

lon Mass

C11H16010NO3” 370.063
C14H1sNO7NO3 371.073
C14H1408NO35 372.057
C13H13NOsNOs- 373.052
C10H16011NO3 374.058
(C2H7N)2(H2S04)2HSO4  383.011
C13H1sNOsNOs- 375.068
C14H23NO7NO3 379.136
C13H21NOsNOs- 381.115
C16H18NOsNO3" 382.102
C16H19NOsNO3 383.11

C14H1sNOsNO3’ 387.068
C10H17NO11NOs’ 389.069
C15H2sNO7NO3 391.136
C14H2:1NOsNO3 393.115
C17H21NOsNO3" 397.125
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59

Table S2 continued

lon Mass

C16H20N206N O3 398.121
C16H19NO7NO3 399.105
C16H1808N O3 400.089
C15H17NOsNO3- 401.084
Ci15H1609NO3" 402.068
C14H1sNOgNO3" 403.063
C17H2807NO3 406.172
C17H18N206N O3 408.105
C18H2:1NOsNO3 409.125
C17H1sNO7NO3’ 411.105
C17H2008NO3" 414.104
C16H1sNOsNO3" 415.099
C16H2:1NOsNO3 417.115
C14H14011NO3" 420.042
C18H21NO7NO3 425.12

C15H24010NOs° 426.125
(C2H7N)2(H2S04)2HSO4 428.068
C18H2208NOs 428.12

C17H2:NOsNO3 429.115
C16H23NOgNO3 435.126
C2H7N(H2504)3HSO4 435.919
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Table S2 continued

14

lon Mass
Ci15H23NO10NOs” 439.121
C18H23NOsNO3 443.131
C12H16014NO3” 446.042
C17H27NOgNO3" 451.157
C16H25sNO10NOs” 453.136
C17H28010NO3" 454.157
C16H27NO10N O3 455.152
C19H2209NO3" 456.115
C15H2sNO1:1NO3 457.131
C20H32NO7NO3" 460.206
C17H25sNO10NOs’ 465.136
C17H29NO10NOs’ 469.168
C16H24012NO3" 470.115
C16H27NO11NO3 471.147
C16H26012NO3" 472131
(C2H7N)4(H2504)2HSO4 473.126
C15H27NO12NO3 475.142



62  Table S2 continued

lon Mass

(C2H7N)2(H2S04)sHSO4  480.978

C17H2sNO11NOs’ 481.131
C18H28011NO3" 482.152
C17H27NO1:NO3 483.147
C20H26N20sN O3 484.157
Ca0H27NOgNO3 487.157
C20H2sNOgNO3" 489.173

63
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ABSTRACT

Atmospheric aerosols contribute some of the greatest uncertainties to estimates of global radiative
forcing, and have significant effects on human health. New particle formation (NPF) is the process
by which new aerosols of sub-2 nm diameter form from gas-phase precursors and contributes
significantly to particle numbers in the atmosphere, accounting for approximately 50% of cloud
condensation nuclei globally. Here, we study summertime NPF in urban Barcelona in NE Spain
utilising particle counting instruments down to 1.9 nm and a Nitrate CI-APi-ToF. The rate of
formation of new particles is seen to increase linearly with sulphuric acid concentration, although
particle formation rates fall short of chamber studies of H2SO4-DMA-H>0, while exceeding those
of H2S04-BioOxOrg-H>O nucleation, although a role of highly oxygenated molecules (HOMs)
cannot be ruled out. The sulphuric acid dimer:monomer ratio is significantly lower than that seen in
experiments involving sulphuric acid and DMA in chambers, indicating that stabilization of
sulphuric acid clusters by bases is weaker in this dataset than in chambers, either due to rapid
evaporation due to high summertime temperatures, or limited pools of stabilising amines. Such a
mechanism cannot be verified in this data, as no higher-order H2SO4-amine clusters, nor H2SO4-
HOM clusters were measured. The high concentrations of HOMs arise from isoprene, alkylbenzene,
monoterpene and PAH oxidation, with alkylbenzenes providing greater concentrations of HOMs
due to significant local sources. The concentration of these HOMs shows a dependence on
temperature. The organic compounds measured primarily fall into the SVOC volatility class arising
from alkylbenzene and isoprene oxidation. LVOC largely arise from oxidation of alkylbenzenes,
PAHs and monoterpenes, whereas ELVOC arise from primarily PAH and monoterpene oxidation.
New particle formation without growth past 10 nm is also observed, and on these days oxygenated
organic concentrations are lower than on days with growth by a factor of 1.6, and thus high
concentrations of low volatility oxygenated organics which primarily derive from traffic-emitted
VOC:s appear to be a necessary condition for the growth of newly formed particles in Barcelona.

These results are consistent with prior observations of new particle formation from sulphuric acid-
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amine reactions in both chambers and the real atmosphere, and are likely representative of the urban
background of many European Mediterranean cities. A role for HOMs in the nucleation process
cannot be confirmed or ruled out, and there is strong circumstantial evidence for the participation of

HOMs across multiple volatility classes in particle growth.
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1. INTRODUCTION

Atmospheric aerosols, defined as liquid or solid droplets suspended in a gas, affect the climate both
directly by scattering and absorbing radiation, and indirectly by acting as cloud condensation nuclei
(CCN) (Penner et al., 2011), providing great uncertainties in estimates of global radiative forcing
(IPCC, 2014). Further, fine ambient aerosols (defined as those with diameter below 2.5 um) are the
fifth greatest global mortality risk factor, resulting in 103.1 million disability-adjusted life year loss
in 2015 (Cohen et al., 2017). The number concentration of the ultrafine fraction of these (aerosols
with diameter below 0.1 pum, referred to as ultrafine particles or UFP) pose potentially significant
health risks also, due to their high concentration and surface area. The more diffuse, gas-like
behaviour of UFP allows them to penetrate into the deep lung and enter the bloodstream (Miller et
al., 2017). Ultrafine particles occur in the urban environment either as primary emissions (e.g., from
car exhaust (Harrison et al., 2018)) or secondarily as the product of new particle formation (NPF)

(Brines et al., 2015; Guo et al., 2014; Kulmala et al., 2017; Lee et al,. 2019)

NPF is the formation of aerosol particles from gas-phase precursors. NPF can be considered a two-
step process involving initial formation of a cluster of gas molecules at the critical diameter at
around 1.5 nm - the diameter at which a free-energy barrier must be overcome to allow the
spontaneous phase transition from gas to liquid or solid (Zhang et al., 2012), and the subsequent
growth of this droplet to a larger aerosol particle. The first step of this process is dependent upon
the stability and abundance of the clustering molecules. Sulphuric acid, water, and dimethylamine
(DMA), for example, efficiently form particles as the strong hydrogen bonding between the acid
base pair produces near negligible evaporation, much lower than the evaporation rate seen for the
more weakly bound sulphuric acid-ammonia-water system. Nucleation of sulphuric acid, DMA and
water proceeds at, or near to the kinetic limit in a chamber at 278 K when DMA mixing ratios are
sufficient (Almeida et al., 2013; Kiirten et al., 2014). Once past this 1.5 nm diameter, condensation

and coagulation will drive particle growth. Both the abundance of condensable gases and their
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vapour pressures limit condensational growth. Vapour pressures are especially important for the
initial growth stages, as the Kelvin effect barrier impairs condensation of more volatile species, with
this condition of low vapour pressures becoming less significant as the diameter of the particle
increases (Trostl et al., 2016). Once sufficiently large (>50 nm), the loss processes of coagulation
and evaporation of these particles become inefficient, resulting in a significant atmospheric lifetime.
It is from these these diameters onwards the climate forcing effects of these particles become most

pronounced.

NPF processes happen globally, across a diverse range of environments from pristine polar regions,
to polluted urban megacities (Kerminen et al., 2018), and represent a significant source of CCN,
with 10-60% of NPF events shown to produce CCN and enhancement factors to CCN count ranging
from 0.5 — 11 (Lee et al., 2019 and references within). Strong NPF events are observed across a
range of urban environments, despite high condensation sinks >10 s™! (Bousiotis et al., 2019; Yu et
al., 2016), and can act as a precursor to strong haze events (Guo et al., 2014). The occurrence of
urban NPF has only been partially explained by growing understanding from recent in-depth studies
(Yao et al., 2018). Recent advances in instrumentation allow for the measurement of particles down
to the critical diameter with instruments such as the particle size magnifier (PSM), and (Neutral) Air
Ion Spectrometer (NAIS/AIS) (Lee et al., 2019), and mass spectral techniques for measuring the
abundance and composition of neutral (Jokinen et al., 2012) and charged (Junninen et al., 2010)
clusters. Elucidated mechanisms with these techniques involve sulphuric acid and ammonia in
remote environments (Jokinen et al., 2018; Yan, 2018), monoterpene derived highly oxygenated
molecules (HOM) in remote environments (Rose et al., 2018), iodic acid in coastal environments

(Sipila et al., 2016), and sulphuric acid and DMA in polluted urban environments (Yao et al., 2018).

Urban Barcelona sees frequent, strong summer-time NPF events occurring on 28% of days. These

events are associated with high insolation and elevated ozone (~60 ug m) when considering the
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whole year (Brines et al., 2014, 2015).Ground-level observations report NPF events starting
typically at midday, and either occurring in urban Barcelona and the surrounding regional
background simultaneously, or isolated to eitherurban Barcelona or just the regional background
(Dall’Osto et al., 2013). Vertical profiles over urban Barcelona reveal that NPF occurs at higher
altitudes, and starts earlier in the day, as at a given altitude these events are not suppressed by early
traffic peaks contributing to particle load (Minguillén et al., 2015). Here, we examine gas phase
mass spectral evidence and particle formation rates at the critical diameter from sulphuric acid in
Barcelona, with possible contribution from strong bases and highly oxygenated organic molecules

(HOMs), as well as factors influencing subsequent particle growth.

2. METHODS

2.1 Sampling Site

The Palau Reial site in Barcelona (41°23'15" N, 2°6'53.64" E) is representative of the urban
background of Barcelona, located at the Institute of Environmental Assessment and Water Research
(IDAEA-CSIC) in the north-west of the city. Sampling was performed from a container 20 m from
a low traffic road, and 200 m from the nearest main road (Avinguda Diagonal). Data were taken

from 2018/06/28 through 2018/07/18.

2.2 Chemical Ionisation Atmospheric Pressure Interface Time of Flight Mass
Spectrometry

The Aerodyne Nitrate Chemical Ionisation Atmospheric Pressure interface Time of Flight Mass

Spectrometer (CI-APi-ToF) was used to make measurements of neutral oxygenated organic

compounds, organic and inorganic acids, bases, and their molecular clusters at high time resolution

with high resolving power. The ionization system charges molecules by adduct formation, such as

in the case of organic compounds with two or more hydrogen bond donor groups (Hyttinen et al.,

2015), or proton transfer in the case of strong acids like sulphuric acid (Jokinen et al., 2012).
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Hydroxyl or hydroperoxyl functionalities are both common hydrogen bond donating groups, with
hydroperoxyl being the more efficient hydrogen bond donor (Meller et al., 2017). This instrument
has been explained in great detail elsewhere (Jokinen et al., 2012; Junninen et al., 2010), but briefly,
the front end consists of a chemical ionisation system where a 10 L min™! sample flow is drawn in
through the 1 m length 1”” OD stainless steel tubing opening. A secondary flow was run parallel and
concentric to this sample flow, rendering the reaction chamber effectively wall-less. A 3 cm® min!
flow of a carrier gas (N2) is passed over a reservoir of liquid HNO3, entraining vapour which is
subsequently ionised to NO3™ via an X-ray source. lons are then guided into the sample flow. The
nitrate ions will then charge molecules either by clustering or proton transfer. The mixed flows
travelling at 10 L min! enter the critical orifice at the front end of the instrument at 0.8 L min™! and
are guided through a series of differentially pumped chambers before reaching the ToF analyser. All
data analysis was carried out in the Tofware package in Igor Pro 7 (Tofwerk AG, Switzerland).
Signals except for those of amines and ammonia are divided by the sum of reagent ion signals and
multiplied by a calibration coefficient to produce a concentration. A calibration coefficient of 3x10°
cm™ was established based upon comparison with a sulphuric acid proxy (Mikkonen et al., 2011)
and is in line with a prior calibration with our instrument (Brean et al., 2020). Uniform sensitivity
between H2SO4 and all other species measured by CI-APi-ToF bar amines and ammonia was
assumed in this work. This introduces some uncertainties, as it relies upon both collision rates and
charging efficiencies to be the same within the ionisation source for all species. Amine and
ammonia signals are normalised to the nitrate trimer signal (Simon et al., 2016). Prior reports of
ammonia and amines as measured by CI-APi-ToF employed corona discharge systems, which
utilise higher concentrations of nitric acid, thus we report normalised signals. We present
correlations of each of these bases clustered with the nitrate dimer plotted against measurements
with the nitrate trimer, as well as their intercorrelations and example peak fits across Figure S1. Cs
amines, C4 amines and ammonia were the only molecules of this kind found in our mass spectra.

Systematic uncertainties of +100% / -50 % arising from this method are assumed.
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Due to the high resolving power of the CI-APi-ToF system (mass resolving power of 3000, and
mass accuracy of 20 ppm at 201 m/Q), multiple peaks can be fit at the same unit mass and their
molecular formulae assigned. Beyond 500 m/Q, peak fitting and assignment of compositions
becomes problematic as signal decreases, mass accuracy decreases, and the total number of possible
chemical compositions increases, so peaks above the Cyo region have not been assigned (Cubison
and Jimenez, 2015), however, signals past this region tended to be extremely low. All ions
identified are listed in Table S1. As proton transfer mostly happens with acids, and nearly all HOM
molecules will be charged by adduct formation it is possible to infer the uncharged formula;
therefore, all HOMs from here onwards will be listed as their uncharged form. The CI-APi-ToF
inlet was placed approximately 1.5 m a.g.l. CI-APi-ToF data is only available between the dates

2018/07/06 and 2018/07/17.

2.2 Particle Size and Number Measurements

Two Scanning Mobility Particle Sizer (SMPS) instruments measured particle size distributions at 5
minute time resolution, one Long Column SMPS (TSI 3080 EC, 3082 Long DMA, 3772 CPC, TSI,
USA) and one NanoSMPS (3082 EC, 3082 Nano DMA, 3776 CPC, TSI, USA) measuring the
ranges 10.9 —478.3 nm and 4.5 — 65.3 nm respectively. A Particle Size Magnifier (A10, Airmodus,
FN) linked to a CPC (3775, TSI, USA) measured the sub-3 nm size fraction. The PSM was run in
stepping mode, operating at four different saturator flows to vary the lower size cut of particles that
it will grow (defined as the point of 50% efficiency, Dso). The instrument provided Dso from 1.4 to
2.4 nm. The instrument switched between saturator flows each 2.5 minutes, giving a sub-2.4 nm

size distribution every 10 minutes. Aerosol sampling inlets were placed approximately 2 m a.g.1.

2.3 Other Measurements
Mixing ratios of non-methane VOC with proton affinity greater than H3O" were made using the

proton transfer reaction time of flight mass spectrometer (PTR-ToF-MS 8000, Ionicon Analytik
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GmbH, Austria). A detailed description of the instrument is provided by Graus et al., (2010) The
sampling set up, operating conditions, and quantification procedures are similar to those described
in Minguillon et al. (2016). Continual monitoring of composition and mass of submicron aerosol
>75 nm was carried out with an Aerosol Chemical Speciation Monitor (ACSM, Aerodyne, USA)
(Ng et al., 2011). Ozone, NO, and NO> were measured by conventional ultraviolet and
chemiluminiscence air quality instrumentation. Meteorological data were supplied by the Faculty of
Physics of University of Barcelona, from a nearby (200 m from the measurement site)

meteorological station located at the roof of an 8 floor building.

24 Condensation Sink and Particle Growth Rate
The condensation sink (CS) represents the rate at which a vapour phase molecule will collide with

pre-existing particle surface, and was calculated from the size distribution data as follows (Kulmala

etal., 2012):
CS =2nD Ya, Bma,dpNa, , ()
where D is the diffusion coefficient of the diffusing vapour (assumed sulphuric acid), Bm is a

transition regime correction (Kulmala et al., 2001), d, is particle diameter, and Ngp is the number of

particles at diameter dp. The formation rate of new particles at size d, is calculated as follows:

dNg GR
]dp = dtp + Coangp 'Ndp + E.Ndp (2)

where the first term on the right-hand side comprises the rate at which particles enter the size d,
and the latter two terms represent losses from this size by coagulation and growth respectively. Js
was calculated using the data in the range of 5 — 10 nm, and J19 was calculated using the

measurements in the range of 1.9 — 4.5 nm. We also calculated J1.9 from our NanoSMPS data,
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employing the equations of Lehtinen et al. (2007). J1.9 from both methods showed reasonable
agreement (R? = 0.34). Agreement between Js and J o for each method was similar (R?> = 0.37 and
R? = 0.38 for J; ¢ calculated from PSM data and from Lehtinen et al. (2019) respectively). J1. is
greater than Js as predicted from equation (2) by around a factor of 20. See Kulmala et al. (2001) for
more information on calculation of coagulation sinks and formation rates. Growth rates in the range
of' 4.5 — 20 nm were calculated according to the lognormal distribution function method (Kulmala et
al., 2012), whereas those in the range of 1.9 — 4.5 nm were calculated from PSM data using a time-
delay method between PSM and NanoSMPS data. Systematic uncertainties on our calculated J1 .9
values include 25% method uncertainty (Yli-Juuti et al., 2017), with a further 25% arising from
uncertainties in PSM cutoff (+ 0.5 nm), as well as a 10% uncertainty in counting errors. A 50%
error arising from calculated coagulation sink is also applied (Kiirtenet al., 2016). The above
calculations rely on the assumption of homogeneous air masses, and while air mass advection, as
well as primary particle emissions can cause errors in estimations of temporal changes in particle
count and diameter, the appearance and persistence of a new mode of particles across a period of

several hours is typically indicative of a regional process.

Growth rates from irreversible condensation of various vapours were calculated as according to
Nieminen et al. (2010). At our measured relative humidity, sulphuric acid favours binding to 2 H,O
molecules (Kurtén et al., 2007). As amine concentrations are likely limited, we presume no mass
from amines in the condensing species. H2SO4 was assigned a density of 1.8 g cm™. For simplicity,
the properties of MSA regarding density and hydration were presumed the same as H2SO4, and
HIO; was presumed to have the same hydration as HSO4, with a density of 4.98 g cm™. The
density of condensing organic vapours was assumed 1.5 g cm™, and concentration-weighted mean
mass (~276 g mol! for LVOC) and atomic weighted diffusion volumes of organic compounds were

used to calculate GRs.
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2.4 DBE and 2D-VBS
The double bond equivalent (DBE) describes the degree of unsaturation of an organic molecule and

is defined simply as:

DBE=NC—N2—H—NZ—”+1 3)
The saturation vapour pressure at 300 K is defined by the 2D-volatility basis set (2D-VBS) as

follows, if all nitrogen functionality is assumed to take the form -ONO; (Bianchi 2019; Donahue

2011; Schervish and Donahue, 2020):

NoN
=bco — Nypby “4)

Nc+No

Log,0(C*)(300 K) = (N¢go — N¢)be — Nobp — 2

where N¢, Ny, and Ny, are the number of carbon, hydrogen, and nitrogen atoms respectively. No is
the number of oxygen atoms minus 3Ny to account for -ONO; groups, Nco is 25 (the carbon
number of an alkane with a saturation mass concentration of 1 pg m ), bc, bo, bco, and by are
0.475, 0.2, 0.9 and 2.5 respectively, and represent interaction and nonideality terms. The final term
of equation (4) accounts for -ONO> groups, each reducing the saturation vapour pressure by 2.5

orders of magnitude. C* values are calculated at 300 K and not corrected for temperature, as 300 K

is within 1 K of the campaign average temperature.

3. RESULTS AND DISCUSSION

3.1 General Conditions of NPF Events

Summer NPF events in the regional background around Barcelona are associated with high
insolation, relatively low ozone concentration (high compared with the rest of the year), and lower
particulate matter load (Brines et al., 2014; Carnerero et al., 2019). Figure 1 shows an example of a

day with no NPF in panel (a), referred to as “non-event” here, where two traffic-associated peaks in
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particle number are seen during rush hours. Midday traffic peaks are also seen on certain days, but
these are easily distinguished from nucleation processes due to the lack of a significant <10 nm
mode. Figure 1(b) shows a nucleation day with growth to larger sizes >10 nm, termed “full-event”,
showing the growth through the course of the day. These fulfil all the criteria of Dal Maso et al.
(2005). 4 events of this type were observed with CI-APi-ToF data coverage. Figure 1(c) shows a
day with nucleation occurring, but no growth past 10 nm. These days are referred to as “burst-
event” days. Here, NPF is seen to occur, but particles fail to grow past the nucleation mode. 2 such
events were seen in this data with CI-Api-ToF data coverage, and both are accompanied by a
distinct mode appearing beforehand in the range of ~20 —40 nm. Condensation sinks were not
significantly higher than on full event days, so this failure of particles to grow further cannot be
attributed to condensational (or coagulational) losses. GRa4 520 ranged between 2.47 and 7.31 nm h'!
(4.69 +£2.03 nm h''), GR} 9.4 5 ranged between 3.12 and 5.20 nm h™! (4.36 + 1.02 nm h™!). The
survival parameter (P) as suggested by Kulmala et al. (2017) is defined as CS:10*/ GR, and for this

data is equal to 41, higher than other European cities.

Figure 2 contains box plots showing condensation sink, temperature and global radiation for all 3
NPF types across the entire day (diurnal profiles plotted in Figure S2). Condensation sinks during
NPF periods of both types (Figures 1(b) & 1(c)) were not significantly lower than in non-event
periods. Condensation sinks were supressed prior to the beginning of an event for full-events,
increasing relative to non-events through the afternoon period. Of the two burst-events, one was
similarly characterised by a suppression to condensation sink, whereas the other showed a sharp rise
in the midday. Global radiation and temperature were higher for full-events, most significantly for
temperature. Figure 3 is as Figure 2 but for sulphuric acid, ammonia and amines, and HOMs as
measured by CI-Api-ToF (HOM criteria are discussed in section 3.3.1). Sulphuric acid is elevated
during both full-event and burst-event periods. In urban Barcelona, sulphuric acid will primarily

arise from oxidation of SOz by the OH' radical, with anthropogenic emissions such as shipping
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emissions from the port areas being significant sources of SO, (Henschel et al., 2013). Direct traffic
emissions have been shown to be a significant primary sulphuric acid source (Olin et al., 2020), but
our sulphuric acid data show no traffic peaks. Ammonia and amines show enhancement for full-
event periods, but not burst-event periods. Nucleation rates (at typical tropospheric sulphuric acid
concentrations) are sensitive to amine concentrations in the range of a few pptv, with enhancements
to amine mixing ratios past this point increasing the nucleation rate marginally (Almeida et al.,
2013), while typical concentrations of DMA and other alkylamines vary from zero to a few pptv in

the boundary layer (Ge et al., 2011a).

Barcelona has been shown to contain ppbv levels of ammonia (Pandolfi et al., 2012), arising from
both agriculture to the north (Van Damme et al., 2018), and anthropogenic activities such as waste
management and traffic, with waste management being the primary ammonia source. Highest
ammonia mixing ratios are found in the densely populated old city centre (Reche et al., 2015).
Agriculture, waste management, and traffic are also all significant sources of low molecular weight
alkylamines, such as DMA (Abalos et al., 1999; Cadle and Mulawa, 1980; Hutchinson et al., 1982;
Ge et al., 2011a), and are likely the source of amines found in this dataset. Activities such as
composting and food industry are especially strong sources of trimethylamine (TMA) (Ge et al.,
2011a). Although high emission fluxes of TMA are expected in this environment, they are not
present in our spectra. The TMA ion has been reported previously with a similar ionisation setup to
that utilised in this study (Kiirten et al., 2016). On full-event days, the signal for C; and C4 amines
has a midday elevation concurrent with peaks to solar radiation (Figure S2), and can help explain
the high formation rates we see in this dataset (see section 3.2). The relative strength of these
signals are shown in Figure S3, with significantly higher signals attributed to ammonia compared to

amines, despite a likely lower sensitivity (Simon et al., 2016).
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HOM concentrations were greatly enhanced during full-event periods (factor of 1.5 higher
compared to non-NPF mean), but lower during burst-event periods (factor of 1.2 lower compared to
non-NPF mean), implying their necessity for growth. The sources and implications of these HOMs
are discussed in section 3.3. Further, concentrations of iodine and DMS-derived acids such as iodic
acid (HIO;3) and methanesulphonic acid (MSA) are low (7.8-10° and 3.3-10° cm™ respectively),
indicating a small influence of oceanic emissions on particle nucleation/growth. Extended box plots

as Figures 2 & 3 are presented in Figure S4, and HYSPLIT back trajectories per event in Figure S5.

3.2 Mechanisms of New Particle Formation

The correlation between Ji.9 and concentration of sulphuric acid is plotted in Figure 4. A close
relationship between nucleation rates and sulphuric acid concentrations (R? = 0.49) are consistent
with observations globally (Lee et al., 2019). This relationship is not dependent upon condensation
sink. These NPF rates have no dependence on other ions as measured by CI-Api-ToF, including
HIOs, MSA, ammonia, amines or HOMs (R? for all <0.1). This is not to say that all of these
molecules are not involved in the nucleation process, rather that elevations or reductions to their
concentrations during nucleation periods do not have significant impact on nucleation rates. In the
example of alkylamines, their gas phase concentration may decrease due to clustering with elevated
sulphuric acid, as they cluster at around a 1:1 ratio at high amine mixing ratios (Kiirten et al., 2014)
(and therefore they will not be detectable as free amines). Further, if amines are present at a few
pptv, their mixing ratios are significantly higher than our ambient measured sulphuric acid
concentrations, and will be sufficient to accelerate nucleation rates (Almeida et al., 2013).
Photochemical losses will also be greater during the periods of highest NPF rate (Ge et al., 2011b).
The strength of the relationship between sulphuric acid and nucleation rate has been quantitatively
reproduced in chamber studies involving the H>SO4-H,0-DMA, and H>SO4-H>0-BioOxOrg
system, accurately reproducing tropospheric observations of nucleation rates (Almeida et al., 2013;

Riccobono et al., 2014), although a later revision of the former shows nucleation rates at 278 K
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exceeding typical tropospheric observations in the presence of high mixing ratios of DMA (Kiirten
et al., 2018). A comparison between our data and results from the CLOUD chamber is presented in
Figure 5; included are the H>SO4-H>O, H>SO4-NH3-H,0 (Kirkby et al., 2011), H>SOs-H>O-DMA
(Kiirten et al., 2018) and H2SO4-BioOxOrg-H>O systems (Riccobono et al., 2014) — BioOxOrg
refers to the oxidation products of pinanediol (CioHi1sO2) and OH'. Data from these chamber
experiments is for 278 K and 38 — 39 9% relative humidity. Nucleation rates measured in Barcelona
(J10 178 £ 190 cm™ s7! at [H2SO4] 7.1-:10° £ 2.7-10% cm™) are around an order of magnitude lower
than that seen for the H2SO4-DMA-H>SO4 system , but exceed that of the H>SO4-BioOxOrg-H,O
system by ~1 order of magnitude, and that of the H2SO4-NH3-H>O and H2SOs-H>O system multiple
orders of magnitude. No dissimilarity is seen between the data points corresponding to full or burst
type nucleation, indicating similar mechanisms of formation, despite lower HOM concentrations on
burst-event days. Conversely, research in remote boreal environments show that the mechanism of
nucleation can modulate dependent upon the H>SO4:HOM ratio (Yan et al., 2018). Model studies of
sulphuric acid-amine nucleation show a decline in nucleation rate with an increasing temperature
(Almeida et al., 2013; Olenius et al., 2017), as the evaporation rate of sulphuric acid-amine clusters
will increase with temperature (Paasonen et al., 2012). Conversely, evaporation rates of such small
clusters, and resultant nucleation rates tend to increase modestly with increases in relative humidity,
most pronounced at lower amine concentrations (Almeida et al., 2013; Paasonen et al., 2012).
Despite this, high nucleation rates at temperatures nearing 300 K have been reported previously
(Kuang et al., 2008; Kiirten et al., 2016), although these tend to show a temperature dependence
(Yu et al., 2016). No higher-order sulphuric acid clusters, sulphuric acid-base clusters, nor
sulphuric acid-HOM clusters were visible in the mass spectral data, likely due to these being below
the limit of detection of the instrument (Jokinen et al., 2012), so cluster identity cannot be directly
identified. Sulfuric acid trimer stabilisation is dependent upon base abundance (Ortega et al 2012),
and conversely, sensitivity of nitrate CI-APi-ToF to sulfuric acid-base clusters is reduced due to the

high base content of such clusters (Jen et al., 2016).
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To further explore the relationship between sulphuric acid clusters and the rate of nucleation, the
sulphuric acid dimer:monomer ratio is plotted in Figure 6. The sulphuric acid dimer:monomer ratio
is elevated by the presence of gas-phase bases such as DMA, and this elevation is dependent upon
both the abundances and proton affinities of such bases (Olenius et al., 2017). Upon charging,
evaporation of water and bases from sulphuric acid clusters occurs, and thus these are detected as
sulphuric acid dimer (Ortega et al., 2012, 2014). The binding energy of the bisulphate-H>SO4 ion is
in excess of 40 kcal mol™! (Curtius et al., 2001), and thus minimal declustering of the dimer is
expected within the CI-Api-ToF instrument — however, declustering of higher order sulphuric acid
clusters has been shown to be sensitive to voltage tune (Passananti et al., 2019), and this likely
extends to the dimer also, and as such discrepancies between sets of results due to instrument setup
cannot be ruled out. The ratio of sulphuric acid dimer:monomer is also highly sensitive to
condensation sinks, with a difference in dimer concentration of approximately a factor of 4
expected at 107 cm™ between 0.001 s™! (a clean environment) and 0.03 s (condensation sinks
during these NPF events measured in this dataset) (Yao et al., 2018) and thus our low
dimer:monomer ratio can, in part, be explained by elevated condensation sinks. The dashed line
represents the ratio that would be seen due to ion induced clustering (IIC) in the nitrate chemical
ionisation system for a 50 ms reaction time (Zhao et al., 2010). The sulphuric acid dimer:monomer
ratio seen in the CLOUD H>SO4-DMA-H>O system is plotted, alongside our own data from
Barcelona. The ratio from our own data is seen to be much lower than that for the system purely
involving DMA as a ternary stabilising species. Similarly, this ratio is lower than for reports of
H>SO4-DMA-H>0 nucleation in Shanghai (Yao et al., 2018), but is markedly similar to reports in
central rural Germany (Kiirten et al., 2016). Similar to central Germany, this ratio increases at lower
sulphuric acid concentrations to a ratio more similar to the H,SO4-DMA-H>0 system. A possible
explanation for this is that at higher sulphuric acid concentrations, the concentrations of stronger
stabilising bases are insufficient to stabilise all present sulphuric acid, with the higher end of the

sulphuric acid concentrations seen in this data roughly equivalent to 1 pptv sulphuric acid (3x10’
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cm™ = 1.2 pptv sulphuric acid). We also cannot account for clustering due to naturally charged
sulphuric acid in the atmosphere, but ion concentrations in urban environments tend to be small due
to efficient sink processes (Hirsikko et al., 2011). Particle formation plausibly operates by sulphuric
acid-amine nucleation involving the measured C, and C4 amines in our data, with nucleation rates
hindered relative to those measured in the CLOUD experiments by elevated temperatures, and a
decline to the sulphuric acid dimer:monomer ratio indicates that base concentrations may be
limited. We cannot rule out an involvement of HOMs in particle formation processes, and, as no
higher-order clusters were observed, we cannot establish sulphuric acid-amine nucleation with

certainty.

3.3 HOMs and Growth

3.3.1 HOM composition and sources

Barcelona, as a densely populated urban agglomerate, is distinct from the remote conditions under
which HOMs have primarily been studied (Bianchi et al., 2016, 2017; Schobesberger et al., 2013;
Yan et al., 2016), and is characterised by elevated temperatures, insolation and NOx mixing ratios,
as well as a diverse host of potential precursor VOC. The first of these affects HOM yields
significantly, as yields are highly dependent upon temperature (Quéléver et al., 2019; Stolzenburg et
al., 2018). Lower temperatures result in slower H-abstractions, which will result in the likelihood of
an ROy To undergo a different reaction pathway, such as termination with HO» To increase (Praske
et al., 2018). This is particularly important in this study if there is a large energy barrier for the first
or second H-abstraction taking place, as this will determine the number of hydrogen bond donating
groups, and therefore whether the NO3™ CI-Api-ToF is sensitive to a molecule or not. Elevated
insolation will result in enhanced photochemistry, and thus more rapid RO> Formation rates,
whereas elevated NOx will produce more HOM with nitrate ester functionality (Garmash et al.,
2020; Rissanen, 2018), which tend towards higher volatilities, and less efficient participation in

particle formation (Ehn et al., 2014; Lehtipalo et al., 2018), and growth (Yan et al., 2020).
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Oxygenated volatile organic compounds (OVOC) are defined as species visible in the nitrate CI-APi-
ToF that do not classify as HOM. Here, the first of the three criteria provided by Bianchi et al. (2019),
that HOM must be formed by peroxy radical autoxidation, cannot be applied to define HOM, as
knowledge as to whether a molecule is a result of autoxidation requires sound knowledge of the
structure of the precursors, oxidants and peroxy radical terminators present, however, the number of
molecules observed with N, = 2 is around an order of magnitude lower than that for N, = 1, where
the primary source of multiple nitrogen functionalities would be multiple peroxy radical termination
reactions from NOx, and therefore while multiple generations of oxidation have been shown to occur
in aromatics (Garmash et al., 2020), it is a small contributor to the concentration of what is classed as
HOM here. The second criterion to define HOM are that they must be formed in the gas phase under
atmospherically relevant conditions, which we deem appropriately fulfilled as all CI-APi-ToF
measurements are of gas phase compounds, and the final criterion is that HOM must contain more
than 6 oxygen atoms. To attempt to satisfy these criteria as best possible, the criteria of both

containing 6 oxygen atoms and 5 carbon atoms or greater and having an O:C ratio >0.6 is applied.

The diversified range of HOM precursors in Barcelona will be primarily anthropogenic in origin.
Averaged PTR-MS mixing ratios of different VOCs are presented in Figure S6. Figure 7(a) shows
HOM concentration plotted against temperature, showing a dependence of HOM concentrations on
temperature, with a lesser dependence on global radiation. The precursors for these HOMs are
presumed to be largely isoprene, alkylbenzenes, monoterpenes, and PAHs. The mean peak
intensities assigned to alkylbenzene derived HOMs are approximately a factor of two higher than
those assigned to isoprene and monoterpene oxidation across this entire campaign. In this data these
VOC mixing ratios are, with the exception of isoprene, not largely temperature dependent, with
many of these HOMs forming under negligible or zero insolation, and therefore very low OH

concentrations. These night-time HOMs will not be derived from the oxidation of aromatics,
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however, as rates of oxidation of alkylbenzenes by O3 and NOs are negligible (Molteni et al, 2018).
These night-time HOMs will therefore mostly be derived from biogenic emissions which undergo
more rapid nocturnal oxidation, and are likely transported from inland by the land breeze during
night (Millan, 2014; Querol et al., 2017). Monoterpene derived HOMs and OVOCs peak in the
night-time, with the ratio of C10Hi1sNOx:Ci10H160x with O =4-11 increasing by almost a factor of 4
during the night (Figure S7). Such an increase is indicative of nocturnal monoterpene oxidation by

NOs-.

Operating under the assumption that Cs, Cs, C7, Cg, and Co HOMs primarily arise from isoprene,
benzene toluene, Cz-alkylbenzene Cs-alkylbenzene oxidation respectively (Massoli et al., 2018;
Molteni et al., 2018; Wang et al., 2017), HOM signals plotted against parent VOC concentration
indicate their dependence upon that VOC. Here, a C; HOM is thought to follow the formula C;Hs.
120s5.10No2. We have plotted HOM concentrations against VOC concentrations in Figure 7(b). Cio
HOMs are not included in these analyses as these may primarily arise from CioH12-14 alkylbenzene,
or monoterpene oxidation. HOM concentration appears mostly independent of VOC concentration,
with the exception of isoprene, for which emissions are highly temperature dependent, and thus this
is likely a function of the effect of temperature on HOM formation (Figure 7(a)). A lack of
correlation between other VOCs and their HOMs confirms that this relationship between HOMs
and temperature is not a function of enhanced VOC emission fluxes from, for example, evaporation,
except in the instance of isoprene. Fragmented monoterpene oxidation products will also contribute
to the total number of Co HOMs, and similarly, other VOCs can fragment upon oxidation. However,
these results indicate that HOM concentrations are elevated by temperature, and operate quite

independent of precursor VOC concentration.

DBE as calculated by equation 3 is equal to the number of pi bonds and rings within a molecule.

Benzene, toluene, and similar aromatics have DBE = 4, naphthalene = 7 and monoterpenes = 3.
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DBE can be used as an indicator of sources when considering HOM in bulk. Saturation mass
concentration as calculated by equation 4 can help describe capacity of a molecule to both condense
onto newly formed particles and participate in nucleation. Figure 8 shows concentrations of HOMs
and other oxygenated organic molecules binned to the nearest integer Logio(C")(300 K), coloured
by DBE. Mean ion signals per carbon number are shown in Figure S8. Most measured molecules
fall into the SVOC class (0.3 < C*(300 K) < 300 pg m™) which will mostly exist in equilibrium
between gas and particle phase. Highest SVOC concentrations arise from fingerprint molecules for
isoprene oxidation under high NOx concentrations (CsH10N2Og) (Brean et al., 2020), and oxidation
of small alkylbenzenes (C7HsOs, CsH19Os). LVOC and ELVOC (3-:10° < C*< 0.3 uyg m > and 3-10™°
< C*(300 K) <3:10° pg m > respectively) have a greater contribution from molecules with higher
DBE, i.e., Ci0H10Os arising most likely from PAH oxidation (Molteni et al., 2018), and CioH1507N,
a common molecule arising from monoterpene oxidation in the presence of NOy. The contribution
of molecules with carbon number < 9 to these LVOC is modest, and ELVOC:s are entirely
comprised of molecules with carbon numbers > 10, and is dominated by DBEs of 8 and 4,
attributable to PAH and monoterpene oxidation respectively. No molecules classed as ultra-low
volatility organic compounds (ULVOC, C*(300 K) < 3-10° pg m~>) were observed in our data, and

thus any pure HOM nucleation is unlikely.

3.3.2 HOMs and NPF

As shown in Figure 3, an elevated HOM concentration appears to be a necessary condition for particle
growth past 10 nm during NPF events. These days are associated with elevated temperatures, solar
radiation, higher ozone, and lower NO:NO; ratio. HIO3 is also significantly higher on burst-event
days. A recent study in a remote environment reports growth rates matching condensation rates
without accounting for aqueous phase chemistry (Mohr et al., 2019). From 2D-VBS volatility
calculations discussed in the previous section, is it shown that LVOC and ELVOC measured in

Barcelona plausibly arise from the oxidation of aromatics (particularly PAHs in the case of ELVOC)
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and monoterpenes. Calculated growth rates according to the method of Nieminen et al. (2010) are
presented in Figure S9 for both GR1.9-5 and GRs.20. Best agreement for GRs.29 is when condensation
of SVOC, LVOC, ELVOC, MSA, HIO3 and H>SOs4 is considered, and best agreement for GR1.9:5 is
seen for condensation of all these except SVOC. This SIMPOL based estimate of volatility neglects
effects of the flexible -OOH groups to participate in internal H-bonding. This will limit the ability of
a molecule to participate in intermolecular bonding, and therefore underpredicts C* (Kurten et al.,
2016). Conversely, evidence from chamber studies suggests that oxidation of aromatics may proceed
by multi-generational OH' oxidation, possibly resulting in an overprediction of C* (Garmash et al.,
2020; Wang et al., 2020). The application of our volatility estimates here therefore come with some
uncertainties, with previous work applying an order of magnitude systematic error on the saturation
mass concentration (Stolzenburg et al., 2018). Despite such uncertainty, these results indicate an
essential role of the condensation of organic compounds to produce high growth rates observed in

urban environments.

Figure 9 shows three mass-defect plots for a non-event period, full-event period, and burst-event
period. The non-event day included in Figure 8 was characterised by lower solar radiation and
temperatures than average, so lower signals for oxygenated species are seen due to weaker
photochemistry (i.e., OH' concentration), and slower autoxidation due to slower H-shift reactions
(Frege et al., 2018; Quéléver et al., 2019; Stolzenburg et al., 2018). The full-event day sees
enhancements to smaller OVOCs and HOMs compared to the non-event day, especially around
150-200 m/Q, which contains peaks corresponding to dicarboxylic acids and isoprene oxidation
products. Some of the largest peaks in the mass spectra correspond to formulae seen arising from
the enhanced OH' oxidation of alkylbenzenes (such as C;H7NOg) (Molteni et al., 2018; Wang et al.,
2017). Larger HOMs see a less significant enhancement to smaller alkylbenzene derived HOMs.
The presence of larger, unidentified HOMs >400 m/Q is enhanced during full-events, these peaks

will comprise the largest compounds, most likely of class ELVOC, arising from the oxidation of
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large VOCs, or RO2-RO> accretion reactions, and thus, we likely underpredict ELVOC
concentrations and resultant impacts on particle growth in Figure S9. These unidentified peaks
>400 m/Q are both more numerous and larger during full-event periods, with a factor of two
difference in total peak area. The burst-event day has significantly lower concentrations of OVOCs
and HOMs, and to a lesser degree, their nitrogen containing counterparts (N-OVOCs and N-
HOMs), with significantly fewer compounds >400 m/Q. The most significant difference between
full and burst-event days is in the SVOCs, accounting for a factor of two difference in
concentration. The sulphur containing acids all have similar peak areas to the full-event day. These
elevations to condensable OVOCs and HOMs on particle formation days with growth are consistent
with particle composition data as measured by ACSM (Figure S10). Particle composition on full-
event days shows an elevation to organic mass concentration in the late evening and night around
when new particles from NPF will reach sizes detectable by the ACSM (~75 nm, Ng et al., 2011).
Organic mass between 16:00 and 23:00 is 3.5 pg m™ on burst-event days, versus 7.8 ug m™ on full-

event days.

4. CONCLUSIONS

We show new particle formation rates in Barcelona are linearly dependent upon the sulphuric acid
concentrations, and while formation rates far exceed that of H>SO4-BioOxOrg-H>O nucleation, they
fall short of those of H2SO4-DMA-H>O nucleation at 278 K, as does the sulphuric acid
dimer:monomer ratio, possibly explained by cluster evaporation due to high temperatures in
summertime Barcelona (303 K during events), and limited pools of gas-phase amines. These results
are similar to reports of nucleation rates in rural Germany (Kiirten et al., 2016). As no higher-order
clusters were directly measured, we cannot determine nucleation mechanisms with certainty, and an

involvement of HOMs in nucleation is plausible.



551 High concentrations of OVOCs and HOMs were measured by CI-APi-ToF. Of these, the SVOC

552 arose from mostly isoprene and alkylbenzene oxidation, whereas LVOC and ELVOC arose from
553 alkylbenzene, monoterpene and PAH oxidation together, with a dependence of their concentration
554 on temperature. Concentrations of species associated with coastal and oceanic sources such as MSA
555 and HIO3 were low. High HOM concentrations are seen to be a necessary condition for new particle
556 growth past 10 nm, with the most significant difference between days with and without particle

557 growth being SVOC concentrations (factor of 2 difference), while modelled growth rates from

558 condensation of these organic compounds, alongside H>SO4, MSA and HIO3 were shown to match
559 growth rates within measurement error. Thus, oxidation of traffic derived alkylbenzenes and PAHs,
560 and to a lesser degree, isoprene and monoterpene emissions is a significant determinant of new

561 particle growth in this environment.

562

563 These results are consistent with extensive chamber and flow tube studies on particle formation

564 from sulphuric acid, amines and HOMs, and further, nucleation rates relative to sulphuric acid are
565 similar to many tropospheric observations. Barcelona is representative of many Mediterranean

566 urban environments, with moderate pollution, influence of shipping emissions, and high insolation,
567 and the present study reveals the complexity of NPF mechanisms in these environments.
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FIGURE LEGENDS:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Average SMPS contour plots for (a) non-event days, (b) full-event days and (c) burst-
event days.

Box plots for days of non-event, full-event and burst-event, showing (a) condensation
sink, (b) temperature, and (c) global radiation from hourly data. “Full-event” and “burst-
event” include data across the entire day.

Box plots for days of non-event, full-event and burst-event, showing (a) sulphuric acid,
(b) C; and C4 amines, as clustered with the nitrate dimer and trimer, and (c) summed
HOM concentration from Cs+ from hourly data. Units for ammonia + amines are
normalised counts, as no calibration was performed. Event days include data across the
full event day.

Formation rate (J1.9) plotted against sulphuric acid monomer concentration, coloured by
condensation sink. Circles represent burst-events, squares represent full events. Data is
for hourly averages across NPF periods, typically within the hours 08:00 — 16:00. Slope

of the line = 4.9-107 s, Error bars represent systematic uncertainties on [H.SO4] and
Jio

Formation rate plotted against sulphuric acid monomer concentration for data collected
from Barcelona. Tan circles represent burst-events, purple squares represent full events.
as well as that for the H>SO4-H>O (blue inverted triangles), H>SO4-NH3-H>O (yellow
inverted triangles), Ho>SO4-DMA-H>O (pink triangles), and H>SO4-BioOxOrg-H>O
(brown diamonds) systems from the CLOUD chamber (Kiirten et al., 2018 Kirkby et al.,
2011; Riccobono et al., 2014). CLOUD chamber experiments were performed at 278 K
and 38 — 39 % RH. Data is for hourly averages across NPF periods, typically within the
hours 08:00 — 16:00. Error bars represent systematic uncertainties on [H2SO4] and Ji 9.

Sulphuric acid dimer concentration plotted against monomer concentration, showing
burst-event periods (tan circles), full event periods (purple squares), non-event periods
(green inverted triangles), and the ratio of sulphuric acid dimer:monomer in the CLOUD
chamber for the HoSO4-H20-DMA system (pink triangles) (Almeida et al., 2013).
Dashed line represents the dimer concentration produced by ion induced clustering in the
chemical ionization unit (Zhao et al., 2010). CLOUD chamber experiments were
performed at 278 K and 38 — 39 % RH. Data is for hourly averages across NPF periods,
typically within the hours 08:00 — 16:00. Error bars represent systematic uncertainties on

[H2S04] and [(H2S04):].

Influencing factors on HOM concentration, showing (a) Cs.1o HOM concentration plotted
against temperature, coloured by global radiation. Ellipsis shows 95% confidence on a
multivariate t-distribution. (b) HOM concentration by carbon number potted against
parent VOC mixing ratio. These are segregated by carbon number/VOC, i.e, C; HOMs
plotted against toluene, under the assumption that toluene oxidation is the main producer
of C7 HOMSs. Time for both plots is of hourly time resolution.

Concentrations of all oxygenated organic molecules and HOMs binned to integer
Logio(C") values, coloured by DBE.
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Figure 9:

Mass defect plots for (a) non-event, (b) full-event, and (c) burst-event periods, data
taken from 10:00 — 15:00 on the days 11/07/2018, 16/07/2018 and 15/07/2018
respectively. Size corresponds to mass spectral peak area. lons are coloured according
to identified chemical composition. Blue points correspond to HOMs containing all
organic species with >5 carbon atoms and >6 oxygen atoms, and an O:C ratio of >0.6.
Purple points correspond to the same but for species containing 1-2 nitrogen atoms.
Species not meeting this HOM criterea were classed generally as OVOCs which are
coloured brown, with the nitrogen containing OVOCs coloured orange. Sulphur acids
(red) include ions HSO4, CH3SO;3™ and SOs’, as well as the sulphuric acid dimer. Iodine
acids (green) contains both I03™ and I (the latter presumably deprotonated hydrogen
iodide). Unidentified points are left uncoloured.
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Figure 2: Box plots for days of non-event, full-event and burst-event, showing (a) condensation sink,
(b) temperature, and (c) global radiation from hourly data. “Full-event” and “burst-event” include
data across the entire day.
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Figure 3: Box plots for days of non-event, full-event and burst-event, showing (a) sulphuric acid, (b)
Czand C4 amines, as clustered with the nitrate dimer and trimer, and (¢) summed HOM concentration
from Cs+ from hourly data. Units for ammonia + amines are normalised counts, as no calibration was

performed. Event days include data across the full event day.
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CLOUD chamber (Kiirten et al., 2018 Kirkby et al., 2011; Riccobono et al., 2014). CLOUD
chamber experiments were performed at 278 K and 38 — 39 % RH. Data is for hourly averages
across NPF periods, typically within the hours 08:00 — 16:00. Error bars represent systematic

uncertainties on [H2SO4] and J; .
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Figure 6: Sulphuric acid dimer concentration plotted against monomer concentration, showing burst-
event periods (tan circles), full event periods (purple squares), non-event periods (green inverted
triangles), and the ratio of sulphuric acid dimer:monomer in the CLOUD chamber for the H>SOs-
H>O-DMA system (pink triangles) (Almeida et al., 2013). Dashed line represents the dimer
concentration produced by ion induced clustering in the chemical ionization unit (Zhao et al., 2010).
CLOUD chamber experiments were performed at 278 K and 38 — 39 % RH. Data is for hourly
averages across NPF periods, typically within the hours 08:00 — 16:00. Error bars represent systematic

uncertainties on [H2SO4] and [(H2SO4)s].
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1246  Figure 8: Concentrations of all oxygenated organic molecules and HOMs binned to integer Logio(C")
1247 values, coloured by DBE.
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Figure 9: Mass defect plots for (a) non-event, (b) full-event, and (c) burst-event periods, data taken
from 10:00 — 15:00 on the days 11/07/2018, 16/07/2018 and 15/07/2018 respectively. Size
corresponds to mass spectral peak area. lons are coloured according to identified chemical
composition. Blue points correspond to HOMs containing all organic species with >5 carbon atoms
and >6 oxygen atoms, and an O:C ratio of >0.6. Purple points correspond to the same but for species
containing 1-2 nitrogen atoms. Species not meeting this HOM criterea were classed generally as
OVOCs which are coloured brown, with the nitrogen containing OVOCs coloured orange. Sulphur
acids (red) include ions HSO4, CH3SO;3™ and SOs’, as well as the sulphuric acid dimer. Iodine acids
(green) contains both 103 and I" (the latter presumably deprotonated hydrogen iodide). Unidentified
points are left uncoloured.
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Figure S1: Ammonia and amine measurements via CI-APi-ToF, showing (a) ammonia, C>
and C4 amines as measured clustered with the nitrate dimer and trimer. Colour scale shows an
RH dependence. (b) Ammonia plotted against C> amines, coloured by C4 amine concentration,
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Table 1: Ions identified by CI-APi-ToF

Ion m/Q
Cr 34.97
NOy 45.99
C;H;0r 55.02
(NOs) 61.99
C:H;0y 71.01
Cs;Hs50, 73.03
Br 78.92
H>,ONO3z) 80.00
C4Hs0, 85.03
C:H305° 87.01
CH;SO5 94.98
CFH3;(NO3) 96.01
HSOs 96.96
HCI(NO3) 97.97
H40>(NO3) 98.01
C:H505 101.02
C:H304 103.00
SOs 111.95
C:H304 115.00
C4Hs04 117.02
C;H4O(NO3) 118.01
C;H305 119.00
HNO;NO5 124.98
I 126.91
C4H;305 131.00
CsH,O4 131.03
CsH505 133.01
NH3;(HNO3)(NOs) 142.01
CsHsOs 145.01
CsH-0s 147.03
C;HsO3(NO3) 152.02
CsH-O5 159.03
C;HsO3(NO3) 164.02




C3HsNO3(NOs) 165.02
C3H404(N03)' 166.00
CsHsNO(NO3) 169.03
C;H;N(HNO3)(NO3) 170.04
C7H,05 171.03
C/HyO5 173.05
105 174.89
C4HsNO3(NOs) 177.02
C4H404(N03)' 178.00
CsH,07 179.02
CsHcO4(NOs) 180.01
CsHyO7 181.04
C4Hs04(NO3) 182.03
CsHiOs” 187.06
(HNOs)2:(NOs) 187.98
C/HyOs 189.04
CsH/NO3(NOs) 191.03
C4H6N203(N03)' 192.03
CsHsNO4(NOs) 193.01
CsHsO4(NO3) 194.03
H>SOHSO4 194.93
CsH,05 195.01
C3HsN204(NO3) 196.02
C4H30s(NOs) 198.03
CsHuiN(HNO3)(NO3) 198.07
C/H7NO»(NOs) 199.04
CeHsNO3(NOs) 201.02
CsH11O¢ 203.06
C¢HcO4(NO3) 204.01
NH;3(HNO3)(NOs) 205.01
CsHsO04(NO3) 206.03
CsH/NO4(NOs) 207.03
C4sHeN204(NO3) 208.02
CsHsOs(NOs) 210.03
C4H7NOs(NOs) 211.02
CsHO3(NOs) 212.02




C:HsNO4(NO3) 213.00

CioH 1305 213.08
C4H806(N03)- 214.02
C7H/NO3(NOs) 215.03
C7HsO4(NO3) 216.01
C7HoNO3(NOs) 217.05
C7HsO4(NO3)' 218.03
C7H1004(NO3) 220.05
CcHoNO4(NO3) 221.04
CsHsN204(NO3) 222.04
CioH-O¢ 223.02
CsHsO6(NO3) 226.02
CsH/NOs(NO3) 227.02
CsHcO7(NOs) 228.00
CsHoNO3(NOs) 229.05
C7H/NO4(NOs) 231.03
C;H7N(HNO3)>(NO3) 233.04
C7H1005(NO3)' 236.04
C7H1205(NOs) 238.06
CioH,07 239.02
C4HeN206(NO3) 240.01
CsHsO7(NOs) 242.02
CsHiuNOs(NOs) 243.05
CsH;007(NOs) 244.03
CoH1204(NO3) 246.06
C/H7NOs(NOs) 247.02
CsH;00s5(NO3) 248.04
C7HoNOs(NO3) 249.04
CsH1205(NO3) 250.06
C7HuNOs(NO3) 251.05
C7H1006(NO3) 252.04
C7H1206(NO3) 254.05
CsHiiNOs(NO3) 255.05
Ce¢Hi1007(NO3) 256.03
CsHszO03(NOs) 258.01

CsH7NOs(NOs) 259.02




CoH;00s5(NO3) 260.04

CHiN(HNO3),(NO3) 261.07
CoHp205(NOs) 262.06
C/H/NO4(NO3) 263.02
CsHuNOs(NOs) 263.05
CsH]oOs(NO3)' 264.04
C9H1405(NO3)' 264.07
C/HoNOs (NOs) 265.03

C7HsO7(NO3)' 266.01
CsHpO4(NOs) 266.05
C7H11N06(N03)' 267.05
CsH1sNOs(NOs) 267.08
C7H100/(NOs) 268.03
C6H11N07(N03)' 271.04
CeH1O05(NOs3) 272.03
CsHoNOs(NO3) 273.02
CsHsOo(NO3) 274.01
C10H1205(N03)' 274.06
C10H1405(NO3)' 276.07
CoHsNO5(NOs) 277.07
C9H1206(NO3)' 278.05
C10H1605(NO3) 278.09
CsHiNOg(NOs) 279.05
CoH1s04(NO3) 280.07
C7HoNO7(NO3) 281.03
CsH120/(NOsy 282.05
C-HNO-(NOs) 283.04
CsH10/(NOsy 284.06
C1o0HsNOs(NOs) 285.04
CsHsN,O3(NOs) 286.02
CsH7NOo(NO3) 287.00
C7HisNO7(NOs) 287.07
CsH1oN20s(NO3) 288.03
CsHoNOo(NOs) 289.02
Ci1oH1206(NO3) 290.05

Cio0H1sNOs(NOs) 291.08




C10H1406(NO3) 292.07
C9H13N06(N03)' 293.06
Ci10H1606(NO3) 294.08
CsHuNO7(NOs) 295.04
CoH107(NO3) 296.06
C3H13N07(N03)' 297.06
CsH1203(NOs) 298.04
C7H1009(NO3z) 300.02
C10H9N06(N03)' 301.03
C7H1209(NO3) 302.04
CioHi1NO(NO3) 303.05
CeH10010(NO3) 304.02
C12H1805(NOs) 304.10
CsHoNO,(NO3) 305.03
CoHsO03(NOs) 306.01
C11H1606(NO3) 306.08
Ci1o0H1sNO6(NOs) 307.08
C10H1407(N03)' 308.06
CoHisNO7(NO3) 309.06
Ci10H1607(NOs) 310.08
CoHisNO7(NO3) 311.07
CoH105(NO3) 312.06
CsHisNOs(NO3) 313.05
CsH1209(NO3) 314.04
C-HyNOo(NOs) 315.03
C10H10N206(NO3) 316.04
C1oHsNO-(NOs) 317.03
Ci12Hi1606(NO3) 318.08
CioHuNO7#(NOs) 319.04
Ci1oH100s(NO3) 320.03
Ci12Hi1506(NO3) 320.10
CioHisNO7#(NOs) 321.06
Ci1iH1607(NO3) 322.08
Ci1oH1sNO7(NOs) 323.07
Ci1oH1403(NO3) 324.06
Ci10H1603(NO3) 326.07




CoH1sNOs(NO3) 327.07
C9H1409(NO3)' 328.05
CsHi:3NOo(NOs) 329.05
CoH1609(NO3) 330.07
CuHuNO7(NOs) 331.04
C10H9N08(N03)' 333.02
Ci2H1607(NO3) 334.08
Ci2zH1507(NO3) 336.09
C10H13N03(NO3)' 337.05
CiuHi6038(NO3) 338.07
Ci1oHisNOs(NO3) 339.07
C10H1409(NO3) 340.05
Ci:HisNO(NO3) 341.06
C10H1609(NO3) 342.07
CoH1sNOo(NO3) 343.06
CoH14010(NO3) 344.05
C:Hi3NO7(NOs) 345.06
Ci3Hi1607(NOs) 346.08
CisHi307(NOs) 348.09
C:Hi7NO7(NOs) 349.09
Ci3H2007(NO3) 350.11
CiuiH1sNOs(NOs) 351.07
Ci11H17NOs(NOs) 353.08
Ci1oH1sNOo(NOs) 355.06
C11H1309(NO3) 356.08
Ci1oH17NOy(NO3) 357.08
C13H1405(NO3) 360.06
Ci2Hi3NOs(NOs) 361.05
CisHisNO7(NOs) 363.10
Ci3Hi503(NO3) 364.09
CizHi7NOs(NOs) 365.08
Ci3H2003(NO3) 366.10
Ci2H1oyNOs(NOs) 367.10
Ci2Hi309(NO3) 368.08
Ci1iHi7NOy(NO3) 369.08
C11H16010(NO3) 370.06




63
64

Ci10HisNO1o(NO3) 371.06
C14H1408(N03)' 372.06
CizHisNOs(NOs) 373.05
C14H1608(N03)' 374.07
C14H2008(N03)' 378.10
CizHi1sNOs(NO3) 379.10
Ci14H2,03(NO3) 380.12
Ci3H21NOs(NOs) 381.12
Ci3H2000(NO3) 382.10
C16H19NOG(NO3) 383.11
Ci6H1s07(NO3) 384.09
CisHi7NO7(NO3) 385.09
CisH160s(NO3) 386.07
CioHisNOu(NOs) 387.05
CiiH1s011(NO3) 388.07
C1sH1N(NO3)Os 393.13
Ci5H24(NO3)Os 394.14
C1sH23N(NO3)Os 395.15
CisH22(NO3)O¢ 396.13
Ci7H21N(NO3)O¢” 397.13
Ci17H20(NO3)O7 398.11
CicHi1sN(NO3)O7 399.10
Ci6H1s(NO3)Os 400.09
CisHi7N(NO3)Os 401.08
Ci12H20(NO3)O11 402.09
Ci1oHisN(NO3)O12” 403.05
Ci15H1s(NO3)Oy 404.08
CisHi7N(NO3)O¢ 405.09
C1oH23N(NO3)Os 407.15
Ci19H22(NO3)O¢ 408.13
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Abstract page

New particle formation is globally one of the major sources of aerosol by number, and therefore a
leading factor controlling cloud condensation nuclei (CCN) concentrations. Antarctica is
experiencing drastic and variable climate change, and modelling estimates of the regional feedbacks
through aerosol direct and indirect radiative forcing are highly uncertain as they are limited by
knowledge of the aerosol formation mechanisms. Here, we study summertime open ocean and
coastal new particle formation in the Antarctic Peninsula region. Nucleation events occurred under
elevated sulphuric acid concentrations in the presence of high alkylamine signals. The rates of
particle formation relative to sulphuric acid concentration as well as the sulphuric acid
dimer:monomer ratios were similar to those seen for sulphuric acid-dimethylamine-water nucleation
both in chamber studies and an urban environment, evidencing that alkylamines were the bases that
facilitated sulphuric acid nucleation. Most new particle formation events occurred in air masses
arriving from the ice-covered Weddell Sea and its marginal ice zone, indicating that sea ice-
influenced ocean regions are a significant source of volatile sulphur and alkylamines. This amine-
mediated mechanism is more efficient than the ion-induced sulphuric acid-ammonia nucleation
pathway previously described in Antarctica, and one that can occur rapidly under neutral
conditions. This hitherto overlooked pathway to biologically-driven aerosol formation must be
considered for a correct estimation of aerosol and CCN numbers in ocean — sea ice — aerosols —

climate feedback models.

Keywords: New particle formation; Antarctic; nucleation; sulphuric acid; alkylamines



Significance Statement

The climate of the Antarctic is changing rapidly and the full causation is uncertain. Airborne particles
(aerosol) exert a significant effect upon climate both through direct interaction (absorption and
scattering) with incoming solar radiation, and by influencing the albedo (reflectivity) of clouds. New
particle formation in the atmosphere increases the number of cloud condensation nuclei, which in
turn has a direct influence on the cloud albedo. This work has demonstrated a mechanism of new
particle formation occurring over both sea and coastal land which is more rapid than the only

previously observed mechanism active in the Antarctic.



Introduction

The Antarctic Peninsula has shown some of the largest increases in near-surface air temperature
measured globally across the last 50 years!, despite a pause to this increase within the last two
decades®. Climate models struggle to accurately predict the temperature of the Antarctic Peninsula®,
and this is due to uncertainties in both meteorology*> and the gas and aerosol processes governing
radiative forcing®. One of the largest areas of uncertainty in the latter is the direct and indirect radiative
forcing due to aerosols and clouds’. Model studies suggest that natural aerosols contribute
disproportionately to uncertainty in indirect forcing®. Unlike the Arctic, where anthropogenic
contributions to aerosol loadings are considerable’ the Antarctic is remote from major emission
sources, and particles of natural origin dominate the aerosol population'®. In such a pristine
environment, new particle formation (NPF) makes a major contribution both to the condensation
nuclei (CN) count, and more critically to the number of cloud condensation nuclei (CCN), hence
influencing both the direct and the indirect radiative forcing. NPF processes in Antarctica have been
associated with marine air masses and high fluxes of the trace gas dimethylsulphide (DMS)!!. Indeed,
early studies of Antarctic submicron particles found their composition dominated by sulphuric acid
(H2S04), largely accompanied by ammonium'"!?. Later studies have found a contribution of low
molecular weight alkylamines to aerosol mass, arising from air masses passing over areas of melting
sea ice'’. Measurements of amines in seawater further suggest high alkylamine content in or near sea
ice, and on-line analysis of Antarctic aerosols show that a significant fraction of aerosol phase
alkylamines are secondary in origin, rather than primary'. Long term measurements in the Arctic
show that sea ice melt significantly affect NPF frequency'”. A similar time series in Antarctica has
served to link NPF frequency and faster growth rates of nascent aerosols to upwind emissions of DMS
by phytoplankton!®. DMS in the atmosphere oxidises to both HSOs and methanesulphonic acid
(CH3SO3H, MSA). H2SO4 is thought to be responsible for most nucleation observed in the

atmosphere!”. MSA can also form new particles in the presence of bases'® and has been shown to



accelerate nucleation of H2SO4 and dimethylamine (DMA) with which it forms stable clusters in the

H>S04-DMA-MSA system'®-,

Recent advances in instrumentation have provided new insight into the fundamental steps of NPF in
remote boreal forest?!, coastal??, pristine polar?® and urban environments®*. This is backed up by a

25,26

host of chamber experiments that have revealed the role of ammonia and amines

27 in accelerating HoSOs-water nucleation, the roles of highly oxygenated multifunctional organic
molecules (HOMs) in accelerating nucleation and growth (and nucleating even in the absence of
H,S04%®), the influence of galactic cosmic rays (GCR)?, as well as the effects of temperature®.

103031 " only one study? has

While there have been a number of studies of NPF in Antarctica
investigated the particle nucleation process at a fundamental level. They reported ion-induced H2SOs-
ammonia nucleation, similar to that observed in laboratory experiments for H2SO4-ammonia where
GCR were seen to significantly enhance the nucleation rates®, most markedly at higher
temperatures®’, but dissimilar to HSOs-dimethylamine nucleation where GCR were less influential®’.
Here we present evidence for a parallel process in particle nucleation involving H>SO4 and small
alkylamines that can proceed rapidly under charged or neutral conditions. The study involved air

sampling both on coastal land and over the open ocean, providing the first ship-borne data on

nucleation processes at the molecular level.

Results

Characteristics of new particle formation events

NPF events, defined using the criteria of Dal Maso et al. (2005)*, were observed at the research
station on Livingston Island on 5 of 29 measurement days (17.2 %). Events happened under elevated
H>SO4 concentrations, with no difference in MSA concentrations (Fig. 1a). Iodic acid (HIO3) was

slightly elevated on NPF days, though HIO3 concentrations were around an order of magnitude lower



than those for H>SO4 and MSA. The high concentrations of oxygenated organic compounds,
including small (<Cs4) dicarboxylic acids and larger Cs_7 oxygenated organics were slightly lower on
NPF days. These organic molecules are too volatile to contribute to nucleation or early stage growth,
and the presence of dicarboxylic acids only marginally increases particle formation rates*. High
isoprene mixing ratios can, however, act as OH" sinks resulting in supressed NPF**, thus slight
elevations of oxygenated organics on non-event days may indicate the role of their precursors as OH
scavengers. Several low molecular weight alkylamines were identified, alongside ammonia. The C»
and C4 amine signals were much higher than methylamine and ammonia (Fig. 1b, Supplementary Fig.
1), yet the difference could be enhanced by sensitivity issues. In any case, low mixing ratios of
alkylamines (in the range of a few pptv) are sufficiently to substitute ammonia in HoSO4-ammonia
clusters® and enhance nucleation rates significantly?’. C> and C4 amine signals were slightly higher

on event days also (Fig. 1b).

Two NPF events were observed during the cruise aboard the RV Hesperides, one occurring in close
proximity to the research station and the other one just slightly south (Supplementary Fig. 2). Here,
NPF also occurred under significant elevations of HoSO4 and amines, most notably C4 amines
(Supplementary Fig. 3). C> and C4 amines were the only bases measurable aboard the cruise. Events
occurred under depletions of both MSA and HIOs, and unchanged concentrations of oxygenated

organics, compared to non-event periods.

NPF events typically occurred under elevated temperature and solar radiation (Supplementary Fig.
4). Condensation sinks were not significantly different between event and non-event days and, in any
case, were extremely low (1073-107*s™") compared to values around 1073-1072 s ! observed in rural
and urban UK*® and in the boreal forest?!. The newly formed particles in nucleation events generally
underwent growth to around 10-20 nm (Supplementary Fig. 5), a common feature of events in the

northern Antarctic Peninsula®’.



Counts of particles <10 nm were much higher on NPF event days than non-event days (Fig. 2), with
a significant peak at midday and afternoon that corresponded to the formation of new particles, and
subsequent loss from the <10 nm mode by either growth or coagulation. Across the whole range of
particle sizes NPF events increased particle numbers from a median background of 229 cm ™ to 1625
cm > (Supplementary Fig. 6). The photochemically induced midday peaks of H2SO4 concentration
were nearly a factor of 3 higher on event days (Fig. 2). Particle numbers began to rise around 09:00,
three hours after the first rise of H2SO4 concentrations (06:00). This is consistent with the slow particle
growth rates measured, which can be presumed to be slightly more rapid at small radii as H2SO4 will
be driving most of this early particle growth. Conversely, the diurnal patterns of MSA were less
pronounced and the mean concentrations on event and non-event days were markedly similar. MSA

1838 with the number of

has been shown to form particles in flow reactors at ppb concentrations
particles formed increasing at lower temperatures; however, maximum MSA concentrations in the
absence of H2SO4 did not result in NPF events in our data, indicating MSA alone could not form
particles at an appreciable rate compared to H2SO4. A modelling study® showed a significant increase
in global particle number count when MSA could participate in ternary nucleation in a manner the
same as H2SOa4; however, our results suggest this was not the case. Rather, MSA could have doubled

the rates of particle formation from H>SO4 and amines at the ambient temperatures encountered?’, or

had an effect on particle size distribution by condensation on newly formed particles®.

Our observed elevation of H2SO4 relative to MSA and HIO; (Fig. 1, Supplementary Figs. 3, & 7), as
well as the absence of organics that would qualify as extremely low volatility organic
compounds (ELVOC) capable of forming new particles in the absence of other acids, suggest that
H>SO4 was the main driver of NPF in the entire dataset, both at the station and on board the ship. The
presence of Cz and C4 amines at such high signal relative to NH3 and methylamine (Supplementary

Figs. 1 & 8) imply the former two may be of greater importance in stabilising H2SO4 clusters.



New particle formation from sulphuric acid and amines

Fig. 3a shows particle formation rates plotted against H-.SO4 monomer concentration. Measurements
are compared to the results of the CLOUD consortium experiments in the presence/absence of
galactic cosmic rays (GCR)??74°, Particle formation rates of up to 12 cm™ s™! occurred at over an
order of magnitude lower H2SO4 concentration than would be expected for HoSO4-NH3-H>O
nucleation at 278 K, and formation rates were faster than those previously observed in Antarctica at

higher H>SO4 concentrations?>.

Fig. 3b shows measured H2SO4 dimer against H2SO4 monomer concentrations, with the H2SO4 dimer
concentration in the CI-APi-ToF being elevated by the presence of stabilising bases (H2SOj4 clusters
lose base upon charging by nitrate ions®’). Also plotted are the ratios seen in the CLOUD chamber
for H2SO4-DMA-H>O nucleation experiments* as well as the estimated H2SO4 dimer formed purely
from ion induced clustering (IIC) of H,SOs monomer in the NO3~ chemical ionisation inlet?*. The
positioning of the H>SO4 dimer:monomer ratio above the lower IIC limit indicates that there was a
secondary stabilising species present in the system, and likely H>O as a ternary species. This ratio
also sits below that calculated for the ternary H2SO4—DMA-H>0 system, but is similar to that seen
for DMA-H>SO4 nucleation in Shanghai®*. We can presume that the stabilising compound was not
solely DMA but included one or more less efficient bases. Further, while base abundance is of great
importance in ion induced particle formation, neutral pathways depend more heavily on base
strength*!. As stabilising bases are only stable enough to not evaporate upon charging with NOs™ in
the HoSOg4 trimer, tetramer or larger, we cannot search for H>SOs-amine peaks in the mass spectrum,
so there is some uncertainty as to the nature of the stabilising bases present. Signals for NH3 and
methylamine were extremely low, while signals for C; and C4 amines were higher. C; and C>5 amines
were not present at all in the mass spectra. Taking all of this into account, we suggest that the

nucleation events we observed in the Antarctic Peninsula were driven by H>SO4-amine clusters of Cs



and C4 amines, with H>O as a ternary stabilising species. The role of ions cannot be ruled out, but is

seen to be minimal when nucleation involves a strong alkylamine base?’*!.

These results are in contrast to prior evidence for HoSO4-NH3-H>O nucleation on the coast of
mainland Antarctica?®, where no alkylamines were detected in the clusters and formation rates were
in agreement with prior chamber work for H>SO4-NH3-H>O nucleation. Our nucleation rates were
faster, and we note that this rate of ternary nucleation involving ammonia would be further reduced

at the higher temperatures of our study?®.

Links to air mass trajectories

Ninety-six hour HYSPLIT air-mass back trajectories ending up in our measurement locations were
clustered based upon their Euclidian distance (Fig. 4a). The NPF events were most commonly
associated with cluster 2 (Fig. 4b), i.e., air blowing from the eastern coast of the Antarctic Peninsula
and the Weddell Sea. These same air masses, which blew over the largest fraction of sea-ice covered
ocean (Fig. 4c¢), carried the highest signals of HoSO4 (Fig. 4d) and C; and C4 amines (Fig. 4e). The
marginal ice zone and adjacent open ocean of the Weddell Sea have already been reported to be a

source of DMS and alkylamine emissions from the microbiota of sea ice and plankton'3!4,

Discussion

We show that NPF events around the northern Antarctic Peninsula occurred in association with
elevated H2SO4 concentrations as a necessary condition (Fig. 1). Elevated concentrations of other
acids and oxygenated organics, such as MSA, typically co-occurred with high H2SO4 during NPF
events due to midday photochemistry, but by themselves, without the latter, they did not lead to
measurable particle nucleation and growth (Fig. 2, Supplementary Fig. 7). Therefore, our results
confirm previous observations of the essential role of H>SO4 in NPF in the Antarctic region.

However, unlike the previous work, where ammonia was suggested as the major base for ion-induced



H>SO4 nucleation?, here we show that alkylamines may provide a pivotal role in stabilising H2SOx4
clusters during nucleation periods. This conclusion is based on a comparison of both the rate of
particle formation relative to H2SO4 and the ratio of H2SO4 monomer:dimer to that seen in CLOUD
chamber measurements of Ho>SO4-DMA-H>0O nucleation (Fig. 3), alongside the higher signals of C»
and C4 amines compared with methylamine and ammonia during NPF events (Fig. 1). Although not
necessary for initial particle formation, the present MSA, HIO3 and oxygenated organics will be
involved in the subsequent growth of particles, this contribution depending upon their abundance and

volatility.

These results reveal the complexity of aerosol processes in Antarctica. Alkylamines add to ammonia
as important ingredients in H2SO4 nucleation, and NPF occurs frequently when air masses blow over
regions of extended sea ice marginal zone. These air masses contain elevated concentrations of
alkylamines and H2SO4, confirming that emissions from marine plankton and sea ice melt play crucial
roles in the creation of particles critical to regulation of the Antarctic climate. The novel mechanism
observed here represents a highly efficient particle formation pathway, with the amine driven
nucleation occurring at formation rates 1,000 times faster than that of ammonia at 278 K, even in the
presence of ionising radiation, and with stabilization of HoSOj4 clusters by amines proceeding at near
the kinetic limit with negligible evaporation. For its high potential as an aerosol source, this
mechanism should be incorporated in modelling efforts towards CCN number estimations and
aerosol-cloud interaction studies. Our results are demonstrative of the poor mechanistic knowledge
of ocean-atmosphere interactions in the pristine polar environments, and more broadly, of the aerosol

processes likely to have had dominant roles in the pre-industrial climate.

Methods
Field site. Ship measurements took place between 2019-01-25 and 2019-02-04 aboard the RV

Hesperides. The cruise began at the South Shetland Islands (around -63° latitude), sailing down to -
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68° latitude across several days to Adelaide Island, and then back through to the South Shetland
Islands. Frequent ship plume related particle events were seen, and these have been filtered out
based on the size distributions and particle concentrations seen. Ground measurements took place
between 2019-02-12 and 2019-03-13 at the Spanish research station, Juan Carlos I (-62.66, -60.39).
The station is located directly on the coast on the south of Livingston Island in the South Shetland
Islands. All measurements were taken approximately 100 meters from the main station at a height
of 1 meter, with occasional pollution seen in the SMPS spectra from vehicles, generators or waste

incineration. These spectra have been filtered from the dataset.

Instrumental setup. The Aerodyne Nitrate Chemical Ionisation Atmospheric Pressure Interface
Time of Flight Mass Spectrometer (CI-APi-ToF) was used to make measurements of neutral oxidised
organic compounds, strong acids (HIOs;, H2SOs etc), and their molecular clusters at high time
resolution with high resolving power. The ionization system charges molecules by adduct formation,
such as in the case of organic compounds with two or more hydrogen bond donor groups*?, or proton
transfer in the case of strong acids like HoSO4. Hydroxyl or hydroperoxyl functionalities are both
common hydrogen bond donating groups, with hydroperoxyl being the more efficient hydrogen bond
donor®. This instrument has been explained in great detail elsewhere*, but briefly, the front end
consists of a chemical ionisation system where a 15 LPM sample flow is drawn in through the 1 metre
length 1” OD stainless steel tubing opening. A secondary flow is run parallel and concentric to this
sample flow, rendering the reaction chamber effectively wall-less. A 3 SCCM flow of a carrier gas
(N2) is passed over a reservoir of liquid HNOs3, entraining vapour which is subsequently ionised to
NO;™ via an X-ray source. This flow is then guided into the sample flow. The nitrate ions will then
charge molecules either by clustering or proton transfer. The mixed flows travelling at 15 LPM enter
the critical orifice at the front end of the instrument at 0.8 LPM and are guided through a series of
differentially pumped chambers before reaching the ToF analyser. Two of these chambers contain

quadrupoles which focus the ion beam, and can be used to select greater sensitivity for certain mass
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ranges, and the voltages across each individual chamber can be tuned to maximise sensitivity and
resolution for ions of interest. All data analysis was carried out in the Tofware package (Tofwerk AG,
Switzerland) in Igor Pro 7 (Wavemetrics Inc., USA). Normalization was performed using signals for
NO3~, HbONO;3;~, HNO3NOs~, and (HNO3)>NOs3", corresponding to the ionised nitric acid monomer,
nitric acid monomer-water cluster, nitric acid dimer and nitric acid trimer respectively. Signals were
normalised by the sum of all of these ions except for the amine signals, which were normalised by
the nitrate trimer®. Our data have been treated with a calibration coefficient of 10'®cm™, based upon

an earlier calibration®.

A Nano Scanning Mobility Particle Sizer (NanoSMPS) instrument measured particle size
distributions at five minute time resolution. The NanoSMPS consists of the 3082 EC, 3085 Nano
DMA, 3776 CPC (TSI, USA). This measures the size range 4-65 nm. A condensation particle counter
(CPC 3775, TSI, USA) was also run in parallel collecting total particle count >4 nm. A Particle Size
Magnifier (PSM, A10, Airmodus, FN) linked to a CPC (3775, TSI, USA) measured the sub-3 nm
size fraction. The PSM was run in stepping mode, operating at four different saturator flows to vary
the lowest size cut-off of particles that it will grow (Dso). Due to instrument malfunction, there is

limited PSM data availability.

Calculations of formation rates and condensation sinks
The condensation sink (CS) represents the rate at which a vapour phase molecule will collide with

pre-existing particle surface, and was calculated from the size distribution data as follows:
CS = 4nD Xq, Pma,dpNa, , (D

where D is the diffusion coefficient of the diffusing vapour (assumed H2SO4), B is a transition regime
correction*’, d, is particle diameter, and Ngp is the number of particles at diameter dp. The formation

rate of new particles at size d, is calculated as follows:

dNg,, GR
P Coangp .Ndp +E'Nd

]dp = » 2
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Where the first term on the right hand side comprises the rate at which particles enter the size dp, and
the latter two terms represent losses from this size by coagulation and growth respectively. See ref47
for more information on calculation of coagulation sinks and formation rates, and 48 for calculation
of growth rates. As PSM data was not available on all days, the NanoSMPS measurements were

extended down to 1.5 nm using the equation of Lehtinen et al., 2007%

Coagsdp1

TR dp1 .y) 3)

o= oo

where J; is the formation rate to be calculated at size D,;, CoagSap: 1s the coagulation sink at that

size, GR is the growth rate and J> is the original particle formation rate. y is a factor defined as

_ 1| ()™
V= [(d) 1 “)
log(Coangpz/Coangpl)
= 5
m tog(dpa/dps) ©)

Back trajectories and sea ice extent

The NOAA HYSPLIT model was used to calculate 4 day back-trajectories for air masses arriving at
the sampling sites. Each back trajectory data point was assigned to sea ice concentration percentage
on a 12.5 km grid from microwave data, providing a sea ice concentration from 0 — 100% (5%
width)*. These air masses were then clustered using an angle-based distance matrix to produce the

5 back trajectory clusters.

Definitions

CCN: Cloud condensation nuclei

CI-APi-ToF: Chemical ionization atmospheric pressure interface time of flight mass spectrometer
CN: Condensation nuclei

CPC: Condensation particle counter

CS: Condensation sink
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Dso: 50% detection limit cutoff for particle counting instrument
DMS: Dimethyl sulphide

HOM: Highly oxygenated multifunctional organic molecules
IIC: Ion induced clustering

MSA: Methanesulphonic acid

NanoSMPS: Nano Scanning Mobility Particle Sizer

PSM: Particle size magnifier
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FIGURE LEGENDS

Figure 1: Potential new particle sources on nucleation and non-nucleation days. (a)
concentrations of gas phase H>SOs4, MSA, HIO3 and oxygenated organic molecules, and (b) signal
intensities for ammonia and amines. Measurements made at the station. Error bars show 1 standard
error.

Figure 2: Diurnal cycles between nucleation and non-nucleation days showing (a) <10 nm
particle count as measured by SMPS, (b) H2SO4 monomer concentration, and (¢) MSA
concentration. Dashed lines indicate means on each of the respective days.

Figure 3: Nucleation rates and sulphuric acid concentrations in Antarctica and in chambers.
(a) Particle formation rate as a function of H2SO4 monomer concentration, and (b) HoSO4 dimer as a
function of HoSO4 monomer concentration. Green circles show ambient Antarctic data aggregated to
1 day, orange squares show the CLOUD data from experiments of H.SOs-DMA-H,O nucleation®,
purple diamonds show CLOUD data from experiments of H>SO4-H>O nucleation, pink triangles show
CLOUD data from experiments of H,SOs-NH3-H,O nucleation®, and the dashed line shows
theoretical concentration of H2SO4 dimer produced due to ion induced clustering in the CI-APi-ToF
ionisation inlet?*. All chamber data is recorded at 278 K and 38% RH under GCR conditions, except
H>S0O4-DMA-H>0 data, which includes both GCR and neutral data.

Figure 4: Association between sea ice extent and new particle formation. (a) Clustered 96 hour
back trajectories for station measurements, lighter traces showing the unclustered trajectories, (b)
The association of each back trajectory cluster with sea ice extent, (¢) the percentage of NPF events
associated with each of these back trajectory clusters, and (d, e) box plots showing concentrations
and signals per cluster for H>SO4, and C, & C4 alkylamines, as measured by the CI-APi-ToF.
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concentrations of gas phase H>SO4, MSA, HIO3 and oxygenated organic molecules, and (b) signal
intensities for ammonia and amines. Measurements made at the station. Error bars show 1 standard
error.
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Supplementary Information

OPEN OCEAN AND COASTAL NEW PARTICLE FORMATION
FROM SULPHURIC ACID AND AMINES AROUND THE
ANTARCTIC PENINSULA
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Supplementary Figure 2: Cruise trajectory, coloured by nucleation/non nucleation occurrence.
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Supplementary Figure 5: Example nucleation event contour. Data taken during a nucleation

event on 05/03/2019. White sections refer to particle count of 0 in a particular bin.
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Supplementary Figure 6: Average particle count diurnal cycle for event and non-event days.
Data taken from SMPS counts, spikes are seen due to irregular timing of events. Shaded area shows
95% confidence interval on mean
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Supplementary Figure 7: Time series of MSA, H2SO4 and HIO3 for the period of station data.
Units are of normalised counts. The colours represent nucleation/non-nucleation days. Spikes in MSA

and IA signal frequently not coincidental with new particle formation.
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Supplementary Figure 8: Time series of ammonia and amines for the period of station data.

Units are of normalised counts. The colours represent nucleation/non-nucleation days.
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CHAPTER 5: DISCUSSION

Discussion
The mechanisms driving both aerosol nucleation and growth in urban environments involve a host of

acids (most significantly sulphuric acid), bases, and HOMs. Particle formation proceeding in Beijing
and Barcelona are inferred to involve sulphuric acid and amines (chapters 2 & 3). This is markedly
similar to that seen in Antarctica (chapter 4). The involvement of these small amines in preference to
ammonia is expected in environments where mixing ratios of amines of a few pptv are observed, as
amines will efficiently replace ammonia in clusters with sulphuric acid®, and such mechanisms have
been observed in urban environments year round***. Evaporation rates of sulphuric acid-amine clusters
at tropospheric temperature ranges are low due to their high binding energies, but their elevation with
increasing temperatures result in a reduced particle formation rate at temperatures approaching 298
K”#! This results in significantly enhanced nucleation rates at any given sulphuric acid concentration
both in the polar and urban environments studied in this thesis compared to mechanisms involving
solely ammonia as a ternary stabilising compound (Figure 6). Involvement of HOMs, iodic acid,
methanesulphonic acid, dicarboxylic acids and other present species cannot be ruled out, but are not
thought to be dominant processes in the datasets presented in this thesis®»*-/?*/?"./ Nucleation driven
by sulphuric acid, ammonia and HOMs in conjunction has been shown in the boreal environment, and

™ and hypothesised in rural Germany’®, where results were similar to

mirrored in a chamber study
those presented in Chapter 3. A prior report from coastal mainland Antarctica shows particle formation
proceeding by nucleation of sulphuric acid and ammonia** a mechanism significantly less efficient than

our observed sulphuric acid-amine mechanism. Chapter 4 is the first report of such a mechanism in the

polar environment.

Amines are expected in urban environments with industrial, waste management, and regional
agricultural sources’’. Amines in Antarctica were found to arise from sea-ice influenced regions of
ocean, with prior work reporting melting sea ice as a source of amines in both the ocean and secondary
aerosols®’*’. Global models’®”’ currently opt to neglect the role of amine emissions due to their limited

sources outside of areas with significant anthropogenic influence, however, this work provides direct
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evidence of an oceanic amine source that accelerates particle formation rates significantly (chapter 4).
The global role of amine-influenced nucleation may be significant and therefore should not be neglected
in these models once such sources are constrained, as sulphuric acid-amine nucleation will compete
with the schemes currently considered, such as the sulphuric acid-HOM system. Further, while HOM
yields and O:C ratios increase with temperature, the dependence of the rates of sulphuric acid-HOM
and pure HOM nucleation on temperature have not yet been investigated®*/?*/#*. The rate of sulphuric
acid-amine nucleation has been shown to reduce with temperatures approaching 298 K due to cluster
evaporation, but will still be an efficient source of new particles”*, and therefore this mechanism may

be significant in warmer environments should emission fluxes of amines be sufficiently large (i.e., from

agriculture””/%/%%),
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Figure 6: Rates of different mechanisms of sulphuric acid nucleation. Data from two field campaigns (Antarctica:

blue circles, Barcelona: yellow diamonds), alongside data from CLOUD chamber experiments under GCR conditions

at 278 K’47%/2°, DMA experiments also include neutral condition experiments, as both GCR and neutral conditions
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Chapters 2 and 3 demonstrate the importance of both the precursor VOC and temperature for generation
of HOMs, as well as the significance of NOy as a peroxy radical terminator, inhibiting both autoxidation
and RO, dimerization chemistry, limiting generation of large HOMs of high carbon number. NOy is
shown to be significant in adding nitrogen to HOMs, most likely in the form of R-O-NO, groups, which
can increase saturation vapour pressure due to intramolecular hydrogen bonding, an effect which had
been shown prior in chamber studies’”’, but not in the urban environment. Despite this, a pivotal role of

HOMs in NPF is inferred in Barcelona.

Alkylbenzenes produce most of the observed HOMs in both Beijing and Barcelona due to their
significant local sources. With significant reductions in combustion engine vehicle traffic and therefore
both alkylbenzene and NOy emissions expected in coming years, more highly oxygenated HOMs will
be expected in cities, but at lower concentrations, which will likely slow later stage particle growth
significantly. Very few HOMs were observed in Antarctica (chapter 4) both due to low emission fluxes
of any molecules which would efficiently produce HOM upon oxidation, and lower temperatures,
although RO lifetimes would undoubtedly be significantly longer than in the urban environment. It is
worth note that it is uncertain as to whether HOMs we observe in this work are truly peroxy radical
isomerisation products, as species arising from multiple generations of OH' oxidation of alkylbenzenes
can have the same molecular formulae as HOMs from peroxy radical isomerisation. These HOMs are
seen to be integral for rapid particle growth in Barcelona. Days defined as “burst-event” days were
observed to occur under significantly reduced HOM concentrations at the measurement location.
However, these events occur across several hours, and therefore ~60 — 120 km southward of the
measurement station at a wind speed of ~5 m s°!, extending over the ocean. The lifetime of HOMs under
typical urban summertime atmospheric conditions is on the order of seconds with respect to
condensation, and tens of minutes with respect to OH oxidation””. It is implausible that the HOMs
present across the ocean are similar to that seen in the CI-APi-ToF spectra, as this region extends far
from direct traffic emissions, although shipping emissions are plausible, and thus unless the event
occurs homogeneously over a significant area, the source characteristics seen for the beginning of such

an event ~60 — 120 km southwards are likely different to those seen at the measurement location
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Table 1: Mean conditions for each sampling campaign

Beijing Barcelona Antarctica

Temperature (°C) 26.7 11.0 1.67
Global radiation (W m™) 148 302 108
RH (%) 51.0 71.0 77.8

Condensation Sink (s™) 0.12 0.035 0.00056
Particle concentration (cm™) 22580 14968 616

PM2.5 mass (ug m™) 49.4 11
NO: (ppb) 23.8 18.1

Both of the urban environments studied were warm, subject to high insolation, high CS, and high NO
(Table 1). The effect of the former of these two effects will be faster oxidation chemistry, both in the
form of faster autoxidation chemistry, and higher oxidant concentrations. High CS and NOy inhibit
nucleation events by acting as a sink for low volatility vapours and suppressing autoxidation chemistry
respectively. Significant sources of nucleating vapours (i.e., sulphuric acid in the form of high SO, and
OH’) are therefore required to drive nucleation in these environments. Primary particle emissions are
plentiful, with both high PM2.5 mass and particle number concentrations even in the absence of
nucleation. Particle mass and number concentrations were greatest in the substantially more polluted
environment of Beijing. Despite this, nucleation was more frequent in Beijing than Barcelona (47% and

30% of days, respectively).

Conversely, the pristine environment of Antarctica was significantly colder, with lower insolation, but
also lower condensation sinks, and thus a much more inefficient sink of low volatility vapours. This is
offset by both lower concentrations of oxidants arising from weaker incident radiation, and lower
concentrations of precursors (i.e., SO,). Primary particle emissions are scarce, as are emissions of NO,
with the majority of particulate mass arising from sea spray. Sea spray and NPF pose the two main
sources of Antarctic CCN. Nucleation occurred on 17% of measurement days in Antarctica, and particle
formation is around two orders of magnitude less rapid than that in Barcelona, with growth around one
order of magnitude less rapid, attributable to significantly lower sulphuric acid and HOM concentrations
(Figure 7). These rates will also be influenced by temperatures, as well as concentrations of other acids

(iodic acid, MSA, small organic acids), and other molecules. The moderate growth limited to ~20 nm
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in Antarctica is similar to events seen in Barcelona under low HOM concentrations, where particles fail

to grow past the first 10 nm, further solidifying the pivotal role of HOM in particle growth processes in

these environments.
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Figure 7: Comparison of events in Antarctica and Barcelona showing (A) formation rates, (B) growth rates, (C)

sulphuric acid concentrations during events, and (D) HOM concentrations during events.

Future directions
Research on new particle formation and growth is a field facing challenges arising from a lack of

measurements across the diverse host of environments in which NPF occurs, as well as a lack of truly
long term measurements of sufficient detail to understand the temporal variability of NPF mechanisms.
Understanding such large datasets after their collection also proves an issue, with high mass and
temporal resolution measurements of compounds upon the many thousands arising from CI-APi-ToF
instruments. Future research will therefore likely rely on the development of robust statistical
techniques for source apportionment as applied to CI-APi-ToF data’’””. While mechanistic knowledge

of nucleation is improving rapidly, understanding of growth processes is inhibited by a lack of
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measurements of the composition of new particles, with the mechanisms of particle growth being
mostly the subject of conjecture rather than direct measurement. This understanding will be aided by
future improvements to instrumentation, such as the recent development of the EESI-ToF’ % Further,
there still remains great ambiguity when attempting to assign precursor VOC to HOM in regions with
multiple VOC of similar carbon number, as there are multiple fragmentation, dimerization, oxidation,
H-shift and termination reactions, all of which can produce HOM of overlapping chemical formulae
(although at vastly different yields)’’/. While modelling studies of HOM formation are currently

147,19 " improved understanding of HOM chemistry from a host of VOCs from chamber and

sparse
computational studies will help inform future models, and better deconvolve HOM formation in
complex urban environments, as will future development of on-line chromatographic techniques
capable of separating HOM of the same mass. Integrated studies involving the co-deployment of
instruments capable of measuring HOM precursors (PTR-MS), their oxidants (FAGE”, CIMS?”,
BBCAES’"), and their various oxidation products (iodide CIMS, nitrate CIMS**?), alongside the

resultant changes to aerosol composition (EESI-ToF’”, AMS’**), while resource intensive, are capable

of providing unparalleled insight into the behaviour and dynamics of these molecules.

The regionality of mechanisms of new particle formation events remains a question, with the influence
of combustion related VOCs emissions undoubtedly significant in urban background regions (chapters
2 and 3). Whether these influences are much more significant at the roadside, and the degree to which
primary sulphuric acid affects nucleation in these areas remains unanswered, as does the question of
how the outflow of such anthropogenic emissions affect regional new particle formation and growth.

Diversified and simultaneous measurements will be required to fully understand such mechanisms.

Regarding the work of this thesis, while a pivotal role of NOx in HOM chemistry in Beijing and
Barcelona is demonstrated, the exact effect on particle formation and growth processes is not yet clear.
Further, while involvement of a wide array of compounds in particle formation is likely in these
environments, no direct measurements of such clusters were made due to the limitations of the CI-APi-
ToF. Further, while a mechanism of particle formation from sulphuric acid and amines is demonstrated

in Antarctica, with amines arising from regions of melting sea ice, the mechanistic origin and spatial
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extent of these amines and therefore the regional significance of this mechanism remains unknown. The
work of this thesis contributes to the ever-growing body of research on NPF by both evidencing
mechanisms of nucleation across a diverse set of environments and providing insight into the nature of

HOM formation and growth in polluted urban centres where measurements are sparse.
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ABBREVIATIONS
AIS: Air ion spectrometer
APi-ToF: Atmospheric pressure interface time of flight mass spectrometer
BSQ: Big segmented quadrupole
CCN: Cloud condensation nuclei
CI-APi-ToF: Chemical ionization atmospheric pressure interface time of flight mass
spectrometer
CN: Condensation nuclei
CoagS: Coagulation sink
CPC: Condensation particle counter
CS: Condensation sink
Dso: 50% detection limit cutoff for particle counting instrument
DEG: Diethylene glycol
DMA: Dimethylamine
DMS: Dimethyl sulphide
Dp: Diameter of particle
EC: Electrostatic classifier
ELVOC: Extremely low volatility organic compound
GR: Growth rate
HOM: Highly oxygenated multifunctional organic molecules
IIC: Ion induced clustering
LVOC: Low volatility organic compound
MSA: Methanesulphonic acid
NAIS: Neutral cluster and air ion spectrometer

NPF: New Particle Formation
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PB: Primary beam
PMF: Positive matrix factorization

PSM: Particle size magnifier

SMPS: Scanning Mobility Particle Sizer

SSQ: Small segmented quadrupole

SVOC: Semi volatile organic compound

ToF: Time-of-flight

ULVOC: Ultra low volatility organic compound
VBS: Volatility basis set

VOC: Volatile organic compound
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ABSTRACT

New particle formation is globally one of the major sources of aerosol by number, and therefore a
leading factor controlling cloud condensation nuclei (CCN) concentrations. Antarctica is
experiencing drastic and variable climate change, and modelling estimates of the regional feedbacks
through aerosol direct and indirect radiative forcing are highly uncertain as they are limited by
knowledge of aerosol formation mechanisms. Here, we study summertime open ocean and coastal
new particle formation in the Antarctic Peninsula region. The rates of particle formation relative to
sulphuric acid concentration as well as the sulphuric acid dimer:monomer ratios were similar to
those seen for sulphuric acid-dimethylamine-water nucleation. Numerous sulphuric acid-amine
peaks were identified during NPF events, evidencing that alkylamines were the bases that facilitated
sulphuric acid nucleation. Most new particle formation events occurred in air masses arriving from
the ice-covered Weddell Sea and its marginal ice zone, which are a significant source of volatile
sulphur and alkylamines. This nucleation mechanism is more efficient than the ion-induced
sulphuric acid-ammonia pathway previously observed in Antarctica, and one that can occur rapidly
under neutral conditions. This hitherto overlooked pathway to biologically-driven aerosol formation
should be considered for estimating aerosol and CCN numbers in ocean — sea ice — aerosols —

climate feedback models.

Keywords: New particle formation; Antarctic; nucleation; sulphuric acid; alkylamines
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MAIN

The Antarctic Peninsula has shown some of the largest increases in near-surface air temperature
measured globally across the last 50 years', despite a pause to this increase within the last two
decades®. Climate models struggle to accurately predict the temperature of the Antarctic Peninsula®,
and this is due in part to uncertainties in both meteorology* and the gas and aerosol processes
governing radiative forcing. One of the largest areas of uncertainty in the latter is the direct and
indirect radiative forcing due to aerosols and clouds®. Model studies suggest that natural aerosols
contribute disproportionately to uncertainty in indirect forcing®. Unlike the Arctic, where
anthropogenic contributions to aerosol loadings are considerable, the Antarctic is remote from
major emission sources, and particles of natural origin dominate the aerosol population’. In such a
pristine environment, new particle formation (NPF) makes a major contribution both to the
condensation nuclei (CN) count, and more critically to the number of cloud condensation nuclei
(CCN), hence influencing both the direct and the indirect radiative forcing. NPF processes in
Antarctica have been associated with marine air masses® and high fluxes of the trace gas
dimethylsulphide (DMS). Indeed, early studies of Antarctic submicron particles found their
composition dominated by sulphuric acid (H>SO4), largely accompanied by ammonium’. Later
studies have found a contribution of low molecular weight alkylamines to aerosol mass, arising
from air masses passing over areas of melting sea ice!®. Measurements of amines in seawater further
suggest high alkylamine content in or near sea ice, and on-line analysis of Antarctic aerosols show
that a significant fraction of aerosol phase alkylamines are secondary in origin, rather than
primary'!. Recent evidence points towards NPF events originating from sympagic biogenic
precursors at the sea ice marginal zone, and Antarctic plateau'?, while long term particle size
distribution measurements in the Antarctic Peninsula has linked NPF frequency and faster growth
rates of nascent aerosols to upwind emissions of DMS by pelagic phytoplankton®. DMS is a
biogenic volatile organosulphur compound that in the atmosphere oxidises to both H2SO4 and

methanesulphonic acid (CH3SOsH, MSA). The most efficient pathways for these begin with a H-
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abstraction, or an addition respectively'*. H2SO4 is thought to be responsible for most nucleation
observed in the atmosphere'*. MSA can also form new particles in the presence of bases!® and has
been shown to accelerate nucleation of HySO4 and dimethylamine (DMA) with which it forms

stable clusters in the H2SOs-MSA-DMA system 6.

Recent advances in instrumentation have provided new insight into the fundamental steps of NPF in

t17 118

remote boreal forest!”, coastal'®, pristine polar'® and urban environments?°. This is backed up by a

22,23 in

host of chamber experiments that have revealed the role of ammonia®! and amines
accelerating H>SO4-H>O nucleation, and the influence of galactic cosmic rays (GCR), temperature,
and humidity*'2*. While there have been a number of studies of NPF in Antarctica’>>%, only one
study'® has investigated the particle nucleation process at a fundamental level. They reported ion-
induced H2SO4-NH3-H20 nucleation, similar to that observed in laboratory experiments where GCR
were seen to significantly enhance the nucleation rates®!, but dissimilar to H2SO4-DMA-H>O

nucleation where GCR were less influential?

. Here we present evidence for a parallel process in
particle nucleation involving H2SO4 and small alkylamines that can proceed rapidly under charged

or neutral conditions. The study involved air sampling both on coastal land and over the open

ocean, providing the first ship-borne data on nucleation processes at the molecular level.

RESULTS

Characteristics of new particle formation events

NPF events, defined using the criteria of Dal Maso et al. (2005)?’, were observed at the research
station on Livingston Island on 4 of 29 measurement days (13.8 %). Events began concurrently with
the rise in H2SO4 concentrations, growing to 10 - 20 nm (Figure la, 1b). C2 and C4 amines were
measured in the gas phase. They showed high signals relative to methylamine and ammonia (Figure
S1), although this difference may be enhanced by sensitivities which have not yet been quantified

for individual bases. Trimethylamine was not measured in the gas phase but was present in
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measured sulphuric acid clusters. Clustering between NO3™ and NH3 is significantly weaker than
that with DMA and hence the sensitivity to NH3 was likely lower, and the mixing ratio of NH3 was
much higher than that of amines. However, alkylamines have been shown to enhance formation
rates at modest mixing ratios?>*’ like those encountered during our NPF events (in the range of a
few pptv), which were sufficient to substitute NH3 in HoSO4-NHj3 clusters?®. Minima of amine
signals at midday were driven by either clustering with elevated sulphuric acid, which clusters at

t2°, uptake onto particle surfaces, or photolysis™’.

roughly a 1:1 ratio if mixing ratios are sufficien
Daily peak H>SO4 concentrations were on average above a factor of 2 higher on event days, driven
by enhanced solar radiation. Although elevated temperatures can inhibit particle formation rates by
promoting rapid cluster evaporation, peak temperatures were markedly similar between days
(Figure 1c). The growth rates of new particles calculated from SMPS data varied between 0.41 —
0.58 nm h'!, similar to other reports of Antarctic pure sulphuric acid-driven growth!®, but lower than

measured in other Antarctic environments?>2%3!

, although many of these measurements do not
extend below 10 nm. At these rates, growth to CCN size is a process taking place on the order of
days. Although we were not able to quantify the contribution of the NPFs to CCN in the studied

region, it is likely these new particles eventually grow and contribute to CCN concentration

downwind.

MSA concentrations are similar between NPF event and non-event days (Figure S2); other sulphur
oxides (SO3™ and SOs") were measured, and followed similar trends to MSA, both distinct from
H>SO4. The diurnal patterns of MSA were less pronounced and the mean concentrations on event
and non-event days were markedly similar, despite enhanced photochemistry. MSA has been shown
to form particles in flow reactors at ppbv concentrations'>, with the number of formed particles
increasing at lower temperatures. In our data, however, maximum MSA concentrations did not
result in NPF events if concurrent with the absence of H2SO4, indicating that MSA alone could not

form particles at an appreciable rate compared to H>SO4. A modelling study*? showed a significant
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increase in global particle number counts when MSA participated in ternary nucleation in the same
manner as H>SO4; however, our results suggest this was not the case. Rather, MSA could have
doubled the rates of particle formation from HoSO4 and amines at the ambient temperatures
encountered'® or influenced the particle size distribution by condensation on newly formed

particles®2.

Iodic acid (HIO3) was slightly elevated on NPF days, though HIO3 concentrations were around an
order of magnitude lower than those of H>SO4 and MSA. Organic compounds were comprised both
of small (<C4) dicarboxylic acids and larger oxygenated organics with the formula Cs.sHs-1004-7No-
1. Concentrations of both were slightly lower on NPF days. Positive matrix factorisation analyses
show that these oxygenated organic molecules had the same oceanic sources as DMS-derived acids.
Some dicarboxylic acids were seen to have a local origin from the research station (Figure S3).
These organic molecules are too volatile to contribute to nucleation or early stage growth, with
Logi0C"(273 K) values between 3-10? and 10° ug m, and classing these molecules as intermediate
volatility organic compounds*®. High isoprene mixing ratios can, however, act as OH sinks
resulting in supressed NPF>#; thus, slight mean elevations of oxygenated organics across non-event
days may indicate the role of their precursors as OH' scavengers. Across the whole range of particle

sizes NPF events increased particle numbers from a median background of 229 cm™ to 1625 cm>.

Two NPF events were observed during the cruise aboard the RV Hesperides, one occurring in close
proximity to the research station and the other one just slightly south (Figure S4). Here, NPF also
occurred under significant elevations of H>SO4 and amines, most notably Cs amines (Figure S5). C»
and C4 amines were the only bases measurable aboard the cruise, with no significant signal of NHs.
Events occurred under depletions of both MSA and HIO3, and unchanged concentrations of

oxygenated organics compared to non-event periods.
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Our observed elevation of H2SO4relative to MSA and HIOs (Figures 1, S2, S6 and S7), as well as
the absence of organics that would qualify as ultralow volatility organic compounds (ULVOC),
capable of forming new particles in the absence of other acids, suggest that H>SO4 was the main
driver of NPF in the entire dataset, both at the station and on board the ship. The presence of C, and
Csamines at such high signal relative to NH3 and methylamine (Figure S1) imply the former two

may be of greater importance in stabilising H>SO4 clusters.

New particle formation from sulphuric acid and amines

Figure 2a shows particle formation rates plotted against H2SOs4 monomer concentration.
Measurements are compared to the results of the CLOUD consortium experiments in the
presence/absence of galactic cosmic rays (GCR)?!>?°, Particle formation rates of up to 13 cm™ s™!
occurred at over an order of magnitude lower HoSO4 concentration than would be expected for
H>SO4-NH3-H20 nucleation at 278 K, and formation rates were greater than those previously
observed in Antarctica at higher H,SO4 concentrations!®. The upper bound of the measurement
uncertainty on Ji7 still falls short of the rates seen in the CLOUD chamber for H2SOs-DMA-H>0O
nucleation on most days, where high mixing ratios of DMA were utilised. The lower bound of our
uncertainty on Ji 7 is still more efficient than the CLOUD H>SO4-NH3-H20 system. Temperatures and
relative humidity values during our measurements were 274.8 + 1.7 K and 70 £+ 1.3 %, respectively. These

differ from those of the CLOUD experiments, but cluster stabilities and nucleation rates have been shown to

be mostly stable across this range of conditions for H,SO4 and amines?%2*->,

The H>SO4 dimer concentration in the CI-APi-ToF is elevated relative to the monomer by the
presence of stabilising bases (H2SO4 clusters often lose base upon charging by nitrate ions®?). Figure
2b shows measured H>SO4 dimer against H2SO4 monomer concentrations. Also plotted are the ratios
seen in the CLOUD chamber for H>SOs-DMA-H,0 nucleation experiments®? as well as the estimated
H>SO4 dimer formed purely from ion induced clustering (IIC) of H2SO4 monomer in the NO3;~

chemical ionisation inlet?*??. The positioning of the H>SO4 dimer:monomer ratio above the lower IIC
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limit indicates that there was a secondary stabilising species present in the system, and likely H>O as
a ternary species. This ratio sits below that measured for the ternary H>.SO4~DMA—-H>0 system, but
is similar to that seen for DMA-H>SO4nucleation in Shanghai?®. Compared to the latter study, though,
we measured at markedly lower condensation sinks (10 — 10* s), to which this ratio is highly
sensitive. It is therefore likely that amine concentrations were limiting, or the bases involved were
less efficient at stabilising sulphuric acid clusters than DMA, such as methylamine, ethylamine in the

case of C, amines, or diethylamine in the case of C4 amines®.

Figure 2c shows the mass defect plots before, and during a nucleation event on 2019-02-28. Clusters
of sulphuric acid and amines with up to three sulphuric acid molecules, and two sulphuric acid
molecules with two bases were visible in the CI-APi-ToF spectra. A large range of sulphuric acid-
amine peaks were present (Figure S8), alongside a host of other sulphur containing ions. The amines
that were clustered with the sulphuric acid dimer ranged from a single C, amine (at low signal)
through to 2 amines with a combined carbon number of 8. The largest of these peaks is the sulphuric
acid dimer clustered with two amines of combined carbon number 4, likely two Cz amines®. These
clusters have been shown to be mostly stable against evaporation®’, with the (H2SO4)2(DMA), cluster
having evaporation rates on the order of 10 s™! (ref. 37), and to grow by stepwise collisional addition
until they reach detectable size by particle counting instruments. A peak for the H2SO4-MSA cluster

is also observed, which likely has an enhancing effect on nucleation rate'®.

Taking all of this into account, we suggest that the nucleation events we observed around the Antarctic
Peninsula were driven by H2SOs-amine clusters of Ci4 amines, with H>O as a ternary stabilising
species. The role of ions cannot be ruled out, but is seen to be minimal when nucleation involves a
strong alkylamine base??. Similarly, MSA likely has a synergistic effect on particle formation rates'®.

These results add to prior evidence for H>SO4-NH3-H>O nucleation on the coast of mainland
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Antarctica'®, where no alkylamines were detected in the clusters and formation rates were in

agreement with previous chamber work for H>SO4-NH3-H>O nucleation.

Links to air mass trajectories

Ninety-six-hour HYSPLIT air-mass back trajectories ending up in our measurement locations were
clustered based upon their Euclidian distance (Figure 3a). The NPF events were most associated
with cluster 2 (Figure 3b), i.e., air blowing from the eastern coast of the Antarctic Peninsula and the
Weddell Sea. These same air masses, which blew over the largest fraction of sea-ice covered ocean
(Figure 3c), carried the highest signals of H>SO4 (Figure 3d) and C; and C4 amines (Figure 3e). The
marginal ice zone and adjacent open ocean of the Weddell Sea have already been reported to be a
source of DMS and alkylamine emissions from the microbiota of sea ice and plankton'®!!, and thus
we suggest that these regions were the principal providers of the strong acid and base components

needed for NPF.

DISCUSSION

We show that NPF events around the northern Antarctic Peninsula occurred in association with
elevated HoSO4 concentrations as a necessary condition (Figure 1). Elevated concentrations of other
acids and oxygenated organics, such as MSA, typically co-occurred with high H>SO4 during NPF
events due to midday photochemistry, but by themselves without the latter they did not lead to
measurable particle formation and growth (Figures S2, S6, and S7). Therefore, our results confirm
previous observations of the essential role of H>SO4 in NPF in the Antarctic region'®. Here we show
that alkylamines provide a pivotal role in stabilising H2SO4 clusters during nucleation periods. This
conclusion is based on a comparison of the rate of particle formation relative to H2SO4, alongside
the ratio of H2SO4 dimer:monomer to that seen in CLOUD chamber measurements of H>SO4-
DMA-H;O0 nucleation. Further evidence is provided by the appearance of diverse sulphuric acid-

amine clusters during nucleation events (Figure 2). Previous measurements in coastal mainland
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Antarctica at Aboa, 2000 km southeast of our sampling location, provide evidence of nucleation
proceeding via clustering of H2SO4-NH3-H,0!°. Here we provide evidence for H2SO4-amine-H2O
nucleation as a dominant process in the Antarctic Peninsula. It is likely that the amines are from
regions of sea ice in the Antarctic Peninsula — western Weddell Sea region. Sympagic waters in this
region have been shown to be rich in methyl, dimethyl and trimethylamines and their precursors!?,
and aerosol originating from iced regions have shown a near 5-fold enhancement in amine
concentration'’. This mechanism will likely to be important in regions where there are substantial
amine emissions, such as in the regions where sympagic conditions are similar to those of the
Weddell Sea region. Figure 3a shows that sea ice extent around coastal Antarctica is substantial,
suggesting that this process may be important in a large area close to these iced regions. Long-term
reports of NPF from a station only ~100 km northeast show markedly similar formation rates to our
own, and an 11 % elevation to CCN counts following NPF, indicating the potential significance of
this mechanism for aerosol-cloud interaction®!. The presence of a H;SO4-MSA cluster in the mass
spectrum suggests that concurrent MSA, as well as HIO3 and oxygenated organics, dependent upon
their abundance and volatility, may be involved in the stabilisation of clusters, and subsequent

particle growth.

Our results reveal the complexity of aerosol processes in Antarctica. NPF occurs frequently when
air masses blow over regions of extended sea ice marginal zone, these air masses contain elevated
concentrations of alkylamines and H>SO4, confirming that emissions from marine plankton and sea
ice melt play crucial roles in the creation of particles critical to regulation of the Antarctic climate.
The novel mechanism observed here represents a highly efficient particle formation pathway, with
the amine driven nucleation occurring at formation rates 1,000 times faster than that of ammonia at
278 K, even in the presence of ionising radiation, and with stabilization of H>SOj4 clusters by amines
proceeding at near the kinetic limit with negligible evaporation. Due to its high potential as an

aerosol source, this mechanism should be incorporated in modelling efforts towards CCN number
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estimations and aerosol-cloud interaction studies. Further observations are needed to confirm the
spatial and temporal variations in alkylamine emissions and their role in NPF in and around
Antarctica. Our results are demonstrative of the need of mechanistic understanding on ocean-
atmosphere interactions in the pristine polar environments, and more broadly, of the aerosol

processes likely to have had major roles in the pre-industrial climate.

METHODS

Ship measurements took place between 2019-01-25 and 2019-02-04 aboard the RV Hesperides,
station measurements were taken aboard the Spanish research station, Juan Carlos I. Size
distribution measurements were made using a NanoSMPS (TSI, USA) measuring particles 4.5-65
nm, and 10-157 nm at different periods. A condensation particle counter (CPC 3775, TSI, USA)
was also run in parallel collecting total particle count >4 nm. An Aerodyne Nitrate Chemical
Ionisation Atmospheric Pressure Interface Time of Flight Mass Spectrometer (CI-APi-ToF,
Aerodyne, USA) was used to make measurements of neutral oxidised organic compounds, strong
acids (HIOs;, H2SOq etc.), and their molecular clusters at high time resolution with high resolving
power. Further details regarding instrument setup and data analysis are available in the

supplementary information.

Data and materials availability: Data supporting this publication are openly available from the

UBIRA eData repository at https://doi.org/10.25500/edata.bham.00000400

Definitions

CCN: Cloud condensation nuclei

CI-APi-ToF: Chemical ionization atmospheric pressure interface time of flight mass spectrometer
CN: Condensation nuclei

CPC: Condensation particle counter
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CS: Condensation sink

Dso: 50% detection limit cutoff for particle counting instrument
DMS: Dimethyl sulphide

IIC: Ion induced clustering

MSA: Methanesulphonic acid

NanoSMPS: Nano Scanning Mobility Particle Sizer
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FIGURE LEGENDS

Figure 1: Diurnal cycles on nucleation and non-nucleation days. Panels show (a) SMPS contour
plots with J; 7 values overlaid, nucleation rates peaking at 11:00, (b) sulphuric acid and amines.
Sulphuric acid reported as concentration in molecules cm™, and amines reported as ions s™', here,
sulphuric acid also peaks at 11:00, and (¢), global radiation and temperature.

Figure 2: Evidence for sulphuric acid-amine nucleation. (a) Particle formation rate as a function
of H2SO4 monomer concentration, and (b) H2SO4 dimer as a function of H2SO4 monomer
concentration. Green circles show ambient Antarctic data where 1 data point corresponds to a single
NPF event,, orange squares show the CLOUD data from experiments of H>SO4s-DMA-H>O
nucleation*, purple diamonds show CLOUD data from experiments of H>SO4-H>O nucleation, pink
triangles show CLOUD data from experiments of H>SO4-NH3-H2O nucleation®®, and the dashed
line shows theoretical concentration of H2SO4 dimer produced due to ion induced clustering in the
CI-APi-ToF ionisation inlet**. All chamber data is recorded at 278 K and 38% RH under GCR
conditions, except H>SO4-DMA-H>0 data, which includes both GCR and neutral data. Error bars
represent systematic uncertainties on data. Panel (¢) shows the mass defect plot before, and during
nucleation. Mass defect is defined as the deviation of a peak from the nearest integer mass.

Figure 3: Association between sea ice extent and new particle formation. (a) Clustered 96 hour
back trajectories for station measurements, lighter traces showing the unclustered trajectories, (b)
The association of each back trajectory cluster with regions of sea ice, (¢) the percentage of NPF
events associated with each of these back trajectory clusters, and (d, e) box plots showing
concentrations and signals per cluster for H2SO4, and C2 & C4 alkylamines, as measured by the CI-
APi-ToF.
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465  Figure 1: Diurnal cycles on nucleation and non-nucleation days. Shaded regions show 95%

466  confidence intervals on the mean, and do not represent systematic measurement errors. Panels show
467  (a) SMPS contour plots with J; 7 values overlaid, nucleation rates peaking at 11:00, (b) sulphuric
468  acid and amines. Sulphuric acid reported as concentration in molecules cm™, and amines reported as
469  ions s, here, sulphuric acid also peaks at 11:00, and (¢), global radiation and temperature.
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Figure 3: Association between sea ice extent and new particle formation. (a) Clustered 96 hour
HYSPLIT back trajectories for station measurements, lighter traces showing the unclustered
trajectories, (b) the percentage of NPF events associated with each of these back trajectory clusters,
(¢) The association of each back trajectory cluster with regions of sea ice, where 0-20 % sea ice
coverage is “open water”, 20-80 % sea ice coverage is “marginal ice”, and >80 % sea ice coverage
is “sea ice”, and (d, e) box plots showing concentrations and signals per cluster for H>SO4, and C»
& C4 alkylamines, as measured by the CI-APi-ToF.
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METHODS

Field site. Ship measurements took place between 2019-01-25 and 2019-02-04 aboard the RV
Hesperides. The cruise began at the South Shetland Islands (around -63° latitude), sailing down to -
68° latitude across several days to Adelaide Island, and then back through to the South Shetland
Islands. Frequent ship plume related particle events were seen, and these have been filtered out
based on the size distributions and particle concentrations seen (Figure S7). Ground measurements
took place between 2019-02-12 and 2019-03-13 at the Spanish research station, Juan Carlos I (-
62.66, -60.39). The station is located directly on the coast on the south of Livingston Island in the
South Shetland Islands. All measurements were taken approximately 100 meters from the main
station at a height of 1 meter, with occasional pollution seen in the SMPS spectra from vehicles,
generators, or waste incineration. These spectra have been filtered from the dataset (Figure S6). The

same instruments were deployed both on the cruise and aboard the ship.

Instrumental setup. The Aerodyne Nitrate Chemical Ionisation Atmospheric Pressure Interface
Time of Flight Mass Spectrometer (CI-APi-ToF) was used to make measurements of neutral
oxidised organic compounds, strong acids (HIO3, H>SO4 etc.), and their molecular clusters at high
time resolution with high resolving power. The ionization system charges molecules by adduct
formation, such as in the case of organic compounds with two or more hydrogen bond donor
groups, or proton transfer in the case of strong acids like H2SO4. Hydroxyl or hydroperoxyl
functionalities are both common hydrogen bond donating groups.. This instrument has been
explained in great detail elsewhere®, but briefly, the front end consists of a chemical ionisation
system where a 15 LPM sample flow is drawn in through the 1 metre length 1” OD stainless steel
tubing opening. A secondary flow is run parallel and concentric to this sample flow, rendering the
reaction chamber effectively wall-less. A 3 SCCM flow of a carrier gas (N2) is passed over a
reservoir of liquid HNO3, entraining vapour which is subsequently ionised to NO3™ via an X-ray

source. lons are then guided into the sample flow. The nitrate ions will then charge molecules either
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by clustering or proton transfer. The mixed flows travelling at 15 LPM enter the critical orifice at
the front end of the instrument at 0.8 LPM and are guided through a series of differentially pumped
chambers before reaching the ToF analyser. Two of these chambers contain quadrupoles which
focus the ion beam and can be used to select greater sensitivity for certain mass ranges, and the
voltages across each individual chamber can be tuned to maximise sensitivity and resolution for
ions of interest. All data analysis was carried out in the Tofware package (Tofwerk AG,
Switzerland) in Igor Pro 7 (Wavemetrics Inc., USA). Normalization was performed using signals
for NOs~, HHONOs3;~, HNO3NOs ™, and (HNO3)2NOs", corresponding to the ionised nitric acid
monomer, nitric acid monomer-water cluster, nitric acid dimer and nitric acid trimer, respectively.
Signals were normalised by the sum of all these ions except for the amine signals, which were
normalised by the nitrate trimer*®. Our data have been treated with a calibration coefficient of 10'°
cm 3, based upon an earlier calibration*’, and presented with a systematic uncertainty of +50%/-
33%, in line with other publications. No calibration was applied to the amine data, as calibrations
and sensitivities are not currently well constrained. Peak fits and correlations of amines and
ammonia in its two measured forms (clustered with the nitrate dimer and trimer) are plotted in

Figure S9.

A Nano Scanning Mobility Particle Sizer (NanoSMPS) instrument measured particle size
distributions at five minute time resolution. The NanoSMPS consists of the 3082 EC, 3085 Nano
DMA, and 3776 CPC (TSI, USA). This measures the size ranges 10-157 nm, and 4.5-65 nm at two
periods on the station, and 10-157 nm aboard the ship. A condensation particle counter (CPC 3775,

TSI, USA) was also run in parallel collecting total particle count >4 nm.

Formation rates
The formation rate of new particles at size d, is calculated as follows:

dNg,, GR
P Coangp Ng, + E.Ndp )

]dp =
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Where the first term on the right-hand side comprises the rate at which particles enter the size dj,
and the latter two terms represent losses from this size by coagulation and growth, respectively. See
ref. 41 for more information on calculation of coagulation sinks, growth rates, and formation rates.

From our J4 5 values, we calculated J; 7 using the equation of Korhonen et al., (2014)*.

CoangpL7

J17 @) = Jx (at+t) - €XP (Tﬂ 'dp1.7 -7/) (3

where J; 7 is the formation rate to be calculated at 1.7 nm , CoagSap1.7 is the coagulation sink at that
size, GR1 7 is the growth rate between 1.7 nm and 4.5 nm, Jx is the original particle formation rate,

and At is determined using a time-delay method using sulphuric acid. vy is a factor defined as

_ 1 de m—-n+1 3
y - m-n+1 [(dp1_7) 1 (4)

Where m is a coefficient describing the slope of coagulation sink with diameter, dependent upon the

background particle population

= log(Coangpx/Coagsdmy)
log(dpx/dp1.7)

&)
and n is dependent upon the slope of the growth rate (GR) with diameter

_ log(Gdex/Gdelj)
log (dpx/dp1.7)

(6)

Systematic uncertainties on our calculated values of J; 7 include a factor of +100% / -50% on the
calculated growth rates, a factor of £25% on dp of the NanoSMPS, and +50% on the established

losses due to condensation sink.

Growth rate
The growth rate of new particles is defined as

ddp
dt

GR = (7

Two methods to determine the GR of particles were employed here. The first was growth rates

determined from the lognormal distribution function method outlined in ref. 41, wherein a
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lognormal distribution function was fitted to the new mode of particles. The increase to the
geometric mean of the diameter of this mode over time, once corrected for coagulation effects,
gives the condensational growth rate. Secondly, as equation 3 requires growth rates from the critical
diameter upwards (here presumed 1.7 nm, but is typically estimated 1.5 + 0.4 nm), we calculated
theoretical growth rates due to both H>SO4 condensation, and condensation of H,SO4, MSA, and
HIOs through the method of Nieminen et al., 2010*. At our measured relative humidity, sulphuric
acid favours binding to 3 H>O molecules**. As amine concentrations are likely limited, we presume
no mass from amines in the condensing species. For simplicity, the properties of MSA regarding
density and hydration* were presumed the same as H2SO4, whereas HIO3 was presumed the same,

with enhanced density'®.

Calculated rates per day are shown in Figure S10. Measured growth of particles in the range 5-10
nm is within error for both sets of calculations. As the efficiency of condensation of MSA onto
particles of size 1.7 nm has not been studied in detail, we utilise our calculations of condensation
due to H2SO4 for our calculations of J1.7. GRs from both size ranges were then input into our
formation rate calculations. Calculated growth rates are presented with errors of +100%/-50%*,
and growth rates fitted to SMPS data given an error of £50% (+25% from fitting, +25% from
instrument errors*S.

Condensation sink

The condensation sink (CS) represents the rate at which a vapour phase molecule will collide with

pre-existing particle surface, and was calculated from the size distribution data as follows*!:
CS =2mD Xq, Pma,dpNa, , (®)

where D is the diffusion coefficient of the diffusing vapour (assumed H2SO4), B is a transition

regime correction, d, is particle diameter, and Ngp is the number of particles at diameter d,.

Back trajectories and sea ice extent
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The NOAA HYSPLIT model was used to calculate 4 day back-trajectories for air masses arriving at
the sampling sites. Each back-trajectory data point was assigned to sea ice concentration percentage
on a 12.5 km grid from microwave satellite data, providing a sea ice concentration from 0 — 100%
(5% width)*’. These air masses were then clustered using an angle-based distance matrix to produce
the 5 back trajectory clusters.

Positive matrix factorisation

Positive matrix factorisation (PMF) was applied to our Nitrate CI-APi-ToF data to identify
contaminants. Analyses were performed using the PMF2 algorithm in robust mode*® using a data
matrix of 304 high resolution peaks across 1 week of data at 10 minute time resolution (1000 data

points). The error matrix was generated according to Poisson counting statistics as follows*

o = /’/ts )

Where I is the ion signal and t; is the time for integration. After an initial run, an 8 factor solution
was chosen. To produce a final 8 factor solution, those species with large scaled residuals (21 of our
peaks) had their uncertainties scaled by a factor of 10, and the uncertainties of the rest of the data

matrix was scaled by a factor of 1.06, producing a Q/Qexp value of 1.004.

Figure S3 shows the PMF solution for 8 factors. Factors 1 & 2 relate to daytime photochemistry, the
latter containing dicarboxylic acids of marine origin, and the former corresponding to daytime
oxidation of DMS and VOCs. Due to the mass range selected, deprotonated MSA and H>SOy are
not included, but their clusters with NO3", and with other species (MSA-HSO4™ cluster, HSO4 amine
clusters etc) are. Contaminant peaks as identified below are absent in these factors, and the
dominant wind direction was from the north (the station was located to the south-east) confirming
the absence of contaminants in our analysis of nucleation mechanisms, and confirm the role of
marine air masses in the production of sulphuric acid, methanesulphonic acid, and oxygenated

organics.
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The remaining factors belonged to contaminants from either station activities, or from instrument
contamination. Most of these factors comprised of just a few large peaks, and thus we identify
several contaminant ions through this method. Contaminants arose partially from a narrow wind
sector from the station, with factors 3, 4, & 5 being associated with a narrow south easterly air mass
band, containing emissions from the nearby station (~250 m distance). Dicarboxylic acids such as
the C4H404-NO3™ ion, which may be fumaric acid, a food additive, is found in factor 3, and factor 5
contains brominated organic compounds at 305 — 311 m/Q. Other contaminants arose from within
the instrument, with factors 6, 7 & 8 containing fluorinated organic compounds, arising from the

tubing within the instrument.

Table 1: Nucleation statistics per event. GRswps corresponds to measured GRs from the
NanoSMPS data, GRacidgs corresponds to growth rates from H>SO4, MSA and HIO3;, and GRu2so4

corresponds to growth from H2SO4 condensation.

Date H>SO4 Js (cm™s™ | J17(cm™ | GRa4s. GR43s- GR43s- GRi7- Tempera
(106em™) | 1 357 10sMpPs (MM | 10Acids (NM | 10H2504 4.8H2S04 (°C)
h'h h'h (nm h') | (nm h!)
21/02/2019 5.84 0.36 1.64 0.58 0.71 0.33 0.42 1.35
22/02/2019 3.67 0.10 0.40 0.55 0.75 0.25 0.33 1.32
28/02/2019 3.04 0.21 1.21 0.41 0.87 0.30 0.39 0.16
05/03/2019 2.00 0.24 3.07 0.41 0.56 0.22 0.28 3.5
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Figure S6: Time series of data during the station measurements, showing SMPS data, 4.5-10
nm particle counts, H>SO4, MSA and HIO3, amines, global radiation, relative humidity, and
temperature for three different sections of data. 4.5-10 nm particle count is classified as (a)
difference between low-flow SMPS and CPC data, and (b,c) lower bins of the NanoSMPS. Data

have been m

anually filtered for pollution arising from the nearby station.
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184  Figure S7: Time series of data during the cruise measurements, showing SMPS data, 4.5-10 nm
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