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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.
The rate of formation of new particles is seen to increase linearly with sulphuric acid concentration
in a manner similar to systems studied in chamber studies involving sulphuric acid, water and
dimethylamine (DMA), as well as sulphuric acid, water and the oxidation products of pinanediol.
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, and thus another mechanism, likely
involving the plentiful highly oxygenated organic molecules (HOMs) is plausible. The high
concentrations of HOMs arise largely from both alkylbenzene and monoterpene oxidation, with the
former providing greater concentrations of HOMs due to significant local sources. The
concentration of these HOMs shows a dependence on both temperature and precursor VOC
concentration. New particle formation without growth past 10 nm is also observed, and on these
days the highly oxygenated organic compound concentration is significantly lower than on days
with growth, and thus high concentrations of low volatility oxygenated organics 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 in both chambers and the real
atmosphere, and these results are likely representative of the urban background of many European

Mediterranean cities.



https://doi.org/10.5194/acp-2020-84 Atmospheric
Preprint. Discussion started: 4 March 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76

Discussions

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 pm, 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 (i.e., from
car exhaust (Harrison et al., 2018)) or secondarily as the product of new particle formation (NPF)

(Agudelo-Castafieda et al., 2019; Bousiotis 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 (Almeida et al., 2013; Kurtén et al., 2008). Once past
this 1.5 nm diameter, condensation and coagulation will drive particle growth. Both the abundance

of condensable gases and their vapour pressures limit condensational growth. Vapour pressures are
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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 for these particles become inefficient, resulting in a significant atmospheric lifetime. It is

at these diameters 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 1.1 (Lee et al., 2019 and references within). Strong NPF events are observed across a
range of urban environments, despite high condensation sinks (Bousiotis et al., 2019; Yu et al.,
2016), and can act as a precursor to strong haze events (Guo et al., 2014). Urban NPF occurs despite
extremely high condensation sinks, an effect which 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 lon 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 (Sipild 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. These events are associated with
high insolation and relatively high ozone when considering the whole year (Brines et al., 2014,

2015). This has been also reported in other urban environments such as Los Angeles, Brisbane,
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Rome and Madrid (Brines et al., 2015). However, when considering mid-summer, maximum ozone
episodes are typically associated with high aerosol load, but not with NPF around the regional
background of Barcelona (Carnerero et al., 2019; Querol et al., 2017). 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 just urban 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 (Minguillon et al., 2015). Here,
we examine molecular level evidence for formation of particles 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 lonisation Atmospheric Pressure Interface Time of Flight Mass
Spectrometry

The Aerodyne Nitrate Chemical lonisation 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
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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).
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 (Jokinen et al., 2012; Junninen et al., 2010), but briefly,
the front end consists of a chemical ionisation system where a 10 L mint 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 HNOs, entraining vapour which is
subsequently ionised to NOs™ 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 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).
Sensitivity of 3x10° cm was assumed based upon a prior calibration (Brean et al., 2019) and
comparison with a calculated sulphuric acid proxy (Mikkonen et al., 2011). 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 Czo region have not been assigned (Cubison and Jimenez, 2015),
however, signals past this region tended to be extremely low. 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.
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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, Dsp). This was set at 4 flows giving 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.l.

2.3 Other Measurements

Mixing ratios of non-methane VOC with proton affinity greater than HsO* were made using the
proton transfer reaction time of flight mass spectrometer (PTR-ToF-MS 8000, lonicon Analytik
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 Minguillén et al. (2016). Continual monitoring of composition and mass of submicron aerosol
was carried out with an Aerosol Chemical Speciation Monitor (ACSM, Aerodyne, USA) (Ng et al.,
2011). Ozone, NO, and NO2 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:
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CS =4nD de .Bm,dpdedp ! =

where D is the diffusion coefficient of the diffusing vapour (assumed sulphuric acid), pm 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 dp 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 dp,
and the latter two terms represent losses from this size by coagulation and growth respectively. See
Kulmala et al. (2001) for more information on calculation of coagulation sinks and formation rates,

and Kulmala et al. (2012) for calculation of growth rates.

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 (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 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). 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.
Two such events were seen in this data, and both are accompanied by a distinct mode appearing
beforehand at ~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 losses.
8
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Figure 2 contains box plots showing condensation sink, temperature and global radiation for all 3
NPF types. Condensation sinks during NPF periods of both types (Figure 1(b) & 1(c)) were not
significantly lower than in non-event periods. Global radiation and temperature were higher for full-
event, 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. Sulphuric acid is elevated during both full-
event and burst-event periods. In urban Barcelona, sulphuric acid will primarily arise from
oxidation of SO by the OH: radical, with anthropogenic emissions such as shipping 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).

Concentrations of DMA and other alkylamines vary from zero to a few pptv in the boundary layer.

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., 2011), 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.,
2011). A similar tertiary amine, trimethylamine (TEA) has been shown to be highly inefficient at

forming particles with sulphuric acid, likely due to its inability to form strong hydrogen bonded
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pairs (Glasoe et al., 2015), and NOsz" ionization is therefore likely not sensitive to tertiary amines.
As the charging mechanism of amines is similar to the mechanism by which amines form clusters
with sulphuric acid, the sensitivities will be roughly similar to the strength of the bonding within
sulphuric acid clusters, therefore, although significant levels of TMA are expected, they were not
seen in the CI-APi-ToF spectra, nor will they participate efficiently in nucleation. The
quantification of amines seen in the CI-APi-ToF is highly uncertain, with sensitivities likely being
dependent upon the efficiency with which an amine will form a cluster with the nitrate trimer in the
CI-APi-ToF, so no mixing ratios have been calculated from these signals (Simon et al., 2016). All
ammonia and amine signals follow similar trends, indicating similar sources (R? ranging from 0.34
—0.89 between ammonia and amines). The relative strength of these signals are shown in Figure S1,
with significantly higher signals attributed to ammonia compared to amines, despite a likely lower
sensitivity (Simon et al., 2016). HOM concentrations were greatly enhanced during full-event
periods, but lower during burst-event periods, implying their necessity for growth. Further, all full
and burst events are associated with southerly and south-westerly air masses. Despite this,
concentrations of iodine and DMS-derived acids such as iodic acid (HIO3) and methanesulphonic
acid (MSA) are low, indicating a small influence of oceanic emissions on particle

nucleation/growth.

3.2 Mechanisms of New Particle Formation

The correlation between Js and ion signals for sulphuric acid is plotted in Figure 4. Js is used here in
place of Ji 5 due to better data coverage. A close relationship between NPF 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 HIO3, 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

10
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significant impact on NPF rates. In the example of alkylamines, their gas phase concentration may
decrease due to clustering with elevated sulphuric acid (and therefore they will not be detectable as
free amines), and losses due to enhanced photochemistry during the periods of highest NPF rate.
Concentrations for these ions are shown in Figure S5. The strength of the relationship between
sulphuric acid and nucleation rate has been quantitatively reproduced in chamber studies involving
the H2S04-H20-DMA, and H2S04-H20-BioOxOrg system, accurately reproducing tropospheric
observations of nucleation rates (Almeida et al., 2013; Riccobono et al., 2014). A comparison
between our data and results from the CLOUD chamber is presented in Figure 5; included are the
H2S04-H20, H2S04-NH3-H,0 (Kirkby et al., 2011), H.SO4-H20-DMA (Almeida et al., 2013) and
H2S04-BioOx0Org-H-0 systems (Riccobono et al., 2014) — BioOxOrg refers to the oxidation
products of pinanediol (C10H1802) and OH. The relationship between sulphuric acid and nucleation
rate is similar to the H.SO4-DMA-H2SO, system, with extremely high nucleation rates compared to
the other systems. The nucleation rate is also broadly similar also to the system involving
BioOxOrg. 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
these days. 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).

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. Sulphuric acid dimer roughly represents
the strength of sulphuric acid clustering in the nitrate CI-APi-ToF, as significant fragmentation of

sulphuric acid-base clusters occurs upon charging, with evaporation of water and bases from the

11
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system (Ortega et al., 2012, 2014). Stronger bases result in more sulphuric acid dimer making it
through the system, and thus this ratio is higher for systems involving bases that form stronger
clusters with sulphuric acid. The dashed line represents the lower limit of sulphuric acid that would
be seen due to ion induced clustering (11C) in the nitrate chemical ionisation system (Zhao et al.,
2010). The sulphuric acid dimer:monomer ratio seen in the CLOUD H2SO4-DMA-H20 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 H2.SOs-DMA-H>0 nucleation in Shanghai (Yao et al., 2018), but is
markedly similar to reports in central rural Germany (Kdrten et al., 2016). Similar to central
Germany, this ratio increases at lower sulphuric acid concentrations to a ratio more similar to the
H>S04-DMA-H0 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 (3x107 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 therefore plausibly operates by mechanisms similar to the H>SO4-

DMA-H>0 and H2SO4-BioOx0rg-H>0 systems which may occur in parallel.

3.3  HOMs and Growth

Barcelona, as a densely populated urban agglomerate, is characterised by higher NOy than the
remote conditions under which HOMs have primarily been studied (Bianchi et al., 2016, 2017;
Schobesberger et al., 2013; Yan et al., 2016). High insolation will also result in higher HO>, as well
as higher RO and other radicals. NOx, HO> act as peroxy radical terminators, reducing the
likelihood of autoxidation to produce high O:C molecules, and the likelihood of RO2-RO2

dimerization. The NOx-RO>' reaction also produces HOMs with nitrate ester functionality (Brean et

12



https://doi.org/10.5194/acp-2020-84 Atmospheric
Preprint. Discussion started: 4 March 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

336

Discussions

al., 2019; Garmash et al., 2019; Rissanen, 2018), which tend to have higher volatilities, and are less
efficient at participating in early-stage NPF (Ehn et al., 2014; Lehtipalo et al., 2018), likely due to
intramolecular H-bonding (EIm et al., 2017). This, combined with plentiful VOCs with carbon
number <10 results in more volatile HOMs (see Figures S2 and S3) likely classed as LVOC or
SVOC (Bianchi et al., 2019; Trostl et al., 2016). HOMs of this volatility are mostly incapable of
producing particles in the absence of sulphuric acid by ion-induced mechanisms observed in a
chamber study and the remote environment (Kirkby et al., 2016; Rose et al., 2018). Peaks due to
certain night-time HOM s are seen, largely C10 HOMs attributable to inland air masses (Querol et
al., 2017). Many of these night-time C1o HOMSs contain nitrogen functionalities, attributable to
either oxidation by NOs' radicals or NOx chemistry and were not associated with night-time 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. HIOz is also significantly
higher on burst-event days, likely a function of air mass trajectory, as HIOz would not inhibit
particle growth, condensational growth being a reversible, step-wise kinetic process. A recent study
in a remote environment reports growth rates matching condensation rates without accounting for
aqueous phase chemistry (Mohr et al., 2019). HOM 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 RO> to undergo a different reaction pathway,
such as termination with HO2' to increase (Praske et al., 2018). This is particularly important 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 NOs™ CI-APi-ToF is sensitive
to a molecule or not. Figure 7(a) shows temperature plotted against the signal of HOMs. The
precursors for these HOMs are presumed to be largely isoprene, alkylbenzenes and monoterpenes.
The mean peak intensities assigned to alkylbenzene derived HOMSs are approximately a factor of

two higher than those assigned to isoprene and monoterpene oxidation across this entire campaign.
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In this data these VOCs 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 nighttime HOMs will not be derived from the oxidation of aromatics,
however, as rates of oxidation of alkylbenzenes by Oz and NOs are negligible (Molteni et al, 2018).
These nighttime HOMs will therefore mostly be derived from biogenic emissions which undergo
more rapid nocturnal oxidation, and are likely transported inland by the land breeze during night

(Millan, 2014; Querol et al., 2017).

Operating under the assumption that Cs, C7, and Co HOMSs primarily arise from isoprene, toluene
and Csz-alkylbenzene oxidation respectively (Molteni et al., 2018; Wang et al., 2017), HOM signals
plotted against parent VOC concentration indicate their dependence upon that VOC. Here, a C7
HOM is thought to follow the formula C7Hs-120s-10No-2. This has been done in Figure 7(b). HOM
concentration is broadly dependent on VOC concentration. This is most significant for 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 the

limiting factor in HOM production is temperature, and to a lesser degree VOC concentration.

Figure 8 shows three mass-defect plots for a non-event period, full-event period, and burst-event
period (event days are the same days as shown in Figure 1). Here, oxygenated volatile organic
compounds (OVOC) are defined as species visible in the nitrate CI-APi-ToF that do not classify as
HOM. Here, the detailed criteria provided by Bianchi et al. (2019) 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 present. The criteria of both containing 6 oxygen atoms and 5
carbon atoms or greater, and having an O:C ratio >0.6 is applied, as these molecules will all
plausibly fulfil the updated criteria of “HOM?”. The particular non-event day included in Figure 8

was characterised by lower solar radiation and temperatures than average, so lower signals for
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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. Some of the largest peaks in the mass spectra
correspond to formulae seen arising from the OH' oxidation of alkylbenzenes (Molteni et al., 2018;
Wang et al., 2017). Larger HOMs see a less significant enhancement to smaller alkylbenzene
derived HOMs. Most significant is the presence of many larger, unidentified HOMs >500 m/Q.
During full-event periods, these peaks are both more numerous, and larger. This area of the mass
spectrum will compromise the largest HOMs, from oxidation of large VOCs or from the RO2 +
RO2 dimerization reaction of two smaller ROz, these will likely have extremely low vapour
pressures and be able to drive early stage particle growth (Mohr et al., 2019; Trostl et al., 2016).
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 >500 m/Q. The most significant difference between the HOMs on hoth types of event
days is the Cy and C10 HOMS, consistent with lower concentrations of monoterpenes on burst-event
days. The sulphur containing acids all have similar peak areas to the full-event day. These
elevations to condensable HOMs on particle formation days with growth consistent with particle
composition data as measured by ACSM, also showing a significant increase to organic mass
concentration in the late evening (around when new particles reach sizes measurable by ACSM) and
night on full-event days. This was not seen on days without nucleation, nor on days with nucleation

but no growth (see Figure S4).

4. CONCLUSIONS
We show new particle formation rates in Barcelona are linearly dependent upon the sulphuric acid
concentrations, and this mechanism plausibly proceeds by the formation of clusters involving

sulphuric acid and highly oxygenated organic molecules, with likely involvement of bases. This
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multiplicity of mechanisms has been shown to occur in chamber studies but has not been observed
in the real atmosphere previously. The rate of nucleation relative to sulphuric acid concentration is
similar to observations of H.SOs-DMA-H>0 and H.SOs-BioOxOrg-H20 nucleation. Nucleation
rates seem independent of HOM concentrations, implying that these mechanisms may occur in
competition with one another. The HOMs present in this study occur mostly from oxidation of
alkylbenzenes and monoterpenes, with a strong dependence of their concentration on both
temperature and VOC concentration. Concentrations of species associated with coastal and oceanic
sources such as MSA and HIOs were low, even though NPF was consistently associated with
southerly and south-westerly air masses, indicating that anthropogenic emissions of SO, (largely
arising from shipping emissions in Barcelona) and aromatic organic compounds are more important
precursors for compounds which intiate new particle formation and growth than oceanic emissions.
High HOM signals are seen to be a necessary condition for new particle growth past 10 nm, and it is
evident that HOM concentrations are dependent upon temperature and VOC precursor
concentration. Specifically large HOMs of extremely low volatility >500 m/Q are absent in the

mass spectra on these days without particle formation, as well as particle formation without growth.

These results are consistent with extensive chamber and flow tube studies on particle formation
from sulphuric acid, amines and HOMs, and further, nucleation rates relative to sulphuric acid are
similar to many tropospheric observations. Barcelona is representative of many Mediterranean
urban environments, with moderate pollution, influence of shipping emissions, and high insolation,

and thus 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:

Example SMPS contour plots of (a) non-event day, (b) full-event day and (c) burst-
event day.

Box plots for days of non-event, full-event and burst-event, showing (a) condensation
sink, (b) temperature, and (c) global radiation.

Box plots for days of non-event, full-event and burst-event, showing (a) sulphuric acid,
(b) ammonia, C2and C4 amines, as clustered with the nitrate dimer and trimer, and (c)
summed HOM concentration from Cs+. Units for ammonia + amines are normalised
counts, as no calibration was performed.

Formation rate (Js) plotted against sulphuric acid monomer concentration, coloured by
condensation sink. Circles represent burst-events, squares represent full events.

Formation rate (J1.5) 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 H2SO4-H20 (blue inverted triangles), H2SO4-NHz-
H20 (yellow inverted triangles), H2.SO4-DMA-H-0 (pink triangles), and H2SOs-
BioOxOrg-H>0 (brown diamonds) systems from the CLOUD chamber (Almeida et al.,
2013; Kirkby et al., 2011; Riccobono et al., 2014).

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 H2SO4-H.O-DMA system (pink triangles) (Almeida et al.,
2013). Dashed line represents the lower limit of dimer concentration produced by ion
induced clustering in the chemical ionization unit (Zhao et al., 2010).

Influencing factors on VOC concentration, showing (A) temperature plotted against Cs.
10 HOM signal, coloured by global radiation, and (B) VOC concentration plotted against
HOM signal. These are segregated by carbon number/\VVOC, i.e, Cz HOMs plotted
against toluene, under the assumption that toluene oxidation is the main producer of C7
HOMs. Ellipses show 95% confidence on a multivariate t-distribution.

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 12/07/2018, 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, CH3SO3™ and SOs', as well as the sulphuric acid dimer. lodine
acids (green) contains both 103™ and I (the latter presumably deprotonated hydrogen
iodide). Unidentified points are left uncoloured.
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907 Figure 1: Example SMPS contour plots of (a) non-event day, (b) full-event day and (c) burst-event
908 day.
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911 Figure 2: Box plots for days of non-event, full-event and burst-event, showing (a) condensation sink,
912 (b) temperature, and (c) global radiation.
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Figure 3: Box plots for days of non-event, full-event and burst-event, showing (a) sulphuric acid, (b)
ammonia, C> and Cs amines, as clustered with the nitrate dimer and trimer, and (¢) summed HOM
concentration from Cs+. Units for ammonia + amines are normalised counts, as no calibration was

performed.
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921 Figure 4: Formation rate (Js) plotted against sulphuric acid monomer concentration, coloured by
922 condensation sink. Circles represent burst-events, squares represent full events.

29




https://doi.org/10.5194/acp-2020-84
Preprint. Discussion started: 4 March 2020
(© Author(s) 2020. CC BY 4.0 License.

1x10%%

1x10%2

1x10"" 1 A

Jis(s™)

1x10%°

1x107"

1x107]

s

o
~
X

-

H,SO4 monomer (cm’3)

923
924
925
926
927
928

1%x10%]

A
A
_ o
T_ 1x10° ‘A
g
| .
5 tf
£
£ Ay 8o
S 1x10%4 A O@
(7)) .
(Y] v 7/
T A 7
v vwWY a
¥ L
%101 e
/7
5x10"

1x10'®

H,SO,4 monome

929

930
931
932
933

= 1x10°

30

(cm™®)

5x10"7

4 4 » OO0

Atmospheric
Chemistry
and Physics

Discussions

Barcelona (burst-event)
Barcelona (full-event)

CLOUD H2S04-BioOxOrg-H20
CLOUD H2S04-DMA-H20
CLOUD H2S04-H20

CLOUD H2S04-NH3-H20

Figure 5: Formation rate (Ji5) 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 H2SO4-H-0 (blue inverted triangles), HoSO4-NH3s-H20 (yellow inverted triangles),
H2S04-DMA-H-0 (pink triangles), and H.SOs-BioOxOrg-H20 (brown diamonds) systems from the
CLOUD chamber (Almeida et al., 2013; Kirkby et al., 2011; Riccobono et al., 2014).
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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.SO.-
H>0O-DMA system (pink triangles) (Almeida et al., 2013). Dashed line represents the lower limit of
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934 dimer concentration produced by ion induced clustering in the chemical ionization unit (Zhao et al.,

935 2010).
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937 Figure 7: Influencing factors on VOC concentration, showing (A) temperature plotted against Cs.10
938 HOM signal, coloured by global radiation, and (B) VOC concentration plotted against HOM signal.
939 These are segregated by carbon number/VOC, i.e, C; HOMs plotted against toluene, under the
940 assumption that toluene oxidation is the main producer of C; HOMs. Ellipses show 95% confidence
941 on a multivariate t-distribution.
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Figure 8: 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 12/07/2018, 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", CH3SO3™ and SOs’, as well as the sulphuric acid dimer. lodine acids

(green) contains both 103™ and I (the latter presumably deprotonated hydrogen iodide). Unidentified
points are left uncoloured.
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