LETTER

doi:10.1038/nature10343

Role of sulphuric acid, ammonia and galactic cosmic
rays in atmospheric aerosol nucleation

Jasper Kirkby', Joachim Curtius?, Jodo Almeida®?, Eimear Dunne”, Jonathan Duplissy*®, Sebastian Ehrhart?,
Alessandro Franchin®, Stéphanie Gagné>°, Luisa Ickes?, Andreas Kiirten?, Agnieszka Kupc’, Axel Metzger®,
Francesco Riccobono?, Linda Rondo?, Siegfried Schobesberger®, Georgios Tsagkogeorgas'®, Daniela Wimmer?, Antonio Amorim?,

Federico Bianchi”"

, Martin Breitenlechner®, André David', Josef Dommen®, Andrew Downard'?, Mikael Ehn®,

Richard C. Flaganu, Stefan Haider!, Armin Hansel®, Daniel Hauser®, Werner Jud®, Heikki Junninen®, Fabian Kreissl?,
Alexander Kvashin'®, Ari Laaksonen', Katrianne Lehtipalo®, Jorge Lima®, Edward R. Lovejoy'®, Vladimir Makhmutov'?,

Serge Mathot!, Jyri Mikkild®, Pierre Minginette!, Sandra Mogo®, Tuomo Nieminen®, Antti Onnela’, Paulo Pereira®, Tuukka Petji®,
Ralf Schnitzhofer®, John H. Seinfeld'?, Mikko Sipild>®, Yuri Stozhkov'?, Frank Stratmann'®, Antonio Tomé?, Joonas Vanhanen®,
Yrjo Viisanen'®, Aron Vrtala’, Paul E. Wagner’, Hansueli Walther®, Ernest Weingartner®, Heike Wex'®, Paul M. Winkler”,
Kenneth S. Carslaw®, Douglas R. Worsnop>", Urs Baltensperger® & Markku Kulmala®

Atmospheric aerosols exert an important influence on climate'
through their effects on stratiform cloud albedo and lifetime” and
the invigoration of convective storms®>. Model calculations suggest
that almost half of the global cloud condensation nuclei in the
atmospheric boundary layer may originate from the nucleation of
aerosols from trace condensable vapours®, although the sensitivity of
the number of cloud condensation nuclei to changes of nucleation
rate may be small®. Despite extensive research, fundamental
questions remain about the nucleation rate of sulphuric acid
particles and the mechanisms responsible, including the roles of
galactic cosmic rays and other chemical species such as ammonia’.
Here we present the first results from the CLOUD experiment at
CERN. We find that atmospherically relevant ammonia mixing
ratios of 100 parts per trillion by volume, or less, increase the nuc-
leation rate of sulphuric acid particles more than 100-1,000-fold.
Time-resolved molecular measurements reveal that nucleation pro-
ceeds by a base-stabilization mechanism involving the stepwise
accretion of ammonia molecules. Ions increase the nucleation rate
by an additional factor of between two and more than ten at ground-
level galactic-cosmic-ray intensities, provided that the nucleation
rate lies below the limiting ion-pair production rate. We find that
ion-induced binary nucleation of H,SO,-H,O can occur in the mid-
troposphere but is negligible in the boundary layer. However, even
with the large enhancements in rate due to ammonia and ions,
atmospheric concentrations of ammonia and sulphuric acid are
insufficient to account for observed boundary-layer nucleation.
The primary vapour responsible for atmospheric nucleation is
thought to be sulphuric acid. However, theory suggests that peak con-
centrations in the boundary layer (10°~10” cm™; ref. 8) are usually too
low for the binary nucleation of H,SO,-H,O to proceed. Furthermore,
after nucleation there is generally insufficient H,SO, to grow the clusters
to cloud condensation nucleus sizes (more than 50 nm), so organic
species are primarily responsible for particle growth®'°. Nucleation of
sulphuric acid particles is known to be enhanced by the presence of
ternary species such as ammonia'’""* or organic compounds™* such as
amines'>""” or oxidized organic compounds'®". Ions are also expected to
enhance nucleation®**, and ion-induced nucleation has been observed

in the atmosphere®>*. Because the primary source of ions in the global
troposphere is galactic cosmic rays (GCRs), their role in atmospheric
nucleation is of considerable interest as a possible physical mechanism
for climate variability caused by the Sun**.

Here we address three issues that currently limit our understanding of
atmospheric nucleation and its influence on climate’. First, quantitative
measurements of the roles of ions and ternary vapours are lacking.
Second, the nucleation mechanism and the molecular composition of
the critical nucleus have not been directly measured. Third, it remains an
open question whether laboratory measurements are able to reproduce
atmospheric observations: recent experiments have concluded that atmo-
spheric concentrations of H,SO, and H,O without ternary vapours are
sufficient® or insufficient™ to explain boundary-layer nucleation rates.

We present here the first results from the CLOUD experiment at
CERN (see Methods, Supplementary Information and Supplementary
Fig. 1 for experimental details). The measurements, obtained at the
CERN Proton Synchrotron, represent the most rigorous laboratory
evaluation yet accomplished of binary, ternary and ion-induced nuc-
leation of sulphuric acid particles under atmospheric conditions.

The nucleation rates (J, cm ™ >s~ ') are measured under neutral (J,,),
GCR (Jger) and charged pion beam (J) conditions, corresponding to
ion-pair concentrations of about 0, 400 and 3,000 cm >, respectively.
A typical sequence of Jy, Jger and Jo, measurements is shown in Sup-
plementary Fig. 2 and is described in the Supplementary Information.
Both Jgr and ], comprise the sum of ion-induced and neutral nuc-
leation rates, whereas J, measures the neutral rate alone. The nuc-
leation rates are shown in Fig. 1 as a function of [H,SO,4] at 248, 278
and 292 K. As the temperature is reduced, lower H,SO, concentrations
are sufficient to maintain the same nucleation rates, as a result of the
decrease in the H,SO, saturation vapour pressure. Apart from con-
taminants (see below), the only condensable vapours present in the
chamber for these data are H,SO,4 and H,O. The experimental results
are slightly higher than model calculations® based on thermochemical
data for charged H,SO,-H,O clusters* under ], ionization condi-
tions, but they show similar curvature and slope.

The presence of ions from ground-level GCR ionization (J, curves)
enhances the neutral nucleation rate roughly twofold at 292K and
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Figure 1 | Plots of nucleation rate against H,SO, concentration. Neutral,
GCR and charged (pion beam) nucleation rates are shown at 1.7 nm diameter,
J1.7> as a function of sulphuric acid concentration at 38% relative humidity.

a, Rates at 292 K; b, rates at 248 K (blue) and 278 K (green). The NH; mixing
ratios correspond to the contaminant level (<35 p.p.t.v. at 278 and 292 K;
<50 p.p.t.v. at 248 K). Triangles, Jo; filled circles, J,.; open circles, J,. The
predictions of the PARNUC model* for binary H,SO,-H,O charged
nucleation, J,, are indicated by the coloured bands. The fitted curves are drawn
to guide the eye. The error bars indicate the estimated total statistical and
systematic 16 measurement uncertainties, although the overall factor 2
systematic scale uncertainty on [H,SO,] is not shown.

more than tenfold at 278 and 248 K. The enhancement factor is up to
five times larger at the higher ion-pair concentrations typical of the
upper troposphere (Fig. 2,and ], curves in Fig. 1). Overall, we find that
the nucleation rate varies with negative ion concentration, [ion" ], as
J=J. + klion™ J?, with p = 0.7-1.0 (Fig. 2). Our measurements show
evidence of saturation of Jg and J, by their convergence with J, at
high nucleation rates (Fig. 1), where almost every negative ion gives
rise to a new particle’’. However, even with ion enhancement, our
measurements show that binary nucleation of H,SO,-H,O will pro-
ceed at extremely low rates in the atmospheric boundary layer. In
contrast, in the cooler mid-troposphere and perhaps at lower altitude
in some polar regions, ion-induced binary nucleation can proceed at
ambient acid concentrations®.

CLOUD has measured the molecular composition of nucleating
charged clusters from monomers up to stable aerosol particles, and
has time-resolved each step of their growth. Example mass spectra are
shown in Supplementary Fig. 3. The ion-induced nucleation measure-
ments in Fig. 1 exclusively involve negative clusters, containing the
HSO, ,HSO5  or SO5~ ion (Supplementary Fig. 4 shows an example
of a nucleation event). However, at higher ammonia concentrations
(see below) we have also observed positively charged nucleation, invol-
ving the NH, " ion.
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Figure 2 | Plots of nucleation rate against negative ion concentration.
Nucleation rates as a function of negative ion concentration at 292 K and
[H,S0,] =4.5%X 108cm * (purple line), and at 278 K and

[H,S04] =1.5X 10%cm ™3 (green line). Triangles, J; filled circles, Jy.; open
circles, J,. All measurements were made at 38% relative humidity and 35 p.p.t.v.
NH;. Neutral nucleation rates, J,,, were effectively measured at zero ion pair
concentration (ion or charged-cluster lifetime <1 s). The curves are fits of the
form J = j, + k[ion™ ]?, where ji, k and p are free parameters. The error bars
indicate only the point-to-point 1o errors; the nucleation rates and ion
concentrations each have estimated overall scale uncertainties of +30%.

The chemical composition of nucleating clusters containing up to
n = 20 sulphuric acid molecules, including the HSO, ™ ion, is shown
in Fig. 3. At 292K the clusters above n =4 are found always to be
accompanied by additional nitrogen-containing molecules, comprising
NH;, amines (mainly dimethylamine and ethylamine) and urea
(Fig. 3¢, d). Although these ternary vapours were not intentionally added
to the chamber—at least initially—they are crucial to the nucleation. The
measured contaminant mixing ratios of ammonia and total amines were
less than 35 parts per trillion by volume (p.p.t.v.) and less than 50 p.p.t.v.,
respectively. It is notable that the nucleating H,SO, clusters included
only nitrogen-containing bases, even though a broad spectrum of gas-
phase contaminants was identified in the chamber. A clear progression
is observed from almost pure binary nucleation at 248 K to pure ternary
nucleation at 292 K; both binary and ternary nucleation contributed at
278 K. From the molecular measurements, the binary fraction (or upper
limit) can be determined for each ] 4, measurement. After application of
these corrections, there is excellent agreement between the experi-
mental binary Jg, values and the model predictions shown in Fig. 1.

Further measurements were made with NHj; intentionally added to
the chamber. The nucleation rates were highly sensitive to small addi-
tions of ammonia up to about 100 p.p.t.v., with evidence of saturation at
higher mixing ratios (Fig. 4). In some cases the saturation also resulted
from the ionization rate limits of about 4cm >s™" for GCRs and
80cm s for the pion beam. The onset of positively charged nuc-
leation was observed at about 900 p.p.tv. NH; at 292K and at
300 p.p.t.v. NH; at 278 K, which contributed to a further rise of Jyc
and J,. With additional NH; the nucleating clusters revealed a dis-
tinctive increase in the NH; molecular content (compare Fig. 3¢ with
Fig. 3d). These observations provide clear experimental evidence that
the nucleation rates are strongly limited by the availability of NH; at
mixing ratios below 100 p.p.t.v., and further strengthen our argument
that binary nucleation is not significant in the global boundary layer.

The negative cluster ion spectra (Fig. 3) show strong, quasi-stable
peaks corresponding to the charged pure monomer, dimer and trimer
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Figure 3 | Ion cluster composition. a-d, The chemical composition of
charged nucleating clusters at 248 K (<35 p.p.t.v. NH3) (a), 278 K (<35 p.p.t.v.
NH;) (b), 292K (<35 p.p.t.v. NH3) (¢) and 292K (230 p.p.t.v. NH;) (d). The
cluster spectra are averaged over the steady-state nucleation period. To simplify
the figures, only the overall envelopes are shown for organic species. The
concentrations are approximately corrected for detection efficiency.

of sulphuric acid. Here ‘pure’ implies only H,SO, and H,O, although
we point out that no water molecules were detected because they were
lost by collisional dissociation or rapid evaporation from the sulphuric
acid clusters on entering the vacuum of the instrument. At 292 K, pure
acid clusters with n=4 were highly suppressed, showing that the
charged pure tetramer was unstable and evaporated rapidly. The clusters
grew by a striking stepwise accretion of NH; molecules, each stabilizing
a distinct additional number of acid molecules, depending on the
ammonia concentration. Figure 3d shows how the cluster maintained
a strict 1:1 molar ratio of ammonia and sulphuric acid as it grew,
suggesting that the most stable growth path involved ammonium
bisulphate (NH, "HSO, ") cluster formation. All clusters showed this
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Figure 4 | Plots of nucleation rate against NH; concentration. Nucleation
rates are shown as a function of ammonia mixing ratio. a, At 292K and
[H,SO,4] = 1.5 X 108 cm™? (curves) and 4.3 X 10" cm > (straight lines); b, at
278K and [H,S80,] = 6.3 X 10" cm ™ >. All measurements were made at 38%
relative humidity. Triangles, J.y; filled circles, s open circles, .. The fitted
lines are drawn to guide the eye. The bars indicate 1o total errors, although the
overall ammonia scale uncertainty of a factor 2 is not shown.

1:1 molar ratio above 100 p.p.t.v. ammonia—and a decreased NHj;
content below. The observed change in the nucleation rate from a
strong to weak NH; dependence at some value below 100 p.p.t.v.
(Fig. 4) is therefore explained as a transition from NHj-limited to
NH;-saturated nucleation (that is, where each acid molecule condens-
ing on the cluster is immediately stabilized by an ammonia molecule,
thereby suppressing its evaporation). Quantum chemical calculations
indicate that NH; and amines bind strongly to neutral acid clusters®,
indicating that ternary nucleation of neutral clusters above n = 1 may
proceed by the same mechanism as that observed for charged clusters
above n =4, after which the negative charge becomes sufficiently
shielded to allow NHj to bind. We term this stepwise stabilization of
H,SO, clusters the base-stabilization nucleation mechanism.

The CLOUD measurements address a long-standing controversy in
atmospheric nucleation, namely whether binary nucleation of sul-
phuric acid and water vapour can account for new particle formation
in the boundary layer. Figure 5 presents a comparison of our GCR
nucleation rates with atmospheric observations of boundary-layer nuc-
leation®**** and recent laboratory experiments'>*. We find that ion-
induced binary nucleation proceeds at a significant rate in the cool
temperatures of the free troposphere at atmospheric concentrations
of sulphuric acid, and may be an important process when ternary
vapour concentrations are low. Some fraction of these particles may
be transported downwards and could constitute an important source in
the remote marine boundary layer. In contrast, we show that binary
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Figure 5 | Nucleation rate comparison. Comparison of CLOUD data with
measurements of the nucleation rate of new particles as a function of [H,SO4]
in the atmospheric boundary layer (pale filled circles** and pale open circles™)
and with recent laboratory experiments at room temperature (grey'’ and
orange® lines). The CLOUD data (large, darker symbols and lines) show the
galactic cosmic ray nucleation rates, Jger measured at 248 K (blue), 278 K
(green) and 292K (red) and at NH; mixing ratios of <35 p.p.t.v. (open green
and red circles), <50 p.p.t.v. (open blue circles), 150 p.p.t.v. (filled blue and
green circles) and 190 p.p.t.v. (filled red circles). The bars indicate 1¢ total
errors, although the overall factor 2 scale uncertainty on [H,SO,] is not shown.
The measurements at 278 and 292 K bracket the typical range of boundary-
layer temperatures, whereas those at 248 K reflect exceptionally cold
conditions. Ion-induced nucleation in the boundary layer is limited by the ion-
pair production rate to a maximum of about 4cm ™ s~

nucleation within the boundary layer is negligible in all except the
coldest conditions, so additional species are required. It has been
reported® that H,SO, at atmospheric concentrations can explain
atmospheric nucleation rates in most locations even without the clear
participation of ammonia or organic substances. In view of the CLOUD
results, we consider it likely that the result in ref. 29 was affected by
the presence of ternary vapours below the detection limits of the
experiment.

Under the conditions studied so far in CLOUD (no intentional
addition of organic vapours), essentially all nucleating sulphuric acid
clusters at 292K include nitrogen-containing bases or amides: NH3,
amines or urea. However, for typical boundary-layer ammonia mixing
ratios, below about 1 p.p.b.v., ternary nucleation of NH;-H,SO,-H,0,
with or without ions, is unable to explain atmospheric observations
(Figs 4 and 5). This implies that other species, most probably organic
compounds'®'®, are necessary for boundary-layer nucleation.

The CLOUD experiment provides direct measurements of the
molecular composition from single molecule to stable aerosol particle.
This has provided new insight into how the ternary nucleation of sul-
phuric acid particles in the region of the critical cluster proceeds by a
base-stabilization mechanism: the clusters grow by a stepwise accretion
of basic molecules, each stabilizing a distinct additional number of acid
molecules in the cluster, depending on the vapour concentrations.

The CLOUD measurements have also quantified the enhance-
ment of ion-induced nucleation compared with neutral nucleation.
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Ground-level GCR ionization substantially increases the nucleation
rate of sulphuric acid and sulphuric acid-ammonia particles, by
between twofold and tenfold or more, provided that the nucleation
rate lies below the limiting ion-pair production rate. Although we have
not yet duplicated the concentrations or complexities of atmospheric
organic vapours, we find that ion enhancement of nucleation occurs
for all temperatures, humidities and cluster compositions observed so
far. Ion-induced nucleation will manifest itself as a steady production
of new particles that is difficult to isolate in atmospheric observations
because of other sources of variability but is nevertheless taking place
and could be quite large when averaged globally over the troposphere.
However, the fraction of these freshly nucleated particles that grow to
sufficient sizes to seed cloud droplets, as well as the role of organic
vapours in the nucleation and growth processes, remain open ques-
tions experimentally. These are important findings for the potential
link between galactic cosmic rays and clouds.

METHODS SUMMARY

CLOUD is designed to study the effects of cosmic rays on aerosols, cloud droplets
and ice particles, under precisely controlled laboratory conditions. The CLOUD
chamber and gas system have been built to the highest technical standards of
cleanliness and performance. Owing to its large volume (26 m*) and highly stable
operating conditions, the chamber allows nucleation rates to be reliably measured
over a wide range from 0.001 to well above 100 cm™>s™". The loss rate of con-
densable vapours onto the walls of the chamber (0.0015s™~ Y is comparable to the
condensation sink rate onto ambient aerosols under pristine atmospheric
boundary-layer conditions. The experiment has several unique aspects, including
precise control of the ‘cosmic ray’ beam intensity from the CERN Proton
Synchrotron, the capability to create an ion-free environment with an internal
electric clearing field, precise and uniform adjustment of the H,SO, concentration
by means of ultraviolet illumination from a fibre-optic system, and highly stable
operation at any temperature between 300 and 183 K. The contents of the chamber
are continuously analysed by a suite of instruments connected to sampling probes
that project into the chamber.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The CLOUD chamber (Supplementary Fig. 1) is a 3-m-diameter electropolished
stainless steel cylinder of 26.1 m>. After tests with a pilot experiment™, the chamber
and gas supply are designed to achieve the highest standards of cleanliness and
temperature stability. To stimulate photolytic reactions—in particular the oxida-
tion of SO, to H,SOy in the presence of O3 and H,O—the contents of the chamber
are irradiated by ultraviolet radiation in the range 250-400 nm, introduced by
means of 250 optical fibre vacuum feedthroughs installed on top of the chamber.
The chamber temperature is controlled by precisely regulating the temperature of
the air circulating in the space between the chamber and its surrounding thermal
housing. Experiments can be performed at temperatures between 300 and 183 K.
In addition, the chamber can be raised to 373 K for bakeout cleaning. The tem-
perature stability of the chamber is about *£0.01 K, with no observable change
when the ultraviolet lights are turned on at full power. The nominal operating
pressure is one atmosphere. However, rapid adiabatic expansions of up to
200 mbar can be generated to operate in a classical cloud chamber mode for the
creation and growth of droplets and ice particles.

Pure air, free of condensable vapours, is obtained from the evaporation of
cryogenic liquid N, and liquid O,, mixed in the ratio 79:21, respectively. The air
is humidified with a Nafion humidifier using water stabilized to +0.01K and
purified by recirculation through a bank of Millipore Super-Q filters and irradiated
with ultraviolet radiation to suppress biological activity. Ozone is added to the inlet
air by ultraviolet irradiation (less than 200 nm). Trace gases such as SO, or NH;
are obtained from gas cylinders containing 100 p.p.m.v. and 1% concentrations,
respectively, in pressurized N,. Each trace gas is diluted with pure air to the
required concentration before entering the chamber, and has an individual circuit,
with an isolation valve at the chamber, to avoid cross-contamination or reactions
with other gases outside the chamber. To suppress contamination from plastic
materials, the gas piping is made from stainless steel, and all chamber seals and
most gas seals are metal (gold-coated to render them chemically inert). To com-
pensate for sampling losses, there is a continuous flow of fresh gases into the
chamber of 851 min~ !, resulting in a dilution lifetime of 5 h.

The chamber can be exposed toa 3.5 GeV/c secondary " beam from the CERN
Proton Synchrotron, spanning the galactic cosmic-ray intensity range from
ground level to the stratosphere. The beam is defocused to a transverse size of
about 1.5 X 1.5 m” at the chamber. The horizontal and vertical beam profiles and
rates are measured with a plastic scintillator hodoscope. An ionization-counter
array, located nearby but outside the beam region, monitors the ambient flux and
angular distribution of galactic cosmic rays. Two stainless steel fans are mounted
inside the chamber, and coupled magnetically to flexible drives connected to
motors located outside the thermal housing. The fans produce a counter-flow
inside the chamber, to rapidly mix the fresh gases and the ions generated by the
pion beam, and ensure good uniformity. To study neutral nucleation, the beam is
turned off and an internal electric field of up to 20kV m ™" is applied by means of
two transparent field cage electrodes. This rapidly (in about 1s) sweeps out the
background ions produced by galactic cosmic rays. The electrodes are supported
on partly conducting ceramic insulators to eliminate surface charges and stray
electric fields when the high voltage is set to zero.

The contents of the chamber are continuously analysed by instruments con-
nected to sampling probes that project 0.5m into the chamber. The chamber
instrumentation for the results reported here comprise a chemical ionization mass
spectrometer (CIMS) for H,SO,4 concentration, an atmospheric pressure interface
time-of-flight (APi-TOF) mass spectrometer for molecular composition of pos-
itive and negative ions up to 2,000 Th (thomson units; 1 Th = 1 Da/e)*, a con-
densation particle counter (CPC) battery at 2.5-12-nm thresholds (mobility
diameters), a di-ethylene glycol CPC (DEG-CPC) at 2.0 nm threshold*, a scan-
ning particle size magnifier (PSM) in the threshold range 1.3-2nm?, a radial
differential mobility analyser (rDMA) in the size range 2-10 nm*, a scanning
mobility particle sizer (SMPS) in the size range about 10-100 nm, a neutral cluster
and air ion spectrometer (NAIS)*’, a small-ion counter (Gerdien counter), trace
gas analysers (O3 and SO5), a proton transfer reaction time-of-flight (PTR-TOF)
mass spectrometer for organic vapour concentrations®, two instruments for
NH; measurements (a long-path absorption photometer (LOPAP) and a proton
transfer reaction mass spectrometer (PTR-MS)"'), and instruments to measure
chamber conditions (dewpoint, ultraviolet intensity, temperature and pressure). A
central data acquisition (DAQ) system controls the operating conditions of the
experiment, collects and backs up the data from the instruments, provides multi-
user access for monitoring the performance of the instruments and chamber,
and provides real-time physics analysis using the combined data from multiple
instruments.

The APi-TOF?® measures the ion cluster mass spectra in the chamber. Chemical
species are identified from their exact mass signatures and isotopic fractions.

Owing to the high mass resolution (Am/m=3X10"*) and accuracy
(8m/m <2 X 10~ °) of this instrument, unambiguous identification of the con-
stituent chemical species is achieved for almost all charged clusters up to a
mass/charge limit of 2,000 Th. This excludes water molecules, which are lost
by collisional dissociation or rapid evaporation from the sulphuric acid clusters
on entering the vacuum of the instrument. Previous measurements have estab-
lished that water molecules are indeed present in these charged clusters®. In
contrast, the evaporation of ammonia and amine molecules from acid clusters
in the APi-TOF is thought to be small. This is supported by the sharp cluster
maxima seen in Fig. 3d.

Examples of raw APi-TOF spectra during nucleation events without additional
NH; at 292K are shown in Supplementary Fig. 3. The negative-ion spectrum
shows strong peaks corresponding to the charged monomer, dimer and trimer
of sulphuric acid (A,,”, n = 1-3, where A represents H,SO, or the HSO, ion);
higher sulphuric acid clusters (n>3) are predominantly accompanied by an
additional species that is either NH;, dimethylamine or ethylamine. In contrast,
the positive-ion spectrum shows no evidence for any sulphuric acid molecules, but
shows pure water clusters, H;0" (H,0),, n=3, and a broad range of organic
compounds, of which strong lines are usually produced by protonated pyridine
(CsHsN.H™), urea (CH,N,O.H™), dimethylamine and ethylamine (C,H,N.H"),
and C3HgN,O.H", which corresponds to dimethylurea or other compounds
(mostly amides).

The nucleation rates are obtained from the formation rates, dN,;/dt (where
the subscript d refers to the detection threshold diameter of the particle
counter), measured with a TSI 3776 CPC (50% detection threshold diameter
d=2.5nm), DEG-CPC (2.0 nm) and PSM (1.7, 1.9 and 2.1 nm)****, The nuc-
leation rates are determined at the critical size (taken to be 1,200 Da, or about
1.7 nm mobility diameter) from measurements made with particle counters at
thresholds between 2 and 2.5 nm, because the PSM was not available for the
entire campaign. To determine the nucleation rates, the measured formation
rates are corrected for losses between 1.7 nm and the detection size threshold.
This requires experimental measurements of the wall loss rates and particle
growth rates. Other losses, such as coagulation and dilution losses are also
accounted for, but are negligible. The corrections are calculated with a kinetic
model (AeroCLOUD) and are cross-checked analytically****. The nucleation
rates are independently verified by direct measurements with the PSM at 1.7 nm
threshold, where available.

Neutral nucleation rates are measured with zero beam and with the field cage
electrodes set to £30kV. This completely suppresses ion-induced nucleation
because, under these conditions, small ions are swept from the chamber in about
1 s. For ion-induced nucleation to produce a critical cluster that is not removed by
the electric field, the primary negative ion from a traversing ionizing particle must,
within 1s, reach an H,SO, molecule, which grows beyond the critical size and is
then neutralized by ion-ion recombination before reaching an electrode or the
chamber wall. In the presence of the electric field, the recombination lifetime alone
is estimated to exceed 5% 10*s, so ion-induced nucleation can be completely
excluded as a background to the measured neutral nucleation rates.

The error on J has three components, which are added together in quad-
rature to provide the total error indicated in Fig. 1: first, a statistical measure-
ment error derived from the scatter of the particle counter measurements,
evaluated separately for each nucleation event; second, an estimated =50%
uncertainty on the modelled correction factor, J; ;/J; where J; is the nuc-
leation rate at size d, obtained after correcting dN,/dt for detection losses,
and third, an estimated *30% systematic uncertainty on J; estimated from
the run-to-run reproducibility of dN,/dt under nominally identical chamber
conditions.

When the chamber is operated below 292 K, the particle counters and certain
other detectors are cooled to about 280K to minimize cluster evaporation on
entering the warm instrument from a cold chamber and sampling probe.
However, we caution that the measurements presented here at low tempera-
tures are subject to uncorrected evaporation effects due to relatively warm
instruments.

The overall experimental uncertainty on [H,SO4] measured by the CIMS is
estimated to be —50%/+100%, on the basis of three independent measurements:
particle growth rate, the depletion rate of [SO,] by photo-oxidation, and an
external calibration source. However, the run-to-run relative experimental un-
certainty on [H,SO,] is smaller, typically +10%. The concentrations of SO,, O5 are
measured with calibrated instruments and are known to *=10%. The overall
uncertainty on the NH; mixing ratio is estimated to be —50%/+100%.
Ammonia mixing ratios are measured with a PTR-MS and LOPAP. Although
the former is more sensitive (5p.p.t.v. lower detection limit compared with
35 p.p.t.v. for the LOPAP), the sampling probe of the LOPAP has a higher effi-
ciency, resulting in a higher overall sensitivity for the LOPAP. Because liquid water
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is used in its sampling probe, the LOPAP only provides measurements above
273K.
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